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Abstract

In plant post-embryonic epidermis mitogen-activated protein kinase (MAPK) signaling promotes differentiation of
pavement cells and inhibits initiation of stomata. Stomata are cells specialized to modulate gas exchange and water loss.
Arabidopsis MAPKs MPK3 and MPK6 are at the core of the signaling cascade; however, it is not well understood how the
activity of these pleiotropic MAPKs is constrained spatially so that pavement cell differentiation is promoted only outside
the stomata lineage. Here we identified a PP2C-type phosphatase termed AP2C3 (Arabidopsis protein phosphatase 2C) that
is expressed distinctively during stomata development as well as interacts and inactivates MPK3, MPK4 and MPK6. AP2C3
co-localizes with MAPKs within the nucleus and this localization depends on its N-terminal extension. We show that other
closely related phosphatases AP2C2 and AP2C4 are also MAPK phosphatases acting on MPK6, but have a distinct expression
pattern from AP2C3. In accordance with this, only AP2C3 ectopic expression is able to stimulate cell proliferation leading to
excess stomata development. This function of AP2C3 relies on the domains required for MAPK docking and intracellular
localization. Concomitantly, the constitutive and inducible AP2C3 expression deregulates E2F-RB pathway, promotes the
abundance and activity of CDKA, as well as changes of CDKB1;1 forms. We suggest that AP2C3 downregulates the MAPK
signaling activity to help maintain the balance between differentiation of stomata and pavement cells.
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Introduction

Signaling by mitogen activated protein kinases (MAPKs)

regulates environmental responses and developmental processes

in all eukaryotes. Signal-induced phosphorylation of MAPKs

increases their activity [1], while dephosphorylation by protein

phosphatases reverts the MAPK modules to an inactive state,

signifying MAPK phosphatases as part of the mechanisms to

ensure dynamics and tight regulation of signaling pathways.

In Arabidopsis, both environmental and inherent developmental

signals, such as stomata development, are transmitted by the

MAPKs MPK3 and MPK6, but how these very distinct signaling

inputs generate specific responses is puzzling [2]. Stomata are two-

cell structures surrounded by epidermal cells that allow the uptake

of atmospheric carbon dioxide and release of oxygen and water

vapor through the opening of the pore between stomatal guard

cells. Environmental conditions, such as high light and CO2, affect

stomata numbers in plants [3], pointing towards the cross talk

between the environmental and developmental pathways. The

cascade composed of the MAPKKK YODA, the MAPKKs

MKK4/MKK5, and MAPKs MPK3/MPK6 promotes differen-

tiation of epidermal cells and inhibition of stomatal initiation [4,5].

The loss-of-function mutations or the absence of upstream

signaling components, such as LRR receptor-like kinases (RLKs)

or the receptor-like protein too many mouths (TMM) leads to

abundance of stomata in clusters [6]. This signaling pathway likely

responds to secreted peptide ligands such as the epidermis-intrinsic

negative factors EPF1 and EPF2 that are produced by meriste-

moids, guard mother cells and young guard cells [7,8,9] and to

STOMAGEN, a positive regulator of stomata density produced by

mesophyll tissues [10]. How exactly the distribution of these

ligands and the presence of signaling components in specific cell

types set up the rules of spatial distribution of stomata and

pavement cells within the epidermis is not fully understood.

The ERL-YODA-MAPK signaling pathway [4,11,12] activity is

opposing the action of a group of related basic helix-loop-helix
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transcription factors that are successively ushering cells though the

steps of stomata lineage: SPEECHLESS (SPCH) - initiation;,

MUTE - proliferation; and FAMA - stomata differentiation

[13,14,15,16]. Phosphorylation of SPCH by MPK6 was shown to

control the entry into stomata lineage and to connect signaling

through MAPKs to downstream transcriptional regulatory targets

of stomata development [13]. MAPKKs MKK4 and MKK5, as

well as MKK7 and MKK9 inhibit the entry into stomata lineage

and stomata proliferation by likely activating MPK3 and MPK6.

On the other hand, MKK7 and MKK9 are able also to promote

later stages of stomata differentiation possibly acting on MPK3/

MPK6 or other MPKs [5]. This mode of action was suggested to

set an inhibitory input at the entry point of the pathway, while for

the cells that have already progressed well within stomata lineage

to continue completing the stomata differentiation.

Protein phosphatases (PPs) counteract protein kinases by

dephosphorylation, ensuring fast regulation of signaling. MAPK

phosphatases control signaling pathways by their ability to

dephosphorylate T - threonine and/or Y - tyrosine in the

activation loop of MAPKs [17]. Thus, inactivation of MAPKs

can be performed by different PPs, such as protein tyrosine

phosphatases (PTPs), dual specificity phosphatases (DSPs) or

protein phosphatases of type 2C (PP2Cs) [18,19]. PTP and DSP

phosphatases were shown to regulate MPK3/MPK6 pathways in

plants [20,21,22,23]. We found that PP2Cs AP2C1 and MP2C

control stress-MAPKs in Arabidopsis and alfalfa, respectively

[24,25,26]. ABI1 was shown to interact with MPK6 and to secure

down-regulation of kinase activity [27]. These PP2Cs harbor in

their protein structure a putative or confirmed kinase interaction

motif (KIM). KIM has been found in many eukaryotic MAPK-

interacting proteins, such as MAPKKs, transcription factors (TFs),

PTPs, and demonstrated to be important for interaction with

MAPKs [28]. This domain is present also in several members of

cluster B Arabidopsis PP2C gene family: AP2C1, AP2C2, AP2C4

and AP2C3/AtPP2C5 [26,29]. AP2C3 was previously classified as

AtPP2C5 phosphatase [30], but its function and substrates

remained unknown. Recently AP2C3/AtPP2C5 was shown to

regulate stomata aperture, seed germination, abscisic acid-

inducible gene expression and MAPK activation [31].We have

demonstrated that AP2C1 controls MAPK activities, stress

ethylene and plant innate immunity [26], however, it was unclear

if the remaining KIM-containing PP2Cs from cluster B are

MAPK phosphatases.

MAPKs are important regulators of cell proliferation in yeast

and metazoans, however, in plants interaction between MAPK

signaling and cell proliferation is little understood [32]. The

duration of cell proliferation, the timing of the exit from

proliferation to differentiation is thought to be controlled by an

evolutionary conserved transcriptional regulatory switch, the E2F-

RB pathway [33]. E2F and RB homologues have been identified

in Arabidopsis thaliana [34] and their involvement in cell

proliferation was demonstrated [35]. Similar to animal systems,

plant E2Fs have been classified as transcriptional activators (E2FA

and E2FB), or transcriptional repressor (E2FC) [35]. Arabidopsis

retinoblastoma related protein (RBR1) could control the activities

of these three E2Fs, but the developmental timing and role of

RBR1 interaction with different E2Fs on distinct batteries of genes

are entirely unknown. Mutant rbr1 is female gametophyte lethal

and shows overproliferation of endosperm tissue [36]. Compro-

mising RBR1 function by overexpression of RBR1-binding viral

proteins [37], or RBR1 RNAi silencing constructs [38] leads to

overproliferation of leaf epidermal cells. Recently, it was shown

that inducible RBR1-silencing also promotes the production of

stomata meristemoids [39]. The E2F-RBR1 pathway controls

genes in the G1 to S phase transition, and also genes involved in

mitosis, such as the plant-specific B-type CDKB1;1. This CDK is

specifically expressed in stomata and is required for correct

stomatal development in Arabidopsis [40]. Whether the E2F-RB

pathway is connected to MAPK signaling in plants is currently

unclear.

Signaling via MAPKs share protein components between

different pathways, but each specific signal leads to corresponding

responses, e.g. MKK4/MKK5 and MPK3/MPK6 are acting in

stress and during stomata development [2]. However, currently it

is not clear, how the specificity of MAPKs signaling is achieved.

Here, we suggest that protein phosphatases could be part of the

regulatory mechanisms to enforce specificity in signal transduc-

tion. We show that the KIM-containing PP2Cs AP2C2, AP2C4

and AP2C3 are all MAPK phosphatases with specific expression

patterns, where only AP2C3 is expressed in stomata lineage cells

from late meristemoids onwards. AP2C3, but not the other PP2Cs

tested trigger epidermal cell entering into proliferation and

stomata development, consistent with a potential role of AP2C3

in suppressing MAPKs activities in epidermal cells. A specific

domain in the phosphatase mediates MAPK interaction and is

required for subcellular localization, which is important in

triggering ectopic epidermal cell proliferation and differentiation

into stomata. Concomitant to AP2C3’s effect on epidermal cell

fate, we find changes in protein amounts and forms of key cell

cycle regulators as well as altered CDK activities. Our results thus

integrate plant MAPK signaling and cell proliferation for

determination of cellular differentiation.

Results

KIM-Containing Protein Phosphatases are MAPK-
Phosphatases

KIM-containing PP2Cs, such as MP2C and AP2C1 have been

shown to interact with specific sets of MAPK and function as

MAPK phosphatases in alfalfa and Arabidopsis, respectively

[25,26]. Thus, we tested the entire Arabidopsis cluster B KIM-

containing PP2Cs; AP2C2, AP2C4 and AP2C3 for their ability to

interact and co-localize with MAPKs. Interactions in yeast (Figure

S2A) proved that indeed all PP2Cs tested were able to interact

with MAPKs. These interactions demonstrated selectivity in

different combinations of four PP2Cs (AP2C1, AP2C2, AP2C4

and AP2C3) with four MAPKs (MPK1, MPK3, MPK4, and

MPK6). MPK4 and MPK6 were preferred interacting partners of

AP2C1, AP2C2 and AP2C3, whereas MPK3 and MPK6 showed

interaction with AP2C4. MPK1 did not interact with the PP2Cs

tested (Figure S2A). Interaction studies in yeast of AP2C3 with 18

Arabidopsis MAPKs revealed that only MPK6 and MKP4 are

interacting proteins (Figure S2B). Moreover, MPK6 and MPK4

were identified in a yeast two hybrid screen of an Arabidopsis

cDNA library using AP2C3 as bait.

Arabidopsis suspension protoplasts were further used to study

protein interactions of PP2Cs with MPK1, MPK3, MPK4, and

MPK6 (Figure 1 and Figure S1). Bimolecular fluorescent

complementation (BiFC) using split-YFP (yellow fluorescent

protein) was performed to assess the PP2C-MAPK interaction

and its localization within plant cells (Figure 1A and Figure S1A).

AP2C3 as well as AP2C2 interacted with MPK3, MPK4 and

MPK6 in protoplasts. Interaction of AP2C3/AtPP2C5 with

MPK3, MPK4 and MPK6 is in agreement with recently published

data [31]. AP2C4 interacted preferentially with MPK3 and

MPK6, but not with MPK4. In agreement with the yeast two

hybrid assays, none of the PP2Cs tested showed interaction with

MPK1 (Figure 1A and Figure S1A). BiFC signal from AP2C2,

MAPK Phosphatase Induces Stomata Development
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AP2C4 and AP2C3 interaction with MPK3 and from AP2C2 and

AP2C3 interaction with MPK4 are mostly confined to an area that

appears to be the nucleus (based on DIC image), while the BiFC

signal from the interaction of these AP2C phosphatases and

MPK6 are more diffused.

Colocalization studies of green fluorescent protein (GFP) tagged

AP2C3 with red fluorescent protein (mRFP1) tagged MPK3,

MPK4 or MPK6 indicated localizations that appeared to be

nuclear, both for the tested AP2C3 and the MAPK constructs in

co-transfected protoplasts (Figure S1B). These findings are in

agreement with recent observations where CFP-tagged AP2C3/

AtPP2C5 showed co-localization with YFP-tagged MAPKs [31].

Fluorescence signal from the AP2C4-GFP fusion was very similar

to that of AP2C3 and appeared to localize to the nucleus (Figure

S1C). AP2C1 and AP2C2 interaction with MAPKs studied by

BiFC was observed in the nucleus, AP2C1-GFP and AP2C2-GFP

proteins were observed predominantly in cytoplasmic structures

that are similar to stromules ([26], and Figure 1B and S1C). Thus,

interactions in yeast and Arabidopsis protoplasts demonstrated that

all PP2Cs tested are indeed MAPK-interacting proteins.

To understand if PP2C and MAPK interaction may result in

dephosphorylation of the kinase, AP2C2, AP2C4 and AP2C3

were tested in vitro for their ability to dephosphorylate phosphor-

ylated MPK6 protein. We found that AP2C2, AP2C4 and AP2C3

bacterial recombinant proteins efficiently dephosphorylated re-

combinant phospho-MPK6 substrate (Figure 1C) supporting their

role as MAPK phosphatases. In this assay the cluster A PP2C

HAB1 [41], which contains no KIM and is not able to inactivate

MPK6 [26] was used as a control. These results demonstrate the

ability of AP2C2, AP2C4 and AP2C3 to inactivate the MAPK

MPK6 and the selectivity of MPK6 towards the KIM-containing

PP2Cs AP2C2, AP2C4 and AP2C3.

Figure 1. Interaction, inactivation and localization of AP2C3, AP2C2 and AP2C4 with MAPKs. (A) Interaction of AP2C2 and AP2C4 with
MPK1, MPK3, MPK4 and MPK6 in protoplasts using bimolecular fluorescence complementation. YFPntd-PP2Cs were co-transfected with YFPctd-
MAPKs in Arabidopsis suspension culture protoplasts and the reconstituted fluorescence detected. Fluorescence microscopy and differential
interference contrast (DIC) images of protoplasts. Bar = 10 mm. (B) Localization of AP2C3/AP2C1 chimera proteins and PP2C-GFP in Arabidopsis
protoplasts, fluorescence microscopy and differential interference contrast (DIC) images. Bar = 10 mm. In vitro dephosphorylation of recombinant
GST-MPK6 by recombinant GST-AP2C2, GST-AP2C3, and GST-AP2C4 proteins. GST-HAB1 is included as control. Error bars indicate standard deviations.
doi:10.1371/journal.pone.0015357.g001
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To investigate if AP2C3 functions as a MAPK phosphatase also

in vivo, transient protein coexpressions and subsequent kinase

assays were carried out using Arabidopsis protoplasts. An activated

MAPK pathway was reconstituted by cotransfection of constitu-

tively active MAPKKK DANP1 plasmid [42] with plasmids

containing HA epitope-tagged MPK3, MPK4 or MPK6

(Figure 2A). A progressively more complete inactivation of

MAPKs was observed with increasing amounts of AP2C3 protein.

These experiments revealed that AP2C3 can efficiently inactivate

MPK3, MPK4 and MPK6 (Figure 2A). Inactivation of MAPK is

progressively more effective by increasing amounts of the AP2C3

protein.

To investigate if these MAPKs are inactivated also in planta,

seedlings from AP2C3 overexpression lines (AP2C3oe) and ap2c3

T-DNA insertion line (see below description of these lines) were

studied for MAPKs activities. In plants MPK3, MPK4 and MPK6

can be activated by elicitation with the flagellin peptide (flg22)

[42]. The activities of MPK3, MPK4 and MPK6 were strongly

suppressed in AP2C3oe lines compared to WT plants demon-

strating that AP2C3 was able to block flg22 activation of MPKs

(Figure 2B). Western blot with a phospho-specific MAPK antibody

detected the active phosphorylated MAPK forms (corresponding

to MPK3, MPK4 and MPK6) in flg22 elicitor-stressed WT but not

in AP2C3oe seedlings, consistent with the proposed function of

AP2C3 as a MAPK phosphatase (Figure 2B). In ap2c3 seedlings

flg22-induced activities of MPK4 and MPK6 were higher

comparing to WT (Figure 2C), suggesting that AP2C3 is

responsible for regulating the MAPK activation threshold in these

plants. This data is in agreement with recently reported

observation [31].

Taken together, KIM containing PP2Cs AP2C3, AP2C2 and

AP2C4 are MAPK phosphatases, as they colocalize, interact with

and dephosphorylate MAPKs in vitro, in cells and in plants where

AP2C3 can dephosphorylate and inactivate MPK3, MPK4 and

MPK6 and is responsible to control MAPK activation in plants.

AP2C3 Promoter Activity is Confined to Stomata Lineage
and Highly Dividing Cells During Early Developmental
Stages

The YODA-MKK4/MKK5-MPK3/MPK6 cascade is central

to ensure correct and timely stomata initiation. However, how the

activity of this cascade can be channeled to induce specific effects

on stomata developmental response is puzzling. Negative regula-

tors of MAPKs could be potential modulators of this pathway. As

we found that KIM-containing Arabidopsis PP2Cs AP2C1,

AP2C2, AP2C4 and AP2C3 are MAPK phosphatases ([26] and

Figures 1A, C, 2, S1, S2) we investigated if any of these enzymes

may function as regulators in stomatal fate decisions. Assuming

that such regulators might be expressed in stomata lineage cells we

analyzed promoter::GUS reporter expressions in plants.

Analysis of promoter activity of all four AP2C protein

phosphatases in plants revealed that the promoter of AP2C3,

but not of AP2C1, AP2C2 or AP2C4, is active in stomata lineage

and guard cells in a number of organs, including cotyledons,

hypocotyls and also in true leaves (Figure 3; Figure S3; [26]).

AP2C3::GUS signal was detectable in small cells that are part of

the stomata lineage, such as late meristemoids, GMC, young

stomata and developed stomata (Figure 3A), whereas weaker signal

is also detectable in stomata lineage ground cells (SLGC), but not

in pavement cells. Interestingly, AP2C3::GUS activity is also

present at specific locations during plant development, other than

stomata lineage, such as in the globular embryo (Figure 3B) and

later it is restricted to the suspensor (Figure 3C–D). GUS

expression is found at early stages of root cap development and

Figure 2. Regulation of MAPKs by AP2C3. (A) Inactivation of
MAPKs in cotransfection assays. Protoplasts from an Arabidopsis cell
suspension culture were transfected with plasmid DNA coding for
MPK3-HA, MPK4-HA, MPK6-HA, DANP1-HA and increasing amounts (0,
0.05, 0.1, 0.5, and 1 mg) of AP2C3-Myc plasmid DNA. DANP was used as
upstream activating MAPKK kinase. MAP kinases were immunoprecip-
itated and kinase activities were assayed on myelin basic protein (MBP).
MBP loading control is demonstrated for MPK6. Proteins were detected
by immunoblots using HA and c-Myc antibodies. Loading control of
protein extracts is demonstrated by Ponceau-S stained membrane of
MPK6 western blot and represents a general loading control. (B)
Activation of MAPKs in AP2C3oe (5 dpg) and (C) ap2c3 (7 dpg)
seedlings. Seedlings were treated with 100 nM flg22 for 10 min. and
total protein extracts were prepared from cotyledons and hypocotyls.
MAPKs were immunoprecipitated with antibodies specific for MPK3,
MPK4 or MPK6 and kinase activities were assayed on MBP. Western blot
was performed with MPK6 specific antibodies and with p44/42
antibodies against dual phosphorylated MAPKs. AP2C3 proteins were
detected by immunoblots using HA or GFP antibodies. Ponceau-S
stained membrane represents general loading control and corresponds
to MPK6 western blot.
doi:10.1371/journal.pone.0015357.g002
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in patches of root cells that appear to elongate (Figure 3F–H).

AP2C3 promoter is highly active in mature pollen (Figure 3E). We

could additionally induce expression of AP2C3 by treatment with

cyclohexamide, flagellin (Figure S4D), but not by wounding (data

not shown), and this correlates with available in silico data (https://

www.genevestigator.com/gv/index.jsp) reporting AP2C3 induc-

tion during development and after application of pathogen

elicitors.

Cell Proliferation and Differentiation into Stomata are
Induced by AP2C3 Overexpression

To further investigate whether AP2C3 can regulate stomata

density, we have isolated and characterized a predictably null

mutant containing T-DNA insertion within the 2nd exon of

AP2C3 gene. However, counting the stomata ratios in abaxial

epidermis of cotyledons at 3 dpg did not show any difference to

WT (Figure S4E, S5). There was also no difference between WT

and ap2c3 in stomata ratios in abaxial epidermis of true leaves. To

uncover possible redundancies with other AP2Cs that we have

shown above to interact with MAPKs we crossed ap2c3 with T-

DNA insertion lines ap2c1 [26], ap2c2 and ap2c4 mutants to

generate double mutants (Figure S4). All double mutants were

developmentally normal under conditions tested, and have not

shown any significant reduction in stomata ratio in abaxial

epidermis of cotyledons (Figure S5). We next made crosses

between ap2c1/ap2c2 with ap2c4/ap2c3 double mutants to obtain

other combinations of multiple mutants. We could identify the

triple mutants ap2c1/ap2c2/ap2c3, ap2c3/ap2c2/ap2c4, and ap2c1/

ap2c4/ap2c3 among these plants, but also this mutant combination

did not reveal changes in stomata numbers (Figure S5 and data

not shown).

Assuming that inhibitors of MAPKs may act in stomata lineage

to prevent epidermal cell differentiation and reinforce the stomata

lineage we next tested the ectopic constitutive expression of each of

these PP2Cs in Arabidopsis plants and searched for stomata

developmental phenotypes. AP2C1 was described previously as

MPK4/MPK6 phosphatase and it did not induce stomata related

phenotypes by overexpression [26]. Similarly, no changes in

stomata development were observed in AP2C2 or AP2C4

overexpressing plants (at least 3 independent transgenic lines were

tested for each PP2C) (Figure 4D). We have tested the protein

expression of the constructs in plants by Western blotting using

antibodies against the HA or GFP tags, and all showed expression

of the AP2C constructs, and the expression of AP2C2 and AP2C4

had no effect on stomata development (Figure S6, Figure 4D). A

number of different AP2C3 overexpression (AP2C3oe) lines where

AP2C3 cDNA or genomic ORFs were placed behind the 35S

CaMV promoter and tagged with HA or GFP at C-terminal part

have been produced and studied. We also made inducible AP2C3

expression constructs using the estrogen receptor-regulated

expression system (XVE-AP2C3). We have tested the expression

of the tagged proteins and selected several independent lines for

each of these constructs (Figure S7). At least 100 seedlings for each

of these constructs and independent lines have been scored for

stomata index. All the constitutive overexpression lines of AP2C3

showed a strong overproliferation of stomata, that in extreme cases

led to an almost complete conversion of all epidermal cells into

guard cells in the cotyledons and hypocotyls (Figure 4A). Clusters

of stomata were also observed in true leaves of young seedlings

both in constitutive (data not shown) and in estradiol inducible

lines after induction with estradiol (Figure 5A). Plants overex-

pressing AP2C3 also exhibit a dwarf phenotype (Figure S8).

In wild type plants meristemoid cells that originate from

epidermal cells by asymmetric cell divisions produce guard mother

cells, which divide into two guard cells to create stomata (Figure 4B

and [43]). To understand better how stomata phenotypes develop

in AP2C3oe plants we monitored stomata cell differentiation from

2 until 12 days post germination (dpg) in cotyledons and

hypocotyls of transgenic lines (Figure 4B, C). In cotyledons

already by 2 dpg we observed many more and clustered stomata

compared to the wild type (WT) Col-0 plants and stomata

numbers gradually increased by 4 dpg (Figure 4C) and in extreme

cases by 5dpg almost all epidermal cells were converted to stomata

in cotyledons (Figure 4A). To study the origin of ectopic stomata

cells we chose hypocotyls and tracked the fate of two protodermal

cells in time from 2 dpg till 5 dpg (Figure 4B). We observed a

perpendicular division to the hypocotyls growth axis of one cell

(the lower cell) at 3 dpg, which appeared to be asymmetric as

expected for cells entering the stomatal lineage. At 4 dpg the upper

cell changed in morphology, and at 5 dpg all three cells divided

simultaneously in the same direction, that was perpendicular to the

first division to form the 3 pairs of stomata. Apparently, the upper

cell went through the fate conversion without stomata lineage

Figure 3. Analysis of AP2C3::GUS expression in plants.
Histochemical staining of (A) AP2C3::GUS in late meristemoids (1),
GMC (2), young (3) and mature (4) stomata in cotyledons of 5dpg
seedlings; (B–D) embryo: (B) globule, (C) heart, (D) torpedo; and (E)
anthers (close-up: stained microspores). (F–H) seedlings from 1 till 3
dpg: shoot (upper panel), and root tip (lower panel); inset in (H) in lower
panel shows radial section of root. Scale bar (A) = 20 mm, (B–D) = 30 mm;
(E) = 250 mm, and close-up image = 20 mm, (F–H) = 100 mm.
doi:10.1371/journal.pone.0015357.g003
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divisions. Thus both the one-cell spacing mechanism governing

stomata positioning and the requirement for stomata lineage

divisions were perturbed in AP2C3oe plants (Figure 4B).

To demonstrate that AP2C3 expression leads to developmental

perturbation of epidermal cells, we have studied the lines with

inducible AP2C3 expression under the control of estrogen

receptor-regulated expression system (XVE-AP2C3). We treated

seedlings 3 dpg of six independent lines of XVE-AP2C3-YFP with

5 mM b-estradiol to induce AP2C3 protein expression and

observed the stomata phenotypes on the abaxial epidermis of

cotyledons at 10 dpg. Clusters of stomata were progressively

accumulating up to 10 days in these plants (Figure 5A). Similar

experiments were performed with independent XVE-AP2C3-Myc

overexpressing lines and gave similar results (data not shown). As

demonstrated in Figure 1B, 5B, and Figure S1B AP2C3-GFP is

localized to the nucleus. Interestingly, we frequently found cells

with 2–3 round shaped structures with GFP signal positioned close

to each other within the same cell, suggesting that these cells have

Figure 4. AP2C3 ectopic expression induces stomata clustering and proliferation. (A) Comparison of epidermal surface of cotyledons of
WT plants and 35S::AP2C3oe 5 dpg by scanning electron microscopy (SEM). (B) Timing of stomatal cluster formation on hypocotyl of 35S::AP2C3oe
plants and WT. DIC images produced from the same place on 35S::AP2C3oe or WT hypocotyl starting from 2 dpg till 5 dpg, Bar = 20 mm. Hypocotyl at
12 dpg of 35S::AP2C3oe and WT plant (SEM images, Bar = 50 mm). (C) Stomatal cluster formation on cotyledon of 35S::AP2C3oe seedling compared to
WT at 2dpg, 3dpg, 4dpg by DIC images. Bar = 50 mm. (D) Representative SEM images of abaxial epidermis of 35S::AP2C1-GFP (AP2C1oe), 35S::AP2C2-
GFP (AP2C2oe), 35S::AP2C4-GFP (AP2C4oe) at 8 dpg. Bar = 50 mm.
doi:10.1371/journal.pone.0015357.g004
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multiple nuclei (Figure 5B). We also observed formations of

stomata ‘‘tumors’’ or epidermal stomata cell colonies in cotyledons

of AP2C3oe plants where the monolayer cell sheet structure that is

typical to epidermis of WT plants was lost (Figure 5C, D).

Interestingly, some of the guard cells appear to divide to produce

small daughter cells, suggesting that even after stomata differen-

tiation, cell proliferation may continue. It is not excluded that new

stomata cells are emerging also from already existing stomata

(Figure 5D).

Stomata Lineage Markers are Upregulated in AP2C3oe
Plants

To investigate the stomata development in AP2C3oe lines we

studied the expression of stomata lineage marker proteins and

gene activities. The promoter of the receptor-like kinase ERL1 is

highly active in meristematic cells and stomata lineage cells but has

gradually decreased expression in newly formed stomata lineage

ground cells and mature stomata in Arabidopsis [11]. In AP2C3oe

seedlings we observed highly upregulated ERL1::GUS and it was

localized in dividing cells adjacent to stomata (Figure 6A, S9).

In WT plants the receptor-like protein TMM tagged with GFP

is present in cells that enter stomata developmental pathway

(Figure 6B and [43]). TMM::TMM-GFP was present in clusters of

cells and also strongly upregulated in phosphatase oe plants, based

on confocal images (Figure 6B), suggesting that AP2C3oe causes

an increase in stomata lineage initiation. TMM-GFP presence in

clusters of cells adjacent to developed stomata indicates their

competence to enter the stomata lineage at abnormal position and

predicts eventual development into stomata clusters (Figure 6B).

To investigate, whether the ectopic stomata induced by

AP2C3oe goes through the established developmental transitions,

we have studied markers representing each of these developmental

stages. MUTE was shown to regulate GMC/stomata differenti-

ation and MUTE::GUS expression is observed in late meriste-

moids/GMCs/immature stomata cells (Figure 7A and [16]). In

AP2C3oe seedlings MUTE::GUS staining was much stronger

compared to WT (Figure 7A, B). In seedlings this signal was most

prominent in the cotyledons and the upper part of the hypocotyl

(Figure 7A, B), where during seedling development cell prolifer-

ation is maintained for a longer time [44]. In the lower part of the

hypocotyl, where predominantly endoreduplication is occurring in

WT plants [44,45]; MUTE::GUS staining was not observed in

AP2C3oe seedlings; as well as no stomata clusters were detected in

this part of the seedling (Figure 7A, B). This observation supports

the assumption that cell proliferation and stomata developmental

pathways are related.

The R2R3-type MYB transcription factor FLP is expressed in

late guard mother cells (GMCs) and in young developing stomata

in wild type plants [46]. In AP2C3oe lines clusters of FLP::GUS-

GFP positive cells were surrounding the fully developed stomata,

suggesting that these cells can gain stomata identity by passing

through the guard mother cell stage (Figure 7C).

Promoter activity of GMC/stomata marker FAMA (Figure 7D)

and the guard cell marker E1728 [15,16] (Figure 7E) were

observed in guard cells of AP2C3oe lines confirming their stomata

cell identity.

Thus the data presented demonstrates that in AP2C3oe

seedlings stomata lineage marker expression is upregulated and

more stomata lineage cells than in WT are observed in AP2C3oe

lines. Stomata lineage cells are originating adjacent to stomata

thus breaking the patterning. Our data suggests that in

phosphatase overexpressing lines cells acquire the stomatal lineage

by inducing the early components of the signaling cascade as well

as specific transcription factors.

Figure 5. Stomata phenotypes induced by AP2C3 ectopic expression. (A) Stomata cluster formation in true leaves of XVE::AP2C3-YFP
seedlings 7 days after induction of AP2C3-YFP expression by 5 mM estradiol. Estradiol was added into K MS at 3 dpg. Epidermal surfaces of estradiol-
treated line #8 (A) and estradiol-treated WT (Ai) is shown. (B) Multiple nuclei in guard cells in cotyledons of 35S::AP2C3-GFP overexpressing seedling
5 dpg. (C) Stomata clusters and stomata ‘‘tumours’’ in true leaf of 35::AP2C3-HA overexpressing seedling 9 dpg. (D) Emerging of small stomata cell in
true leaf of 35S::AP2C3-HA overexpressing seedling 9 dpg. Confocal images, cell walls are stained with propidium iodide (PI). All bars = 50 mm.
doi:10.1371/journal.pone.0015357.g005
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Modulation of Key Cell Cycle Proteins and CDK Activities
in AP2C3oe Plants

Our observation that many more epidermal cells are induced to

divide in AP2C3oe lines suggested a possible link to cell cycle

control. It has been shown that overexpression of E2FA

transcription factor together with its dimerisation partner DPA

can lead to cell overproliferation specifically around stomata [47].

Therefore, we determined whether cell proliferation is deregulated

in AP2C3oe lines. Initially we measured CDK activity through

purification of total CDK (CDKA and CDKB) through its

interaction with p13Suc1 beads [48], using extracts of cotyledons,

which have a low proportion of dividing cells in WT plants, and

also from whole seedlings with a higher proportion of dividing

cells. WT cotyledons show lower CDK activity compared to the

whole seedling, but in AP2C3oe lines the CDK activity was much

higher in both samples indicating active cell proliferation in the

cotyledon (Figure 8A). We also determined the protein levels of

CDKA (with PSTAIRE antibody) and CDKB1;1 within these

samples. In WT seedlings where the CDK activity was reduced

also the CDKA protein level is strongly reduced in the cotyledons

compared to the amount detected in the entire seedling. However,

in AP2C3oe a high CDKA level is maintained in the cotyledon. It

was suggested that CDKA levels correspond to proliferation

capacity of plant cells [49], and thus it appears that in AP2C3oe

this proliferation competence is maintained. CDKB1;1 showed a

characteristic change from a low mobility form indicative of low

cell proliferation to a higher mobility form associated with

increased cell proliferation (Figure 8A). In WT seedlings, we

could detect three distinct mobility forms of CDKB1;1, where the

low mobility form was more abundant in the cotyledon sample

with low cell proliferation activity. However, this low mobility

CDKB1;1 form was almost undetectable in the AP2C3oe lines,

indicating that this CDKB1;1 form is associated with exit from cell

proliferation, which is inhibited by the overexpression of AP2C3

(Figure 8A).

The RBR1-E2F transcriptional regulatory switch plays impor-

tant roles in the exit from cell proliferation [35]. Therefore, we

decided to check the abundance of proteins within this pathway.

E2FB is suggested to play a positive role in cell proliferation, but it

was not significantly altered in AP2C3oe lines (Figure 8A).

However, E2FC, DPA, DPB and RBR1 showed a marked change

in abundance in AP2C3oe plants (Figure 8A), indicating the

involvement of this regulatory mechanism in enhanced cell

proliferation in AP2C3oe lines. E2FC is a repressor type E2F

associated with tissues with low cell proliferation such as dark-

repressed meristems [50]. We could detect two major forms of

E2FC in the WT, but in AP2C3oe lines both forms and in

particular the higher mobility form was strongly diminished

(Figure 8A). Reduced E2FC protein level was also observed in

plants with inducible AP2C3 overexpression after estradiol

application, demonstrating that depletion of E2FC is dependent

on AP2C3 protein overexpression (Figure 8B). DPB and DPA are

proteins that associate with E2Fs [35] but functional difference

among these paralogous proteins has not yet been fully explored.

DPB was shown to associate with E2FC in a repressor complex

[51], while DPA coexpressed with E2FA and E2FB were shown to

stimulate proliferation [52,53]. Correspondingly, in AP2C3oe

plants DPB is downregulated similar to E2FC, while DPA is

upregulated (Figure 8A). RBR1 is a repressor of E2Fs, but

surprisingly the protein amount is enhanced in AP2C3 cotyledons

and whole seedlings compared to WT plants (Figure 8A). This

finding may correlate with RBR1 expression in proliferating cells,

such as root meristems [54], and may function to maintain

proliferation competence.

To investigate if changes in regulation of cell proliferation are

related to inactivation of MAPK cascade we studied MAPKKK

YODA modified lines. Mutant yda exhibits excess of stomata in

cotyledons [12], while plants expressing delta N-YDA (DYDA)

leading to constitutively activated MAPK pathway exhibit

formation of pavement cells only with rare asymmetric cell

divisions and no differentiation of stomata [4,12]. We found that

yda plants have strongly reduced E2FC protein amounts, and

enhanced levels of PSTAIR-containing CDKs. In contrast, both

cell cycle markers were unchanged in cotyledons of DYDA plants,

where only rare cell divisions take place (Figure 8C). Overexpres-

sion of an inactive version of AP2C3 (see below) did not lead to

stomata clusters (Figure 9A) and no changes in cell cycle regulators

were detected (Figure 8D). Taken together these results show

integration of MAPK signaling and the cell cycle through

regulation of CDK activity and the RBR1-E2F pathway.

The AP2C3 Phosphatase Catalytic Activity and
Localization to the Nucleus is Essential in Stomata Cluster
Formation

To establish whether the catalytic activity of AP2C3 phospha-

tase is needed for induction of ectopic cell differentiation into

stomata, we overexpressed a catalytically inactive version of

AP2C3 carrying the mutation G163D (Figure S10), which is

corresponding to the null mutation G139D of AtPP2CA [55].

Phosphatase activities of recombinant glutathione S-transferase

Figure 6. AP2C3-overexpression induces stomata markers
ERL1 and TMM. (A) Upregulation of stomata marker ERL1::GUS in
AP2C3oe cotyledons. Promoter activity of receptor-like kinase ERL1 is
strongly upregulated in 35S::AP2C3-HA in comparison to WT seedlings.
Arrows indicate GUS in early cells of stomata lineage at 5 dpg after
staining for 4 h. Bars = 50 mm. (B) Expression of stomata development
marker TMM::TMM-GFP in meristemoids of WT and AP2C3oe cotyledons
3 dpg. In AP2C3oe cotyledons meristemoid density is increased and
meristemoids are originating at incorrect position (adjacent to stomata).
Green: localization of TMM-GFP protein. Confocal images taken under
the same settings, cell walls stained with propidium iodide (PI). Bars
= 50 mm.
doi:10.1371/journal.pone.0015357.g006
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(GST) fusion protein AP2C3-G163D was monitored by measuring

the release of free phosphate from [32P] phospho-casein substrate

in vitro and confirmed that this mutation is abolishing catalytic

activity of AP2C3 (Figure S10).

Overexpression of AP2C3 G163D-GFP in plants was localized

similarly as AP2C3-GFP protein to the nucleus as shown by GFP

fluorescence, however it neither induce stomata clusters (Figure 9A)

nor alterations of cell cycle markers (Figure 8D). This demon-

strates that the enzymatic activity of AP2C3 phosphatase is

essential for induction of excessive stomata in plants and

modulation of cell cycle proteins. It also indicates that the

stomatal phenotype in AP2C3oe is not likely to be due to a

dominant-negative effect caused by the overexpression of the

AP2C3 protein.

The inactivation of MPK3, MPK4 and MPK6 by AP2C3 is

confined to the nucleus, where both proteins colocalize and

interact as shown by protein fluorescence from fluorescent tags

and by bimolecular fluorescence complementation (BiFC) assays

Figure 7. AP2C3-overexpression induces stomata markers: MUTE, FLP, FAMA and E1728. (A, B) Expression of meristemoid/GMC-specific
MUTE in WT (A) and in AP2C3-HA overexpressing (oe) (B) line 5 dpg: MUTE expression in seedlings, hypocotyl and cotyledon. (C, D, E) The stomata
lineage cells of WT and AP2C3oe lines express stomata pathway markers: FLP::GUS-GFP (C) in true leaves of WT and AP2C3oe plants 9 dpg. Asterisk
indicates epidermal cell that acquired guard mother cell (GMC) identity. Green: GFP fluorescence. Confocal images, cell walls stained with PI. Bars
= 50 mm. GMC/guard cell marker FAMA (D), and guard cell marker E1728 (E). Promoter activities of FAMA::GFP and E1728::GFP show enhanced
expression in cotyledons 5 dpg in AP2C3-HA overexpressing (oe) seedlings. Green: GFP fluorescence. Bars = 50 mm.
doi:10.1371/journal.pone.0015357.g007
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(Figure 1B; S1A, B). Nuclear localization of AP2C3 in seedlings of

transgenic plants (Figure 5A, 5B, 9A) provides further support that

the signaling cascade is controlled by AP2C3 in the nucleus.

AP2C3-GFP localization is different to the AP2C1-GFP protein,

which is predominantly localized to the cytoplasmic structures

(stromule) (Figure 1B), even though AP2C1 interaction with

MPK4 and MPK6 is detected in the nucleus by the BiFC [26].

AP2C1 and AP2C2, but not AP2C3 or AP2C4 proteins contain a

putative plastid targeting sequence in their N-terminal region

(http://www.helmholtz-muenchen.de/en/mips/). Both AP2C3

and AP2C1 share sequence homology in the catalytic domain

and dephosphorylate MPK6 (Figure 1C and [26]), however,

AP2C1 overexpression did not induce stomata phenotype in plants

(Figure 4D and [26]).

To investigate the attribute determining the specificity of

AP2C3 function in stomatal differentiation and stomata cluster

induction, chimeric constructs consisting of N-terminal domain

(ntd) swaps between the AP2C1 and AP2C3 were produced and

overexpressed in Arabidopsis plants. Overexpression of the

chimera AP2C3ntd:AP2C1 C-terminal domain (ctd)-GFP (con-

taining aa 1–135 of AP2C3 and aa 147–396 of AP2C1) induced

excessive stomata differentiation and clustering in epidermis of

hypocotyls, cotyledons and emerging true leaves, while overex-

pression of AP2C1ntd:AP2C3ctd-GFP (containing aa 1–146 of

AP2C1 and aa 136–390 of AP2C3) resulted in a WT appearance

(Figure 9B), similar to AP2C1 overexpression (Figure 4D). In

plants AP2C3ntd:AP2C1ctd-GFP protein is localized to the cell

nucleus and AP2C1ntd:AP2C3ctd-GFP is localized to cytoplasmic

structures (Figure 9B). Chimera protein localization triggered by

the N-terminal exchange was also confirmed in protoplast

experiments (Figure 1B). These results demonstrate that the N-

terminal domain of AP2C3 determines protein localization to the

Figure 8. AP2C3 overexpression induces cell proliferation. (A) Analysis of CDK activity, CDK proteins and protein levels of CDKB1;1, RBR1,
DPA, DPB, E2FB, E2FC, and PSTAIR in 35S::AP2C3-GFP (indicated as GFP) and 35S::AP2C3-HA (indicated as HA) lines compared with wild type plants
(WT). CDK activity correlates with CDKB1;1 protein mobility shifts in SDS-PAGE of protein extracts isolated from both AP2C3oe lines (AP2C3 tagged
with GFP and AP2C3 tagged with HA) compared with WT in seedlings 5 dpg; total protein extracts from: c - cotyledons, w – whole seedlings. Total
CDKs were precipitated with p13Suc1 sepharose. Kinase activity was assayed on histone 1 substrate. Western blotting was performed with CDKB1;1,
RBR1, DPA, DPB, E2FB, E2FC and PSTAIRE antibodies. Anti-PSTAIRE detects CDKA. (B) Induction of AP2C3 expression by estradiol affects abundance of
E2FC protein. E2FC protein levels were detected by specific antibody in estradiol-induced AP2C3-Myc overexpressing seedlings 5 dpg. Seedlings were
grown with (+) or without (2) 5 mM estradiol. AP2C3 induction demonstrated by Western blotting with anti-Myc antibody. (C) Western blotting of cell
cycle marker proteins PSTAIRE, CDKB1;1 and E2FC in yda, DYDA and WT (whole seedlings 5 dpg). (D) Abundance of cell cycle marker proteins in
AP2C3G163D overexpressing seedlings compared with WT, 5 dpg. AP2C3G163D is a mutant protein with ,90% reduced phosphatase activity. Total
protein extracts from: c - cotyledons, w – whole seedlings.
doi:10.1371/journal.pone.0015357.g008
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nucleus and this is required for the protein phosphatase to exert its

function in conversion of epidermal cells to stomata and induction

of cell divisions. To establish whether AP2C3 shows target-specific

dephosphorylation and its requirement for excessive stomatal

induction, the chimera between AP2C3 and another nuclear

localized PP2C from cluster A in Arabidopsis PP2C family HAB1

[56] was created. HAB1 is a nuclear localized PP2C, which is

however unable to interact with or to inactivate MAPKs [26]

(Figure 1C and unpublished data). AP2C3ntd:HAB1ctd-GFP

(containing aa 1–135 of AP2C3 and aa 197–511 of HAB1) was

constitutively expressed in transgenic plants and identified to be

localized to the nucleus as demonstrated by GFP fluorescence.

Plants overexpressing AP2C3ntd:HAB1ctd-GFP demonstrated

normal stomata development in contrast to plants overexpressing

AP2C3ntd:AP2C1ctd-GFP (Figure 9B).

Taken together, this data shows that enzymatic activity and

nuclear localization of AP2C3 is essential in control of stomatal

initiation and that the ctd of AP2C1 and AP2C3 MAPK

phosphatases are complementary in the function to induce

stomata. Moreover, the nuclear PP2C AP2C3 but not HAB1 is

inducing stomata phenotype in plants when overexpressed,

suggesting that both nuclear localization and ability to inactivate

MAPKs are essential for induction of stomata phenotype in plants.

Discussion

The initiation of stomata developmental pathway from

pluripotent protodermal cells within the epidermis as well as the

subsequent steps of stomata differentiation to mature stomata

relies on the action of bHLH transcription factors SPCH, MUTE

and FAMA [57]. This cell intrinsic transcriptional program is

opposed by cell extrinsic developmental or environmental cues to

determine both the frequency of stomata initiation, and thus the

stomata density and the patterning that always separates stomata

by at least one pavement cell [3,58]. Secretory peptide ligands

EPF1 and EPF2 produced by cells within the stomata lineage lead

to the stimulation of signaling mediated by putative receptors

TMM and/or ERECTA family members and a MAPK module

YODA-MKK4/MKK5/-MPK3/MPK6 as well as MKK7/

MKK9 [5,59]. It appears that this signaling activity is opposing

the transcriptional program, thus blocking the stomata develop-

ment at two critical points i.e. at the initiation and during the

inhibition of stomata neighbors to become stomata. A positive

regulator of stomata density is a mesophyll-secreted peptide

STOMAGEN (EPFL9) [10,60,61], which appears to oppose EPF1

and EPF2 actions, possibly through ligand competition [61].

Collectively, the negatively acting ligands EPF1/EPF2, and the

Figure 9. Phosphatase activity of AP2C3 and AP2C3 N-terminal domain (aa 1–135) are essential for stomata cluster formation. (A)
Overexpression of AP2C3G163D is not inducing stomata overproduction. C-terminally GFP-tagged AP2C3 or AP2C3G163D proteins were expressed
under the control of 35S promoter in Arabidopsis plants. (B) Chimera protein containing N-terminal domain (ntd) of AP2C3 and C-terminal domain
(ctd) of AP2C1 is inducing stomata overproduction, while chimera protein ntd of AP2C1 and ctd of AP2C3 is not inducing more stomata when
overexpressed in plants; nuclear localized chimera protein between AP2C3ntd and HAB1ctd is not inducing excessive stomata. C-terminally GFP-
tagged AP2C3ntd-AP2C1ctd, AP2C1ntd-AP2C3ctd and AP2C3ntd-HAB1ctd proteins were expressed under the control of 35S promoter in Arabidopsis
plants. Confocal images, red: propidium iodide staining; green: green fluorescence of fusion proteins with GFP. Bars = 50 mm.
doi:10.1371/journal.pone.0015357.g009
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signaling components ERECTA, TMM and YODA are abun-

dantly expressed in cells within the stomata lineage

[7,8,9,11,12,43]. Since both the ligand and the signaling

components of the pathway are available, what prevents the

occurrence of autocrine stimulation of MAPK pathway and thus

the inhibition of stomata developmental program in these cells? It

is possible that stomata-specific expression of a factor that inhibits

the signaling pathway tunes the sensitivity and responsiveness of

the stomata lineage cells. Typically, MAPKs are inactivated

though dephosphorylation by protein phosphatases. Reasoning

that regulation of stomata signaling by MAPK-inactivating

enzymes could allow dampening the responsiveness of stomata

precursor cells to signals that promote the exit from stomata

amplifying cell divisions towards differentiation into pavement

cells, we searched for potential candidates among the MAPK-

interacting AP2C phosphatases. We identified AP2C3 that is

expressed within the stomata lineage cells and found that AP2C3 is

potent to stimulate stomata amplifying divisions and to maintain

cells in the stomata differentiation pathway. The ability and

remarkable specificity of AP2C3 to channel the pleiotropic MPK3

and MPK6 pathway towards the stomata development may rely

not only on its stomata lineage specific expression, but also on its

definite docking interaction with the MAPKs, as well as its

particular localization within the cell.

AP2C3 Functions in Tuning the Stomata Signaling
Pathway to Maintain the Stomata Lineage

The cluster B within the Arabidopsis PP2C-type phosphatases

has a predicted kinase interaction motif (KIM) and, therefore, its

members are potent to interact with MAPKs [26,29,31].

Developmentally regulated gene activities of four AP2Cs members

of this subgroup in Arabidopsis revealed distinct patterns in leaves,

where only AP2C3 was found to be expressed within the cells of

the stomata lineage, from the meristemoid stage onwards. AP2C3

promoter activity suggests strongest expression in young stomata

and in subset of meristemoids and stomata, whereas weaker

expression is also detectable in stomata lineage ground cells

(SLGC), but not in pavement cells. The stomata-lineage-specific

AP2C3 gene activity could be observed on the epidermis of a

number of organs including cotyledons, hypocotyls and true

leaves, indicating that AP2C3 might be a general regulator of

stomata development in several organs. Correspondingly, AP2C3

ectopic expression had the same effect of converting epidermal

cells into stomata in all these locations. This is consistent with the

action of AP2C3 at the MAPK level, whereas the action of

signaling components at the receptor level, i.e. ERECTA and

TMM is known to be tissue specific and context dependent

[11,43].

The expression of MAPK phosphatases are often connected to

the signaling pathways they regulate. In animal cells MAPK

phosphatases are rapidly induced by MAPKs without a need for de

novo protein synthesis for their transcription [62,63]. Similarly, we

have found that a MAPK phosphatase AP2C1 is rapidly and

locally induced within minutes after wounding around the

wounding site to inactivate wound-induced MAPKs [26]. It is

possible that AP2C3 expression is responding to the activity of

YODA pathway in the stomata, but this has to be verified.

Crossings between AP2C3oe and DYDA lines could provide

further evidence for the involvement of AP2C3 to inactivate the

YODA-induced pathway. AP2C3 interacts with and inactivates

not only MPK3 and MPK6, the two MAPKs that are implicated

in stomata development, but also MPK4, a MAPK that is

expressed in guard cells [64]. AP2C3 expression in mature guard

cells suggests that AP2C3 might have a function also in stomata

aperture control in these cells. This has been recently demon-

strated for a knock out mutant of AP2C3/AtPP2C5 [31]. Though

the authors did not explicitly discuss the findings, correlation of an

increased MPK4 activation in ap2c3 mutant lines and MPK4

expression in stomata suggests that MPK4/AP2C3/AP2C1

module regulates stomata aperture. At the same time, AP2C3

may also control stomata aperture in response to pathogens

through MPK3 [65,66].

To address whether AP2C3 inhibition of MAPK activities is

sufficient to direct stomata development, we ectopically expressed

all four KIM-domain containing AP2C phosphatases under the

control of a constitutive and for AP2C3 also inducible promoters.

Only AP2C3 led to a dramatic change in cell fate that in extreme

cases resulted in the conversion of all epidermal cells into stomata.

Even though, several of these MAPK phosphatases can interact

with and inactivate MPK3 and MPK6 ([26,31]; this publication

and data not shown), only AP2C3 has the potential to influence

the stomata developmental pathway. This suggests that the role of

AP2C3 is to inactivate MAP kinases in stomata cell lineage and

through this regulation to help maintaining the stomata develop-

mental program. Furthermore, AP2C3 expression in meristemoids

could also regulate the rounds of amplifying divisions of stomata

stem cells. This is also suggested by the stomata clustering

phenotype that is observed in leaves of a putative enhancer trap

line of AP2C3::AP2C3-GFP where AP2C3 protein levels were

increased within its own expression domain (data not shown).

Unfortunately, it was not possible to study AP2C3 functions in

stomata lineage by reverse genetics as T-DNA insertion mutant

line did not show a statistically significant change in stomata

density. The lack of mutant phenotypes is not unusual for gene

families of signaling components as reported also for other

members of the MAPK signaling pathway [4]. Thus double and

triple mutant combinations of ap2c3 and other members of the

KIM-containing AP2Cs were created, but also these did not show

alterations in stomata density. However, ap2c3 and ap2c3/ap2c1

mutant plants have been recently reported to demonstrate

enhanced ABA-insensitive phenotypes during germination and

increased stomata aperture along with enhanced ABA-induced

MAPK-activities [31]. Even though these signaling components

have distinct expression patterns and specific roles in WT plants,

lack of stomata developmental phenotypes in mutant plants

suggests overlapping or compensatory functions related to stomata

development with other protein phosphatases. In several cases

plant mutant phenotypes were found to be masked by the

compensatory change in expression domains of genes with

redundant functions, e.g. PINs [67] or ACS members [68]. This

limitation can be overcome by constitutive or targeted ectopic

expression; the latter has been shown to be informative in

dissecting the role of MAPKs during stomata development [5].

Studying AP2C3 action during specific transitional stages and in

stomata lineage mutant backgrounds should reveal its function in

more detail.

AP2C3 can be a Specificity Determinant for Pleiotropic
MAPK Signaling Pathways

It is intriguing how the signaling specificity of different MAPK

cascades sharing the same MAPKK-MAPK module can be

achieved. One possibility may be provided through the action of

protein phosphatases. We have shown that ectopically expressed

AP2C3 has a surprising specificity to divert epidermal cells into the

stomata lineage and that the other MAPK-interacting AP2Cs were

not able to exert an equivalent function in stomata cell fate

control. What determines the specificity of AP2C3 in stomata

developmental decisions? It appears that beside specific gene
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expression domains, protein-protein interactions as well as

intracellular co-localizations with the MAPKs are major determi-

nants of signaling specificity.

The presence of a kinase interaction motif (KIM) at the N-

terminal non-catalytic part of four Arabidopsis cluster B PP2Cs

suggests that these phosphatases should target similar substrates

[29]. KIM is a short positively charged amino acid sequence (K/

R(3–4), X(1–6), L/I,X,L/I), which was originally identified in

upstream regulators of MAPKs, the MAPK kinases in yeast and

animals, and later was also found in plant MAPKKs [28,69]. The

same motif is used for the interaction of MAPK phosphatases with

their substrates MAPKs and is responsible for docking to their C-

terminal negatively charged docking site. Previously, we demon-

strated that MAPK phosphatase AP2C1 is interacting with

MAPKs via KIM where mutations within KIM of AP2C1

abrogated phosphatase-MAPK interactions [26]. Similarly, the

same mutations in AP2C3/AtPP2C5 abolished its interaction with

MAPKs [31]. Nevertheless, it was still unclear if other KIM-

containing AP2Cs are also MAPK phosphatases. Our data here

show that indeed all cluster B KIM-containing PP2Cs are

functional MAPK phosphatases. All of them interact with

MAPKs, albeit with apparently different affinity, and all are able

to dephosphorylate specific MAP kinases. Lack of KIM in PP2Cs,

such as HAB1 or ABI2, and their inability to interact and

inactivate MAPKs [25,26] additionally supports our assumption

that KIM-containing AP2Cs are true switches of MAPKs.

Interestingly, the interaction of all cluster B PP2Cs were found

to be directed towards MPK3, MPK4, and MPK6, kinases that

mediate stress and also stomata developmental signaling. All four

KIM-containing phosphatases are interacting with MPK6,

whereas interaction with MPK3 or MPK4 differs. Targeting of

MPK6 with multiple phosphatases might relate to the pleiotropic

activation by many signals, whereas the activation of MPK3 and

MPK4 appears to be more selective [2,70]. Subtle variations

within the KIM domain as well as in adjacent non catalytic N-

terminal extension of AP2Cs could be important to modulate the

affinity towards different MAPKs. This in turn may determine the

duration of the activity of the different MAPKs, which has been

shown to impact the signaling output in animal cells, e.g. to choose

between proliferation vs differentiation [71]. It is not unusual that

the same or overlapping sets of MAPKs are being activated by

diverse upstream inputs, yet they generate very different responses.

The activation of MPK3 and MPK6 by a multitude of signals is

one example, where the specificity is partially achieved by

coupling the activation to different upstream signaling compo-

nents. For example, during stomata development MPK3 and

MPK6 are likely activated by YODA and MKK4, MKK5 [4], as

well as MKK7, MKK9 may also activate these MAPKs [5], while

during pathogen-induced signaling the same MAPKs can be

activated by MEKK1 and MKK1, MKK4, MKK5 [72]. Since

the MAPK phosphatases may compete with MAPKKs for the

same interaction domain on MAPKs, it is an intriguing possibility

that AP2C phosphatases could provide another level of MAPK

specificity control.

AP2C3 Specificity towards MAPK Signaling Pathways is
Dependent on the Intracellular Localization

Differential induction and localization of MAPK phosphatases

raises the intriguing possibility to set distinct activation patterns for

cytoplasmic and nuclear pools of MAPKs, and can add to the

repertoire of signaling responses that determine cell fate decisions

[73]. MAPK phosphatases are in many cases nuclearly localized

[74]. We show that nuclear localization of AP2C3 is essential for

induction of excessive stomata development. Contrary to AP2C3,

the N-terminal parts of AP2C1 and AP2C2 contain a putative

plastid targeting sequence. Even though both AP2C1 and AP2C2

can interact with MAPKs in the nucleus, as shown by the BiFC

assay in plant cells, the major pool of AP2C1 and AP2C2 is

localized to plastid-related structures (this work; [26,31]; Meskiene,

unpublished). Domain-swapping of N-terminal non-catalytic

domains between AP2C3 and AP2C1 suggests that C-terminal

catalytic domains of these phosphatases can act redundantly, while

the N-terminal part has evolved specific properties, such as the

interactions with MAPKs and the localization either in the nucleus

and/or in the plastids.

AP2C3-Overexpression promotes Cell Proliferation and
Entry into Stomata Pathway

Initiation and proliferation of meristemoids are suggested to be

negatively regulated by the MAPK cascade YDA R MKK4/

MKK5/MKK7/MKK9 R MPK3/MPK6 [5,32]. High activa-

tion of MAPKs arrests cell cycle and channeling towards

pavement cell differentiation [4,12]. Our results suggest that this

is a reversible state, where inactivation of MAPKs through AP2C3

leads to the derepression of cell cycle arrest and thus cell

proliferation. Importantly, this cell proliferation directs cells to

enter the stomata differentiation pathway. As RBR1-E2F provide

a transcriptional regulatory switch important for the transition

from proliferation to differentiation [75] and for regulation of the

amplifying stem cell division, e.g. in root meristem [54] we tested

components of this pathway. Altered E2F, DP and RBR1 protein

amounts in AP2C3 overexpression lines and similar change of E2F

in the yda mutant suggests a connection of RBR1-E2F pathway to

stomata developmental signaling. The reduction of E2FC and

DPB amounts in AP2C3oe suggests that MAPK signaling may

promote dimerization of these proteins to enhance epidermal cell

differentiation, with AP2C3 counteracting this role. A repressor

role of the E2FC/DPB complex have been suggested [51] and

supported by increased E2FC in dark-repressed meristems [50].

Increased protein amounts of E2FB and DPA in AP2C3-

overexpressing plants is in agreement that E2FB/DPA strongly

promotes cell proliferation and can override the requirement for

auxin in cultured cells [53]. Increasing E2FB/DPA protein

amounts were observed during promotion of meristem growth

upon dark to light transition and were dependent on the activity of

genes involved in constitutive photomorphogenesis [50]. Light-

influenced stomata density [3] is mediated by gene activities

related to constitutive photomorphogenesis, such as COP1 [76].

Correspondingly, overexpression of E2FA/DPA increases stomata

density [47]. Interestingly, the level of RBR1 was increased in

AP2C3 overexpression lines, however, not surprisingly as high

expression of RBR1 in meristematic cells was reported [39,54].

RBR1 is important in maintaining stem cell proliferation [54], the

entry into and the amplification of stem cell division in the stomata

lineage [39]. Stomata-expressed target of E2FA-RBR1 transcrip-

tional complex is CDKB1;1, a mitotic cell cycle regulator [40,77].

FLP is a MYB-related transcription factor regulating meristemoid

cell division. In animal cells E2F, RB and MYB-related

transcription factor form a complex known as DREAM, which

represses both the cell cycle and cell differentiation-related genes

[33]. Whether FLP could be part of such a complex, and target

CDKB1;1 remains to be investigated. Nevertheless, a change in

CDKB1;1 protein forms in AP2C3 overexpression and yda lines,

which demonstrate similar stomata cluster phenotypes, indicates

that not only CDKB1;1 expression but also posttranslational

modifications may be involved in this regulation. Interestingly,

stomata overproliferation was restricted to the upper part of the

hypocotyl in AP2C3 overexpression lines. This may be related to
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the potential of cells to divide at this region during hypocotyl

growth, while in the lower part of the hypocotyl cell growth is

exclusively driven by cell expansion accompanied by endoredu-

plication [45]. ERL1 was suggested to function in proliferating

cells, such as leaf primordial cells, and correspondingly, ERL1::

GUS was strongly upregulated in the upper part of hypocotyl in

AP2C3oe plants. AP2C3 expression in mature stomata may also

be related to the maintenance of diploid state and cell proliferation

potential of stomata, while the surrounding pavements cells cease

to proliferate as soon as they enter endoreduplication. Our

observation of cell ‘‘tumours’’ that seemingly originate from

stomata may support this assumption. Interestingly, stomatal

lineage genes such as CDKB1;1 [77], ER, ERL1 [11], and YODA

[12] continue to be expressed in fully differentiated stomata, yet

they regulate the earlier stages of stomata developmental pathway.

Ectopic Cell Proliferation in AP2C3oe lines often
Differentiates Stomata without Asymmetric Divisions of
Meristemoids

Ectopic cell proliferation in AP2C3oe lines often produced almost

isodiametric cells, which eventually differentiated into stomata

suggesting that asymmetric cell divisions were not obligatory for

stomata initiation. Similar observations in mpk6MPK3RNAi,

MKK4-MKK5RNAi and mpk3mpk6GVG::MPK6 [4] as well as

in scrm-D seedlings [78] were reported. Studying the expression of

markers representing the various stages of stomata development, we

have observed that all became upregulated in AP2C3oe lines,

suggesting that AP2C3 either may interfere with stomata develop-

ment at multiple points as was suggested for MAPKs [79], or

promote entry into stomata pathway. This suggests that the

subsequent steps are linked to the transit of cells through the

defined developmental program. Strong deregulation of cell

proliferation by AP2C3 overexpression is also indicated by the

presence of multiple nuclei in stomata cells of AP2C3oe plants.

Observation of large multinucleate cells in Arabidopsis mkk6/anq1

or anp2anp3 MAPKKK mutants as well as generation of

multinucleate cells during expression of kinase-negative tobacco

NQK1 MAPKK suggested MAPK cascades to be essential for

correct cytokinesis [80,81]. Cytokinesis in Arabidopsis is controlled

by a pathway that consists of ANP MAPKKKs, MAPKKs HIK and

MKK6/ANQ1, with MPK4 being a probable target of MKK6/

ANQ [82]. Thus AP2C3 ability to control activity of MPK4 may

lead to inactivation of this kinase in AP2C3oe plants resulting in

cytokinesis defects.

Activation of MAPKs by stress factors mobilizes plant stress

responses and hormone balance including auxin and ethylene

[21,83,84]. It is predictable that growth and cell cycle related

pathways could be blocked by the same stress signaling pathway.

Although MPK3 and MPK6 have broad expression, it appears

that in stomata this signaling pathway is not only blocking the

proliferation, but also switching the differentiation program of

these cells. Interestingly, the same stress MAPK signaling module,

when linked to a developmental pathway through YODA, can

lead to cell cycle repression in response to secreted peptide ligands

regulating stomata development [4,12]. MKK7 and MKK9 were

linked both to the inhibition of meristemoid amplifying divisions,

and to the promotion of GMC divisions and stomata differenti-

ation [5]. Based on the AP2C3oe phenotype AP2C3 is likely to

regulate the former rather than the latter step of MKK7 and

MKK9 action during stomata development

It is intriguing how the signaling specificity of different MAPK

cascades sharing the same MAPKK-MAPK module can be

achieved to define different outcomes. Specific expression,

interaction, and subcellular localization of MAPK-inactivating

protein phosphatases can play a fundamental role to determine the

specificity, as shown here for KIM-containing AP2Cs in

Arabidopsis. The diversity within family of PP2C-type phospha-

tases in plants suggests that these enzymes could be used to

channel signaling pathways to specific cellular responses.

Materials and Methods

Molecular cloning and vector construction
The gDNAs or cDNAs of AP2C2 (At1g07160), AP2C3/

AtPP2C5 (At2g40180) and AP2C4 (At1g67820) were amplified

by PCR (primers are listed in Figure S11) from BAC clones

(F10K1, T7M7, F12A21; ABRC stock center) or from an

Arabidopsis cDNA library, cloned into pGreenII vector down-

stream of the CaMV 35S promoter and tagged with 9-mer c-Myc

epitope, triple HA or sGFP(S65T). AP2C3-G163D was created

using a site-directed mutagenesis kit (Stratagene) and tagged with

sGFP(S65T). For conditional expression the AP2C3 gDNA was

fused with 9-mer c-Myc epitope or YFP and cloned into estradiol-

inducible pER8 vector (GenBank ID AF309825). For yeast two

hybrid analysis, AP2C2, AP2C3 and AP2C4 cDNAs were cloned

into pBD-GAL4cam (Stratagene). MAP kinase constructs for yeast

two hybrid and protoplast transfections as well as creation of the

DANP1 plasmid has been previously described [26,42]. mRFP1

was used to tag MAPKs for colocalization studies. The ,2 kb

putative promoter regions of AP2C2, AP2C3, and AP2C4 were

cloned by PCR using the BAC clones (described above) fused with

GUS. For bimolecular fluorescence complementation (BiFC) the

gDNAs or cDNAs of AP2C2, AP2C3 and AP2C4 were cloned

into pRT100 vector [85] and N-terminally fused with N-terminal

domain (ntd) of YFP. Cloning of MAPKs with C-terminal domain

(ctd) of YFP for BiFC has been described previously [26]. Cloning

of PP2Cs into pGEX-4T-1 for production of recombinant proteins

was performed according to [26]. For cloning of chimeric AP2C3/

AP2C1 the N-terminal domains of AP2C3 (amino acids 1–135)

and AP2C1 (amino acids 1–146) were cloned by PCR and fused

with C-terminal domains of AP2C1 (aa 147–396) and AP2C3 (aa

136–390), respectively. For the chimera AP2C3/HAB1 AP2C3ntd

(aa 1–135) and HAB1ctd (aa 197–511) were cloned by PCR.

Sequences of used primers are included as supplementary

information (Figure S 11).

Induction of AP2C3 expression in estradiol-inducible
AP2C3 lines

To induce AP2C3 over-expression in estradiol-inducible AP2C3

lines seedlings were germinated in multiwell dishes in K MS and

estradiol (Sigma) was added till 5 mM at 3dpg. Wild-type plants

treated with estradiol were used as control.

Yeast two hybrid library screen and interaction assays
The yeast two hybrid screen of an Arabidopsis cDNA library

with the pBD-GAL4cam-AP2C3 bait plasmid was performed in

the yeast strain PJ-69A as described previously [26]. Yeast two

hybrid interaction assays using AP2C1, AP2C2, AP2C3 and

AP2C4 in pBD-GAL4cam were performed in PJ-69A strain.

Plant material, generation of transgenic lines, genetic
crosses and stomata ratio calculation

Arabidopsis thaliana ecotype Columbia (Col-0) was used as genetic

background, transformed using the floral dipping method, and

transgenic seeds were selected on kanamycin or hygromycin-

containing Murashige-Skoog (MS) plates, or by spraying soil-

grown 8 day old seedlings with Basta (Agrovert). T-DNA insertion
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lines for AP2C3 (SALK_109986), AP2C2 (GABI-Kat_316F11)

and AP2C4 (SALK_000296) were analysed by (RT-)PCR using

left border (LB) and gene-specific primers followed by sequencing.

Southern blotting was performed as described [26] and these lines

were crossed to obtain multiple knock-out mutants. Characteriza-

tion of the AP2C1 T-DNA insertion line has been described

previously [26].

8 independent AP2C3 constitutively over-expressing lines (GFP-,

HA- or c-Myc-tagged) were analyzed for stomata phenotype in

T2-T6 generations (phenotypes of several hundred plants were

investigated). 23 independent AP2C2 over-expressing lines (9

selected) and 43 independent AP2C4 over-expressing lines (5

selected) were analyzed. For promoter-reporter studies 2 indepen-

dent AP2C2::GUS, 7 independent AP2C3::GUS (2 selected)

and 7 independent AP2C4::GUS (2 selected) were analyzed. For

inducible AP2C3 expression with pER8 vector 11 independent

lines with c-Myc tagged AP2C3 and 14 independent lines with

YFP-tagged AP2C3 were analyzed. For expression of AP2C3-

G163D-GFP 17 independent lines were analyzed and for

expression of the chimeric proteins 2 independent lines per

construct were analyzed.

AP2C3oe lines were crossed with stomatal marker lines

(FAMA::GFP, E1728, MUTE::GUS, ERL1::GUS, FLP::GUS-

GFP and TMM::TMM-GFP) [11,15,16,43,46] and selected lines

were analyzed.

For stomata ratio [%] calculation, epidermal cells were counted

in phosphatase single, double or triple knock out seedlings. SEM

images of abaxial side of cotyledons of 5 dpg seedlings were taken

by Hitachi TM-1000 and epidermal cells were counted on the

images (,15 seedlings per line and over 100 epidermal cells per

image). Stomata ratio was calculated according to the formula:

S[%] = Sn/(Sn+En)x100% (Sn – number of stomata, En –

number of all other epidermal cells).

SEM and CLSM microscopy
For confocal laser scanning microscopy (CLSM), 3 to 12 dpg

seedlings expressing GFP- or YFP-tagged proteins were observed

by Leica TCS microscope (using Ar/Kr laser) using Leica

software. For propidium iodide (PI) staining, seedlings were

immersed into 10 mg/mL PI solution for 10 min. and rinsed 1–

2 min. in distilled water.

For scanning electron microscopy (SEM), cotyledons were flash

frozen in liquid nitrogen and observed by Hitachi TM-1000. For

gold coating, seedlings were fixed in 2.5% v/v glutaraldehyde

(pH 7.1) at room temperature rolling overnight and next day

dehydrated through series of 30%, 50%, 70%, 80%, 90% acetone

and twice with 100% acetone each 30 min. at room temperature.

Samples were immediately put for critical point drying for 1 h,

mounted on stubs and coated with gold. Samples were examined

by JEOL JSM-6300 (during EMBO workshop on Electron

Microscopy and Stereology in Cell Biology, Ceske Budejovice).

Cultivation of Arabidopsis cell suspension, protoplast
preparation, kinase assays and phosphatase assays,
histochemical GUS assays

Cultivation of Arabidopsis cell suspension, protoplast isolation,

MAPK and PP2C activities studies were performed as described in

[86]. E. coli produced recombinant GST fusion proteins of

phosphatase and MAP kinase were used for in vitro dephosphor-

ylation assays.

The cyclin-dependent kinase (CDK) activity assay on histone 1

(HisI) was done as described in [87]. For immunoprecipitation of

CDKs 50 mg of total protein extract was incubated with 20 mL of

diluted (25%) p13Suc1 agarose conjugate (Upstate Biotechnology,

USA). The beads were rolled for 1 h at 4uC and washed 3 times

with 1 mL of SucI buffer (50 mM TrisCl pH 7.4, 250 mM NaCl,

5 mM EGTA, 5 mM EDTA, 0.1% v/v Tween 20, 5 mM NaF,

0.1% v/v NP-40, 0.5 mM PMSF) and 1 time with 0.5 mL of

kinase buffer (50 mM Tris pH 7.4, 15 mM MgCl2, 5 mM EGTA,

1 mM DTT). All the centrifugation steps were done at 1000 rpm

for 1 min. in swing-out centrifuge at 4uC. The residual liquid was

removed from the beads with a syringe. The beads were

immediately mixed with 20 mL of kinase reaction containing

1 mg/mL histone 1 (Sigma), 1 mCi/ml c32P-ATP, 10 mM ATP in

kinase buffer. The reaction was incubated 30 min. at room

temperature. The reaction was terminated by adding SDS loading

buffer, heated at 95uC for 3 minutes, centrifuged shortly (,10 sec)

and 15 mL of sample (,10 mg of histone) per lane was run on a

12.5% SDS-PAA gel. The gel was stained with Coomassie Blue for

10 min., destained with destainer solution (12.5% v/v glacial

acetic acid, 10% v/v methanol) for 2 h changing the destainer

every 15 min. The gel was dried on Whatman 3MM paper in a

vacuum gel-dryer at 80uC for 1 h and exposed to Kodak Biomax

MR film [87]. Antibodies used in this study have been already

described [50,53].

Histochemical GUS reporter assays were performed according

to Jefferson (Jefferson et al., 1986).

Supporting Information

Figure S1 Interaction and localization of PP2Cs with
MAPKs. (A) Interaction of AP2C3 with MPK1, MPK3, MPK4

and MPK6 in protoplasts using bimolecular fluorescence comple-

mentation (BiFC). YFPntd-AP2C3 was co-transfected with

YFPctd-MAPKs in Arabidopsis suspension culture protoplasts

and the reconstituted fluorescence detected. Fluorescence micros-

copy and differential interference contrast (DIC) images of

protoplasts. Bar = 10 mm. (B) Colocalization of AP2C3 with

MPK3, MPK4 and MPK6 in the nucleus of co-transfected

Arabidopsis protoplasts: AP2C3-GFP and MAPKs-mRFP1. Bar

= 10 mm. (C) Localization of AP2C2-GFP and AP2C4-GFP in

Arabidopsis protoplasts, fluorescence microscopy and differential

interference contrast (DIC) images. Bar = 10 mm.

(TIF)

Figure S2 Interaction of Arabidopsis PP2Cs with MAPKs
in yeast. (A) Interaction of AP2C1, AP2C2, AP2C3 and AP2C4

with MAPKs in yeast two hybrid assays. Growth of pJ694A yeast

cells cotransformed with pBD-PP2C and pAD-MAPKs vectors on

selective plates. From top starting clockwise: empty pAD vector,

pAD-MPK1, pAD-MPK3, pAD-MPK4, pAD-MPK6. (B) AP2C3

interacts with MPK4 and MPK6. Quantitative b-galactosidase

measurements in a yeast two-hybrid assay were performed using

pBTM116-AP2C3 in combination with 18 MAPKs in the

pGAD424 vector in L40 yeast cells. pBTM116-AP2C1/

pGAD424-MPK6 was used as positive control.

(TIF)

Figure S3 Promoter::GUS staining of AP2C1, AP2C2,
AP2C3 and AP2C4 in true leaves 9 dpg. Bar = 50 mm.

(TIF)

Figure S4 Analysis of ap2c3, ap2c2 and ap2c4 mutant
lines. (A–C) Schematic illustrations of T-DNA insertions and

Southern blot analysis of ap2c2 (GABI-Kat_316F11), ap2c4

(SALK_000296) and ap2c3 (SALK_109986) mutant lines. South-

ern blotting with a labeled LB-specific probe confirmed the

presence of single (tandem) T-DNAs within the respective
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genomes. (D) Detection of AP2C3 transcript after flagellin (flg22)

and cyclohexamide (CHX) treatment in WT and ap2c3 mutant

plants using semi-quantitative RT-PCR. (E) Epidermal surface of

ap2c3 mutant line (bar = 50 mm).

(TIF)

Figure S5 Stomata ratio (%) in phosphatase single,
double and triple knock-out 3 dpg seedlings. Epidermal

cells were counted in abaxial epidermis of cotyledons of ap2c1,

ap2c2, ap2c3, ap2c4, ap2c1ap2c3, ap2c2ap2c3, ap2c4ap2c3 and

ap2c1ap2c2ap2c3 lines. Stomata ratio was calculated according to

the formula: S[%] = Sn/(Sn+En)x100 (Sn – number of stomata,

En – number of all other epidermal cells). Error bars indicate

standard deviation.

(TIF)

Figure S6 Analysis of protein expression in AP2C3,
AP2C2 and AP2C4 overexpressing lines. Western analysis of

protein expression in independent transgenic plant lines of AP2C3

HA (MW,42 kDa), and AP2C3-GFP (MW,70 kDa); AP2C2-

GFP (MW,68 kDa), AP2C2-Myc (MW,56 kDa) and AP2C2-

HA (MW,45 kDa); AP2C4-GFP (MW ,76 kDa) and AP2C4-

HA (54 kDa), using GFP, Myc or HA antibodies, respectively.

(TIF)

Figure S7 Estradiol-induced AP2C3 expression. Immu-

noblot of protein extracts derived from independent lines

transformed with XVE::AP2C3-YFP. GFP antibody was used to

detect AP2C3 protein 7 days after application of 5 mM estradiol

(+) or without application (2) of independent transformed lines at

10 dpg. Tubulin was detected with tubulin antibody and Ponceau-

S staining was used to visualize loading.

(TIF)

Figure S8 Plant phenotypes. Comparison of 1-month-old

WT and AP2C3oe plants in the soil. AP2C3oe plants show dwarf

phenotype.

(TIF)

Figure S9 AP2C3-overexpression induces stomata marker
ERL1. Upregulation of stomata marker ERL1::GUS in AP2C3oe

seedlings. Promoter activity of receptor-like kinase ERL1 is strongly

upregulated in 35S::AP2C3-HA monitored at 5 dpg in comparison to

WT seedlings after staining for 4 h. Bars = 50 mm.

(TIF)

Figure S10 in vitro phosphatase assay of AP2C3 and
AP2C3-G163D proteins. (A) Schematic representation of

AP2C3-G163D mutation. (B) Phosphatase activities of recombi-

nant AP2C3 and AP2C3-G163D proteins towards [32P] phospho-

casein monitored by measuring the release of free phosphate.

Error bars indicate standard deviation.

(TIF)

Figure S11 Primers used in this study.
(TIF)

Acknowledgments

We thank F. Sack, K. Torii and D. Bergmann for marker lines, N.H Chua

for pER8 vector, R.Y. Tsien for mRFP1, the Nottingham Arabidopsis

Stock Centre (NASC) and the GABI-Kat consortium for providing the T-

DNA insertion lines.

Author Contributions

Conceived and designed the experiments: IM AS LB. Performed the

experiments: JU AS VK ZM ZA CC VU JB IM. Analyzed the data: AS

VK ZM ZA VU IM. Contributed reagents/materials/analysis tools:

JAHM LB. Wrote the paper: AS LB IM.

References

1. Canagarajah BJ, Khokhlatchev A, Cobb MH, Goldsmith EJ (1997) Activation

mechanism of the MAP kinase ERK2 by dual phosphorylation. Cell 90:

859–869.

2. Andreasson E, Ellis B (2010) Convergence and specificity in the Arabidopsis

MAPK nexus. Trends Plant Sci 15: 106–113.

3. Casson S, Gray JE (2008) Influence of environmental factors on stomatal

development. New Phytologist 178: 9–23.

4. Wang H, Ngwenyama N, Liu Y, Walker JC, Zhang S (2007) Stomatal

development and patterning are regulated by environmentally responsive

mitogen-activated protein kinases in Arabidopsis. Plant Cell 19: 63–73.

5. Lampard GR, Lukowitz W, Ellis BE, Bergmann DC (2009) Novel and

Expanded Roles for MAPK Signaling in Arabidopsis Stomatal Cell Fate

Revealed by Cell Type-Specific Manipulations. Plant Cell.

6. Nadeau JA, Sack FD (2008) Stomatal Development in Arabidopsis. The

Arabidopsis Book: The American Society of Plant Biologists. pp 1–28.

7. Hara K, Kajita R, Torii KU, Bergmann DC, Kakimoto T (2007) The secretory

peptide gene EPF1 enforces the stomatal one-cell-spacing rule. Genes Dev 21:

1720–1725.

8. Hara K, Yokoo T, Kajita R, Onishi T, Yahata S, et al. (2009) Epidermal cell

density is autoregulated via a secretory peptide, EPIDERMAL PATTERNING

FACTOR 2 in Arabidopsis leaves. Plant Cell Physiol 50: 1019–1031.

9. Hunt L, Gray JE (2009) The signaling peptide EPF2 controls asymmetric cell

divisions during stomatal development. Curr Biol 19: 864–869.

10. Sugano SS, Shimada T, Imai Y, Okawa K, Tamai A, et al. (2010) Stomagen

positively regulates stomatal density in Arabidopsis. Nature 463: 241–244.

11. Shpak ED, McAbee JM, Pillitteri LJ, Torii KU (2005) Stomatal Patterning and

Differentiation by Synergistic Interactions of Receptor Kinases. Science 309:

290–293.

12. Bergmann DC, Lukowitz W, Somerville CR (2004) Stomatal development and

pattern controlled by a MAPKK kinase. Science 304: 1494–1497.

13. Lampard GR, Macalister CA, Bergmann DC (2008) Arabidopsis stomatal

initiation is controlled by MAPK-mediated regulation of the bHLH SPEECH-

LESS. Science 322: 1113–1116.

14. MacAlister CA, Ohashi-Ito K, Bergmann DC (2007) Transcription factor

control of asymmetric cell divisions that establish the stomatal lineage. Nature

445: 537–540.

15. Ohashi-Ito K, Bergmann DC (2006) Arabidopsis FAMA controls the final

proliferation/differentiation switch during stomatal development. Plant Cell 18:

2493–2505.

16. Pillitteri LJ, Sloan DB, Bogenschutz NL, Torii KU (2007) Termination of

asymmetric cell division and differentiation of stomata. Nature 445: 501–505.

17. Junttila MR, Li SP, Westermarck J (2008) Phosphatase-mediated crosstalk

between MAPK signaling pathways in the regulation of cell survival. FASEB J

22: 954–965.

18. Schweighofer A, Meskiene I (2008) Protein phosphatases in plant growth

signalling pathways. In: Boegre L, ed. Plant Growth Signalling. Heidelberg:

Springer-Verlag. pp 277–297.

19. Bartels S, Besteiro MA, Lang D, Ulm R (2010) Emerging functions for plant

MAP kinase phosphatases. Trends Plant Sci 15: 322–329.

20. Lee JS, Wang S, Sritubtim S, Chen JG, Ellis BE (2009) Arabidopsis mitogen-

activated protein kinase MPK12 interacts with the MAPK phosphatase IBR5

and regulates auxin signaling. Plant J 57: 975–985.

21. Lee JS, Ellis BE (2007) Arabidopsis MAPK phosphatase 2 (MKP2) positively

regulates oxidative stress tolerance and inactivates the MPK3 and MPK6

MAPKs. J Biol Chem 282: 25020–25029.

22. Ulm R, Ichimura K, Mizoguchi T, Peck SC, Zhu T, et al. (2002) Distinct

regulation of salinity and genotoxic stress responses by Arabidopsis MAP kinase

phosphatase 1. EMBO J 21: 6483–6493.

23. Bartels S, Anderson JC, Besteiro MA, Carreri A, Hirt H, et al. (2009) MAP

kinase phosphatase1 and protein tyrosine phosphatase1 are repressors of salicylic

acid synthesis and SNC1-mediated responses in Arabidopsis. Plant Cell 21:

2884–2897.

24. Meskiene I, Bogre L, Glaser W, Balog J, Brandstotter M, et al. (1998) MP2C, a

plant protein phosphatase 2C, functions as a negative regulator of mitogen-

activated protein kinase pathways in yeast and plants. Proc Natl Acad Sci U S A

95: 1938–1943.

MAPK Phosphatase Induces Stomata Development

PLoS ONE | www.plosone.org 16 December 2010 | Volume 5 | Issue 12 | e15357



25. Meskiene I, Baudouin E, Schweighofer A, Liwosz A, Jonak C, et al. (2003) The

Stress-induced protein phosphatase 2C is a negative regulator of a mitogen-

activated protein kinase. J Biol Chem 278: 18945–18945.

26. Schweighofer A, Kazanaviciute V, Scheikl E, Teige M, Doczi R, et al. (2007)

The PP2C-type phosphatase AP2C1, which negatively regulates MPK4 and

MPK6, modulates innate immunity, jasmonic acid, and ethylene levels in

Arabidopsis. Plant Cell 19: 2213–2224.

27. Leung J, Orfanidi S, Chefdor F, Mészaros T, Bolte S, et al. (2006) Antagonistic

interaction between MAP kinase and protein phosphatase 2C in stress recovery.

Plant Science 171: 596–606.

28. Bardwell L (2006) Mechanisms of MAPK signalling specificity. Biochem Soc

Trans 34: 837–841.

29. Schweighofer A, Hirt H, Meskiene I (2004) Plant PP2C phosphatases: emerging

functions in stress signaling. Trends Plant Sci 9: 236–243.

30. Wang ML, Belmonte S, Kim U, Dolan M, Morris JW, et al. (1999) A cluster of

ABA-regulated genes on Arabidopsis thaliana BAC T07M07. Genome Res 9:

325–333.

31. Brock AK, Willmann R, Kolb D, Grefen L, Lajunen HM, et al. (2010) The

Arabidopsis thaliana Mitogen-activated protein kinase (MAPK) phosphatase

PP2C5 affects seed germination, stomatal aperture and abscisic acid-inducible

gene expression. Plant Physiol 153: 1098–1110.

32. Nadeau JA (2009) Stomatal development: new signals and fate determinants.

Curr Opin Plant Biol 12: 29–35.

33. van den Heuvel S, Dyson NJ (2008) Conserved functions of the pRB and E2F

families. Nat Rev Mol Cell Biol 9: 713–724.

34. Inze D, De Veylder L (2006) Cell cycle regulation in plant development. Annu

Rev Genet 40: 77–105.

35. Magyar Z (2008) Keeping the Balance Between Proliferation and Differentiation

by the E2F Transcriptional Regulatory Network is Central to Plant Growth and

Development. Plant Cell Monographs. pp 89–105.

36. Ebel C, Mariconti L, Gruissem W (2004) Plant retinoblastoma homologues

control nuclear proliferation in the female gametophyte. Nature 429: 776–780.

37. Desvoyes B, Ramirez-Parra E, Xie Q, Chua NH, Gutierrez C (2006) Cell type-

specific role of the retinoblastoma/E2F pathway during Arabidopsis leaf

development. Plant Physiol 140: 67–80.

38. Park JA, Ahn JW, Kim YK, Kim SJ, Kim JK, et al. (2005) Retinoblastoma

protein regulates cell proliferation, differentiation, and endoreduplication in

plants. Plant J 42: 153–163.

39. Borghi L, Gutzat R, Futterer J, Laizet Y, Hennig L, et al. (2010) Arabidopsis

RETINOBLASTOMA-RELATED Is Required for Stem Cell Maintenance,

Cell Differentiation, and Lateral Organ Production. Plant Cell 22: 1792–1811.

40. Boudolf V, Vlieghe K, Beemster GT, Magyar Z, Torres Acosta JA, et al. (2004)

The plant-specific cyclin-dependent kinase CDKB1;1 and transcription factor

E2Fa-DPa control the balance of mitotically dividing and endoreduplicating

cells in Arabidopsis. Plant Cell 16: 2683–2692.

41. Saez A, Apostolova N, Gonzalez-Guzman M, Gonzalez-Garcia MP, Nicolas C,

et al. (2004) Gain-of-function and loss-of-function phenotypes of the protein

phosphatase 2C HAB1 reveal its role as a negative regulator of abscisic acid

signalling. Plant J 37: 354–369.

42. Asai T, Tena G, Plotnikova J, Willmann MR, Chiu WL, et al. (2002) MAP

kinase signalling cascade in Arabidopsis innate immunity. Nature 415: 977–983.

43. Nadeau JA, Sack FD (2002) Control of stomatal distribution on the Arabidopsis

leaf surface. Science 296: 1697–1700.

44. Gendreau E, Traas J, Desnos T, Grandjean O, Caboche M, et al. (1997)

Cellular basis of hypocotyl growth in Arabidopsis thaliana. Plant Physiol 114:

295–305.

45. Lopez-Juez E, Kobayashi M, Sakurai A, Kamiya Y, Kendrick RE (1995)

Phytochrome, Gibberellins, and Hypocotyl Growth (A Study Using the

Cucumber (Cucumis sativus L.) long hypocotyl Mutant). Plant Physiol 107:

131–140.

46. Lai LB, Nadeau JA, Lucas J, Lee EK, Nakagawa T, et al. (2005) The

Arabidopsis R2R3 MYB proteins FOUR LIPS and MYB88 restrict divisions

late in the stomatal cell lineage. Plant Cell 17: 2754–2767.

47. De Veylder L, Beeckman T, Beemster GT, de Almeida Engler J, Ormenese S,

et al. (2002) Control of proliferation, endoreduplication and differentiation by

the Arabidopsis E2Fa-DPa transcription factor. EMBO J 21: 1360–1368.

48. Boudolf V, Rombauts S, Naudts M, Inze D, De Veylder L (2001) Identification

of novel cyclin-dependent kinases interacting with the CKS1 protein of

Arabidopsis. J Exp Bot 52: 1381–1382.

49. Stals H, Casteels P, Van Montagu M, Inze D (2000) Regulation of cyclin-

dependent kinases in Arabidopsis thaliana. Plant Mol Biol 43: 583–593.

50. Lopez-Juez E, Dillon E, Magyar Z, Khan S, Hazeldine S, et al. (2008) Distinct

light-initiated gene expression and cell cycle programs in the shoot apex and

cotyledons of Arabidopsis. Plant Cell 20: 947–968.

51. del Pozo JC, Diaz-Trivino S, Cisneros N, Gutierrez C (2006) The balance

between cell division and endoreplication depends on E2FC-DPB, transcription

factors regulated by the ubiquitin-SCFSKP2A pathway in Arabidopsis. Plant

Cell 18: 2224–2235.

52. De Veylder L, Joubes J, Inze D (2003) Plant cell cycle transitions. Curr Opin

Plant Biol 6: 536–543.

53. Magyar Z, De Veylder L, Atanassova A, Bako L, Inze D, et al. (2005) The role of

the arabidopsis E2FB transcription factor in regulating auxin-dependent cell

division. Plant Cell 17: 2527–2541.

54. Wildwater M, Campilho A, Perez-Perez JM, Heidstra R, Blilou I, et al. (2005)

The RETINOBLASTOMA-RELATED gene regulates stem cell maintenance

in Arabidopsis roots. Cell 123: 1337–1349.

55. Sheen J (1998) Mutational analysis of protein phosphatase 2C involved in

abscisic acid signal transduction in higher plants. Proc Natl Acad Sci U S A 95:

975–980.

56. Saez A, Rodrigues A, Santiago J, Rubio S, Rodriguez PL (2008) HAB1-SWI3B

interaction reveals a link between abscisic acid signaling and putative SWI/SNF

chromatin-remodeling complexes in Arabidopsis. Plant Cell 20: 2972–2988.

57. Peterson KM, Rychel AL, Torii KU (2010) Out of the mouths of plants: the

molecular basis of the evolution and diversity of stomatal development. Plant

Cell 22: 296–306.

58. Serna L (2009) Cell fate transitions during stomatal development. Bioessays 31:

865–873.

59. Gray JE, Casson S, Hunt L (2008) Intercellular peptide signals regulate plant

meristematic cell fate decisions. Sci Signal 1: pe53.

60. Hunt L, Bailey KJ, Gray JE (2010) The signalling peptide EPFL9 is a positive

regulator of stomatal development. New Phytol 186: 609–614.

61. Kondo T, Kajita R, Miyazaki A, Hokoyama M, Nakamura-Miura T, et al.

(2010) Stomatal density is controlled by a mesophyll-derived signaling molecule.

Plant Cell Physiol 51: 1–8.

62. Amit I, Citri A, Shay T, Lu Y, Katz M, et al. (2007) A module of negative

feedback regulators defines growth factor signaling. Nat Genet 39: 503–512.

63. Legewie S, Herzel H, Westerhoff HV, Bluthgen N (2008) Recurrent design

patterns in the feedback regulation of the mammalian signalling network. Mol

Syst Biol 4: 190.

64. Petersen M, Brodersen P, Naested H, Andreasson E, Lindhart U, et al. (2000)

Arabidopsis map kinase 4 negatively regulates systemic acquired resistance. Cell

103: 1111–1120.

65. Gudesblat GE, Iusem ND, Morris PC (2007) Arabidopsis MPK3, a Key

Signalling Intermediate in Stomatal Function. Plant Signal Behav 2: 271–272.

66. Gudesblat GE, Torres PS, Vojnov AA (2009) Stomata and pathogens: Warfare

at the gates. Plant Signal Behav 4: 1114–1116.

67. Blilou I, Xu J, Wildwater M, Willemsen V, Paponov I, et al. (2005) The PIN

auxin efflux facilitator network controls growth and patterning in Arabidopsis

roots. Nature 433: 39–44.

68. Tsuchisaka A, Yu G, Jin H, Alonso JM, Ecker JR, et al. (2009) A combinatorial

interplay among the 1-aminocyclopropane-1-carboxylate isoforms regulates

ethylene biosynthesis in Arabidopsis thaliana. Genetics 183: 979–1003.

69. Kiegerl S, Cardinale F, Siligan C, Gross A, Baudouin E, et al. (2000) SIMKK, a

mitogen-activated protein kinase (MAPK) kinase, is a specific activator of the salt

stress-induced MAPK, SIMK. Plant Cell 12: 2247–2258.

70. Rodriguez MC, Petersen M, Mundy J (2010) Mitogen-activated protein kinase

signaling in plants. Annu Rev Plant Biol 61: 621–649.

71. Marshall CJ (1995) Specificity of receptor tyrosine kinase signaling: transient

versus sustained extracellular signal-regulated kinase activation. Cell 80:

179–185.

72. Meszaros T, Helfer A, Hatzimasoura E, Magyar Z, Serazetdinova L, et al.

(2006) The Arabidopsis MAP kinase kinase MKK1 participates in defence

responses to the bacterial elicitor flagellin. Plant J 48: 485–498.

73. Kholodenko BN, Hancock JF, Kolch W (2010) Signalling ballet in space and

time. Nat Rev Mol Cell Biol 11: 414–426.

74. Moorhead GB, Trinkle-Mulcahy L, Ulke-Lemee A (2007) Emerging roles of

nuclear protein phosphatases. Nat Rev Mol Cell Biol 8: 234–244.

75. Chen HZ, Tsai SY, Leone G (2009) Emerging roles of E2Fs in cancer: an exit

from cell cycle control. Nat Rev Cancer 9: 785–797.

76. Kang CY, Lian HL, Wang FF, Huang JR, Yang HQ (2009) Cryptochromes,

phytochromes, and COP1 regulate light-controlled stomatal development in

Arabidopsis. Plant Cell 21: 2624–2641.

77. Boudolf V, Barroco R, Engler Jde A, Verkest A, Beeckman T, et al. (2004) B1-

type cyclin-dependent kinases are essential for the formation of stomatal

complexes in Arabidopsis thaliana. Plant Cell 16: 945–955.

78. Kanaoka MM, Pillitteri LJ, Fujii H, Yoshida Y, Bogenschutz NL, et al. (2008)

SCREAM/ICE1 and SCREAM2 specify three cell-state transitional steps

leading to arabidopsis stomatal differentiation. Plant Cell 20: 1775–1785.

79. Abrash EB, Bergmann DC (2009) Asymmetric cell divisions: a view from plant

development. Dev Cell 16: 783–796.

80. Soyano T, Nishihama R, Morikiyo K, Ishikawa M, Machida Y (2003) NQK1/

NtMEK1 is a MAPKK that acts in the NPK1 MAPKKK-mediated MAPK

cascade and is required for plant cytokinesis. Genes Dev 17: 1055–1067.

81. Krysan PJ, Jester PJ, Gottwald JR, Sussman MR (2002) An Arabidopsis

mitogen-activated protein kinase kinase kinase gene family encodes essential

positive regulators of cytokinesis. Plant Cell 14: 1109–1120.

82. Takahashi Y, Soyano T, Kosetsu K, Sasabe M, Machida Y (2010) HINKEL

kinesin, ANP MAPKKKs and MKK6/ANQ MAPKK, which phosphorylates

and activates MPK4 MAPK, constitute a pathway that is required for cytokinesis

in Arabidopsis thaliana. Plant Cell Physiol 51: 1766–1776.

83. Dai Y, Wang H, Li B, Huang J, Liu X, et al. (2006) Increased expression of

MAP KINASE KINASE7 causes deficiency in polar auxin transport and leads

to plant architectural abnormality in Arabidopsis. Plant Cell 18: 308–320.

84. Yoo SD, Cho YH, Tena G, Xiong Y, Sheen J (2008) Dual control of nuclear

EIN3 by bifurcate MAPK cascades in C2H4 signalling. Nature 451: 789–795.

MAPK Phosphatase Induces Stomata Development

PLoS ONE | www.plosone.org 17 December 2010 | Volume 5 | Issue 12 | e15357



85. Holtorf S, Apel K, Bohlmann H (1995) Comparison of different constitutive and

inducible promoters for the overexpression of transgenes in Arabidopsis thaliana.
Plant Mol Biol 29: 637–646.

86. Schweighofer A, Ayatollahi Z, Meskiene I (2009) Phosphatase activities analyzed

by in vivo expressions. Methods Mol Biol 479: 247–260.

87. Magyar Z, Meszaros T, Miskolczi P, Deak M, Feher A, et al. (1997) Cell cycle

phase specificity of putative cyclin-dependent kinase variants in synchronized

alfalfa cells. Plant Cell 9: 223–235.

MAPK Phosphatase Induces Stomata Development

PLoS ONE | www.plosone.org 18 December 2010 | Volume 5 | Issue 12 | e15357


