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ABSTRACT

Stomata and leaf cuticle regulate water evaporation from the plant body and balance the trade-off
between photosynthesis and water loss. We identified MYB16, a key transcription factor controlling
cutin biosynthesis, from previous stomatal lineage ground cell (SLGC)-enriched transcriptome study.
The preferential localization of MYB16 in SLGCs but not meristemoids suggests a link between cutin
synthesis and stomatal development. Here, we showed that downregulation of MYB16 in meristemoids
was directly mediated by the stomatal master transcription factor, SPEECHLESS (SPCH). The
suppression of MYB16 before asymmetric division was crucial for stomatal patterning because
overexpression or ectopic expression of MYB16 in meristemoids increased impermeability and elevated
stomatal density and clusters. The aberrant pattern of stomata was due to reduced and disrupted
establishment of polarity during asymmetric cell division. Manipulating polarity by growing seedlings
on hard agar rescued stomatal clusters and polarity defects in MYB16 ectopic lines. By expressing a
cutinase in MYB16 ectopic lines, stomatal clustering was reduced, which suggests that the ectopic
accumulation of cuticle affects the polarity in asymmetrically dividing cells and causes clustered stomata.
Taken together, inhibiting MYB16 expression by SPCH in early stomatal lineage is required to correctly

place the polarity complex for proper stomatal patterning during leaf morphogenesis.
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INTRODUCTION

Terrestrialization is a critical event by which organisms moved from the ocean to the land. In plants,
two pivotal features — stoma and the cuticle layer — evolved to adapt to major changes from water to
air. Stomata are valves on the plant surface to control gas exchange and water loss. The cuticle layer is a
barrier between the external environment and air-exposed plant surface. The coordination of stomata and
cuticle on the epidermis balances the trade-off between photosynthesis and water evaporation.

In Arabidopsis, stomata are created by a series of asymmetric and oriented cell divisions to ensure
proper stomatal density and distribution on epidermis. Stomatal lineages are initiated from the
expression of SPEECHLESS (SPCH), the basic helix-loop-helix transcription factor, to drive
asymmetric cell division and produce meristemoids, precursors of guard cells (MacAlister et al., 2007),
and stomatal lineage ground cells (SLGCs), which may become pavement cells or reinitiate asymmetric
division to produce more stomata. The stomatal pattern follows a “one-cell-spacing” rule, which means
that two stomata never directly contact each other (Geisler et al., 2000).

Two pathways regulate stomatal patterning. One relies on cell-cell communication and the other is the
establishment of polarity during asymmetric cell division. EPFIDERMAL PATTERNING FACTOR (EPF)
family peptide ligands including EPF1 and EPF2 are secreted from stomatal lineage cells to restrict
stomatal development of neighbor cells (Hara et al., 2007; Hunt and Gray, 2009). Upon directly binding
to the receptor-like kinase ERECTA family (ERf) (Lee et al., 2012), the EPF signal activates the
mitogen-activated protein kinase (MAPK) cascade (Wang et al., 2007) to diminish SPCH stability
(Lampard et al., 2008), which further prevents cells from entering the stomatal lineage. During

asymmetric division, the polarity complex is formed in SLGCs and is integrated with MAPK signaling
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to decrease SPCH level, ultimately breaking the stomatal fate in SLGCs (Zhang et al., 2015). The
complex includes BREAKING OF ASYMMETRY IN THE STOMATAL LINEAGE (BASL), POLAR
LOCALIZATION DURING ASYMMETRIC DIVISION AND REDISTRIBUTION (POLAR) and the
BREVIS RADIX (BRX) family. These factors interact with each other and form a crescent to recruit
MAPK components in SLGCs (Dong et al., 2009; Houbaert et al., 2018; Pillitteri et al., 2011; Rowe et
al., 2019; Zhang et al., 2015). Thus, the combination of cell-cell communication, MAPK signaling and
the polarity complex regulates stomatal patterning in the epidermis.

As compared with the dynamic behavior of stomata, cuticle layers form a physical barrier to protect
tissue against dehydration. A cuticle layer consists of different kinds of lipid polymers. Cutin and waxes
are two major polymer components conserved across plant species (Yeats and Rose, 2013; Bhanot et al.,
2021). In Arabidopsis, cutin monomers are synthesized in the endoplasmic reticulum (ER) membrane,
transported to the outside of cells and polymerized to become a thin layer in epidermis. LONG-CHAIN
ACYL-COA SYNTHETASE 1 (LACS1) and LACS2 are essential for transforming C16/C18 fatty acid
into acyl-CoA precursors for both cutin and waxes (LU et al., 2009). Following w-hydroxylation and
midchain hydroxylation by the cytochrome P450 enzymes CYP86A4 and CYP77A6 (Li-Beisson et al.,
2009), acyl-CoA  precursors are  catalyzed by the  GLYCEROL-3-PHOSPHATE
SN-2-ACYLTRANSFERASE (GPAT) family to produce a cutin monomer, 2-monoacylglycerol
(2-MAG) (Yang et al., 2010, 2012). After leaving the ER membrane, 2-MAG is then transported into the
extracellular matrix (ECM) by the ATP-binding cassette (ABC) transporters ABCG11 and ABCG32
(McFarlane et al., 2010; Bessire et al., 2011). Finally, ECM-localized cutin synthase polymerizes the

exported 2-MAG to form cuticle layers.
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Although most cutin biosynthesis-related genes are identified or predicted as biosynthesis enzymes,
few transcription factors have been found to activate the pathway. WAX INDUCER1/SHINEL
(WIN1/SHN1), an AP2 domain-containing transcription factor, was first identified from an
overexpression screen and found to control wax formation (Aharoni et al., 2004; Broun et al., 2004).
MYB16, an R2R3 MYB transcription factor, together with MYB106 from the same MYB subgroup
(Stracke et al., 2001), could promote petal cell outgrowth and directly upregulate the expression of genes
involved in cutin biosynthesis (Baumann et al., 2007; Oshima et al., 2013), which suggests a link
between cuticle development and epidermal cell differentiation. In barley, the wax-deficient
eceriferum-g mutant cer-g features clustered stomata (Zeiger and Stebbins, 1972). A mutation in HIC
(HIGH CARBON DIOXIDE), an enzyme involved in the synthesis of very-long chain fatty acid,
produced a thinner cuticle and higher stomatal density in epidermis (Gray et al.,, 2000). Also,
overexpression of WIN1/SHN1 decreased stomatal density (Yang et al., 2011). This evidence suggests a
connection between stomatal pattern and cuticle defects.

Cutin may carry inhibitors or directly implement an inhibitory signal for stomatal development
(Bird and Gray, 2003). Also, a cuticle layer may provide an elastic shell to regulate mechanical
properties and further affect plant development (Galletti et al., 2016). Cell division and cell expansion
during growth deforms the cell membrane and extracellular layer to generate surface mechanical force.
Disruption of ECM reduces cell adhesion and results in disorganized tumor-like growth on shoot
(Krupkova et al., 2007; San-Bento et al., 2014); therefore, the tissue-wide coordination of cell-cell
adhesion is important to maintain the proper patterning of a tissue. Moreover, the localization of

polarized proteins could also respond to the action force from the growth direction in both leaf and shoot
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(Heisler et al., 2010; Bringmann and Bergmann, 2017). Altered mechanical force in leaf epidermis by
laser ablation leads to the redistribution of polarity proteins (Bringmann and Bergmann, 2017). In
animals, elevated mechanical stress in neutrophil cells led to failed polar component recruitment and
finally cessation of cell migration (Houk et al., 2012). Plants have no well-established method to
manipulate the mechanical force without damaging cells, but growing seedlings on high-percentage agar
plates reduced tensile stress on epidermis and rescued cell-cell gaps between epidermal cells in a cell
adhesion mutant, quasimodol (quol) (Verger et al., 2018). Cuticle is one type of ECM. Despite no direct
evidence linking mechanical force and cuticular layer on epidermis, observations from tomato fruit
showed a positive correlation between cuticle thickness and stiffness (Matas et al., 2004), so the amount
of cuticle affects mechanical properties on cells.

Transcriptome profiling of stomatal lineage cells and expression analysis revealed enrichment and
preferential localization of MYB16 in SLGCs, which raises the question of why MYB16 prefers SLGCs
but not meristemoids (Ho et al., 2021). To understand the role of MYB16 in stomatal formation, here we
investigated the dynamics of SPCH and MYB16 expression during asymmetric cell division and found
that MYB16 was transcriptionally downregulated by SPCH in meristemoids. Overexpression or ectopic
expression of MYB16 in an early stomatal lineage resulted in clustered stomata and increased amount of
cuticle in epidermis. The disrupted stomatal pattern was due to the decreased and mis-polarized polarity
protein during asymmetric division. Suboptimal water potential conditions or ectopically expressing a
cutinase gene, CUTICLE DESTRUCTING FACTOR 1 (CDEF1) (Takahashi et al., 2010), partially
rescued stomatal clusters in the MYB16 ectopic expression line. This finding suggests that the

accumulation of cutin modulates mechanical properties, thereby affecting the polarity protein behavior.
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114  Appropriate MYB16 regulation in asymmetrically dividing cells is required to establish proper polarity

115  for accurate stomatal patterning.
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RESULTS

Preferential localization of MYB16 in SLGCs is due to negative regulation by SPCH in
meristemoids

Previous study has shown that MYB16 transcripts are enriched in SLGCs and MYB16 protein is
differentially expressed in SLGCs after asymmetric division (Ho et al., 2021). Because SPCH is the key
player to drive asymmetric cell division and is required for stomatal fate, we further investigated the
expression patterns of MYB16-YFP and SPCH-CFP in wild-type (WT) 7 days post-germination (dpg)
young true leaves to observe MYB16 behaviors in a stomatal lineage. We checked the asymmetrically
divided sister cells, meristemoids and SLGCs, and observed SPCH often localized in meristemoids and
MYBL16 localized in SLGCs (Figure 1A; Supplemental Figure 1). Further quantification of signals in an
entire leaf showed that in a total of 583 pairs analyzed, SPCH was mainly in meristemoids (89.6%),
whereas MYB16 was more localized in SLGCs (78.4%) (Figure 1B). However, we also observed
MYB16 in a few meristemoids and pavement cells (Supplemental Figure 1). By time-lapse imaging,
MYB16 could express in meristemoids, but its expression was quickly replaced by SPCH before
asymmetric division (Figure 1C). These observations indicate that MYB16 localization is preferentially
in SLGCs, a young cell state in epidermis, with a possible negative relationship between SPCH and
MYB16.

In line with our hypothesis, SPCH chromatin immunoprecipitation sequencing (ChlIP-seq) and
induction assays have shown that the promoter of MYB16 is bound by SPCH and MYB16 expression is
downregulated after SPCH induction (Lau et al., 2014). To confirm the direct binding of SPCH, we
searched for the potential SPCH binding motif, E-box, on the MYB16 promoter by using the PlantPAN

3.0 website-based predictor (Chow et al., 2019) (Figure 1D, yellow boxes). According to the overlap
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between E-box predictions and the SPCH binding sites derived from Lau et al. (2014) (Figure 1D, grey
area), 5 sets of primers were designed for ChlP-gPCR to test SPCH binding to the MYB16 promoter.
Regions 1 to 4 but not the gene body, region 5, showed increased fold change in binding (Figure 1E). To
determine whether the binding was positive or negative regulation, we used luciferase assay with
ratiometric luminescent reporters to control the expression and copy number of a given construct. A
~3-kb MYB16 promoter was fused after a mini-35S promoter to enhance the expression (Figure 1F).
SPCH is known to form heterodimers with SCRM/ICE1 (Kanaoka et al., 2008), so we included
SCRM/ICEL in the assay as well. SPCH expressed alone in protoplasts conferred no change in luciferase
activity as compared with the control. Co-expressing SPCH and SCRM reduced luciferase expression
(Figure 1G). In summary, SPCH directly bound to the MYB16 promoter and suppressed MYB16
transcription with SCRM/ICEL.
MYB16 overexpression increased stomatal numbers and clusters

MYB16 functions redundantly with MYB106, so Ho et al. (2021) used a dominant-negative form
of MYB16, MYB16-SRDX, to check phenotypes. In contrast to the striking phenotype in organ fusion,
MYB16-SRDX showed only slightly decreased stomatal density (stomata/area). In line with the
previous observation, the myb16-crispr line with a pre-mature stop codon in the first exon also showed
slightly reduced stomatal density (Supplemental Figure 2). To further examine whether MYB16
participates in stomatal development, we created several MYB16 inducible lines. Two, iMYB16#2 and #3,
showed abnormal stomatal patterns such as clusters and single guard cells under 50 uM B-estradiol
treatment for 4 days (Figure 2A to 2H). In contrast to the result from myb16-crispr, inducible lines after

induction showed higher stomatal density and increased number of stomatal clusters (Figure 2I and 2J).
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One inducible line, iIMYB16#3, had more stomata and stomatal clusters under the mock condition
(Figure 2F, 21 and 2J) because of the higher MYB16 transcript and protein expression (Figure 2K and
2L). Despite the leaky effect from iMYB16#3, overexpression of MYB16 resulted in the formation of
stomatal clusters.
Downregulation of MYB16 in meristemoids is required for proper stomatal patterning

To understand the expression timing of MYB16 during stomatal development, we used time-lapse
imaging of young true leaves expressing endogenous promoters for MYB16 and SPCH every 8 or 16 h
for 4 days for a total of 7 time points. We checked the cell division events and protein localizations in
three types of cells — meristemoid, SLGC and protoderm (Figure 3A). The three types of cells showed a
similar pattern: co-expression of MYB16 and SPCH or SPCH alone is often found before asymmetric
cell division and SPCH remains after the division (Figure 3A). To quantitively analyze the patterns in
the time-lapse images, we used the PrefixSpan algorithm (Pei et al., 2001) to explore the possible
sequential events of MYB16, SPCH and cell division. A total of 156 cells with strong fluoresce signals
were used. Four categories, MYB16-only, SPCH-only, co-localization and division events were noted
across the 7 time points (Supplemental Figure 3A). In total, 57 patterns were generated, and the
frequency represents how many cells share the pattern (Supplemental Figure 3B). Percentage frequency
was calculated by frequency divided by total cell analyzed (frequency/156 cells). First, we focused on
the sequential pattern of MYB16 or SPCH expression followed by cell division. The richest pattern was
MYB16 and SPCH colocalization before cell division (80.8%) and the next was SPCH alone (70.5%),
then MYB16 alone (31.4%) (Figure 3B), which suggests that SPCH but not MYB16 drives cell division.

Second, to examine the relation between SPCH and MYB16, we checked all the possible expression
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combinations and quantified their percentage frequency. The most common phenomenon was
MYB16-SPCH colocalization followed by SPCH alone (39.1%) (Figure 3C). Together with our finding
of MYB16 inhibition by SPCH, we conclude that SPCH suppresses MYB16 in meristemoids before
asymmetric division. Moreover, although MYB16 expresses in the early state of meristemoids and
disappears before asymmetric division, it shows up again in young guard cells (GCs) (Figure 3D and
3G). The tightly regulated expression pattern of MYB16 indicates that the timing of MYB16
downregulation is critical during stomatal development.

Stomatal clusters have been found in plants expressing an ectopic form of MYB16,
CYP77A6p::MYB16-VP16. The form was created by fusion with the promoter from its downstream
target, CYP77A6, and a transcription activation domain, VP16. Of note, plants expressing MYB16
driven by the promoter of another downstream target, CYP86A4, do not show any stomatal phenotype.
(Oshima and Mitsuda, 2016) Given that stomatal clusters are in CYP77A6p::MYB16-VP16 plants only,
we wondered whether CYP77A6 or CYP86A4 has a distinct expression pattern in epidermis. We
analyzed their transcriptional reporters by fusing promoters with nucleus-localized fluorescent protein
(nuceGFP) and distinguished stomatal linage cells by staining cell outlines with propidium iodide (PI).
Because CYP77A6 and CYP86A4 are well-known enzymes in cutin biosynthesis, we expected that they
would be expressed in every epidermal cell. However, CYP77A6 and CYP86A4 reporters expressed only
in stomatal lineage cells (Figure 3E to 3G; Supplemental Figure 4). The fluorescence signal of
CYPT77A6p::nucEGFP was seen in meristemoids, guard mother cells, young GCs and mature GCs with
a frequency of 25.6%, 22%, 27.4% and 25%, respectively. The nucEGFP signal of CYP86A4 was seen

only in young and mature GCs, 52.9 and 47.1%, respectively (Supplemental Figure 4). The expression
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patterns and the stomatal clusters indicate the critical timing of MYB16 expression in the early stage of
stomatal development.

BASL expresses before and after asymmetric cell division (Dong et al., 2009); therefore, its
promoter as well as the CYP77A6 promoter would be good choices for ectopic expression of MYB16 in
meristemoids (Figure 3G). Similar to previous results, MYB16 expression driven by its native promoter
(MYB16p::MYB16-YFP) was preferentially localized in SLGCs and young GCs (Figure 3H, SLGC,
arrowhead). On ectopically expressing MYB16 by fusion with the BASL or CYP77A6 promoter
(BASLp::MYB16-YFP or CYP77A6p::MYB16-VP16-YFP), nuclear signals were restricted to stomatal
lineage cells (Figure 31 and 3J, arrowheads). As compared with WT seedlings, MYB16 ectopic
expression lines had higher stomatal density and the increased number of stomatal clusters (Figure 3K to
30). The high variation of stomatal density observed in CYP77A6p::MYB16-VP16 was contributed by
two types of stomatal phenotypes in seedlings (Supplemental Figure 5). Some of the seedlings had
typical clustered stomata and others showed tumor-like colonies (small cell clusters), which is similar to
the basl-1 mutant (Dong et al., 2009). Together with the expression preference and timing of MYBL16,
the findings suggest that reduction of MYB16 expression in meristemoids is required for proper stomatal

formation to prevent stomatal clustering.

Stomatal clusters in MYB16 ectopic expression lines result from reduced and disrupted
localization of polarity protein in asymmetrically dividing cells
Ectopic expression of MYB16 in stomatal lineage results in stomatal clusters. However, we did not

observe any significant gene expression changes of stomatal related transcription factors — SPCH,
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MUTE, FAMA and SCRM/ICE1 (Supplemental Figure 6). This finding implies the cluster formation
caused by signaling cues but not transcriptional regulation. The positional control of polarity complex is
required to faithfully place EPF-mediated MAPK signaling in SLGCs to inhibit the stomatal fate (Dong
et al., 2009; Houbaert et al., 2018; Pillitteri et al., 2011; Rowe et al., 2019; Zhang et al., 2015)(Figure
4A). To understand how these clusters are formed, we examined cluster formation in plants expressing
BASL promoter-driven MYB16-YFP and RC12A-mCherry, a cell membrane marker. In the normal
condition, a SLGC undergoes asymmetric division to form non-adjacent stomatal precursors (Figure 4B,
left). However, frequently seen in the MYB16 ectopic expression line, both sister cells entered
symmetric division to form two adjacent stomata (Figure 4B, right).

Disruption of polarity complexes or EPF signaling could cause aberrant stomatal phenotype. We
used BRXL2-CFP as an indicator to examine polarity of the polar complex in stomatal cells. The
fluorescent intensity of BRXL2-CFP was markedly lower in MYB16 ectopic expression lines than in
WT-background plants (Figure 4C to 4E). The upregulated expression of POLAR, another factor
belonging to the polarity complex, in MYB16 ectopic expression plants might be due to the
compensatory effects of polarity loss (Supplemental Figure 6).

To further characterize the polarity defects, we used three parameters to quantify cell polarity. First,
we measured the tissue-wise orientation of BRXL2 by the degree a of included angle between the
midrib (distal-proximal axis) and cell polarity (Bringmann and Bergmann, 2017) (Figure 4F). The leaves
without PI staining were used because we were concerned that the PI solution could damage the cells
and further cause polarity change. Most of the BRXL2 orientation was between 30° and 60° in 7-dpg

WT seedlings (Figure 4G), as previously observed (Bringmann and Bergmann, 2017). However, in
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MYB16 ectopic expression lines, BRXL2 orientation peaked between 120° and 150° in
BASLp::MYB16-YFP and between 60° and 90° in CYP77A6p::MYB16-VP16 (Figure 4H and 41). Both
MYB16 ectopic expression lines shifted the BRXL2 orientation to the right (larger included angle).
Second, we quantified the portion of the cells with or without a BRXL2 crescent in meristemoid-SLGC
pairs. The proportion of cells with BRXL2 crescents was decreased in BASLp::MYB16-YFP (43%) and
CYP77A6p::MYB16-VP16 (52%) (Figure 4J). Third, the size of the faint BRXL2 signal was smaller in
MYB16 ectopic expression lines than in the WT (Figure 4C to 4E). To quantify the crescent size, we
used polarity degree (Zhang et al., 2015; Gong et al., 2021) — crescent length normalized by cell
perimeter — and found BRXL2 length significantly shorter in both MYB16 ectopic expression lines
than in the WT (Figure 4K). In summary, the adjacent stoma in MYB16 ectopic expression lines was
derived from an SLGC with reduced and aberrantly oriented BRXL?2.

To further confirm that the disrupted polarity establishment causes stomatal clusters in MYB16
ectopic expression lines, we attempted to adjust the polarity defects. Although little is known about how
to manipulate polarity degree in plants, one method describes using high-percentage (2.5%) agar to
modulate mechanical force (Verger et al., 2018), which may further affect protein polarization. Stomatal
density and clusters were rescued under high-percentage agar treatment (Figure 5A and 5B). Moreover,
polarity in MYB16 ectopic expression lines was partially rescued (Figure 5C to 5H). With the same
quantifying methods used in Figure 4, the orientation as well as degree of polarity were rescued in
MYB16 ectopic expression plants grown on high-percentage agar (Figure 51 to 5L).

Cell-to-cell signaling is another way to maintain proper distribution of stomata in epidermis. To test

whether ectopic expression of MYB16 blocked EPF mediated signaling, we overexpressed EPF2, a
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major EPF ligand involved in early stomatal development, in BASLp::MYB16-YFP plants. Similar to the
WT response, the stomatal density was reduced in BASLp::MYB16-YFP (Supplemental Figure 7), which
suggests that cell-to-cell communication is not affected. Hence, the disruption in polarity in early
stomatal development in the MYB16 ectopic expression line was the major reason for clustered stomatal
formation.
Accumulation of cutin affects stomatal development in MYB16 ectopic expression lines

MYB16 is a key regulator of cuticle development (Oshima et al., 2013); therefore, we wondered
whether the cuticle was affected in the MYB16 ectopic expression lines. MYB16 and the cuticular
biosynthesis-related genes LACS1/2, CYP77A6 and CYP86A4 were all upregulated in MYB16 ectopic
expression lines, with no difference in expression in GPAT4 and GPAT8 (Figure 6A and 6B). The cluster
phenotypes (Figure 2 and 3) and gene expression of ectopic expression lines were consistent with
findings in the MYB16 inducible line (iMYB16), with all cuticular biosynthesis-related genes — LACS1,
LACS2, CYP77A6, CYP86A4, GPAT4 and GPAT8 —upregulated under 50 uM B-estradiol treatment
(Supplemental Figure 8). The expression of these genes also reflects the degree of stomatal cluster
phenotype, with CYP77A6p::MYB16-VP16 having higher stomatal clusters than BASLp::MYB16-YFP
(Figure 30). The correlation of the expression of these enzymes and the amount of cuticle was further
supported by toluidine blue (TB) penetration results (Figure 6C). The TB penetration test is often used to
measure the permeability of agueous dye into seedlings (Tanaka et al., 2004). Uptake of TB is easier in
seedlings with defective than intact cuticles. The dominant-negative MYB16p::MYB16-SRDX plants
were strongly stained with TB as compared with WT plants (Figure 6C and 6D). In contrast, the

BASLp::MYB16-YFP or CYP77A6p:MYB16-VP16 line had less TB penetration (Figure 6D), which
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suggests that the cuticular layer is thicker in MYB16 ectopic expression lines.

To confirm that the formation of stomatal clusters in MYB16 ectopic expression lines is due to the
accumulation of cutin, we ectopically expressed CUTICLE DESTRUCTING FACTOR 1 (CDEF1), a
cutinase (Takahashi et al., 2010), in epidermal cells by the ML1 promoter in a BASLp::MYB16-YFP or
CYP77A6p:MYB16-VP16 background. The stomatal clusters were reduced in WT plants, and both
stomatal density and clusters rescued in MYB16 ectopic expression lines (Figure 6E and F), which
suggests the link between stomatal clusters and cuticle production. Stomatal density was also reduced in
the BASLp::MYB16-YFP or CYP77A6p:MYB16-VP16 line after introducing CDEF1, but the density was
slightly increased in the WT (Figure 6E). These results suggest a crosstalk between stomatal
development and cuticle accumulation. MYB16 ectopic expression increased cutin accumulation, which

led to abnormal stomatal patterning.
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DISCUSSION

During organ morphogenesis, oriented cell division, extracellular matrix (ECM) and cell-cell
signaling are all required for maintaining stem cell multipotency or transforming stem cells to
differentiated cells, thereby generating a specific pattern. How the active forces such as signaling
cascades and passive forces such as ECM are integrated or regulated in forming a functional tissue
remains to be answered. Here, we used an Arabidopsis stomatal linage to investigate the coordination of
the cuticle layer and fate determiners in leaf epidermal development. By using time-lapse imagining and
quantitative analysis of sequential events in lineage progression, we found that MYB16, a key regulator
of cutin biosynthesis, expressed in SLGCs, a young state of epidermal cells, and was transcriptionally
suppressed in meristemoids by SPCH (Figure 1). One of the functions of an epidermal cell is to produce
cuticular layers for a physical barrier, so every protoderm cell in epidermis may be able to express
MYB16 to turn on downstream genes for cuticle production. However, the timing of expression is
important. We found that for cells in the stomatal lineage, SPCH downregulates MYB16 until the fate is
determined. MYB16 appears again in symmetric division in young guard cells whose fate is specified
(Figure 3). Eventually a mature stoma with thick cuticular layers is formed. Thus, the formation of
cuticle is tightly controlled and integrated with lineage progression to ensure proper development of a
stoma.

Many stem cell studies have aimed to understand ECM in determining cell fate. One way is by
ECM affecting the stiffness of a tissue to specify the microenvironment and direct stem cell specification
(Engler et al., 2006). In animals, mechanobiology has focused on cancer metastasis (Makale, 2007) and

tissue regeneration such as hair regeneration in epidermis (Chen et al., 2015). In plants, disruption of
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ECM reduces cell adhesion and generates disorganized tumor-like growth on shoots (Krupkova et al.,
2007; San-Bento et al., 2014).Unlike direct cell adhesion mediated by protein linkage and ECM in the
animal system, cell adhesion in plants is mostly mediated by the deposition of a pectin-rich middle
lamella between adjacent cell walls to promote the mechanical force on epidermis and coordinate the
tissue-wise growth. Different from the modification of pectin between cell walls, cuticle acumination
occurs mainly on top of leaf epidermis, with possibly covalent linkage between cutin and
polysaccharides (Fang et al., 2001). The elevated amount of cuticle may affect overall epidermal
mechanical property during leaf expansion. Cuticle production has been linked to stomatal density, but
not stomatal clustering yet (Gray et al., 2000; Yang et al., 2011). Because MYB16-crispr and
overexpression lines showed altered stomatal density (Figure 2; Supplemental Figure 2), we cannot rule
out that MYB16 could modulate stomatal lineage divisions as well, although SPCH is still the major
gene driving the cell division (Figure 3A to 3C). Stomatal polarity has been linked to mechanical force,
with BRXL2 localization in a leaf reflecting the growth and tension direction (Bringmann and
Bergmann, 2017). The ectopic deposition of cuticle in meristemoids may affect mechanical stress, thus
leading to reduced and redistributed polarity complex (Figure 4) and ultimately a change in cell fate
(Figure 2 and 3). A suboptimal water condition of high-percentage agar provides a strategy to
manipulate mechanical force (Verger et al., 2018) and modulate polarity localization during stomatal
development. The rescue of polarity and stomatal clustering under high-agar concentration suggests the
disrupted tensile stress in MYB16 ectopic lines (Figure 5). Expression of a cutinase, CDEF1, in
epidermis, rescued the cluster phenotypes in MYB16 ectopic lines (Figure 6). All the lines of evidence

suggest that ectopic accumulation of cutin on epidermis may affect mechanical stress, which affects the
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polarity establishment during stomatal development, thus leading to aberrant stomatal patterning. The
downregulation of cutin expression in meristemoids is required for correct polarity establishment during
asymmetric cell division in stomatal development (Figure 7).

Ectopically expressing MYB16 by using lineage-specific promoters allowed for dissecting the
critical timing of MYB16 expression (Figure 3G to 30). Of interest was the stomatal lineage-specific
expression patterns of two well-known cutin biosynthesis genes, CYP77A6 and CYP86A4 (Figure 3E
and 3F; Supplemental Figure 4). CYP77A6 and CYP86A4 are in the cutin biosynthesis pathway
according to enzyme functions, mutant phenotypes such as inflorescence fusion and metabolite analysis
(Li-Beisson et al., 2009). The mutants gpat4 and gpat8 affect stomatal ledge formation (Li et al., 2007),
so these two enzymes might be stomatal lineage-specific as well. The finding of stomatal-specific
expression patterns of CYP77A6 and CYP86A4 suggests that other cutin biosynthesis-related genes
might be responsible for cuticle production in pavement cells.

The evolutionary origins of genes that specify stomatal development and function have been
resolved phylogenetically in bryophytes (Harris et al., 2020). Genes related to lipid biosynthesis can be
traced back to algae. However, the basic cuticle biosynthetic machinery such as CYP77A, GPAT and
MYB started to evolve in bryophytes as well (Kong et al., 2020). These lines of evidence together with
our findings of CYP77A6 and CYP86A4 expression patterns suggest the co-evolution of stomata and
cutin machinery in specifying a stoma. One stomatal characteristic is that stomatal ledges, lips around
each stomatal pore, are coated with a waterproof layer of cuticle. A mutant, focl1-1, showed “fused”
ledges and defects in aperture control and transpiration (Hunt et al., 2017). Along with genes involved in

structural function, the emergence of MYB transcription factors provides a strategy for spatiotemporal
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control of gene expression in a developmental context. In Arabidopsis, MYB16 and MYB106 regulate
cuticle formation in reproductive organs (Oshima et al., 2013). However, MYB16 is a major regulator of
cuticle production in vegetative tissues (Oshima and Mitsuda, 2013). The specific function of members
in a gene family leads to the diversity of the transcriptional network in building a multicellular organism.
With the stomatal linage-specific transcriptomes and single-cell transcriptomes in epidermis (Adrian et
al., 2015; Ho et al, 2021; Lopez-Anido et al, 2021), we could start to ask about
developmental-regulation and cell type-specific expression of a particular set of genes in cuticle
biosynthesis. Biochemical and functional analysis will further pinpoint the metabolic steps in the cuticle
synthesis pathway. Modulation of cuticular layers and stomatal numbers on leaf epidermis provides a

way to improve plant growth and productivity under drought conditions.
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METHODS

Plant materials, growth conditions and chemical treatments

Col-0 was the wild type (WT) in all experiments and all transgenic lines were created in this accession.
Plant reporters used in this study were AtML1p::RC12A-mCherry, SPCHp::SPCH-CFP (Davies and
Bergmann, 2014), CYP77A6p::MYB16-VP16, MYB16p::MYB16-SRDX (Oshima et al., 2013). Details
for new constructs, MYB16p::MYB16-YFP, BASLp::MYB16-YFP, MYB16 inducible system (for
iIMYB16), CYP77A6p::MYB16-VP16-YFP, mini35S-MYB16p::LUC2, 35S::SPCH-YFP,
35S::SCRM-CFP, ML1p::CDEF1-flag and myb16-crispr allele are in Supplemental Methods. Primers
used for DNA construction are in Supplemental Table 1. Ethanol (EtOH)-sterilized seeds were sown on
1/2 Murashige and Skoog (MS) medium plates and kept at 4°C for stratification. After 24 h, plates were
transferred to a 22°C plant tissue culture room with 16 h light/8 h dark cycle. For B-estradiol treatment,
B-estradiol in absolute EtOH was added into 1/2 MS medium to the final concentration of 50 uM. An
equal volume of absolute EtOH was also added into another 1/2 MS medium as the mock control. Plant
materials for phenotyping, mMRNA and protein extraction were first grown on 1/2 MS plates for 6 days,
then transferred to EtOH or B-estradiol-containing plates for an additional 4 days. Accession numbers
are as follows: MYB16 (AT5G15310), SPCH (AT5G53210), BASL (AT5G60880), BRXL2 (AT3G14000),
CYP77A6 (AT3G10570), CYP86A4 (AT1G01600), LACS1 (AT2G47240), LACS2 (AT1G49430), GPAT4
(AT1G01610), GPAT8 (AT4G00400) and CDEF1 (AT4G30140).

Microscopy

For quantification of stomatal phenotypes, the seedlings were fixed in a 7:1 fixation solution of ethanol

and acetic acid for 1 night. Before observation under a Leica DM2500 LED microscopy with DIC prism,
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the seedlings were washed with MQ water and softened with 1 M KOH until they were completely
transparent. The samples were mounted in MQ water for observation. Stomata were quantified from the
central region of cotyledons or true leaves. For identifying fluorescence signals, live seedlings were
mounted in sterilized water and observed under a Leica STELLARIS 8 (for time-lapse and whole leaf
analysis) or Zeiss LSM880 (for expression pattern analysis) confocal microscope. CFP, GFP, and YFP
were excited with 458, 488, 514 nm laser, respectively. Propidium iodide (P1) and mCherry were excited
with 561 nm laser. PI solution was penetrated into true leaves by applying a vacuum for 30 min.

MRNA and protein expression

For detection of mMRNA expression, total RNA was extracted from plant tissue by using the RNA Plus
Mini Kit (LabPrep). Complementary DNA (cDNA) was synthesized from 1 pg total RNA by using
SuperScript I11 transcriptase (Invitrogen). After synthesis, the products were diluted with DEPC-water.
The reaction solution contained cDNA template, specific primers and Power SYBR Green Master Mix
(Applied Biosystems) for quantitative real-time PCR (qRT-PCR) by using the QuantStudio 12K Flex
Real-Time PCR System (Applied Biosystems). The relative expression was analyzed by using
QuantStudio 12K Flex software (Applied Biosystems). Primers for qRT-PCR analysis are in
Supplemental Table 1.

For protein detection, total protein was extracted from plant tissue by using protein sample buffer
(62.5 mM Tris-HCI pH 6.8, 2.5% SDS, 0.002% Bromophenol Blue, 0.7135 M B-mercaptoethanol and
10% glycerol) and boiled under 100°C for 10 min. The extraction was directly used for western blot
analysis with 10% SDS-PAGE. After electrophoresis and transferring, the hybridization with proper

antibodies by SNAP i.d 2.0 Protein Detection System (Merck) was performed. The chemiluminescence
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signal was detected in a darkroom by using film. The loading control was the SDS-PAGE stained with
Coomassie blue.

Chromatin immunoprecipitation (ChIP) gRT-PCR assay

To isolate SPCH-chromatin complex, 1.5 g of 4 dpg wild type (Col-0) and SPCHp::SPCH-CFP
seedlings were harvested and vacuum infiltrated with 1% formaldehyde for 10 min. The crosslinking
reaction was then stopped with 2 M glycine solution. After a series steps of homogenizing samples,
nuclei isolation, lysis and DNA fragmentation (Haring et al., 2007), the protein—chromatin solution was
incubated with GFP antibody-conjugated magnetic beads (ChromoTek) under 4°C overnight. After
eluting and reverse crosslinking under 65°C, the final products were purified by using a PCR cleanup
column (Geneaid) and eluted in 20 pL 10 mM Tris-HCI (pH 8.0). For qRT-PCR, the reaction solution
contained purified products, specific primers and Power SYBR Green Master Mix (Applied Biosystems)
mixed and involving the QuantStudio 12K Flex Real-Time PCR System (Applied Biosystems). EIF4A1
was used as a negative control. The fold enrichment was calculated as follows: Ct value from IP
products was divided by Ct value from input, and the ratio was normalized by setting the wild type
(Col-0) to 1 on each individual detected region. Primers for gRT PCR analysis are in Supplemental
Table 1.

Luciferase reporter assay

The protoplast transient expression was analyzed by PEG-mediated transformation (Yoo et al., 2007).
The reporter, mini35S-MYB16p::LUC2, and the effector, 35S::SPCH-YFP and 35S::SCRM-CFP, and
naked DNA were cotransformed into mesophyll protoplasts isolated from 3-week-old wild-type (Col-0)

leaves. After transformation, the protoplasts were incubated in W5 solution under 22°C with one 16 h
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light/8 h dark cycle. The second day, protoplasts were collected and luciferase activity assay involved
the Dual-Luiciferase system (Promega). The relative LUC2 activity was calculated as (luminescence
intensity generated by LUC2)/(luminescence intensity generated by Rluc), then values were normalized
to the empty vector control, which was set to 1.

PrefixSpan algorithm

Time-lapse images of 7-dpg seedlings were obtained by using whole-leaf tile scanning with a Leica
STELLARIS 8 confocal microscope. The interval time was 8 or 16 h. Cells with serial changes of
fluorescence signals and cell division events were recorded (n=156). The matrix was analyzed by using
the Python package PrefixSpan, with generator mode (Pei et al., 2001). The output matrix was presented
as event counts (Supplemental Figure 2).

Image processing

For projection of Pl-stained confocal images, several stacks were processed by using SurfCut in
Fiji-lmageJ (Erguvan et al., 2019).

Toluidine blue (TB) penetration test

The plants used for the TB penetration test were grown on 1/2 Murashige and Skoog (MS) medium with
0.8% phyto agar (Duchefa Biochemie). An amount of 0.05% (w/v) TB in MQ water was prepared by
using a 0.22-um PVDF filter. Seedlings were immersed with the filtered TB solution for 2 min, then the
excessive dye was washed out by using MQ water. Aerial parts were then transferred into tubes
containing 1 mL 80% ethanol for 2 h in the dark. The ethanol solution was measured by

spectrophotometry with absorbance 430 nm for TB and 626 nm for chlorophyll.
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456  Supplemental Data

457  The following materials are available in the online file.

458 Supplemental figure 1. The localization preference of MYB16 is in stomatal lineage ground cells
459 (SLGC:s).

460 Supplemental figure 2. Stomatal density is reduced in the myb16-crispr mutant.

461 Supplemental figure 3. The workflow of MYB16 and SPCH dynamics by PrefixSpan analysis.
462 Supplemental figure 4. Quantification of CYP77A6 and CYP86A4 transcription patterns.

463 Supplemental figure 5. Two types of stomatal phenotypes in CYP77A6p::MYB16-VP16.

464 Supplemental figure 6. Expression of genes related to stomatal development in ectopic MYB16
465 lines.

466 Supplemental figure 7. Overexpressing EPF2 rescues stomatal clusters in BASLp-driven MYB16
467 lines.

468 Supplemental figure 8. Cuticular-related genes are upregulated after induction in iMYB16 lines.
469 Supplemental Table 1. Primers used in the study

470
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Figure 1. SPEECHLESS (SPCH) binds to MYB16 promoter and downregulates MYB16 in
meristemoids.

(A) A still image of MYB16-YFP (green) and SPCH-CFP (magenta) in a meristemoid (M)-stomatal
lineage ground cell (SLGC) pair in a 7 days post-germination (dpg) wild-type (WT) true leaf.

(B) Frequency of SPCH or MYBI16 in either cell of meristemoid—SLGC pairs. SPCH is often found in
meristemoids as predicted (89.6%). MYB16, in contrast, is preferentially localized to SLGCs (78.4%). A
whole leaf image was used to obtain 583 pairs. M, meristemoid; SLGC, stomatal lineage ground cell.
(C) Time-lapse imaging of SPCH and MYB16 in a meristemoid—SLGC pair. Both SPCH and MYB16
are found in the meristomid at 0 h but only SPCH signal remains at 8 h before asymmetric cell division
(24 h).

(D) Diagram of MYB16 genome region: E-boxes (CANNTG) predicted by PlantPAN 3.0 shown in
yellow, SPCH-binding sites obtained from SPCH ChlP-seq data (Lau et al., 2014) shown in gray. Five
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regions (black bars) designed for the ChIP-qPCR assay were used in (E).

(E) SPCH binds to the promoter of MYB16 as revealed by ChIP-gPCR assay of 4 dpg
SPCHp::SPCH-CFP seedlings with GFP-trap beads. Three biological repeats showed similar results.
EIF4A1 is a negative control. N.D., not detected. Data are mean (SD).

(F) The experimental design for MYB16 luciferase assay. MYB16 promoter fused with a mini-35S
promoter to enhance the expression. Ratiometric luminescent reporters were used to normalize the
expression difference in a given construct.

(G) SPCH functions with SCRM/ICEL to downregulate MYB16 expression. The luciferase assay was
performed in 3-week-old WT protoplasts. Four biological repeats showed similar results. *, p < 0.001.
Data are mean (SD).

For (A) and (C), cell outlines marked by RC12A-mCherry (gray). Scale bar, 5 pum.

See also Supplemental Figure 1.
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Figure 2. Overexpression of MYB16 induces stomatal clusters.

(A) to (H) DIC images of lower epidermis in 10 dpg WT true leaves and two MYB16 inducible lines
(iIMYB16#2 and #3) treated with EtOH (mock) or 50 uM B-estradiol. Stomatal pairs (brackets) are often
found after B-estradiol treatment in the inducible lines. Occasionally, single guard cells (asterisks) are
found (H). Mature guard cells are pseudo-colored in blue. Scale bar, 50 pum.

(1) Quantification of stomatal density from (A) to (H). Stomatal density is increased after B-estradiol
treatment in iIMYB16 lines. Compared to iMYB16#2, iMYB16#3 has higher stomatal number under mock
treatment, which suggests leaky expression. p < 0.05. Kruskal-Wallis test post-hoc with
Holm-Bonferroni method. Data are median (interquartile range).

(J) The quantification of abnormal stomatal phenotypes showing that iMYB16 lines after B-estradiol
treatment have more single guard cell and stomatal clusters (2-3 mer) than WT plants.

(K) MYB16 expression detected by qRT-PCR. The expression of MYB16 is induced more than 200
times after f-estradiol treatment. iIMYB16#3 (23.5X) has higher expression then iIMYB16#2 (7.3X) in
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691  mock condition. Data are mean (SD).

692 (L) Western blot analysis of MYB16 protein level. MYB16 protein level is tightly controlled in
693 IMYB16#2. iMYB16#3 has leaky MYB16 expression in the mock condition, which could explain the
694  phenotypes observed in (F), (1) and (J). Coomassie blue staining of total protein is a loading control.
695  Atotal of 30 lower epidermis samples were observed in (1) and (J).

696  See also Supplemental Figure 2.
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Figure 3. Ectopic expression of MYB16 in early stomatal lineage causes stomatal clusters

(A) Time-lapse confocal images of MYB16-GFP (green) and SPCH-CFP (magenta) in 7 dpg true leaves
showing that SPCH or MYB16 could express individually or together depending on the sequence of cell
division. Arrowheads in different rows indicate cells of interest, in which co-expression of MYB16 and
SPCH or SPCH alone is observed before asymmetric cell division and only SPCH remains after the
division. Time stamps indicate time since start of the first cell division. M, meristemoid; SLGC, stomatal
lineage ground cell; Prd, protoderm.

(B) Results from the sequential pattern analysis of protein expression using the PrefixSpan algorithm.
The colocalization (black) and SPCH alone (magenta) are more frequently seen than is MYB16 alone
(green) before cell division. A total of 156 serial events were collected from time-lapse confocal images
of 7 dpg true leaves for quantification.
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(C) Frequency of SPCH or MYB16 expression before and after cell division using the PrefixSpan
algorithm. The colocalization (black) to SPCH alone (magenta) had the highest frequency (39.1%).

(D) MYB16-YFP driven by the MYB16 promoter in an 8-dpg true leaf. Confocal images showing
MYB16 expression is limited in SLGCs (upper inset), young guard cells (GCs, lower inset) and
pavement cells (arrowhead).

(E) Confocal image of CYP77A6 transcriptional reporter in 4-dpg cotyledon showing CYP77A6
expression is stomatal lineage-specific as seen in meristemoid (upper inset) and young guard cells (low
inset).

(F) Confocal image of CYP86A4 transcriptional reporter in 4-dpg cotyledon showing CYP86A4
expression is guard cell-specific as seen in young guard cells (inset).

(G) Summarized expression window of MYB16, BASL, CYP77A6 and CYP86A4 promoters. M,
meristemoid; SLGC, stomatal lineage ground cell; GMC, guard mother cell; GC, guard cell.

(H) to (J) Confocal images of 10-dpg true leaves. MYB16-YFP is driven by MYB16 (H), BASL (1) or
CYP77A6 (J) promoter. Compared to SLGC-localized leaves (H), BASL and CYP77A6 promoter-driven
MYB16 (1) and (J) are seen in meristemoid cells (arrowheads).

(K) to (M) DIC images of lower epidermis from 10 dpg true leaves of WT (K), BASLp::MYB16-YFP (L)
and CYP77A6p::MYB16-VP16 (M) lines. Stomatal clusters (brackets) are found in BASLp and
CYP77A6p lines. Mature guard cells are pseudo-colored in blue.

(N) Quantification of stomatal density showing increased density when MYB16 is ectopically expressed
in stomatal lineage. A total of 20 lower-epidermis samples observed. *, p < 0.05, by Wilcoxon
signed-rank test. Data are median (interquartile range).

(O) Total cluster events showing ectopically expressing MYB16 in stomatal lineage causes stomatal
clusters. The value obtained from the sum of the events in a total of 20 lower-epidermis samples.

Cell outlines marked by ML1p::RC12A-mCherry in (A), (D) and (H) to (J) (grey in [A], magenta in [D]
and [H] to [J]) and stained by propidium iodide in (E) and (F). Scale bars, 5 um in (A) and 50 pm in (D)
to (F) and (H) to (M).

See also Supplemental Figure 3 to 6.
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738  Figure 4. Stomatal clusters are caused by the mis-localization and reduction of polar protein in
739  stomatal lineage.

740  (A) Diagram showing the EPIDERMAL PATTERNING FACTOR (EPF)-mediated inhibitory pathway
741  incorporating the spatially labeled polarity complex to prevent stomatal clusters in Arabidopsis. EPFs
742  are secreted from meristemoid (M) cells and activate the inhibitory signaling in SLGCs, where the

743  polarity complex recruits inhibitory components, leading to decreased SPCH level.

744  (B) Time-lapse confocal images showing stomatal cluster formation in the BASL promoter-driven

745 MYBI16 ectopic line. Left parts of the images indicate normal stomatal formation. Right parts show the
746  adjacent stoma is derived from an SLGC, resulting in stomatal clustering.

747  (C) to (E) Confocal images of the polarity marker BRXL2 in 7 dpg true leaves. Compared to WT (C),
748  BRXL2-CFP signal (green) is dimmer in BASLp::MYB16-YFP (D) and CYP77A6p::MYB16-VP16 (E).
749  (F) Angle o presents the angle between the orientation of midrib and BRXL2. The orientation toward
750  the proximal part of 7 dpg true leaves is set to 0°.

751  (G) to (I) The orientation of polarity in WT (G), BASLp::MYB16-YFP (H) and

752  CYP77A6p::MYB16-VP16 (1). To avoid propidium iodide effect, data were quantified from confocal
753  images of 7 dpg true leaves expressing BRXL2 in the indicated lines without propidium iodide staining.
754 n=769, 324 and 615 in (G) to (I), respectively.

755  (J) The presence of BRXL2 in meristemoid-SLGC pairs showing that more cells in WT have BRXL2
756  crescents. n = 227, 150 and 217 are total cells analyzed in the corresponding order in (J).

757  (K) The polarity degree of BRXL2 crescent showing that the WT has the higher polarity degree

758  compared to MYB16 ectopic lines. Polarity degree (C/P) is calculated from crescent length divided by
759  cell perimeter. The dataset is derived from 67 cells with peripheral BRXL2 for each line. The dot shows
760  the Tukey outlier. *, p < 0.001, by student t-test. Data are median (interquartile range).

761  Cell outline marked by ML1p:RC12A-mCherry in (B) and labelled by propidium iodide in (C) to (E), (J)
762  and (K). Scale bars, 5 um in (B) and 50 um in (C) to (E).

763  See also Supplemental Figure 7.
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Figure 5. Stomatal phenotype in MYB16 ectopic expression lines was rescued by high-percentage
agar treatment.

(A) Quantification of stomatal density showing the rescue of MYB16 ectopic expression lines by
high-percentage agar treatment. Low, 1% agar as normal condition, and high, 2.5% agar. A total of 30
lower-epidermis samples in each 10 dpg plants were observed. Kruskal-Wallis test post-hoc with
Holm-Bonferroni method, p < 0.01. Data are median (interquartile range).

(B) Stomatal clusters are reduced after high-percentage agar treatment. The rescue percentage was
calculated by using the difference of cluster events between two kinds of agar treatments divided by the
number of cluster events in low-percentage agar treatment.

(C) to (H) Confocal images of the polarity marker BRXL2 in 7-dpg true leaves with two different
concentrations of agar treatment. BRXL2-CFP signal (green) is similar in WT (C) and (F) but stronger
in BASLp::MYB16-YFP (D) and (G) and CYP77A6p::MYB16-VP16 (E) and (H) after high-percentage
agar treatment.

() to (K) The orientation of polarity is rescued in BASLp::MYB16-YFP and CYP77A6p::MYB16-VP16
after high-percentage agar treatment. The data were quantified from confocal images of 7-dpg true
leaves expressing BRXL2 without propidium iodide staining. n = 587, 369, 321 in (F) to (H),
respectively.

(L) The rescue of the BRXL2 crescent size in MYB16 ectopic expression lines by high-percentage agar
treatment. The calculated method is the same as in Figure 4K. 60 cells with peripheral BRXL2 of each
line under each treatment were collected. The dot shows the Tukey outlier. p < 0.001, by two-way
ANOVA with Tukey post-hoc test. Data are median (interquartile range).

For (C) to (H), cell outline is labelled by propidium iodide. Scale bars, 50 um in (C) to (H).
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790  Figure 6. The stomatal clusters in MYB16 ectopic lines are reduced by expression of a cutinase,
791 CDEFL..

792 (A) The biosynthesis pathway of the cuticular layer. The C16/C18 fatty acid from plastids is transformed
793  into the acyl-CoA intermediate by LACS1 and LACS2. The hydroxylation of acyl-CoA intermediate is
794  catalyzed by CYP86A4, CYP77A6 and GPAT4/6/8 sequentially to produce the monomer for cuticular
795 layer synthesis. CYP86A4 and GPAT4/6/8 can catalyze both C16 and C18 intermediates, but CYP77A6
796  preferentially uses C16 as a substrate (Li-Beisson et al., 2009). The transportation of the monomers by
797 ABCGL11 and ABCG32 transporters supplies the material required for the polymerization of the cuticular
798 layer outside cell walls. LACS1/2, LONG CHAIN ACYL-COA SYNTHETASE 1/2; GPAT4/6/8,

799 GLYCEROL-3-PHOSPHATE SN-2-ACYLTRANSFERASE 4/6/8.

800 (B) Relative mRNA expression of cuticle biosynthesis genes in MYB16 ectopic lines. 7 dpg WT is used

801 asareference. Data are mean (SD).
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(C) Toluidine blue (TB) test on 7 dpg seedlings of WT, BASLp::MYB16-YFP, CYP77A6p::MYB16-VP16
and MYB16p::MYB16-SRDX. Scale bars, 0.5 cm.

(D) Quantification of penetrated TB showing MYB16-SRDX plants are most permeable and BASLp or
CYP77A6p lines are less permeable than WT seedlings. The TB absorbance (A626) is normalized by
chlorophyll absorbance (A430). *, p < 0.001, by student t-test.

(E) Quantification of stomatal density showing the partial rescue of MYB16 ectopic expression lines by
ectopically expressing cutinase CDEF1. A total of 20 lower epidermis samples in each 10 dpg plants
were observed. *, p < 0.05, by Wilcoxon signed-rank test. Data are median (interquartile range).

(F) The stomatal clusters are reduced after ectopically expressing cutinase CDEF1. The rescue
percentage is the difference of the cluster event between control and ML1p::CDEF1-flag divided by the
event number in control.

See also Supplemental Figure 8.
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Figure 7. Ectopic MYB16 expression in meristemoids leads to stomatal clusters by modulating

polarity protein behavior during asymmetric cell division.

In WT epidermis, meristemoids restrict MYB16 expression to ensure polarity establishment for proper

stomatal patterning. However, in MYB16 overexpression and ectopic expression lines, high MYB16

expression in meristemoids causes cuticle accumulation. The incorrect timing of cuticle formation may

affect the mechanical property in cells, which further causes mis-polarization and reduction of polarity

protein during asymmetric cell division. The dark grey shading represents the polarity degree.
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