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Abstract

In Arabidopsis thaliana, stomata are composed of two guard cells that control the aperture

of a central pore to facilitate gas exchange between the plant and its environment, which is

particularly important during photosynthesis. Although leaves are the primary photosyn-

thetic organs of flowering plants, floral organs are also photosynthetically active. In the Bras-

sicaceae, evidence suggests that silique photosynthesis is important for optimal seed oil

content. A group of transcription factors containing MADS DNA binding domains is neces-

sary and sufficient to confer floral organ identity. Elegant models, such as the ABCE model

of flower development and the floral quartet model, have been instrumental in describing the

molecular mechanisms by which these floral organ identity proteins govern flower develop-

ment. However, we lack a complete understanding of how the floral organ identity genes

interact with the underlying leaf development program. Here, we show that the MADS

domain transcription factor AGAMOUS (AG) represses stomatal development on the

gynoecial valves, so that maturation of stomatal complexes coincides with fertilization. We

present evidence that this regulation by AG is mediated by direct transcriptional repression

of a master regulator of the stomatal lineage, MUTE, and show data that suggests this inter-

action is conserved among several members of the Brassicaceae. This work extends our

understanding of the mechanisms underlying floral organ formation and provides a frame-

work to decipher the mechanisms that control floral organ photosynthesis.

Author summary

Photosynthesis supports the growth and development of plants and is mainly associated

with leaves. However, other organs, including floral organs, are photosynthetic and con-

tribute to the energy requirements of the plant, which has attracted the interest of crop

breeders. Despite its importance, very little is known about the establishment and molecu-

lar regulation of floral organ photosynthesis. Here, we describe the developmental pro-

gression and regulation of stomatal formation on the female reproductive organs of

Arabidopsis thaliana before and after fertilization. Stomata control gas exchange between
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the plant and the environment, which facilitates photosynthesis and transpiration. We

show that stomatal formation coincides with fertilization of the flower but does not

depend upon it. Instead, the activity of a master regulator of stomatal development is

directly controlled by a flower-specific factor. We present evidence that this regulation is

conserved in several members of the mustard plant family (Brassicaceae) and suggest that

the timing of stomatal formation on the female reproductive organs may be modified

between species, which may have adaptive benefits. Given that floral organs are derived

from leaves, this work also broadens and deepens our understanding of how the underly-

ing leaf developmental program is rewired during flower development.

Introduction

In eudicots, such as Arabidopsis thaliana, flowers are composed of four types of floral organs:

sepals, petals, stamens, and carpels. The sepals contain high levels of chlorophyll and bear sto-

mata, making them leaf-like in appearance. In contrast, mature petals and stamens lack sub-

stantial concentrations of chlorophyll [1,2]. Stomata are absent from petals but modified

stomata are present on the abaxial surfaces of anthers [1,3]. In A. thaliana, the ovules are

encased within the gynoecium which is formed of two fused carpels and other tissues that arise

from the carpels, such as the style, stigma and replum [1,4] (S1A Fig). Although the gynoecial

valves lack stomata, they are present on the differentiated and elongated silique valve epider-

mis [5,6]. Stomata on siliques enable atmospheric carbon fixation to support photosynthesis,

and photosynthetic activity of siliques has been demonstrated in several members of the Bras-

sicaceae family including A. thaliana [7–10]. This photosynthetic activity positively influences

seed oil content and is of interest to crop breeders [8,9,11]. Stomata also support transpiration,

which drives the movement of nutrients through the plant and simultaneously facilitates cool-

ing [12]. However, very little is known about the molecular mechanisms of stomatal develop-

ment on these organs.

On leaves of A. thaliana, the stomatal cell lineage is initiated by the asymmetric cell division

of a protodermal cell (or meristemoid mother cell), which is regulated by the basic helix-loop-

helix (bHLH) transcription factor SPEECHLESS (SPCH) [13–15] (S1B Fig). This asymmetric

division produces a meristemoid and a stomatal lineage ground cell (SLGC). The meristemoid

may then undergo further asymmetric cell divisions to renew itself and produce more SLGCs.

Alternatively, a meristemoid may transition into a rounded cell termed a guard mother cell

(GMC) [14,15]. The transition from meristemoid to GMC is coordinated by another bHLH

transcription factor, MUTE, which also functions to attenuate asymmetric cell divisions [16].

GMCs then divide symmetrically to produce two guards cells and ultimately a mature stomatal

complex, a process that is mediated by a third bHLH transcription factor, FAMA [17]. Two

other bHLH transcription factors, SCREAM (SCRM) and SCRM2, form heterodimers with

SPCH, MUTE, and FAMA to coordinate gene expression [18]. These division steps are regu-

lated such that stomatal complexes are separated by at least one cell, which ensures control of

the central pore aperture [14,15]. Several transmembrane receptors have been implicated in

this stomatal patterning, such as TOO MANY MOUTHS (TMM), ERECTA (ER), ER-LIKE1

(ERL1), and ERL2 [15,19,20]. The activities of these receptors are modulated by the EPIDER-

MAL PATTERNING FACTORs (EPFs) and EPF-LIKES (EPFLs) secreted peptide families

(S1B Fig) [15,21–23].

Floral organ identity is controlled by a group of transcription factors that contain MADS

DNA-binding domains [24–28]. In the absence of their activities, floral organs are converted
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into leaf-like organs while ectopic expression of these transcription factors is sufficient to

transform leaves into floral organs [28–32]. These observations confirmed a long-standing

hypothesis that floral organs are derived from leaves [33]. They also formed the basis of the

ABCE model of flower development and the floral quartet model, which largely address organ

specification [28–32,34]. However, these MADS domain transcription factors continue to be

expressed after the floral organs have been specified and they are known to control the expres-

sion of genes required for differentiation [35–38]. Identifying the repertoire of differentiation

processes that the floral organ identity genes control remains a key challenge [25].

The MADS-domain protein AGAMOUS (AG) controls the specification of stamens and

carpels and is required for floral meristem termination [27]. AG interacts with E-class pro-

teins, SEPALLATA 1–4 (SEP1-4), in heterodimeric or tetrameric complexes to coordinate car-

pel specification and floral meristem termination, with SEP3 playing an especially important

role [29,34,39]. AG activity promotes carpel development in a partially redundant manner

with its closest related paralogs SHATTERPROOF1 (SHP1) and SHP2 [40]. AG and the SHP

proteins also suppress the formation of epidermal hairs (trichomes) during carpel differentia-

tion, which represents the first tangible example of how the floral organ identity proteins mod-

ify the underlying leaf development program to generate floral organs [35,41].

Here, we investigated the developmental progression and molecular regulation of stomatal

development on gynoecial and silique valves in A. thaliana. We describe the normal progres-

sion of stomatal development before and after fertilization, and present evidence that AG sup-

presses this process in A. thaliana and other members of the Brassicaceae. The data presented

provide further evidence and mechanism that transcription factors conferring floral organ

identity directly suppress aspects of leaf development during floral organ formation. They also

provide a framework with which to understand the establishment of the silique as a photosyn-

thetic organ in the Brassicaceae.

Results

Stomatal development on gynoecial valves

As mentioned above, the photosynthetic activity of siliques of the Brassicaceae family con-

tributes significantly to the carbon requirements of seeds [8,9,11]. Siliques assimilate atmo-

spheric CO2 [7,10,11], probably through the stomata present on the valve epidermis, which

are not present on pre-anthesis gynoecial valves (S1C Fig) [1]. The presence of stomata on

floral organs was previously reported [1,3,5] (S1D–S1F Fig), however, the progression of sto-

matal development on these organs has not been fully described. We addressed this knowl-

edge gap by examining the developmental progression of stomata on the siliques of A.

thaliana.

We started by surveying the mRNA levels of master regulators of stomatal development

as reported by publicly available transcriptomics datasets of flower and gynoecium develop-

ment (Fig 1A and 1B). We focused on the expression of three bHLH transcription factor-

coding genes, SPCH, MUTE, and FAMA, which are necessary and sufficient to promote dif-

ferent stages of the stomatal lineage [13,16,17]. A distinct peak of SPCH and MUTE mRNA

was detected at stage 6–7 and 8 of flower development, respectively, in genome-wide expres-

sion profiling using a synchronous flowering system (Fig 1A) [42]. These peaks corre-

sponded to the stages of initiation and progression of the stomatal lineage on sepals, which

began to mature at approximately stage 10 (S1D Fig). Levels of both SPCH and MUTE
mRNA then decreased until anthesis, although MUTE levels plateaued between stages 11 and

13. In contrast, FAMA levels continued to increase as flower development progressed (Fig

1A). More recent transcriptomics datasets derived from laser-microdissected gynoecia at
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different stages of flower development provided improved spatial resolution [43]. These data

are not complicated by the presence of other floral organs that bear stomata, such as the

sepals and stamens, although the latest stage analyzed was stage 12 of flower development.

SPCH mRNA levels were relatively high from approximately stage 5 and rose slightly until

stage 11 and then decreased (Fig 1B). MUTE mRNA was not detectable before stage 11 when

it was weakly expressed and then increased ~3-fold by stage 12 (Fig 1B). FAMA mRNA was

also not detected at stage 5 but increased steadily by ~8-fold between stages 9 and 12 (Fig

1B). Based on these data, we concluded that MUTE and FAMA transcription in the gynoe-

cium was initiated at approximately stage 11–12, whereas SPCH transcription was initiated

earlier.

To cross-examine these transcriptomic data and to provide a better resolution of the

expression of these genes in the gynoecium, we obtained transgenic lines that harbor

Fig 1. Expression of stomatal bHLH transcription factors during gynoecium development. (A-B) Levels of SPCH,

MUTE, and FAMA mRNAs at described stages of flower development in (A) whole flower buds [42] and (B) laser-

microdissected gynoecia [43]. Error bars in (A-B) are s.e.m of three and four independent biological replicates,

respectively. M, log-ratio of time-point to a common reference; TPM, transcripts per million. (C-E) Maximum

intensity projections of stitched confocal laser scanning z-stacked micrographs of (C) SPCHpro:SPCH-YFP, (D)

MUTEpro:MUTE-GFP, (E) FAMApro:NLS-2xYFP transgenes at different stages of gynoecium development as

indicated. White boxes indicate areas that were magnified to produce the insets. Fluorescent protein is colored green

and chlorophyll fluorescence is colored magenta. Scale bars for images of whole gynoecia are 100 μm. Scale bars for

insets are 20 μm.

https://doi.org/10.1371/journal.pgen.1011000.g001
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fluorescent translational or transcriptional reporters for SPCH [44], MUTE [16], and FAMA
[45] whose transcription is driven by their endogenous regulatory elements (Fig 1C–1E).

Using laser-scanning confocal microscopy, we could not detect SPCH-YFP in stage 11

gynoecial valves, but the SPCH-YFP protein was abundant in the epidermis of late stage 12

and stage 13 gynoecial valves (Fig 1C). The contrast between mRNA and protein accumula-

tion may indicate the presence of a post-translational mechanism to control SPCH protein

levels (Fig 1B and 1C). A pattern of protein accumulation was found for MUTE-GFP, which

was largely in agreement with the transcriptomics data in gynoecia (Fig 1B and 1D). The

accumulation of YFP from the FAMApro:NLS-2xYFP transgene was delayed relative to either

of these reporters, with few fluorescent foci present at stage 12, which became slightly more

abundant at stage 13 (Fig 1E). At stage 14, accumulation of YFP was observed as fluorescent

foci throughout the gynoecial valve (Fig 1E). Therefore, the SPCH and MUTE proteins accu-

mulate after stage 11 but before late stage 12, whereas FAMA transcription is initiated in the

valves from late stage 12.

We then examined the formation of stomatal cell lineage types on gynoecial valves using

scanning electron microscopy (SEM). Early asymmetric cell divisions (i.e., meristemoids) were

readily identified, however, it somewhat ambiguous when these meristemoids started to transi-

tion to GMCs. Therefore, we classified meristemoid and presumed early GMCs as ‘early’ sto-

matal lineage cells (Fig 2A). The presence of conspicuous symmetric cell divisions allowed us

to unambiguously identify late-stage GMCs (Fig 2A). Similarly, the presence of open stomatal

pores clearly identified mature stomates (Fig 2A). We classified both late-stage GMCs and

mature stomates as ‘late’ stomatal lineage cells (Fig 2A). ‘Mid’ stage cells GMCs were in turn

defined by the rounding of the stomatal lineage cell and the absence of a symmetric cell divi-

sion (Fig 2A). To validate this morphological analysis, we performed an unbiased assessment

of the stomatal lineage through cell size analysis, which can be interpreted to also separate the

stomatal lineage cells into early (<25 μm2), mid (25–40 μm2), and late (>40 μm2) stages (see

Materials and methods for details). These two methods produced very similar trends of stoma-

tal progression through the stages of gynoecium and silique development (S2A and S2B Fig, S1

and S2 Tables).

We observed early-stage stomatal lineage cells on gynoecial valves during stage 12 of flower

development whereas late-stage stomatal cell lineages were largely absent and mid-stage cells

comprised a small fraction of the total stomatal cell lineage cells (Fig 2B, S2A and S2B Fig, S1

and S2 Tables). At stage 13, early-stage lineage cells increased in their abundance and late-

stage cells began to appear whereas mid-stage cells remained a small fraction of the total sto-

matal cell linage cells (Fig 2C, S2A and S2B Fig, S1 and S2 Tables). Post-fertilization, at stage

15–16, the frequency of early-stage cells reduced dramatically in comparison to stage 13 with a

commensurate increase in mid-stage and late-stage cells (Fig 2D, S2A and S2B Fig, S1 and S2

Tables), until most stomatal lineage cells were of late-stage on older (>stage 17) siliques (Fig

2E, S2A and S2B Fig, S1 and S2 Tables).

Stomata also formed on the style of the gynoecium prior to the formation of stomata on the

valves, with mature stomata present on the style of stage 12 gynoecia (S1C Fig). However, the

style comprises only a small fraction of the total area of the mature silique (S1F Fig), suggesting

that stomata on the style contribute only a small fraction of the total carbon fixation and tran-

spiration capacity of the silique. Given the close association between fertilization and progres-

sion of stomatal development, we tested whether a dependent relationship existed (S2C and

S2D Fig). To this end, we emasculated flowers before anthesis and examined gynoecial valves 5

d after anthesis by SEM (S2C Fig). We found mature stomatal complexes on these unfertilized

gynoecial valves (S2D Fig), which indicated that maturation of stomatal complexes on the

gynoecium does not depend on fertilization.
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Fig 2. Progression of stomatal development on gynoecial and silique valves. (A) Example stomatal lineage cells used to define early,

mid, and late stages of stomatal development for morphological analysis (not to scale). Cells of the stomatal lineage are distinguished

based on the presence of an asymmetric cell division and/or presumed early stage GMCs (Early stage), the rounding of a cell similar to a

GMC (Mid stage), and the presence of a symmetric cleavage (Late stage). (B-E) Scanning electron micrographs of gynoecia at floral stage

(B) 12, (C) 13, (D) 15–16 gynoecia and (E) a stage>17 silique with magnifications of the cell surface (from white box). Scale bars for

images of whole gynoecia are 100 μm. Scale bars for magnifications are 20 μm. Purple, blue, and red highlights indicate early, mid, and

late stage stomatal lineage morphology, respectively. (F-H) Levels of AG and SEP3 mRNAs over the course of (F) flower development

determined by microarray analysis [42] and (G) gynoecium development determined by laser-capture microdissection combined with

RNA-Seq [43] and (G) gynoecium development determined by RT-qPCR. (I) Levels of SPCH, MUTE, and FAMA mRNAs during

gynoecium development determined by RT-qPCR. Error bars in (F-I) are s.e.m of (F-G) three and (H-I) four independent biological

replicates, respectively. M, log-ratio of time-point to a reference; TPM, transcripts per million. Expression in (H-I) was normalized to the

average of late stage 11/early stage 12 gynoecia time-point.

https://doi.org/10.1371/journal.pgen.1011000.g002
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Expression of AG and SEP3 during the formation of stomatal complexes

The C class protein AG controls the specification and development of stamens and carpels by

forming dimers or tetramers with the E class protein SEP3 [28–30,46]. Notably, it has been

shown that AG suppresses the formation of trichomes on carpel valves by controlling the

expression of other developmental regulators [35,41]. In addition, trichomes form on the

gynoecia of plants with reduced SEP activity [32]. Because stomata, like trichomes, are formed

by the epidermis, we hypothesized that an AG-SEP3 complex might also repress the formation

of stomata on carpel valves. To explore this, we first assessed published expression data for AG
and SEP3 in gynoecial tissues over the course of stomatal initiation and maturation. In situ
hybridizations showed AG mRNA accumulation throughout the carpels during stage 8 before

its expression becomes restricted and absent from stage 12 gynoecial valves [47]. A similar

expression pattern was observed for SEP3 mRNA in the gynoecium, although its expression

was restricted from gynoecial valves from approximately stage 10 [48]. This is consistent with

the results of transcriptomics experiments, where AG and SEP3 mRNA levels begin to decrease

from approximately stage 11 of flower development (Fig 2F and 2G) [42,43].

AG-GFP and SEP3-GFP protein accumulation was analyzed in transgenic plants that har-

bored AGpro:AG-GFP and SEP3pro:SEP3-GFP transgenes that drive transcription from the

corresponding endogenous regulatory elements [49]. AG-GFP fluorescence was observed

throughout stage 12 gynoecial valves in these plants even though AG mRNA is expressed at a

low levels in the valves at this stage [47], possibly due to the low turnover of AG at these stages

[49]. We verified these results for AG-GFP using a similar but independently generated

AGpro:AG-GFP transgenic line using laser-scanning confocal microscopy (S3A and S2B Fig)

[41]. We also imaged stage 13 gynoecia and found that fluorescent signal stemming from

AG-GFP was more intense in the replum and style relative to the valves (S3C Fig). Addition-

ally, SEP3-GFP protein accumulated to much higher levels in the replum and valve margins at

stage 12 when compared to the gynoecial valves [49]. Taken together with the transcriptomics

data, it appears that the abundance of AG and SEP3 proteins in the gynoecial valves reduces

significantly between stages 11 and 13 of flower development.

To further assess the mRNA levels of AG, SEP3, SPCH, MUTE, and FAMA, we harvested

gynoecia from late stage 11/early stage 12, late stage 12, stage 13 and stage 15–16 wild-type L-

er plants and performed reverse-transcription combined with quantitative PCR (RT-qPCR) on

the processed material (Fig 2H and 2I, S3 Table). In our experiment, expression of AG and

SEP3 was largely similar between late stage 11/early stage 12 and late stage 12 (p.adj = 0.628

and p.adj = 0.25, respectively, pairwise paired two-tailed t-tests). AG mRNA and SEP3 levels

then decreased between late stage 12 and 13 to 0.67 and 0.75-fold, respectively (p.adj = 0.006

and p.adj = 0.005, respectively, pairwise paired two-tailed t-tests) (Fig 2H, S3 Table). AG levels

decreased further between stage 13 and 15–16 by 0.69-fold (p.adj = 0.004, pairwise paired two-

tailed t-test) whereas mean SEP3 levels increased slightly (p.adj = 0.107, pairwise paired two-

tailed t-test), which is probably due to SEP3 expression in the ovules/developing seeds (Fig 2H,

S3 Table) [48]. SPCH mRNA levels increased slightly between late stage 11/early stage 12 and

late stage 12 (p.adj = 0.023, pairwise paired two-tailed t-test) and then gradually fell between

late stage 12 and stage 13 (p.adj = 0.007, pairwise paired two-tailed t-test) and between stage 13

and 15 (p.adj = 0.001, pairwise paired two-tailed t-test) (Fig 2I). Between late stage 11/early

stage 12 and late stage 12 MUTE levels increased by 2.7-fold, mimicking its expression in the

laser-capture microdissection data (p.adj = 0.001, pairwise paired two-tailed t-test) (Figs 1B

and 2I). MUTE levels then increased by approximately 3.3-fold between late stage 12 and 13

(p.adj = 0.001, pairwise paired two-tailed t-test) and fell again by a similar magnitude between

stage 13 and 15–16 (p.adj = 0.011, pairwise paired two-tailed t-test) (Fig 2I). Mean FAMA
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levels increased by 3.36-fold between late stage 11/early stage 12 and late stage 12 (p.

adj = 0.002, pairwise paired two-tailed t-test) and steadily increased at stage 13 (3.57-fold, p.

adj = 0.009, pairwise paired two-tailed t-test) and stage 15–16 (3.99-fold, p.adj = 0.015, pair-

wise paired two-tailed t-test) relative to late stage 11/early stage 12 (Fig 2I). Although the initial

increase in FAMA expression between late stage 11/early stage 12 and late stage 12 was similar

to the observations of the laser-capture microdissection data (Fig 1B), the subsequent increases

were more gradual than expected given the prominent peak in MUTE expression observed at

stage 13 (Fig 2I). Together, these data supported an anti-correlation between the AG and SEP3
mRNA levels and MUTE expression between late stage 12 and stage 13 of flower development.

Transcriptional response of master regulators of stomatal development to

repression of AG activity

To test whether a reduction of AG activity would result in the differential expression of master

regulators of stomatal development, we harvested stage ~10–13 gynoecia from L-er wild-type

plants harboring a fully functional copy of AG and those that were homozygous for the weak

ag-10 mutation [50]. Plants that are homozygous for ag-10 form gynoecia that are relatively

normal in appearance, although they tend to bulge [50]. We extracted total RNA from the

gynoecia of these plants and using RT-qPCR, we found that the mean mRNA levels of MUTE
and FAMA were increased in ag-10 carpels to ~3.2 (p = 0.0002, two-tailed paired t-test) and

~1.8-fold (p = 0.0004, two-tailed paired t-test), respectively, relative to wild-type counterparts

(Fig 3A, S3 Table). In contrast, the mean levels of SPCH mRNA were mildly decreased to

0.8-fold (p = 0.09, two-tailed paired t-test) while the mean mRNA levels of SCRM and SCRM2
appeared unchanged (Fig 3A, S3 Table). Next, we used a transgenic line that harbors a dexa-

methasone (DEX) inducible artificial microRNA that was designed to target the AG mRNA

(AG-amiRNAi) [41]. We treated the inflorescences of these plants with a DEX-containing solu-

tion and a mock solution, and harvested stage ~10–13 gynoecia 24 h later. By RT-qPCR, we

found that mean MUTE mRNA levels were increased to ~1.4-fold (p = 0.08, two-tailed paired

t-test) in DEX-treated samples relative to the mock control (Fig 3B, S3 Table), consistent with

the increased expression detected in ag-10. In contrast, SPCH, FAMA, SCRM, and SCRM2
were not consistently differentially expressed (Fig 3B, S3 Table).

We then examined the mRNA levels of SPCH, MUTE, and FAMA in late stage 11/early

stage 12, late stage 12, stage 13, and stage 15–16 gynoecia/siliques derived from ag-10 plants,

which were harvested in a paired fashion with the L-er samples described above (Fig 2H and

2I). We found that SPCH levels were decreased to ~0.45 and ~0.42 fold in ag-10 in comparison

to L-er at late stage 12 and 13 (p = 0.0001 and 0.002, respectively, paired two-tailed t-tests) (Fig

3C, S3 Table). In contrast, MUTE levels were increased ~3.5-fold in late stage 11/early stage 12

(p = 0.002, paired two-tailed t-test) and ~3.7-fold in late stage 12 samples (p = 0.001, paired

two-tailed t-test) (Fig 3D, S3 Table). Similarly, FAMA levels were increased ~2.4-fold in late

stage 11/early stage 12 (p = 0.003, paired two-tailed t-test) and ~1.6-fold in late stage 12 sam-

ples (p = 0.03, paired two-tailed t-test) (Fig 3E, S3 Table). We then used the AG-amiRNAi line

in a time-course experiment where we harvested stage 13 gynoecia of untreated plants (0 d)

and then treated the inflorescences of plants with a DEX-containing solution. We harvested

only gynoecia that had reached anthesis every day for seven days following that treatment.

Therefore, gynoecia that were harvested 1 d following DEX-treatment would have been ~late-

stage 12 gynoecia at the time of DEX treatment. Gynoecia harvested at 2 d following DEX-

treatment would have been ~early stage 12 gynoecia, and so on (Fig 3F, S3 Table). Following

harvesting, we processed the samples and determined mRNA levels of SPCH, MUTE, FAMA,

and AG using RT-qPCR. One day after treatment, there was very little change in the levels of
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Fig 3. Transcriptional response of master regulators of stomatal development to repression of AG activity. (A-B) Levels of mRNAs encoding

stomatal bHLH transcription factor regulators, as determined by RT-qPCR, in (A) ag-10 stage 10–13 gynoecia relative to L-er stage 10–13 gynoecia,

(B) dexamethasone-treated AG-amiRNAi (OPpro:AG-amiRNA/35Spro:GR-LhG4) in stage 10–13 gynoecia relative to mock-treated AG-amiRNAi in

stage 10–13 gynoecia 24 h after treatments. Each dot in (A-B) represents the technical mean of an individual independent biological replicate. (C-E)

Levels of (C) SPCH, (D) MUTE, and (E) FAMA mRNAs during gynoecium development as determined by RT-qPCR. Data for L-er is the same as in

Fig 2I but was originally paired with the ag-10 experiments presented in this figure. Errors bars are s.e.m. of four independent biological replicates (F)

Levels of SPCH, MUTE, FAMA, and AG mRNAs, as determined by RT-qPCR, in stage 13 gynoecia after treatment with dexamethasone relative to

untreated (0 d) in stage 13 gynoecia. “Day after DEX” indicates the number of days that gynoecia were treated with DEX before being harvested at

anthesis (stage 13), with “0 d” representing the untreated sample. “Stage at DEX” indicates the approximate stage of the flower/gynoecium when DEX
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SPCH, FAMA, or MUTE mRNAs whereas AG mRNA was reduced to 0.2-fold when compared

with 0 d (p.adj< 10−9, pairwise two-tailed t-test), as has been previously described (Fig 3F, S3

Table) [41]. The lack of response from the bHLH-encoding genes may have been because the

AG-amiRNA was activated in late-stage 12 gynoecia when AG mRNA levels were already very

reduced in the gynoecial valve, although AG mRNA continued to accumulate in other tissues

[47]. This contrasts with the L-er/ag-10 RT-qPCRs where we observed accumulating defects

derived from the static ag-10 mutation (Fig 3C–3E). At 2 d post-induction, which roughly cor-

responded to activation of the AG-amiRNA in early stage 12 gynoecia, the mRNA levels of

both MUTE and FAMA increased to ~1.8 (p.adj = 0.006, pairwise two-tailed t-test) and

~2-fold (p.adj = 0.02, pairwise two-tailed t-test) relative to 0 d, respectively, as SPCH mRNA

levels decreased to ~0.6-fold (p.adj = 0.006, pairwise two-tailed t-test) (Fig 3F, S3 Table).

MUTE and FAMA expression then continued to increase until 4 d post-induction where they

peaked at ~2.2 (p.adj = 0.0004, pairwise two-tailed t-test) and ~3.9-fold (p.adj< 10−5, pairwise

two-tailed t-test) relative to 0 d, respectively, and then began to decrease. At 5 d post-induc-

tion, AG mRNA levels began to recover, which correlated with a reduction in MUTE mRNA

levels, which FAMA partially mimics, until the end of the experiment at 7 d post induction

(Fig 3F, S3 Table). Taken together, we concluded that AG represses the expression of MUTE,

and FAMA during gynoecium development.

To improve our understanding of the spatial resolution with which AG controls the expres-

sion of these stomatal genes, we introduced the FAMApro:2xYFP reporter into the ag-10 back-

ground and imaged gynoecia at late stage 12 and stage 13 using confocal laser scanning

microscopy [51]. We observed very few fluorescent foci on the valves of stage 12 wild-type

gynoecia and stage 13 valves (Fig 3G and 3H, S4 Table), as previously described for the FAMA-
pro:NLS-2xYFP reporter (Fig 1E). In contrast, ~23 times the number of foci were observed on

the valves of stage 12 (p = 0.08, two-tailed paired t-test) and ~26 times the number of foci on

stage 13 ag-10 gynoecia (p = 0.01, two-tailed paired t-test) (Fig 3G and 3H, S4 Table). We then

introduced the FAMApro:2xYFP reporter into the AG-amiRNAi transgenic line. We treated

inflorescences with a DEX-containing or mock solution and imaged stage 12 and 13 gynoecia

every day for 3 days (Fig 3I and 3J and S4 Fig, S4 Table). Like the ag-10 observations (Fig 3G and

3H) and mirroring the results of the RT-qPCR experiments (Fig 3F), fluorescent foci were preva-

lent on valves of the DEX-treated gynoecia at 48 and 72 h (Fig 3I and 3J). Far fewer fluorescent

foci were observed on the valves of untreated samples (0 h, Fig 3I and 3J), mock-treated counter-

parts (S4B and S4D Fig), or DEX-treated samples after 24 h (S4A and S4C Fig). Each comparison

within stages and the 48 h and 72 h time-points revealed unambiguous differences between

DEX and mock-treated plants (p = 0.01–0.048, unpaired two-tailed t-tests) (S4 Table). When all

stages and the 48 h and 72 h time-points were combined, DEX-treated gynoecia bore ~9 times

the number of fluorescent foci relative to mock-treated counterparts (p = 0.01, unpaired two-

tailed t-test) (S4 Table). These confocal data support the observations of the RT-qPCR experi-

ments and clarify that expression of FAMA is not elevated throughout the gynoecial epidermis

but only in a pattern that is consistent with stomatal formation on the gynoecial valves.

We initially focused our analysis on the FAMApro:2xYFP reporter as it was easily visualized,

and we reasoned that an increase in MUTE expression would lead to an increase in FAMA as a

treatment was applied. Error bars are s.e.m of three independent biological replicates. (G-J) Maximum intensity projections of stitched confocal laser

scanning z-stack micrographs of (G, I) stage 12 and (H, J) stage 13 gynoecia from plants harboring a FAMApro:2xYFP transgene in (G-H) L-er and

ag-10 backgrounds, and (I-J) the AG-amiRNAi (OPpro:AG-amiRNA/35Spro:GR-LhG4) background before treatment (0 h) and after dexamethasone

treatment (48 h and 72 h). YFP is colored green and chlorophyll fluorescence is colored magenta. Scale bars for images of whole gynoecia are 100 μm.

Scale bars for insets are 20 μm.

https://doi.org/10.1371/journal.pgen.1011000.g003
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result of direct regulation of FAMA by MUTE [52]. To verify that the MUTE protein accumu-

lates in the gynoecia of mutant ag plant precociously, we introgressed the MUTEpro:

MUTE-GFP reporter, which contains upstream and intronic regions of MUTE in addition to

its coding sequence [16], into ag-10 and isolated MUTEpro:MUTE-GFP ag-10 and reisolated

MUTEpro:MUTE-GFP in a wild-type background. Through confocal laser microscopy and

epifluorescence microscopy, we verified that MUTE-GFP accumulates in valves of stage 11

and early stage 12 ag-10 gynoecia whereas, in wild-type plants, a strong MUTE-GFP signal was

absent from stage 11 gynoecia, largely only visible in the style of early stage 12 gynoecia and

valves of late stage 12 (S5 Fig).

Interaction between AG, SHP, SEP3, and the first intron of MUTE
AG activity is negatively correlated with stomatal development on gynoecial valves and repres-

sion of AG activity results in elevated mRNA levels of key stomatal regulators, such as MUTE
and FAMA. To understand whether the regulation of MUTE and FAMA transcription was

directly controlled by AG, we interrogated chromatin immunoprecipitation followed by next-

generation sequencing (ChIP-Seq) data available for AG. We found that AG bound to the first

intron of MUTE (Fig 4A), which was previously identified as a direct target [41]. MUTE was

also identified as a putative direct target of SEP3 (Fig 4A), which forms heterodimers and qua-

ternary complexes with AG to control floral organ development [29,34,46]. Within the first

intron of MUTE are two motifs with similarity to CArG motifs, to which these MADS domain

transcription factors bind [41,53,54]. Analysis of the genomic sequences bound by AG

revealed an enrichment of CArG motifs, which were very similar to the motifs identified in the

first intron of MUTE (Fig 4B, S5 Table). MUTE was also identified as a direct target of the

AG-SEP3 complex through sequential immunoprecipitation followed by DNA affinity purifi-

cation and sequencing experiments (seq-DAP-Seq) (S6 Fig) [55].

We performed gel shift assays to cross-validate these experiments and to determine whether

both CArG motifs in the MUTE first intron are required for AG and SEP3 binding. We syn-

thesized probes with the same sequence as the region of the MUTE first intron that contains

the two CArG motifs (AtMUTE_i1) and incubated them with the AG and SEP3 proteins (Fig

4C, S6 Table). We also used a truncated version of SEP3 (SEP3ΔC), which has been shown to

retain activity [56], to visualize shifts between homodimers of SEP3 and AG-SEP3 heterodi-

mers. We found that incubation of SEP3, SEP3ΔC, or AG individually resulted in the appear-

ance of a single retarded fraction of the DNA probe, suggesting that homodimers of each of

these proteins can bind the MUTE first intron (Fig 4C). In accordance with the similar size of

the full-length proteins, the retarded fractions produced by SEP3 and AG migrated with

approximately the same speed, whereas the retarded fraction produced by SEP3ΔC migrated

faster, likely due to the reduced protein size. Co-incubation of AG with SEP3ΔC resulted in

the appearance of an additional retarded fraction of intermediate electrophoretic mobility,

probably corresponding to AG-SEP3ΔC heterodimers. We also incubated the SHP1 and SHP2

paralogs of AG with SEP3ΔC in separate reactions and observed a shifted band when SHP1

was incubated with SEP3ΔC at a height similar to that of the putative AG-SEP3ΔC heterodi-

mers. Only a very weak band was present to suggest that a SHP2-SEP3ΔC heterodimer could

bind the AtMUTE_i1 probe and there was very weak support for SHP1 or SHP2 homodimer

binding. Furthermore, incubation of all 4 proteins together did not result in a shift, suggesting

that a multimeric complex does not form at the MUTE intron (Fig 4C).

Next, we tested whether the CArG motifs present in this region were required for binding.

We incubated combinations of the above proteins with probes harboring modifications of the

CArG motifs individually (mCArG_1, mCArG_2) or simultaneously (mCArG_1+2), which
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were intended to disrupt protein binding (S6 Table). Similar results to the AtMUTE_i1 probe

were obtained when mCArG_1 was incubated with the same combinations of proteins as

above (Fig 4D). However, incubation with the mCArG_2 probe abolished the formation of

bands corresponding to heterodimer formation. Furthermore, the formation of bands corre-

sponding to homodimers were reduced significantly (Fig 4E). Disruption of both CArG motifs

(mCArG_1+2) eliminated all shifted bands (Fig 4F). This suggests that CArG_2 interacts with

heterodimers and that both CArG motifs can interact with homodimers, although the tested

proteins have the highest affinity for CArG_2.

Fig 4. Interaction between AG, SHP1, SHP2, SEP3, and first intron of MUTE. (A) Tracks indicating enrichment of sequences in the first intron of

MUTE from two replicates of ChIP-Seq of AG-GFP (green tracks) and SEP3 (yellow tracks, combined results of two replicates), proteins in the floral

induction system (FIS) [41,54]. Corresponding control ChIP-Seq experiments are colored in black. A schematic of the gene structure of MUTE blue is

below (exon, rectangles; introns, lines). Two CArG motifs were identified within the first intron of MUTE (purple rectangles). (B) Binding logos from

MEME and STREME analyses of 1421 binding sites identified in a ChIP-Seq of AG [41]. (C-F) Protein-DNA gel shift assays using combinations of AG,

SEP3, SEP3ΔC, SHP1, and SHP2 recombinant protein and (C) a wild-type AtMUTE probe (AtMUTE_i1), (D) a probe where CArG_1 is mutated

(mCArG_1), (E) a probe where CArG_2 is mutated (mCArG_2), and (F) a probe where both CArG motifs are mutated (mCArG_1+2). M, molecular

weight marker. (G) An mVISTA alignment of the first intron of MUTE from various members of the Brassicaceae relative to A. thaliana. Regions

highlighted in salmon have been designated as “Conserved Non-Coding Sequences” by mVISTA. Purple lines indicate the position of each CArG motif.

(H-I) Protein-DNA gel shift assays using combinations of AG, SEP3, SEP3ΔC, SHP1, and SHP2 protein and (H) a wild-type CrMUTE probe

(CrMUTE_i1) and (I) a wild-type EsMUTE probe (EsMUTE_i1). M, molecular weight marker. (J) Sequence alignments using some of the conserved

region identified in (B) containing both CArG motifs. Asterisks indicate conserved nucleotide and the two CArG motifs are highlighted by purple

rectangles. Unadjusted images for both replicates of the protein-DNA gel shift assays can be found in S10 Fig.

https://doi.org/10.1371/journal.pgen.1011000.g004
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We compared the sequence of the first intron of A. thaliana MUTE to the sequences of the

first intron from orthologs of MUTE from other members of the Brassicaceae family (S7

Table). We found that a region of approximately 60 bp was well-conserved, which contained

both CArG motifs (Fig 4G). For CArG_2, the AT track in the center of the CArG motif was

well maintained in four species. However, a single T to C transition was observed in the AT

track of CArG_2 in Capsella rubella, Capsella grandiflora and Eutrema salsugineum (Fig 4J).

Therefore, we tested whether AG, SEP3, and/or the SHP proteins could bind to these diverged

CArG_2 motifs. We chose the sequences from C. rubella (Fig 4H), as the CArG_2 motif was

identical to C. grandiflora (Fig 4J), and E. salsugineum (Fig 4I), and generated probes that

encompassed both CArG motifs. We observed near identical results when these probes were

incubated with the above proteins when compared to the AtMUTE_i1 probe (Fig 4H and 4I).

This suggests that the interaction between MUTE, AG, SEP3, and to a lesser extent SHP1, is

conserved among several members of the Brassicaceae.

Stomatal development on gynoecial valves upon repression of AG activity

We next asked whether the elevated transcription of MUTE and FAMA observed in the plants

lacking complete AG activity was sufficient to modify stomatal formation on the gynoecial

valves. Using SEM, we imaged the gynoecia and siliques of wild-type L-er and ag-10 plants

(Fig 5A, 5B, 5D, 5E, 5I and 5J). On stage 13 ag-10 gynoecia, there was a conspicuous abun-

dance of late-stage stomatal cells visible by the presence of symmetric cell divisions and even

stomata with open pores (Fig 5E and 5J, S7A and S7B Fig), which were largely absent on L-er
controls of the same stage (Figs 2B, 5D and 5J). We identified probable stomatal lineage cells

from these images and categorized them based on morphology and through cell size analysis

(as described in the Materials and methods).

According to morphological analysis, late-stage stomatal lineage cells were absent from

stage 12 wild-type gynoecial valves, but were present on stage 12 ag-10 gynoecial valves (p.

adj = 0.121, pairwise unpaired two-tailed t-test) and were ~4-fold more abundant on ag-10
gynoecial vales compared to L-er, as determined by cell-size analysis (p.adj = 0.032, pairwise

unpaired two-tailed t-test) (Fig 5A, 5B and 5I, S1 and S2 Tables). At stage 13, mid-staged cells

were ~2.4 and ~1.7 times more abundant on ag-10 gynoecia relative to L-er (cell size analysis

p.adj< 10−5 and morphological analysis p.adj = 0.024, pairwise unpaired two-tailed t-tests)

and late-stage stomatal cells were 14 to 16 times more abundant on ag-10 gynoecial valves than

L-er controls (morphological analysis p.adj< 10−7 and cell size analysis p.adj< 10−5, pairwise

unpaired two-tailed t-tests) (Fig 5D, 5E and 5J, S1 and S2 Tables). Concomitantly, we observed

a reduction of ~51–64% in the number of early-stage stomatal lineage cells (morphological

analysis p.adj = 10−6 and cell size analysis p.adj = 10−4, respectively, pairwise unpaired two-

tailed t-tests) (Fig 5D, 5E and 5J, S1 and S2 Tables).

To confirm the stomatal phenotypes we observed of the ag-10 mutant gynoecia, we also

perturbed AG activity through dynamic induction of the AG-amiRNA (S7C–S7F Fig). Late-

stage cells were 10 to 37 times more abundant on the gynoecia of plants where the AG-

amiRNA had been activated relative to control counterparts (morphological analysis p.

adj< 10−5 and cell size analysis p.adj< 10−4, respectively, pairwise unpaired two-tailed t-tests)

(S7C–S7F Fig, S1 and S2 Tables). Early-stage cells were reduced in abundance to 38–58% on

gynoecial valves where the AG-amiRNA was induced relative to uninduced controls (cell size

analysis p.adj = 0.001 and morphological analysis p.adj< 10−3, pairwise unpaired two-tailed t-

tests) (S7C–S7F Fig). These data demonstrate that perturbation of AG through static mutation

(ag-10) or through independent dynamic perturbation using the AG-amiRNA could promote

the precocious formation of stomatal cells on gynoecial valves.
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It has been previously observed that the mutant of another MADS-domain transcription

factor-coding gene, FRUITFULL (FUL), does not bear stomata on the silique [6]. Notably,

introgression of the shp1-1 shp2-1 mutations into the strong ful-1 mutant results in the recov-

ery of stomata on siliques [57]. We asked whether introduction of the ag-10 mutant into the

ful-1 background would also be sufficient to rescue the formation of stomata on siliques. We

found stomatal formation was partially restored on ag-10 ful-1 siliques although the stomata

were not completely normal in appearance and were not distributed throughout the silique

(Fig 5G and 5H). Mean expression of SHP1 was not reduced (p = 0.87, two-tailed paired t-test)

and SHP2 was only mildly reduced 0.87-fold (p = 0.12, two-tailed pared t-test) in the ag-10
background compared to L-er (S8A Fig, S3 Table). Therefore, recovery of stomata on ag-10

Fig 5. Stomatal development on gynoecial valves in response to reduced AG and SHP activity. (A-F) Scanning electron micrographs of (A-C) stage

12 and (D-F) stage 13 L-er, ag-10, and ag-10 shp1 shp2 gynoecia, as indicated. Purple, blue, and red highlights indicate early, mid, and late-stage

stomatal lineage morphology, respectively. (G-H) Scanning electron micrographs of a (G) ful-1 and (H) ag-10 ful-1 silique. Asterisks indicate presence

of stomata. Scale bars for images of whole gynoecia are 100 μm. Scale bars for magnifications are 20 μm. (I-J) Index of early, mid, and late stomatal

lineages based on morphological and cell size analysis of scanning electron micrographs from (I) stage 12 and (J) stage 13 L-er, shp1 shp2, ag-10, ag-10
shp1 shp2 gynoecia. Each dot represents an individual sample.

https://doi.org/10.1371/journal.pgen.1011000.g005
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ful-1 siliques is probably independent of SHP activity. We also assessed the expression of

SPCH, MUTE, and FAMA in the gynoecia of stage 12–13 L-er, ful-1, ag-10, and ful-1 ag-10
plants (S8B–S8D Fig, S3 Table). SPCH mRNA levels were reduced in ful-1 and ag-10 to ~0.07

and ~0.4-fold (p.adj = 0.02 in both cases, pairwise paired two-tailed t-tests). SPCH mRNA lev-

els were similar to ful-1 in ful-1 ag-10 gynoecia (p.adj = 0.58, pairwise paired two-tailed t-test)

indicating that SPCH activity was not required to restore the formation of stomatal-like com-

plexes on ful-1 ag-10 gynoecia (Fig 5G and 5H). MUTE mRNA levels were also decreased to

0.04-fold in ful-1 but increased to 2.64-fold ag-10, as previously observed (p.adj = 0.122 and p.

adj = 0.032, respectively, pairwise paired two-tailed t-tests). In ful-1 ag-10 double mutants,

mean MUTE expression increased by 5.8-fold compared to ful-1 plants although there was var-

iation associated with this measurement (p.adj = 0.194, pairwise paired two-tailed t-test) (S8C

Fig). Similarly, mean FAMA mRNA levels were decreased to 0.23-fold in ful-1 but increased to

2.59-fold ag-10 (p.adj = 0.13 in both cases, pairwise paired two-tailed t-tests). In ful-1 ag-10
gynoecia FAMA levels were increased by ~5.4-fold compared to ful-1 (p.adj = 0.1, pairwise

paired two-tailed t-test) (S8D Fig). Both MUTE and FAMA levels were recovered towards lev-

els similar to L-er in ag-10 ful-1 (p.adj = 0.404 and p.adj = 0.64, respectively, pairwise paired

two-tailed t-tests) in comparison to the single mutants (S8C and S8D Fig). These data are con-

sistent with the idea that the genetic pathway controlled by AG in the regulation of stomatal

development converges on MUTE and demonstrate that AG is required to suppress stomatal

development in ful-1 mutants during gynoecium development.

Comparative activity of AG and SHPs during stomatal development

To understand more about the redundancy between AG and the SHP genes during stomatal

development, we generated an ag-10 shp1 shp2 triple mutant and examined the stomatal line-

age indices on gynoecial and silique valves (S9A–S9D Fig). Assessment of the data through

both morphological and cell size analysis, we found very little difference between the abun-

dance of mid-stage and late-stage cells on ag-10 shp1 shp2 gynoecia relative to ag-10 at stage 12

or 13 (Fig 5B, 5C, 5E, 5F, 5I and 5J, S1 and S2 Tables). Therefore, the introduction of the shp1
shp2 alleles do not appear to be able to enhance the stomatal phenotype of the ag-10 mutant.

We also examined the mRNA levels of SPCH, MUTE, and FAMA in this ag-10 shp1 shp2 tri-

ple mutant background in comparison to parental genotypes (Fig 6A, S9E Fig, S3 Table).

Mean SPCH levels were reduced in the ag-10 shp1 shp2 triple mutant relative to ag-10 to ~0.79

fold, although the variation in expression was quite high (p.adj = 0.55, pairwise two-tailed t-

test) (S9E Fig, S3 Table). Mean MUTE mRNA levels were elevated in the ag-10 shp1 shp2 triple

mutant relative to ag-10 to ~1.33 fold (p.adj = 0.012, pairwise two-tailed t-test). FAMA mRNA

levels were also elevated to ~1.4 fold in the ag-10 shp1 shp2 triple mutant relative to ag-10 (p.

adj = 0.022, pairwise two-tailed t-test, Fig 6A, S3 Table). In contrast, levels of SPCH, MUTE,

and FAMA mRNAs were not as strongly affected in the shp1-1 shp2-1 double mutant back-

ground (Fig 6A, S3 Table). We concluded that the SHP proteins probably suppress the expres-

sion of MUTE in parallel with AG, however, this increased expression does not appear to be

sufficient to enhance the phenotype of ag-10 shp1 shp2 relative to ag-10.

Two other genes that are associated with AG binding are also involved in stomatal develop-

ment, ERL1 and ERL2 [41]. These genes encode receptor-like kinases that control stomatal

patterning in concert with TMM [20]. Ligands, such as STOMAGEN (STOM) and EPF1, bind

to complexes of TMM, ER, ERL1, and ERL2, to maintain stomatal spacing and density [15].

Therefore, we tested the mRNA levels of these genes in response to reduced AG and SHP activ-

ity. ERL1 and ERL2 expression were mildly decreased in ag-10, however, their mRNA levels

were reduced to ~0.4 (p.adj = 0.038, pairwise two-tailed t-test) and ~0.5-fold (p.adj = 0.009,
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pairwise two-tailed t-test) in the triple ag-10 shp1 shp2 mutant relative to L-er, respectively (Fig

6A, S3 Table). EPF1 mRNA levels were elevated in both ag-10 and the triple mutant to ~3-fold

(p.adj = 0.009, pairwise two-tailed t-test) and ~4.3-fold (p.adj = 0.009, pairwise two-tailed t-

test), respectively (Fig 6A, S3 Table). EPF1 levels were elevated by ~1.4-fold in the triple

mutant relative to ag-10 (p.adj = 0.03, pairwise two-tailed t-test) (Fig 6A, S3 Table). Similarly,

Fig 6. Redundancy between AG and SHP1/2 during gynoecium and silique development. (A) Levels of MUTE, FAMA, ERL1, ERL2, STOM,

and EPF1 mRNAs as determined by RT-qPCR, in L-er, shp1 shp2, ag-10, ag-10 shp1 shp2 stage 10–13 gynoecia relative to average of L-er
samples. Each dot represents the technical mean of an individual independent biological replicate. (B-D) Scanning electron micrographs of

mature siliques of (B) L-er, (C) ag-10, and (D) ag-10 shp1 shp2. Purple, blue, and red highlights indicate early, mid, and late-stage stomatal

lineage morphology. Scale bars for images of whole gynoecia are 200 μm. Scale bars for magnifications are 20 μm. (E) Mature siliques of L-er,
shp1 shp2, ag-10, ag-10 shp1 shp2. Scale is 1 mm. (F) Length of L-er, shp1 shp2, ag-10, ag-10 shp1 shp2 mature siliques.

https://doi.org/10.1371/journal.pgen.1011000.g006
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mean STOM expression was elevated in ag-10 and the triple mutant by ~1.7 (p.adj = 0.06, pair-

wise two-tailed t-test) and ~1.9-fold (p.adj = 0.14, pairwise two-tailed t-test) (Fig 6A, S3

Table). In contrast to these observations, mean TMM mRNA levels were not changed in ag-10
or the ag-10 shp1 shp2 triple mutant backgrounds (p = 0.39, two-way ANOVA) (S9F Fig, S3

Table). Furthermore, there was little change in the expression of these genes in the shp1 shp2
mutant background (Fig 6A, S7E and S7F Fig, S3 Table).

Although the accumulation of ERL1, ERL2, STOM, and EPF1 mRNAs were changed in the

ag-10 and/or the ag-10 shp1 shp2 mutant backgrounds, we did not observe stomatal clustering

in the samples in which AG or SHP were perturbed (Fig 6B–6D). This suggests that either the

observed changes are not substantial enough to modify patterning or that an initial change in

gene expression mediated by AG and/or SHP was buffered by the regulatory network to main-

tain patterning. Notably, combinations of er, erl1, and erl2 mutations resulted in a reduction of

silique length [58], which is similar to the reduction of silique length observed for ag-10 shp1
shp2 plants relative to parental genotypes and wild-type (Fig 6E and 6F, S8 Table). Therefore,

it is likely that AG-mediated control of ERL1 and ERL2 expression is related only to gynoecial

growth rather than stomatal patterning.

Discussion

The progression of stomatal development on the gynoecium/silique has not been previously

described. Here, we show that stomatal development initiates on the gynoecial valves between

late stage 11 and early stage 12 (Fig 2B–2E, S1 and S2 Tables). Stomatal initiation on the gynoe-

cium correlates with the increased expression of stomatal bHLH transcription factors during

this period (Figs 1 and 2I). Most stomates do not reach maturity until after fertilization,

although their maturation does not depend on fertilization (S2C and S2D Fig). This is reminis-

cent of other differentiation processes, such as the continued increase in chlorophyll concen-

tration in the gynoecia of emasculated pistils (i.e. unfertilized) [59], which also temporally

correlate with, but are not dependent on, fertilization [60]. Given that fertilization does not

control the onset or progression of stomatal development on gynoecial valves, we searched for

an alternative mechanism.

The floral organ identity gene AG has been implicated previously in the differentiation of

the gynoecial valve and in the suppression of leaf-like traits [35,41]. Here, we present evidence

that AG forms a complex with SEP3 to suppress the formation of stomata (Fig 5), which are

also typical of leaves, until the point of anthesis when their expression dissipates from gynoe-

cial valves (Fig 2F–2H and S3 Fig). AG and SEP3 accomplish this by directly repressing the

transcription of MUTE, which encodes a key bHLH transcription factor required for stomatal

development (Figs 3 and 4, S5 Fig) [52]. MUTE mRNA levels are elevated in the gynoecia of

plants with reduced AG activity. In contrast, SPCH mRNA levels are decreased at certain time-

points when AG activity is decreased (Fig 3C and 3F), suggesting that AG can promote SPCH
expression although there is no indication that AG performs this action directly. The expres-

sion of FAMA, which is directly promoted by MUTE [52], is elevated when AG activity is per-

turbed (Fig 3). By visualizing FAMA expression using a transgenic reporter line [51], we

showed that repression of AG activity does not release MUTE or FAMA expression throughout

the epidermis of the gynoecium but only in what are likely stomatal lineage cells (Fig 3G–3J,

S5 Fig). This suggests that SPCH facilitates MUTE expression in a similar manner as during

leaf development and that AG counteracts this SPCH activity in stomatal lineage cells. MUTE
expression gradually increases in stomatal lineage cells once AG-SEP3 protein levels reduce

below a critical threshold (Fig 7), enabling MUTE transcription to be fully activated. Therefore,

stomatal lineage progression, but not entry, is modified by AG. Furthermore, this suggests that
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the SPCH-SCRM/2 complex [61], or another complex [62,63], is ‘poised’ to promote MUTE
transcription once activity of the AG-SEP3 complex has diminished.

AG and SEP3 bind to the first intron of MUTE, which was previously demonstrated by

ChIP-Seq and seq-DAP-seq experiments [41,54,55]. The bound regions contain two CArG

motifs and we showed that each CArG motif influences binding in a different way (Fig 4). We

confirmed that both homodimers and heterodimers of AG and SEP3 can bind to the first

intron of MUTE. We also showed that heterodimers of SHP1-SEP3 bind to the same region.

Heterodimer binding was dependent on the presence of only one of these CArG motifs

(CArG_2), whereas homodimers did not fully depend on the presence of CArG_2 although

homodimer affinity was reduced in its absence. Mutagenesis of both CArG motifs, however,

abolished binding of both homodimers and heterodimers (Fig 4C–4F). AG-SEP3 quartets are

required to maintain floral meristem determinacy and floral organ identity, however, the role

of tetramers during stomatal differentiation on the gynoecium is unclear [46,64]. Here, we did

Fig 7. Model describing regulation of MUTE expression before and after fertilization. Before fertilization (i.e., before stage 13) a heterodimer of

AGAMOUS (AG) and SEP3 (pink and green circles, respectively) are bound to the first intron of MUTE, which act to repress its transcription

(roundhead line). At the same time, dimers of SPEECHLESS (SPCH, light orange circles) and SCREAM (SCRM)/SCRM2 (light blue circles) are likely

bound to the promoter of MUTE. As AG and SEP3 protein levels (pink and green lines, respectively) decrease in the valve they reach a critical threshold

(dotted line) where they no longer efficiently repress MUTE transcription. The absence of the AG-SEP3 dimer allows the SPCH-SCRM/2 complex to

promote MUTE transcription (arrowhead). MUTE mRNA levels begin to increase (orange line) and after translation of the MUTE mRNA into protein

(wavy orange line and circle, respectively), a complex of MUTE-SCRM/2 promotes the expression of FAMA so that mature stomatal complexes begin to

form to coincide with fertilization (stage 13), represented by the stomatal index (SI, brown line). Activation of MUTE expression by SPCH has not been

demonstrated, although SPCH binding to the MUTE promoter has been detected [61]. SPCH may promote the expression other genes whose products

are responsible for directly promoting MUTE expression [61,62]. Gene bodies are depicted by solid black lines (up and downstream regions, introns)

and yellow rectangles (exons). Cartoons of stomatal lineage and flower development stages are depicted below.

https://doi.org/10.1371/journal.pgen.1011000.g007
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not observe the formation of higher order complexes with the generated probes suggesting

that homodimers or heterodimers are sufficient to suppress MUTE expression though further

investigation is required to clarify this. Interestingly, the CArG_1 and CArG_2 motifs that AG

and SEP3 bind to (Fig 4, S6 Fig) are also conserved in several members of the Brassicaceae (Fig

4G and 4J, S7 Fig). This data, combined with evidence that MUTE is differentially expressed in

gynoecia with reduced AG activity (Fig 3A, 3B, 3D and 3F, S5 Fig), strongly suggests that the

CArG motifs identified are functional. To confirm this, further studies including mutagenesis

of these cis-regulatory elements is required.

AG, SHP1, and SHP2 are known to act redundantly during floral organ specification and

trichome suppression and the corresponding proteins are biochemically similar in their activi-

ties [35,65]. We found evidence for redundancy between these genes during silique growth,

which is likely because of their direct promotion of ERL1 and ERL2 expression in an unequally

redundant manner by AG, SHP1, and SHP2 (Fig 6A) [66]. Other genes involved in stomatal

formation also appear to be unequally redundantly controlled by AG and SHP1/2 expression

including MUTE, FAMA, and EPF1 (Fig 6A). Heterodimers of SHP1-SEP3 and, to a lesser

extent, SHP2-SEP3 were also capable of binding to the MUTE first intron (Fig 4). However,

introduction of shp1 shp2 mutant alleles into ag-10 could not reproducibly enhance the stoma-

tal phenotype of ag-10 (Fig 5A–5F, 5I and 5J, S1 and S2 Tables). In contrast, introduction of

shp1 shp2 into the ful-1 mutant background could partially restore stomatal formation on ful-1
mutant gynoecia [57], similar the introduction of ag-10 into ful-1 (Fig 5G and 5H). Further-

more, ectopic expression of both SHP1 and SHP2 can suppress the formation of stomata on

silique valves [67]. Therefore, we conclude that there is unequal redundancy between SHP1/2

and AG in the regulation of MUTE expression [66], with AG playing the predominant role,

but increased expression of MUTE in ag-10 shp1 shp2 is not sufficient to substantially enhance

the stomatal phenotype of ag-10 gynoecia.

Interestingly, stomata that form on the style are not impacted by the repression or develop-

mental expression of AG (S1C Fig). This may be because AG lacks the appropriate interaction

partners in style tissue to suppress MUTE expression or because the chromatin landscape

inhibits AG-mediated suppression of MUTE. We propose that AG acts as a timer to control

the emergence of stomata on the developing gynoecium/silique valves in A. thaliana (Fig 7),

which is an important step in the establishment of silique photosynthesis. The conserved

CArG motifs in the first intron of MUTE and the ability of AG, SEP3, and the SHPs to bind

even slightly diverged sequences in C. rubella and E. salsugineum suggests that this function is

conserved among several members of the Brassicaceae (Fig 4H and 4I). The correlation

between stomatal development and fertilization suggests that atmospheric carbon assimilation

by the silique stomata is used during silique photosynthesis to support seed development, par-

ticularly in terms of seed oil biosynthesis. Oils are stored in the seeds and mobilized during

germination and early seedling development before autotrophic growth is established [68].

Energy derived from silique photosynthesis supplements the accumulation of storage oils in

the seeds in a variety of species including A. thaliana and Brassica napus [7–10].

The timing of stomatal formation on the silique valves may have been selected for a variety

of reasons. Pre-anthesis formation of stomata may be disadvantageous due to selective pres-

sure by pathogens [69]. Pathogens can penetrate the plant through stomata and photosynthetic

activity would probably be low in pre-anthesis gynoecia due to the shading effect of sepals.

Furthermore, transpiration within a closed flower bud is unlikely to be particularly effective.

These factors may have resulted in selection for stomatal formation on the gynoecium/silique

to coincide with flower bud opening. It is also possible that the timing of stomatal progression

on gynoecial valves differs between species as stomatal development in A. thaliana had not

been completed even once siliques were exposed to light (e.g. stage 15–16, S1 and S2 Tables).
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Therefore, there appears to be opportunity to initiate stomatal development at an earlier stage

so that a higher number of active stomatal complexes are present once the silique is exposed to

light. If so, this may result from the modulation of AG function caused by divergence of the cis
regulatory elements AG binds to. Assessing the correlation between stomatal development and

fertilization in other species will partially address these questions.

Materials and methods

Plant growth and materials

Plants were grown on soil under cool white light at ~20˚C in 16:8 h light:dark conditions.

Plant lines used in this study are listed in S9 Table. Flower development stages were previously

described [1].

Genotyping

Genotyping PCRs were performed with genomic DNA extracted as previously described [70].

Tissue was disrupted using a TissueLyser II (Qiagen). Primers used in this study are listed in

S10 Table. The genotyping of ag-10 and ful-1 was performed as previously described [50,71].

Confocal microscopy

A Zeiss Laser Scanning Microscope-780, 880, or Olympus FluoView1000 laser scanning

microscope was used to generate the fluorescent images. Settings were optimized to visualize

GFP, YFP (laser wavelength, 488 nm; detection wavelength, 493 to 598 nm) or chlorophyll

(laser wavelength, 545 nm; detection wavelength, 604 to 694 nm). All direct comparisons of

images were performed with the same settings. Maximum intensity projections were generated

from z-stacks of multiple tiles to visualize the entire apical region of the gynoecium/silique.

Samples were mounted on a glass slide with 1% low-melt agarose (Bio-Rad) and submerged in

de-ionized water or mounted in 30% glycerol and a cover slip was placed on top and sealed

with nail varnish.

Fluorescence microscopy

Samples were processed through the ClearSee protocol [72] to remove chlorophyll without

inactivating fluorescent proteins. Gynoecia were harvested in 4% paraformaldehyde (18501,

Mason Technology) on ice. Samples were then incubated in a vacuum at -700 mbar for 30 min

at room temperature, the vacuum was released and then applied again for 30 min. The vacuum

was then released, and samples were incubated at room temperature for 60 min. The 4% para-

formaldehyde was removed, and the samples were washed with 1x PBS (Oxoid X6571f) three

times. The samples were then submerged in ClearSee solution (100 g/L xylitol powder 493718,

Fluorochem; 150 g/L sodium deoxycholate F545118, Fluka; 250 g/L Urea 51459, Fluka) and

incubated in the dark at room temperature for 3 d. Then samples were mounted in 30% glyc-

erol on a glass slide and a cover slip was placed on top and sealed with nail varnish. The sam-

ples were then imaged with an Olympus IX81 fluorescence microscope (Excitation 488 nm

and detected with a 495/10 nm bandpass filter).

Use of publicly available genomics data

M-values for the expression of all genes detected during flower development were previously

generated [42]. Transcripts per million for each biological replicate and time-point for laser-

microdissection RNA-Seq were generously shared with us by Dr. Annette Becker and Clemens

Rössner (Justus-Liebig Universität Giessen, Germany) [43]. ChIP-Seq peaks were visualized
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using online software at ChIP-Hub (https://biobigdata.nju.edu.cn/ChIPHub/) [73]. Seq-DAP-

seq sequences were downloaded from the genome browser (https://genome.ucsc.edu/s/

ArnaudStigliani/MADS) [55].

Scanning electron microscopy

Samples were fixed and processed for SEM as previously described [74]. Briefly, samples were

harvested in 1x PBS (P4417-100TAB, Sigma-Aldrich) at room temperature. The PBS was then

replaced with a 4% solution of 50% glutaraldehyde (4995.1, Roth) in 1 x PBS and incubated

overnight at 4˚C. A dehydration series was then performed using freshly prepared solutions of

30%, 50%, 70%, and 90% ethanol (v/v) at room temperature for 30 min each while being gently

rocked. Samples were then incubated in 100% ethanol for 60 min at room temperature. Etha-

nol was then replaced with 100% ethanol and placed at 4˚C. A Leica CPD300 or Quorum

K850 were used for critical point drying and samples were coated with gold using an Emitech

SC 7640 (Polaron) or Quorum Q150T sputter coater. Samples were imaged using a Hitachi

TM 4000Plus or a Supra 40VP scanning electron microscope (Zeiss).

Stomatal image analysis

Images were imported into Adobe Photoshop and tracings of the cell margins were drawn by

hand. Cells of the stomatal lineage were then differentially colored based on the presence of an

asymmetric cell division and/or presumed early stage GMCs (Early stage), the rounding of a

cell similar to a GMC (Mid stage), and the presence of a symmetric cleavage (Late stage). Col-

ored cells and total cell numbers were counted with Fiji using Color Threshold modifications

combined with the Analyze Particles function [75].

For the cell size analysis, the same stomatal lineage cells identified through morphological

assessment were measured using Color Threshold modifications combined with the Analyze
Particles function following a scale adjustment based on the scanning electron micrograph

scale. Cell sizes were assigned to bins of 5 μm2 increments to assist with selecting cut-offs to

define stomatal lineage progression. Cell size cut-offs for different phases of the stomatal line-

age were based on assessment of the progression of wild-type stage 12 and stage 13 L-er gynoe-

cia to facilitate direct comparisons with the mutant data. The mean size of early-stage cells

from stage 12 and 13 was calculated to be 15.33 μm2 with a standard deviation of 7.72 μm2. To

make the cut-off for early-stage cells, we added 1 standard deviation to the mean (i.e.

23.05 μm2, rounded up to 25 μm2 for use with the binned data) and defined cells smaller than

25 μm2 as early-stage cells. Notably, the selected cut-off value for early-stage cells is very similar

to the size of meristemoids when they begin differentiation in leaves, based on both experi-

mental (23.2 μm2) and modelling approaches (22 μm2) [76]. The mean area of late-stage cells

from stage 13 gynoecia was calculated at 31.13 μm2 with a standard deviation of 9.02 μm2. To

make the cut-off for late-stage cells, we added 1 standard deviation to the mean (i.e. 40.15 μm2,

rounded to 40 μm2 for use with the binned data) and defined cells larger than 40 μm2 as late-

stage cells. As such, cells between 25–40 μm2 were defined as mid-stage cells. Data underlying

figures representing these experiments are provided in S1 Data.

Chemical treatments

A solution containing 10 μM dexamethasone (DEX; Sigma) and 0.015% Silwet L-77 in deion-

ized water was applied liberally to the inflorescences of plants with a Pasteur pipette. Mock

treatments contained all the same components without dexamethasone. Ethanol vapor treat-

ments were performed by sealing the plants in containers (18 cm x 32 cm x 50 cm) with clear

plastic lids and two 50 mL tubes that each contained 10 mL of 100% ethanol for 6 h.
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Reverse transcription quantitative PCR

Samples were harvested on liquid nitrogen and stored at -80˚C until processed. Harvesting of

gynoecia between stages 10–13 was done under a stereomicroscope from the primary inflores-

cences of 15–20 plants. Only gynoecia, where the majority of the stigmatic tissue was clear of

pollen (i.e., largely unfertilized), were harvested. Harvesting of stage 13 gynoecia from the AG-
amiRNAi line for the time-course (Fig 3F) was done by initially removing all flowers and

siliques that were beyond stage 13. Then flowers at anthesis were harvested for the 0 d time-

point. Plants were treated with DEX and 1 d later, 2–3 flowers from the same plants at anthesis

were harvested on liquid nitrogen. This continued until 7 d after the treatment from 15–20

plants.

Samples were disrupted using a TissueLyser II (Qiagen) with adapters that were kept at

-80˚C. Total RNA was extracted from the samples using an RNeasy Plant Mini kit (Qiagen), a

Spectrum Plant Total RNA kit (Sigma-Aldrich) or a GeneJET Plant RNA Purification Kit

(Thermo Fisher Scientific). Removal of genomic DNA was performed with the Turbo DNA-

free Kit (Invitrogen), the On-Column DNase I Digestion set (Sigma-Aldrich) or DNaseI

(Thermo Fisher Scientific). Reverse transcription was performed with the SuperScript IV

First-Strand Synthesis System (Invitrogen) or RevertAid H Minus Reverse Transcriptase

(Thermo Fisher Scientific). Quantitative PCR was performed with either iQ SYBR green (Bio-

Rad) or PowerUp SYBR Green (Thermo Fisher Scientific) using a Lightcycler 480 (Roche) or

Stratagene Mx3005 (Agilent Technologies). At least 2 technical measurements for each biolog-

ical replicate were made and the mean of these technical replicates was used to represent each

biological replicate. The number of independent biological replicates for each RT-qPCR exper-

iment is indicated in S3 Table. Melting curves were obtained for the reactions, revealing single

peak melting curves for the amplified products. The amplification data were analyzed using

the second derivative maximum method, and resulting values were converted into relative

expression values using the comparative cycle threshold method [77]. Primers used in this

study are listed in S10 Table. Data underlying figures representing these experiments are pro-

vided in S1 Data.

Motif enrichment analysis

The 1421 sequences identified as bound by AG were downloaded from www.araport.org

[41,78]. These sequences were uploaded to the MEME-ChIP interface on meme-suite.org

[79,80]. The settings applied and motifs identified are summarized in S5 Table.

Genomic sequence alignments

The genomic and inferred amino acid sequences of MUTE were downloaded from The Arabi-

dopsis Information Resource (www.arabidopsis.org) [78]. Orthologs of AtMUTE were previ-

ously identified in Arabidopsis lyrata, Capsella rubella, and Eutrema salsugineum (formerly

Thellungiella halophila) [81]. We identified putative orthologs in Capsella grandiflora, Arabi-
dopsis halleri, and Boechera stricta by using the TBLASTN functionality in Phytozome (https://

phytozome-next.jgi.doe.gov/) with the AtMUTE amino acid sequence against the above

genomes [82]. We found one clear candidate in each genome, which included the same ortho-

logs identified previously [81]. The TBLASTN search results are presented in S7 Table.

Sequence alignments were performed with mVISTA (https://genome.lbl.gov/vista/mvista/

submit.shtml) using standard settings [83].
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Statistical analysis

Some recommendations from The American Statistician are implemented here [84]. The term

“statistically significant” has been avoided and p-values have been reported as continuous

where possible. Although grouping data based on statistical thresholds is not recommended

[84], a grouping threshold is provided in supplemental tables (S1–S10 Tables) as a helpful

guide, but results are not interpreted on the basis of these groupings. Data were analyzed using

the R studio software [85]. For multiple comparisons, data were analyzed using a one-way

analysis of variance (ANOVA). Post hoc tests were employed if a significant result was

obtained from the above tests (as described in S1, S2, S3, S4 and S8 Tables). The base function

pairwise.t.test was used following an ANOVA test, with analysis being paired or unpaired

depending on the experimental design. Adjustments for multiple corrections were performed

in each case using the Benjamini–Hochberg method [86]. For the box plots, the

box encapsulates the 25th to 75th percentile, and the error bars encapsulate the 10th and 90th

percentiles. The horizontal line running through the box indicates the median, and each point

represents an individual plant.

Gel shift assays

Electrophoretic mobility shift assays were performed essentially as described previously [56].

DNA probes were ordered as single stranded oligo, annealed, and radioactively labelled with

[α-P32] dATP by a Klenow fill-in reaction of 5‘-overhangs. Probe sequences are shown in S6

Table. Proteins were produced in vitro via the TNT SP6 Quick Coupled Transcription/Trans-

lation System (Promega) following manufacturer’s instructions. Plasmids for in vitro tran-

scription/translation of SEP3 and SEP3ΔC have been generated previously [56]. For

generation of the plasmids for in vitro transcription/translation of AG, SHP1, and SHP2, cod-

ing sequences of AG (X53579.1), SHP1 (NM_115740.3), and SHP2 (NM_129844.5) were syn-

thesized via the GeneArt gene synthesis service (Thermo Fisher Scientific) and cloned into

pTNT (Promega) using EcoRI and SalI restriction sites. The composition of the protein-DNA

binding reaction buffer was essentially as described previously with final concentrations of 1.6

mM EDTA, 10.3 mM HEPES, 1 mM DTT, 1.3 mM spermidine hydrochloride, 33.3 ng μL-1

Poly dI/dC, 2.5% CHAPS, 4.3% glycerol, and 6 μg μL-1 BSA [87]. For each binding reaction

2 μL of in vitro transcribed/translated protein were co-incubated with 0.1 ng of radioactively

labelled DNA probe in a total volume 12 μL. Binding reactions were incubated overnight at

4˚C and loaded on a polyacrylamide (5% acrylamide, 0.1725% bisacrylamide) 0.5× TBE gel.

The gel was run at room temperature with 0.5× TBE buffer for 3 h at 7.5 V cm–1, and after-

wards vacuum-dried and exposed onto a phosphorimaging screen to quantify signal intensi-

ties. For size comparison a radioactively labelled DNA ladder (100 bp DNA ladder, New

England Biolabs) was applied. Original gels are shown in S10 Fig.

Supporting information

S1 Fig. Overview of stomatal and gynoecium development and the presence of stomata on

floral organs. (A) A scanning electron micrograph of a gynoecium at stage 13 (anthesis) with

the valves (green), replum (red), style (blue) and stigma (yellow) false colored. (B) Simplified

model of stomatal development on leaves. The bHLH transcription factors, SPEECHLESS

(SPCH), MUTE, FAMA, SCREAM (SCRM) and SCRM2 coordinate the progression of stoma-

tal development. SPCH is subject to post-translational regulation by a mitogen activated pro-

tein kinase (MAPK) cascade, which is activated by receptors, such as TOO MANY MOUTHS

(TMM), ERECTA (ER) and ER-LIKEs (ERLs). The secreted peptides, EPIDERMAL PAT-

TERNING FACTOR1 (EPF1) and EPF2 bind to these receptors to activate them at different
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stages of stomatal development. EPF-LIKE9/STOMAGEN (STOM) competes with EPF1/

EPF2 binding to suppress activation of the receptors. The dotted line from the ERL1-TMM

complex to the SCRM/2-MUTE complex indicates an unknown mechanism of repression.

(C-F) Scanning electron micrographs of (C) a stage 12 gynoecium, (D) a stage 10 abaxial sepal,

(E) a stage 11 abaxial anther, and (F) a stage>17 silique. Asterisks indicate presence of stoma-

tal lineage cells. Red box in (F) highlights the size of style tissue in comparison to valve tissue,

both of which bear stomata. Scale in (C) 100 μm, (D-E) 20 μm, and (F) 200 μm.

(TIF)

S2 Fig. Progression of stomatal lineage on wild-type L-er gynoecia and siliques. (A-B) The

progression of the stomatal lineage on wild-type gynoecia and siliques as determined by (A)

morphological assessment and (B) by cell size analysis. (C-D) Scanning electron micrographs

of (C) a gynoecium from an emasculated flower 5 days after anthesis, (D) a magnification of

the valve in (C). Scale in (C) 200 μm, (D) 20 μm.

(TIF)

S3 Fig. Confocal imaging of AG-GFP in late-stage gynoecia. (A-C) Maximum intensity pro-

jections of stitched confocal laser scanning z-stack micrographs of (A) early stage 12, (B) late

stage 12, and (C) stage 13 gynoecia from AGpro:AG-GFP ag-1 plants. Arrowheads indicate

accumulation of AG-GFP in the replum. Scale is 100 μm.

(TIF)

S4 Fig. Confocal imaging of FAMApro:2xYFP in the AG-amiRNAi background. (A-D) Max-

imum intensity projections of stitched confocal laser scanning z-stack micrographs of AG-
amiRNAi (OPpro:AG-amiRNA/35Spro:GR-LhG4) FAMApro:2xYFP at (A-B) stage 12 and

(C-D) stage 13 gynoecia after (A, C) dexamethasone or (B, D) mock treatments at the times

indicated. Scale is 100 μm.

(TIF)

S5 Fig. Confocal and epifluorescence imaging of MUTEpro:MUTE-GFP in L-er and ag-10
backgrounds. (A-F) Images of early stage 12 gynoecial valves of MUTEpro:MUTE-GFP in

(A-C) a wild-type L-er background and (D-F) an ag-10 background using confocal micros-

copy. Arrowheads indicate the presence of fluorescent foci. (G-O) Images of MUTEpro:

MUTE-GFP (G-L) stage 11 gynoecia in (G-I) a wild-type L-er background, (J-L) an ag-10 back-

ground, and (M-O) stage 12 gynoecia in a wild-type L-er background. Each panel is a sample

from a different plant. Scale is 100 μm.

(TIF)

S6 Fig. Sequences bound in MUTE first intron by AG-SEP3 from seq-DAP-seq. Sequences

mapping to the MUTE first intron identified as bound by SEP3 (SEP3_rep1-4), an AG-SEP3

complex (SEP3AG_rep1-3), or an AG-SEP3Δtet complex (SEP3del_AG_rep1-2). CArG_1 and

CArG_2 are highlighted in purple boxes.

(TIF)

S7 Fig. Stomatal development on gynoecial valves after AG knockdown. (A) A stage 13 ag-
10 gynoecia and (B) an enlarged segment of the gynoecial valve depicting the presence of sto-

matal linage cells with symmetric cell divisions (late-stage GMCs) and mature stomatal cells

with a central pore. (C-E) Scanning electron micrographs of gynoecia at anthesis of (C) AlcR-
pro:AG-amiRNA/35Spro:AlcR 5 d after 6 h EtOH vapor treatment, (D) untreated AlcRpro:AG-
amiRNA/35Spro:AlcR and (E) L-er 5 d after 6 h EtOH vapor treatment. Scale bars for images of

whole gynoecia are 100 μm. Scale bars for magnifications are 20 μm. Purple, blue, and red

highlights indicate early, mid, and late-stage stomatal lineage morphology, respectively. (F)

PLOS GENETICS AGAMOUS represses stomatal formation on flowers

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011000 October 11, 2023 24 / 31

http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011000.s002
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011000.s003
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011000.s004
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011000.s005
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011000.s006
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011000.s007
https://doi.org/10.1371/journal.pgen.1011000


Index of early, mid, and late stomatal lineages based on morphology from scanning electron

micrographs from stage 13 gynoecial valves of indicated genotypes. Each dot represents an

individual sample. NT, no treatment.

(TIF)

S8 Fig. RT-qPCRs of ful-1 and ag-10 combinations. (A) Levels of SHP1 and SHP2 mRNAs as

determined by RT-qPCR in L-er and ag-10 stage 10–13 gynoecia. (B-D) Levels of (B) SPCH,

(C) MUTE, and (D) FAMA mRNAs as determined by RT-qPCR in L-er, ag-10, ful-1, and ful-1
ag-10 stage 12–13 gynoecia. Each dot represents the technical mean of an individual indepen-

dent biological replicate.

(TIF)

S9 Fig. Morphology of flowers from mutant AG and SHP plants. (A-D) Flowers at anthesis

of (A) L-er, (B) shp1-1 shp2-1, (C) ag-10, and (D) ag-10 shp1-1 shp2-1. Some sepals, petals and

stamens have been removed to allow visualization of gynoecium. Scale is 1 mm. (E-F) Levels of

(E) SPCH and (F) TMM mRNAs in L-er, shp1 shp2, ag-10, ag-10 shp1 shp2 stage 10–13 gynoe-

cia as determined by RT-qPCR. Each dot represents the technical mean of an independent bio-

logical replicate.

(TIF)

S10 Fig. Gel shift assays of MADS domain transcription factors and the MUTE first intron.

(A-F) Protein-DNA gel shift assays using combinations of AG, SEP3, SEP3ΔC, SHP1, and

SHP2 protein and two replicates of (A) AtMUTE_i1, (B) mCArG_1, (C) mCArG_2, (D)

mCArG_1+2, (E) CrMUTE_i1, and (F) EsMUTE_i1 probes.

(TIF)

S1 Table. Statistical analyses of stomatal indices on the gynoecium/silique valves of L-er,

shp1 shp2, ag-10, ag-10 shp1 shp2, and AlcApro:AG-amiRNA/35Spro:AlcR or L-er based on

morphological analysis at different stages of development.

(DOCX)

S2 Table. Statistical analyses of stomatal indices on the gynoecium/silique valves of L-er,

shp1 shp2, ag-10, ag-10 shp1 shp2, and AlcApro:AG-amiRNA/35Spro:AlcR or L-er based on

cell size analysis at different stages of development.

(DOCX)

S3 Table. Statistical analyses for RT-qPCRs.

(DOCX)

S4 Table. Statistical analysis of counts of fluorescent foci after repression of AG activity.

(DOCX)

S5 Table. MEME-ChIP input and output.

(XLSX)

S6 Table. Sequences of probes used for gel shift assays.

(DOCX)

S7 Table. Output of TBLASTN using AtMUTE amino acid sequence in Phytozome.

(XLSX)

S8 Table. Statistical analysis of length of L-er, shp1 shp2, ag-10, and ag-10 shp1 shp2
siliques.

(DOCX)
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Data curation: Ailbhe J. Brazel, Róisı́n Fattorini, Jesse McCarthy, Rainer Franzen, Florian
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Investigation: Ailbhe J. Brazel, Róisı́n Fattorini, Jesse McCarthy, Rainer Franzen, Florian
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42. Ryan PT, Ó’Maoiléidigh DS, Drost H-G, Kwaśniewska K, Gabel A, Grosse I, et al. Patterns of gene

expression during Arabidopsis flower development from the time of initiation to maturation. BMC Geno-

mics. 2015; 16: 488. https://doi.org/10.1186/s12864-015-1699-6 PMID: 26126740

43. Kivivirta KI, Herbert D, Roessner C, De Folter S, Marsch-Martinez N, Becker A. Transcriptome analysis

of gynoecium morphogenesis uncovers the chronology of gene regulatory network activity. Plant Physi-

ology. 2021; 185: 1076–1090. https://doi.org/10.1093/plphys/kiaa090 PMID: 33793890

44. Davies KA, Bergmann DC. Functional specialization of stomatal bHLHs through modification of DNA-

binding and phosphoregulation potential. Proc Natl Acad Sci USA. 2014; 111: 15585–15590. https://

doi.org/10.1073/pnas.1411766111 PMID: 25304637

45. Adrian J, Chang J, Ballenger CE, Bargmann BOR, Alassimone J, Davies KA, et al. Transcriptome

Dynamics of the Stomatal Lineage: Birth, Amplification, and Termination of a Self-Renewing Population.

Developmental Cell. 2015; 33: 107–118. https://doi.org/10.1016/j.devcel.2015.01.025 PMID: 25850675

PLOS GENETICS AGAMOUS represses stomatal formation on flowers

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011000 October 11, 2023 28 / 31

https://doi.org/10.1111/nph.12444
http://www.ncbi.nlm.nih.gov/pubmed/23952532
https://doi.org/10.1093/jxb/eru514
http://www.ncbi.nlm.nih.gov/pubmed/25609826
https://doi.org/10.1016/bs.ctdb.2018.11.007
http://www.ncbi.nlm.nih.gov/pubmed/30612617
https://doi.org/10.1105/tpc.1.1.37
http://www.ncbi.nlm.nih.gov/pubmed/2535466
https://doi.org/10.1242/dev.112.1.1
http://www.ncbi.nlm.nih.gov/pubmed/1685111
https://doi.org/10.1038/35012103
http://www.ncbi.nlm.nih.gov/pubmed/10821278
https://doi.org/10.1016/s0960-9822%2801%2900024-0
http://www.ncbi.nlm.nih.gov/pubmed/11231153
https://doi.org/10.1016/j.cub.2004.10.028
https://doi.org/10.1016/j.cub.2004.10.028
http://www.ncbi.nlm.nih.gov/pubmed/15530395
https://doi.org/10.1242/dev.134080
http://www.ncbi.nlm.nih.gov/pubmed/27624831
https://doi.org/10.1242/dev.157784
http://www.ncbi.nlm.nih.gov/pubmed/29361563
https://doi.org/10.1038/nature02733
https://doi.org/10.1038/nature02733
http://www.ncbi.nlm.nih.gov/pubmed/15254538
https://doi.org/10.1016/B978-0-12-417162-6.00006-7
https://doi.org/10.1016/B978-0-12-417162-6.00006-7
https://doi.org/10.1105/tpc.107.055467
http://www.ncbi.nlm.nih.gov/pubmed/17981996
https://doi.org/10.1186/gb-2009-10-2-r24
http://www.ncbi.nlm.nih.gov/pubmed/19243611
https://doi.org/10.1105/tpc.015123
https://doi.org/10.1105/tpc.015123
http://www.ncbi.nlm.nih.gov/pubmed/14555696
https://doi.org/10.1105/tpc.113.113209
http://www.ncbi.nlm.nih.gov/pubmed/23821642
https://doi.org/10.1186/s12864-015-1699-6
http://www.ncbi.nlm.nih.gov/pubmed/26126740
https://doi.org/10.1093/plphys/kiaa090
http://www.ncbi.nlm.nih.gov/pubmed/33793890
https://doi.org/10.1073/pnas.1411766111
https://doi.org/10.1073/pnas.1411766111
http://www.ncbi.nlm.nih.gov/pubmed/25304637
https://doi.org/10.1016/j.devcel.2015.01.025
http://www.ncbi.nlm.nih.gov/pubmed/25850675
https://doi.org/10.1371/journal.pgen.1011000


46. Hugouvieux V, Silva CS, Jourdain A, Stigliani A, Charras Q, Conn V, et al. Tetramerization of MADS

family transcription factors SEPALLATA3 and AGAMOUS is required for floral meristem determinacy in

Arabidopsis. Nucleic Acids Research. 2018; 46: 4966–4977. https://doi.org/10.1093/nar/gky205 PMID:

29562355

47. Bowman JL, Drews GN, Meyerowitz EM. Expression of the Arabidopsis floral homeotic gene AGA-

MOUS is restricted to specific cell types late in flower development. Plant Cell. 1991; 3: 749–758.

https://doi.org/10.1105/tpc.3.8.749 PMID: 1726485

48. Mandel MA, Yanofsky MF. The Arabidopsis AGL 9 MADS box gene is expressed in young flower pri-

mordia. Sexual Plant Reproduction. 1998; 11: 22–28. https://doi.org/10.1007/s004970050116

49. Urbanus SL, De Folter S, Shchennikova AV, Kaufmann K, Immink RG, Angenent GC. In planta localisa-

tion patterns of MADS domain proteins during floral development in Arabidopsis thaliana. BMC Plant

Biol. 2009; 9: 5. https://doi.org/10.1186/1471-2229-9-5 PMID: 19138429

50. Liu X, Kim YJ, Müller R, Yumul RE, Liu C, Pan Y, et al. AGAMOUS Terminates Floral Stem Cell Main-

tenance in Arabidopsis by Directly Repressing WUSCHEL through Recruitment of Polycomb Group

Proteins. The Plant Cell. 2011; 23: 3654–3670. https://doi.org/10.1105/tpc.111.091538 PMID:

22028461

51. Lee LR, Wengier DL, Bergmann DC. Cell-type–specific transcriptome and histone modification dynam-

ics during cellular reprogramming in the Arabidopsis stomatal lineage. Proc Natl Acad Sci USA. 2019;

116: 21914–21924. https://doi.org/10.1073/pnas.1911400116 PMID: 31594845

52. Han S-K, Qi X, Sugihara K, Dang JH, Endo TA, Miller KL, et al. MUTE Directly Orchestrates Cell-State

Switch and the Single Symmetric Division to Create Stomata. Developmental Cell. 2018; 45: 303–315.

e5. https://doi.org/10.1016/j.devcel.2018.04.010 PMID: 29738710

53. Wuest SE, O’Maoileidigh DS, Rae L, Kwasniewska K, Raganelli A, Hanczaryk K, et al. Molecular basis

for the specification of floral organs by APETALA3 and PISTILLATA. Proc Natl Acad Sci USA. 2012;

109: 13452–13457. https://doi.org/10.1073/pnas.1207075109 PMID: 22847437

54. Pajoro A, Madrigal P, Muiño JM, Matus J, Jin J, Mecchia MA, et al. Dynamics of chromatin accessibility

and gene regulation by MADS-domain transcription factors in flower development. Genome Biol. 2014;

15: R41. https://doi.org/10.1186/gb-2014-15-3-r41 PMID: 24581456

55. Lai X, Stigliani A, Lucas J, Hugouvieux V, Parcy F, Zubieta C. Genome-wide binding of SEPAL-

LATA3 and AGAMOUS complexes determined by sequential DNA-affinity purification sequencing.

Nucleic Acids Research. 2020; 48: 9637–9648. https://doi.org/10.1093/nar/gkaa729 PMID:

32890394

56. Melzer R, Verelst W, Theißen G. The class E floral homeotic protein SEPALLATA3 is sufficient to loop

DNA in ‘floral quartet’-like complexes in vitro. Nucleic Acids Research. 2009; 37: 144–157. https://doi.

org/10.1093/nar/gkn900 PMID: 19033361

57. Ferrándiz C, Liljegren SJ, Yanofsky MF. Negative Regulation of the SHATTERPROOF Genes by

FRUITFULL During Arabidopsis Fruit Development. Science. 2000; 289: 436–438. https://doi.org/10.

1126/science.289.5478.436 PMID: 10903201

58. Shpak ED, Berthiaume CT, Hill EJ, Torii KU. Synergistic interaction of three ERECTA-family

receptor-like kinases controls Arabidopsis organ growth and flower development by promoting cell

proliferation. Development. 2004; 131: 1491–1501. https://doi.org/10.1242/dev.01028 PMID:

14985254

59. Carbonell-Bejerano P, Urbez C, Carbonell J, Granell A, Perez-Amador MA. A Fertilization-Independent

Developmental Program Triggers Partial Fruit Development and Senescence Processes in Pistils of

Arabidopsis. Plant Physiology. 2010; 154: 163–172. https://doi.org/10.1104/pp.110.160044 PMID:

20625003

60. Wagstaff C, Yang TJW, Stead AD, Buchanan-Wollaston V, Roberts JA. A molecular and structural

characterization of senescing Arabidopsis siliques and comparison of transcriptional profiles with

senescing petals and leaves. The Plant Journal. 2009; 57: 690–705. https://doi.org/10.1111/j.1365-

313X.2008.03722.x PMID: 18980641

61. Lau OS, Davies KA, Chang J, Adrian J, Rowe MH, Ballenger CE, et al. Direct roles of SPEECHLESS in

the specification of stomatal self-renewing cells. Science. 2014; 345: 1605–1609. https://doi.org/10.

1126/science.1256888 PMID: 25190717

62. Zoulias N, Rowe J, Thomson EE, Dabrowska M, Sutherland H, Degen GE, et al. Inhibition of Arabidop-

sis stomatal development by plastoquinone oxidation. Current Biology. 2021; 31: 5622–5632.e7.

https://doi.org/10.1016/j.cub.2021.10.018 PMID: 34727522

63. Peterson KM, Shyu C, Burr CA, Horst RJ, Kanaoka MM, Omae M, et al. Arabidopsis homeodomain-

leucine zipper IV proteins promote stomatal development and ectopically induce stomata beyond the

epidermis. Development. 2013; 140: 1924–1935. https://doi.org/10.1242/dev.090209 PMID:

23515473

PLOS GENETICS AGAMOUS represses stomatal formation on flowers

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011000 October 11, 2023 29 / 31

https://doi.org/10.1093/nar/gky205
http://www.ncbi.nlm.nih.gov/pubmed/29562355
https://doi.org/10.1105/tpc.3.8.749
http://www.ncbi.nlm.nih.gov/pubmed/1726485
https://doi.org/10.1007/s004970050116
https://doi.org/10.1186/1471-2229-9-5
http://www.ncbi.nlm.nih.gov/pubmed/19138429
https://doi.org/10.1105/tpc.111.091538
http://www.ncbi.nlm.nih.gov/pubmed/22028461
https://doi.org/10.1073/pnas.1911400116
http://www.ncbi.nlm.nih.gov/pubmed/31594845
https://doi.org/10.1016/j.devcel.2018.04.010
http://www.ncbi.nlm.nih.gov/pubmed/29738710
https://doi.org/10.1073/pnas.1207075109
http://www.ncbi.nlm.nih.gov/pubmed/22847437
https://doi.org/10.1186/gb-2014-15-3-r41
http://www.ncbi.nlm.nih.gov/pubmed/24581456
https://doi.org/10.1093/nar/gkaa729
http://www.ncbi.nlm.nih.gov/pubmed/32890394
https://doi.org/10.1093/nar/gkn900
https://doi.org/10.1093/nar/gkn900
http://www.ncbi.nlm.nih.gov/pubmed/19033361
https://doi.org/10.1126/science.289.5478.436
https://doi.org/10.1126/science.289.5478.436
http://www.ncbi.nlm.nih.gov/pubmed/10903201
https://doi.org/10.1242/dev.01028
http://www.ncbi.nlm.nih.gov/pubmed/14985254
https://doi.org/10.1104/pp.110.160044
http://www.ncbi.nlm.nih.gov/pubmed/20625003
https://doi.org/10.1111/j.1365-313X.2008.03722.x
https://doi.org/10.1111/j.1365-313X.2008.03722.x
http://www.ncbi.nlm.nih.gov/pubmed/18980641
https://doi.org/10.1126/science.1256888
https://doi.org/10.1126/science.1256888
http://www.ncbi.nlm.nih.gov/pubmed/25190717
https://doi.org/10.1016/j.cub.2021.10.018
http://www.ncbi.nlm.nih.gov/pubmed/34727522
https://doi.org/10.1242/dev.090209
http://www.ncbi.nlm.nih.gov/pubmed/23515473
https://doi.org/10.1371/journal.pgen.1011000


64. Hugouvieux V, Blanc-Mathieu R, Paul M, Janeau A, Xu X, Lucas J, et al. SEPALLATA-driven MADS

transcription factor tetramerization is required for inner whorl floral organ development. BioRxiv. 2023.

https://doi.org/10.1101/2023.05.23.541941

65. Pinyopich A, Ditta GS, Savidge B, Liljegren SJ, Baumann E, Wisman E, et al. Assessing the redun-

dancy of MADS-box genes during carpel and ovule development. Nature. 2003; 424: 85–88. https://doi.

org/10.1038/nature01741 PMID: 12840762

66. Briggs G, Osmont K, Shindo C, Sibout R, Hardtke C. Unequal genetic redundancies in Arabidopsis–a

neglected phenomenon? Trends in Plant Science. 2006; 11: 492–498. https://doi.org/10.1016/j.tplants.

2006.08.005 PMID: 16949326

67. Liljegren SJ, Ditta GS, Eshed Y, Savidge B, Bowman JL, Yanofsky MF. SHATTERPROOF MADS-

box genes control seed dispersal in Arabidopsis. Nature. 2000; 404: 766–770. https://doi.org/10.1038/

35008089 PMID: 10783890

68. Graham IA. Seed Storage Oil Mobilization. Annu Rev Plant Biol. 2008; 59: 115–142. https://doi.org/10.

1146/annurev.arplant.59.032607.092938 PMID: 18444898

69. Wu J, Liu Y. Stomata–pathogen interactions: over a century of research. Trends in Plant Science. 2022;

27: 964–967. https://doi.org/10.1016/j.tplants.2022.07.004 PMID: 35907765

70. Edwards K, Johnstone C, Thompson C. A simple and rapid method for the preparation of plant genomic

DNA for PCR analysis. Nucl Acids Res. 1991; 19: 1349–1349. https://doi.org/10.1093/nar/19.6.1349

PMID: 2030957

71. Ferrándiz C, Gu Q, Martienssen R, Yanofsky MF. Redundant regulation of meristem identity and plant

architecture by FRUITFULL, APETALA1 and CAULIFLOWER. Development. 2000; 127: 725–734.

https://doi.org/10.1242/dev.127.4.725 PMID: 10648231

72. Kurihara D, Mizuta Y, Sato Y, Higashiyama T. ClearSee: a rapid optical clearing reagent for whole-plant

fluorescence imaging. Development. 2015; dev.127613. https://doi.org/10.1242/dev.127613 PMID:

26493404

73. Fu L-Y, Zhu T, Zhou X, Yu R, He Z, Zhang P, et al. ChIP-Hub provides an integrative platform for explor-

ing plant regulome. Nat Commun. 2022; 13: 3413. https://doi.org/10.1038/s41467-022-30770-1 PMID:

35701419

74. Laux T, Mayer KFX, Berger J, Jürgens G. The WUSCHEL gene is required for shoot and floral meristem

integrity in Arabidopsis. Development. 1996; 122: 87–96. https://doi.org/10.1242/dev.122.1.87 PMID:

8565856

75. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source

platform for biological-image analysis. Nat Methods. 2012; 9: 676–682. https://doi.org/10.1038/nmeth.

2019 PMID: 22743772

76. Gong Y, Dale R, Fung HF, Amador GO, Smit ME, Bergmann DC. A cell size threshold triggers commit-

ment to stomatal fate in Arabidopsis. Science Advances. 2023; 9. https://doi.org/10.1126/sciadv.

adf3497 PMID: 37729402

77. Livak KJ, Schmittgen TD. Analysis of Relative Gene Expression Data Using Real-Time Quantitative

PCR and the 2−ΔΔCT Method. Methods. 2001; 25: 402–408. https://doi.org/10.1006/meth.2001.1262

PMID: 11846609

78. Pasha A, Subramaniam S, Cleary A, Chen X, Berardini T, Farmer A, et al. Araport Lives: An Updated

Framework for Arabidopsis Bioinformatics. Plant Cell. 2020; 32: 2683–2686. https://doi.org/10.1105/

tpc.20.00358 PMID: 32699173

79. Bailey TL, Johnson J, Grant CE, Noble WS. The MEME Suite. Nucleic Acids Res. 2015; 43: W39–W49.

https://doi.org/10.1093/nar/gkv416 PMID: 25953851

80. Machanick P, Bailey TL. MEME-ChIP: motif analysis of large DNA datasets. Bioinformatics. 2011; 27:

1696–1697. https://doi.org/10.1093/bioinformatics/btr189 PMID: 21486936

81. Ran J-H, Shen T-T, Liu W-J, Wang X-Q. Evolution of the bHLH Genes Involved in Stomatal Develop-

ment: Implications for the Expansion of Developmental Complexity of Stomata in Land Plants. PLoS

ONE. 2013; 8: e78997. https://doi.org/10.1371/journal.pone.0078997 PMID: 24244399

82. Goodstein DM, Shu S, Howson R, Neupane R, Hayes RD, Fazo J, et al. Phytozome: a comparative

platform for green plant genomics. Nucleic Acids Research. 2012; 40: D1178–D1186. https://doi.org/

10.1093/nar/gkr944 PMID: 22110026

83. Frazer KA, Pachter L, Poliakov A, Rubin EM, Dubchak I. VISTA: computational tools for comparative

genomics. Nucleic Acids Research. 2004; 32: W273–W279. https://doi.org/10.1093/nar/gkh458 PMID:

15215394

84. Wasserstein RL, Schirm AL, Lazar NA. Moving to a World Beyond “p < 0.05”. The American Statistician.

2019; 73: 1–19. https://doi.org/10.1080/00031305.2019.1583913

PLOS GENETICS AGAMOUS represses stomatal formation on flowers

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011000 October 11, 2023 30 / 31

https://doi.org/10.1101/2023.05.23.541941
https://doi.org/10.1038/nature01741
https://doi.org/10.1038/nature01741
http://www.ncbi.nlm.nih.gov/pubmed/12840762
https://doi.org/10.1016/j.tplants.2006.08.005
https://doi.org/10.1016/j.tplants.2006.08.005
http://www.ncbi.nlm.nih.gov/pubmed/16949326
https://doi.org/10.1038/35008089
https://doi.org/10.1038/35008089
http://www.ncbi.nlm.nih.gov/pubmed/10783890
https://doi.org/10.1146/annurev.arplant.59.032607.092938
https://doi.org/10.1146/annurev.arplant.59.032607.092938
http://www.ncbi.nlm.nih.gov/pubmed/18444898
https://doi.org/10.1016/j.tplants.2022.07.004
http://www.ncbi.nlm.nih.gov/pubmed/35907765
https://doi.org/10.1093/nar/19.6.1349
http://www.ncbi.nlm.nih.gov/pubmed/2030957
https://doi.org/10.1242/dev.127.4.725
http://www.ncbi.nlm.nih.gov/pubmed/10648231
https://doi.org/10.1242/dev.127613
http://www.ncbi.nlm.nih.gov/pubmed/26493404
https://doi.org/10.1038/s41467-022-30770-1
http://www.ncbi.nlm.nih.gov/pubmed/35701419
https://doi.org/10.1242/dev.122.1.87
http://www.ncbi.nlm.nih.gov/pubmed/8565856
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1126/sciadv.adf3497
https://doi.org/10.1126/sciadv.adf3497
http://www.ncbi.nlm.nih.gov/pubmed/37729402
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1105/tpc.20.00358
https://doi.org/10.1105/tpc.20.00358
http://www.ncbi.nlm.nih.gov/pubmed/32699173
https://doi.org/10.1093/nar/gkv416
http://www.ncbi.nlm.nih.gov/pubmed/25953851
https://doi.org/10.1093/bioinformatics/btr189
http://www.ncbi.nlm.nih.gov/pubmed/21486936
https://doi.org/10.1371/journal.pone.0078997
http://www.ncbi.nlm.nih.gov/pubmed/24244399
https://doi.org/10.1093/nar/gkr944
https://doi.org/10.1093/nar/gkr944
http://www.ncbi.nlm.nih.gov/pubmed/22110026
https://doi.org/10.1093/nar/gkh458
http://www.ncbi.nlm.nih.gov/pubmed/15215394
https://doi.org/10.1080/00031305.2019.1583913
https://doi.org/10.1371/journal.pgen.1011000


85. R: A language and environment for statistical computing. Vienna, Austria.: R Foundation for Statistical

Computing.; 2022.

86. Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to

Multiple Testing. Journal of the Royal Statistical Society: Series B (Methodological). 1995; 57: 289–300.

https://doi.org/10.1111/j.2517-6161.1995.tb02031.x

87. Egea-Cortines M. Ternary complex formation between the MADS-box proteins SQUAMOSA, DEFI-

CIENS and GLOBOSA is involved in the control of floral architecture in Antirrhinum majus. The EMBO

Journal. 1999; 18: 5370–5379. https://doi.org/10.1093/emboj/18.19.5370 PMID: 10508169

PLOS GENETICS AGAMOUS represses stomatal formation on flowers

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011000 October 11, 2023 31 / 31

https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1093/emboj/18.19.5370
http://www.ncbi.nlm.nih.gov/pubmed/10508169
https://doi.org/10.1371/journal.pgen.1011000

