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The asymmetric cell divisions necessary for stomatal lineage initiation and progression in Arabidopsis (Arabidopsis thaliana) require
the function of the basic helix-loop-helix (bHLH) transcription factor SPEECHLESS (SPCH). Mutants lacking SPCH do not produce
stomata or lineages. Here, we isolated a new spch-5 allele carrying a point mutation in the bHLH domain that displayed normal
growth, but had an extremely low number of sometimes clustered stomata in the leaves, whereas the hypocotyls did not have any
stomata. In vivo tracking of leaf epidermal cell divisions, combined with marker lines and genetic analysis, showed that the spch-5
leaf phenotype is dosage dependent and results from the decreased ability to initiate and amplify lineages, defects in asymmetric
cell fate allocation, and misorientation of asymmetric division planes. Notably, application of brassinosteroids (BRs) partly rescued
the stomatal leaf phenotype of spch-5. Transcriptomic analysis combining spch-5 with BR treatments revealed that the expression of
a set of SPCH target genes was restored by BRs. Our results also show that BR-dependent stomata formation and expression of
some, but not all, SPCH target genes require the integrity of the bHLH domain of SPCH.

Stomata, which capture carbon dioxide for photo-
synthesis while controlling excessive water loss, are set
through a genetic program connected to environmental
and physiological factors (Raven, 2002; Casson and
Hetherington, 2010; Dow et al., 2014). Stomatal de-
velopment in Arabidopsis (Arabidopsis thaliana) takes
place through a stereotyped cell division and differen-
tiation pathway that also ensures proper patterning
(Supplemental Fig. S1). Current understanding of the
process involves the signaling peptides EPIDERMAL
PATTERNINGFACTORs (EPFs)with both positive and
negative downstream effects (Torii, 2015). The peptides
are perceived by receptor complexes that contain sev-
eral combinations of receptor-like kinases (RLKs) and

TOO MANY MOUTHS (TMM), a receptor-like protein
that lacks the kinase domain (Meng et al., 2015; Han
and Torii, 2016). The signal is sent through a mitogen-
activated protein kinase (MAPK) phosphorylation
cascade led by the MAPKKK YODA that finally
affects the activity of three related basic helix-loop-
helix (bHLH)-type transcription factors, SPEECH-
LESS (SPCH), MUTE, and FAMA (Lampard et al.,
2009; Meng et al., 2015; Simmons and Bergmann,
2016). These bHLH proteins act as positive drivers of
cell divisions and fate decisions from the initiation of
stomatal lineages to their completion with the forma-
tion of two guard cells (Pillitteri and Torii, 2007),
cooperating with the paralogous proteins INDUCER
OF CBF EXPRESSION1 (ICE1), which is also known
as SCREAM (ICE1/SCRM), and SCRM2, probably
through heterodimerization (Kanaoka et al., 2008).
SPCH is crucial for the entry asymmetric cell divisions
(ACDs) that create the stomatal lineages and is also
required for the subsequent amplification ACDs, lead-
ing to an increased number of cells in the lineages (and,
thus, in the leaf epidermis) and for the spacing ACDs
that prevent the differentiation of stomatal clusters
during satellite lineage formation. SPCH activity is
negatively regulated by phosphorylation through the
MAPK cascade led by YODA (MacAlister et al., 2007;
Lampard et al., 2008). SPCH activity is also influenced
by brassinosteroids (BRs) via BIN2-mediated phospho-
rylation and inactivation of both SPCH (Gudesblat et al.,
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2012) and the YODA-MAPK pathway (Kim et al., 2012;
Khan et al., 2013). Whereas SPCH phosphorylation by
BIN2 results in stomata repression, the inactivation of
the YODA cascade releases repression; thus, it promotes
stomata formation. Thus, BRs have opposite effects on
the SPCH activity, and the output may depend on how
prominent each of the two pathways is, as both pro-
motion and repression have been reported in hypocotyls
(Gudesblat et al., 2012; Wang et al., 2015) and in cotyle-
dons and leaves (Kim et al., 2012; Khan et al., 2013).

By means of chromatin immunoprecipitation se-
quencing (ChIP-seq) combined with transcriptomics,
various genes directly regulated by SPCH have been
described (Lau et al., 2014), but, to date, no direct DNA
binding for SPCH, alone orwith other partners, has been
demonstrated. The central role of SPCH in stomata de-
velopment has been underlined by recent models pro-
posing that SPCH creates a transcriptionally positive
feedback loop with ICE1, up-regulating the expression
of the signaling peptide EPF2 and TMM, whereas the
RLK ERECTA is outside the loop (Horst et al., 2015). In
this pathway, EPF2 would buffer the positive feed-
back loop of SPCH/ICE1 heterodimers and its high
diffusivity would spread lateral inhibitory effects to
neighbor cells around stomatal precursors, guaran-
teeing strictly localized SPCH accumulation (Horst et al.,
2015). The detailed developmental processes and mech-
anisms involving SPCH are still not totally understood,
partly because loss-of-function SPCH mutants do not
initiate lineages, because they are defective in entry
ACDs. The involvement of SPCH in amplification and
spacing divisions was based on the weak allele spch-2
(MacAlister et al., 2007), highlighting the potential of
non-null mutants to discover gene functions.

Here, we isolated and characterized a hypomorphic
SPCH allele, spch-5. This mutant carries a mutation
within the bHLH domain of the protein and displays
several stomatal pattern defects, such as strongly de-
creased stomatal and epidermal cell production, sto-
matal clustering, increased pavement cell size, lack of
physical and fate asymmetry in the stomatal line-
age divisions, misorientation of the division planes,
and widespread transcriptional changes. Notably,
BR treatment reverted the low stomatal numbers of
spch-5 and, partly, the clustering phenotype and tran-
scriptomic signature of the mutant. Combining genetic,
biochemical, and transcriptomic approaches with
transactivation assays, we found possible molecular
components and mechanisms involved in SPCH func-
tions that are dependent or independent on the integ-
rity of its bHLH domain, suggesting that direct DNA
binding might be needed only for some of them.

RESULTS

Identification of the spch-5 Mutant

To identify regulators of stomatal patterning, we
screened EMS-mutagenized Arabidopsis Columbia-0

(Col-0) seeds for aberrant epidermal phenotypes in
the cotyledons of M2 seedlings. We isolated the low
density and clustering (ldc) mutant that had a strikingly
low stomatal density in both adaxial and abaxial coty-
ledon epidermis and occasional stomatal clusters (Fig.
1A; Supplemental Fig. S2). Homozygous ldc plants
were fertile, grew normally, and looked morphologi-
cally similar to the wild-type Col-0 plants (Fig. 1B).
Genetic analysis indicated that ldc is a recessive single-
gene mutant because the epidermis of the F1 plants
from a cross between ldc and Col-0 was normal and the
F2 progeny segregated wild type to ldc phenotypes
according to the expected 3-to-1 ratio (n = 40; x2signif-
icance level of 5%). Genetic mapping revealed a com-
plete linkage between the gene responsible for the ldc
phenotype and the marker MNB8 in chromosome
5 (Supplemental Fig. S3A), located at 58 kb of SPCH.We
sequenced the SPCH coding region in ldc plants and
identified a C/T change at position 331 that generated
an Arg/Trp substitution at position 111, in the basic
region of the bHLH domain (Fig. 1C; Supplemental Fig.
S3B). Transformation of ldc with a SPCHpro:SPCH con-
struct fully rescued the mutant phenotype (Fig. 1D). In
addition, crossing homozygous ldc plants with plants
heterozygous for the spch-3 null allele (MacAlister et al.,
2007) created heterozygous ldc/spch-3 individuals that
presented a very low stomatal abundance. Altogether,
these results confirmed that the mutation in the SPCH
locus is the cause of the ldc phenotype. Therefore, we
will hereafter refer to this ldc mutation as spch-5.

The spch-5 Epidermal Phenotype Differs among Organs

Next, stomatal abundance and patterning were ex-
amined in different plant organs. As measured by the
stomatal index (SI; number of stomata/total number of
epidermal cells 3 100) and the stomatal density (SD;
number of stomata per mm2), the number of stomata
produced in the abaxial cotyledon epidermis of spch-5
was largely reduced, with 50% and 23% lower SI and
SD than those of the Col-0 (Fig. 1E). Despite the sto-
matal scarcity, 29% of the stomata in spch-5 appeared in
clusters, most of them formed by two stomata and
rarely by three or more (29% 6 5% in spch-5 compared
to 0.6% 6 0.3% in Col-0; n = 10; mean 6 SE).

The spch-5 mutant did not form ectopic stomata in
normally stomataless organs, such as petals and stamen
filaments. In sepals, pedicels, siliques, and stamens,
stomata were present, with occasional patterning mis-
takes in sepals (Supplemental Fig. S4). Cylindrical or-
gans were severely affected in the mutant; notably,
spch-5 hypocotyls lacked stomata (Fig. 1D; no stomata
found in n = 10), and spch-5 stems barely produced
stomata compared to the wild type (Supplemental Fig.
S4). In the abaxial epidermis of the third leaf, the SD of
spch-5 was ;54% lower than that of the wild type, al-
though the SI was the same in the two genotypes
(Supplemental Fig. S5, A and B). Interestingly, the size
of the cotyledons and the third leaf was unaffected in
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spch-5 plants (Fig. 1E; Supplemental Fig. S5B). We cal-
culated the pavement cell density (PCD) for the abaxial
epidermis of the third leaf. In spch-5, the PCD value was
half that in Col-0 (Supplemental Fig. S5B). The size of

individual pavement cells was also measured. The
mutant epidermis had an overrepresentation of large
cells compared to the wild type (Supplemental Fig. S5,
C and D). We estimated the number of total stomata
and pavement cells from previous parameters (SD,
PCD, and organ area) in the abaxial epidermis of the
third leaf and the cotyledon. In both organs, the pave-
ment cell number was much higher in Col-0 than in
spch-5 (33,336 versus 18,046 in the leaf and 1,791 versus
927 in cotyledons, respectively). The total number of
stomata in the leaf was 10,216 and 5,565 in thewild type
and mutant plants, respectively. In mutant cotyledons,
the number dramatically diminished to 183 stomata
compared to 828 in the wild type. Thus, the spch-5
mutation reduces the number of stomata and pavement
cells in the epidermis without impairing the mecha-
nisms that compensate pavement cell number and size
(Hisanaga et al., 2015).

Developmental Bases of the spch-5 Phenotype

Because SPCH directs the entry, spacing, and am-
plifying ACDs during stomatal formation (MacAlister
et al., 2007), we assessed whether the spch-5mutant had
alterations in any of these divisions. To this end, we
studied the kinetics of cell division and differentiation
during stomatal lineage progression in the abaxial ep-
idermis of the third leaf of spch-5 and Col-0. Epidermal
imprints were obtained from the same primordium at
24-h intervals (T0 through T4), registering, for each time
point, the number of stomata and stomata precursors
(meristemoids plus guard mother cells), the number of
total epidermal cells, and the number of entry divisions
(Fig. 2). The spch-5 mutation did not affect the persis-
tence of protodermal cells competent to initiate sto-
matal lineages in the developing epidermis because at
T0, both genotypes presented some stomatal precursors
that augmented in the following 4 d. Stomata were first
detected in Col-0 at T1, but did not appear consistently
until T3 in spch-5 (Fig. 2A). The number of stomatal
lineages (precursors plus stomata) increased gradually
over time in both genotypes, albeit it wasmuch lower in
the mutant at all the time points examined (Fig. 2B).
The mutant exhibited a markedly reduced frequency of
entry divisions at early time points (T0 through T2),
when most of the stomatal lineages were initiated in
Col-0 (Fig. 2C). In Col-0, 85% of the T0 cells initiated
stomatal lineages, whereas only 30% did so in spch-5
(Supplemental Fig. S6A). A similar evolution was ob-
served for the cell proliferation rate and, consequently,
the total cell number increased only limitedly in spch-5,
particularly at late time points (Fig. 2, D and E). The
number of stomatal lineage ground cells (SLGCs),
which originate from amplifying divisions of the mer-
istemoid, was also significantly lower in spch-5 than in
Col-0 (Supplemental Fig. S6B). At the latest time point
examined, spch-5 had produced only 31% of the total
stomata plus precursors and 48% of the cells produced
by Col-0. Surprisingly, both Col-0 and spch-5 displayed

Figure 1. Phenotype of ldcmutants and molecular identification of the
spch-5mutation. A, DIC images of entire 15-d-old abaxial cotyledons of
Col-0 and ldc. B, Growth phenotypes of 40-d-old Col-0 and ldc plants.
C, Diagram of SPCH showing the spch-5mutation (red) causing an Arg-
to-Trp change within the bHLH domain (blue box). Other alleles have
point mutations outside the bHLH domain (spch-1 and spch-2) or
T-DNA insertions (spch-3; black triangle). D, DIC micrographs showing
the abaxial epidermis of 23-d-old cotyledons and 10-d-old hypocotyls
in Col-0, spch-5, and the complemented spch-5/SPCHpro:SPCH-GFP
line. Stomata are false colored in purple for easier identification. Sto-
matal clusters are marked by brackets. E, Graphs representing stomatal
index, stomatal density, and organ area in the abaxial epidermis of 23-d-
old cotyledons. Gray and orange bars denote Col-0 and spch-5, respec-
tively. Asterisks indicateP,0.05 (Student’s t test;n=10), and n.d indicates
P . 0.05. Error bars represent SE. Bars = 0.5 mm in A and 50 mm in D.
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a similar proportion of primary lineages undergoing
satellization (35% and 37%, respectively; Supplemental
Fig. S6C), indicating that spch-5 had seemingly no im-
pact on spacing divisions. In addition, the differentia-
tion of guard cells in spch-5 was delayed compared to
that of Col-0 (Supplemental Fig. S6D).

One of the most striking features of spch-5 plants was
the combination of a low stomatal abundance with
stomatal clustering (affecting 18% of the stomata).
Thus, we determined the specific alterations in the de-
velopmental pathway by reconstructing stomatal line-
age histories of 128 clusters in the same leaf imprint
series. Clusters were classified and quantified based on
their origin (Fig. 3A). Most clusters (49%; type-I) origi-
nated from meristemoid divisions that produced two
daughter cells with the same stomatal fate. Type-II
clusters (28%) arose from misoriented SLGC spacing
divisions, leading to differentiation of satellite stomata
adjacent to preexisting primary stomata or precursors.

In type-III (23%), stomata pairs derived from different,
but neighboring, primary lineages. Hence, spch-5
showed a reduced ability to assign fate asymmetry to
the two meristemoid daughter cells and was defective
in signaling mechanisms between stomata and/or sto-
matal precursors.

To investigate the possible causes of this lack of
asymmetric fate in the most abundant type-I clusters,
we used TMMpro:GFP as a marker of stomatal lineage
cells (Nadeau and Sack, 2002; Fig. 3, B–F). As reported
(Nadeau and Sack, 2002) in Col-0, TMMpro:GFP was
highly expressed in meristemoids, at a much lower
level in the youngest SLGCs, and only rarely in other
lineage cells (Fig. 3, B and C). In spch-5, sometimes two
adjacent small lineage cells showed an equally high
GFP signal (Fig. 3, D and F), although other lineages
had a proper asymmetric marker allocation (Fig. 3E).
These small GFP-expressing cells appear to be the
products of a recent cell division and one of them

Figure 2. In vivo tracking of epidermal cell divisions and stomatal differentiation in leaf primordia. A, Abaxial epidermis of third-
leaf primordia in Col-0 and spch-5 plants followed in vivo with serial resin imprints. Epidermal replicas were inspected at 24-h
intervals for 4 d (T0–T4). Drawings are reproductions from representative micrographs of the Col-0 and spch-5 serial imprints at
the times indicated. Stomatal precursors are marked in yellow and stomata in green. B to E, Graphs of the number of stomata and
stomata precursor cells (B), entry division rate (C), cell proliferation rate (D), and number of total cells (E) from leaves (n = 5) per
genotype and with 50 cells at the initial field (T0) of 50 cells. Error bars represent SE. Bars = 100 mm in A.

826 Plant Physiol. Vol. 174, 2017

de Marcos et al.

http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1


frequently exhibited a characteristically meristemoid
morphology.
To assess whether spch-5 also affected the physical

asymmetry of meristemoid divisions, we used Col-0
and spch-5 lines with the TMMpro:GFP marker (Fig.
3G). The mean and median relative cell area of mer-
istemoids was very similar in both genotypes: 37% and
36% of the combined area of the two daughters (the
meristemoid and its sister SLGC) in Col-0 and spch-5,
respectively (Fig. 3H). However, we found differences
in spch-5 between the meristemoid relative area in lin-
eages producing either one isolated stoma or two sto-
mata in contact (type-I clusters). When meristemoids
generated daughter cells with an unequal fate (leading
to isolated stomata), the size of the daughter cells was

also dissimilar and the new meristemoid had a mean
relative area of 38% (Fig. 3I) as previously described for
Col-0 (Dong et al., 2009). In contrast, in lineages leading
to type-I clusters, the smallest daughter cell had a mean
relative area of 45% (Fig. 3I). These results indicate that
in spch-5 the two cell products of some meristemoid
divisions have a similar size and lack fate asymmetry.

To analyze whether the stomatal cluster develop-
ment in spch-5 involved failures in the mechanisms that
ensure the correct orientation of the division plane in
ACDs, we took advantage of the regular rosette-like
arrangement of lineage cells developed by mute
mutants (Pillitteri et al., 2007; Triviño et al., 2013;
Supplemental Fig. S7). In the mute-3 spch-5 double
mutant, disorganized groups of small cells replaced the

Figure 3. Defective ACD in spch-5. A, Stomatal 2-mer cluster ontogeny followed through serial resin imprints as in Figure 2. The
relative percentage of the three different cluster ontogenies found in spch-5 was calculated with data collected for 4 d at 24-h
intervals from 128 clusters in seven plants. Drawings are representative examples reproduced from micrographs of the serial
imprints. Stomatal precursors are marked in yellow and stomata in green. B and D, Confocal images of the adaxial epidermis of
3-d-old cotyledons in Col-0 (B) and spch-5 (D), carrying themarker TMMpro:GFP (green) and stainedwith propidium iodide (red).
C, E, and F, Magnified fields from B and D. Cell outlines are indicated as dotted lines. G, Procedure to estimate relative mer-
istemoid size as the percentage of the mother cell area that corresponds to each of the two daughter cell products of an asym-
metric division. H, Graph representing the relativemeristemoid size, as determined in G after lineage cell divisions in Col-0 (gray)
and spch-5 (orange). I, Relative meristemoid size in spch-5 type-I clusters (green) and isolated stomata (purple) by means of serial
resin imprints (see “Materials and Methods” for details). Bars = 100 mm in B and D and 20 mm in C, E, and F.
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typical rosette pattern of mute-3 lineages. These small
cells were stomatal lineage cells executing ACDs with
misoriented division planes because their TMMpro:GFP
expression varied to various extents.

Together, these data evidence that the very low sto-
matal numbers and moderate clustering in spch-5 result
from the defective capacity for entry and amplifying
divisions in the stomatal lineages, dysfunctions in the
physically asymmetric divisions of meristemoids, dif-
ficulties to assign an unequal fate to the two daughter
cells, and improper orientation of these divisions be-
tween and within lineages.

Molecular Basis of the spch-5 Dysfunction

The spch-5 point mutation produced a substitution of
Arg R111 by a Trp in the bHLH domain (Fig. 1C;
Supplemental Fig. S3B) predicted to bind the canoni-
cal G-box (CACGTG) through the conserved residues
H-E-R (H104, E108, and R112 in SPCH; Supplemental
Fig. S3B). Although the mutated Arg (R111) residue in
SPCH-5 is not a G-box-binding residue, it is highly
conserved among species (Carretero-Paulet et al.,
2010), and in the E47 transcription factor ofDrosophila
melanogaster, it forms hydrogen bonds with the DNA
backbone to stabilize the interaction of the Glu that
contacts the G-box (E108 in SPCH) (Ellenberger et al.,
1994). In our model of the SPCH bHLH domain, created
with the human protein Myc-Max (PDB ID = 1 nkp)
as template, a similar hydrogen bond between R111 and
E108, the critical position for DNA binding, could be
detected (Supplemental Fig. S8). Accordingly, when R111

was replaced by Trp in the SPCH-5 protein, the resulting
W111 did not establish this bond with E108, theoretically
compromising the DNA-binding capabilities of SPCH-5.
Although ChIP-seq or ChIP-PCR with SPCH have been
carried out (Lau et al., 2014; Horst et al., 2015), a direct
DNA binding of SPCH could not be demonstrated. A
yeast one-hybrid assay was used to test whether SPCH
and SPCH-5 bind the canonical G-box motif with
PHYTOCHROME-INTERACTING FACTOR4 (PIF4) as
control. The results were negative (Supplemental Fig.
S9), similarly as those reported for the maize (Zea mays)
factor R that shares the presence of bHLH and ACT
domains with SPCH (MacAlister and Bergmann, 2011;
Kong et al., 2012). Deletion of the ACT domain of the R
factor, but not of SPCH, allowed G-box binding (Kong
et al., 2012; Supplemental Fig. S9). No interaction with
the G-box was detected in yeast producing both SPCH
and ICE1 proteins (Supplemental Fig. S9), suggesting
that SPCH-ICE1 heterodimers do not bind the canonical
G-box motif in this assay.

Mutations in the bHLH domain might impair di-
merization with other transcription factors (Massari
and Murre, 2000). To test dimerization capabilities in
planta, we used the bimolecular fluorescence comple-
mentation (BiFC) assay in Nicotiana benthamiana leaves.
GFP expression indicated heterodimer assembly with
both SCRMs for SPCH and for SPCH-5 (Supplemental

Fig. S10A). In contrast, no homodimer was formed for
SPCH in BiFC (Supplemental Fig. S10B), as reported
previously (Kanaoka et al., 2008).

Subsequently, we chose to evaluate whether SPCH-5
might have altered DNA-binding capacities. We con-
structed SPCHPPP, a SPCHvariantwith the criticalDNA-
contacting residues (H104, E108, and R112) substituted by
prolines, a modification that impairs DNA binding in
other bHLH proteins (Pace and Scholtz, 1998; Maerkl
and Quake, 2009; De Masi et al., 2011). BiFC assays de-
termined that the SPCHPPP variant was able to interact
with both SCRMs in planta (Supplemental Fig. S10C).
To check the capacity of this variant to sustain sto-
matal development, we introduced the GFP-tagged
SPCH-5 or SPCHPPP driven by the SPCH promoter
into the null spch-3 background (designated SPCH-5/
spch-3 and SPCHPPP/spch-3, respectively) and com-
pared several independent homozygous lines with the
previously described spch-3 line fully complemented
with SPCHpro:SPCH-GFP (designated SPCH/spch-3;
Gudesblat et al., 2012). Like the spch-5 mutant,
lines producing the SPCH-5 or SPCHPPP proteins were
fertile and had a normal growth, but they formed
few stomata, some of them clustered, in cotyle-
dons and leaves, and lacked stomata in hypocotyls
(Supplemental Fig. S11, A–C). The expression pattern
of SPCH-GFP and the two mutant versions did
not differ qualitatively in young abaxial cotyledons
(Supplemental Fig. S11, D–F). Taken together, these
results show that SPCH-5 and SPCHPPP lead to very
similar phenotypes, indicating that these lesions in the
bHLH domain of SPCH, putatively affecting the DNA
binding, have functional consequences.

SPCH-5 Dosage Affects the Stomatal Phenotype

According to its phenotype and recessive behavior,
we hypothesized that spch-5 is a partial loss-of-function
(hypomorphic) allele and, as such, might have a dose
effect. Hence, we crossed spch-5 plants with plants
heterozygous for the null spch-3 mutant to produce
plants with only one copy of the spch-5 allele (spch-5/
null). Plants with only one SPCH-5 copy had a very
limited growth (Fig. 4A), although they produced some
seeds after prolonged cultivation, and their adaxial
cotyledon epidermis barely produced stomata (Fig. 4B),
implying a dosage sensitivity and corroborating the
hypomorphic nature of the spch-5 allele. We also in-
troduced extra copies of SPCH-5 by transforming spch-5
plants with the transgene SPCHpro:SPCH-5-GFP. Two
double homozygous independent lines, each carrying
four SPCH-5 doses, produced statistically significantly
more stomata than spch-5 (Fig. 4C). Although the alle-
viation of the mutant phenotype was evident in abaxial
cotyledons with extra copies of SPCHpro:SPCH-5, hy-
pocotyls remained unable to produce stomata (Fig. 4E).
These observations reveal that spch-5 showed a dose-
dependent phenotype in cotyledons, but, in hypocotyls,
that it behaves as a null mutant.
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The amount of active SPCH-5 protein was genetically
increased by eliminating YODA, a known SPCH re-
pressor that decreases SPCH activity via phosphoryla-
tion (Bergmann et al., 2004; Lampard et al., 2008). The
double spch-5 yoda-10 mutant still produced more sto-
mata than Col-0 in cotyledons, but both SI and clus-
tering were significantly reduced compared to those of
yoda-10 (Fig. 4, D and E). Interestingly, the loss of the
YODA function in a spch-5 background did not allow
stomata formation in hypocotyls, in which the stomatal
production remained blocked in the double mutant
(Fig. 4E).
The SPCH protein can be stabilized by application

of brassinolide (BL), the most active BR (Gudesblat
et al., 2012). In terms of stomata production, its effect
is mostly evident in hypocotyls. As reported before
(Gudesblat et al., 2012), 50 nM BL had no distinctive
effect on the stomatal phenotype of Col-0 cotyledons

compared to plants grown in control medium (Fig. 5,
A–C). In contrast, when spch-5 plants were grown on
BL, the SI increased significantly and the stomatal
clustering diminished (from 21%6 6% inmock to 9%6
2% in BLmedium; Fig. 5, A–C). Remarkably, BL did not
affect the epidermal phenotypes of either the spch-3
lines expressing SPCHPPP or the spch-2 mutant (Fig. 5;
Supplemental Fig. S12). The spch-3 cotyledons did not
produce stomata either in control or in BL-containing
medium (Fig. 5, A and B), as previously reported for
hypocotyls (Gudesblat et al., 2012). To determine
whether the BL treatment affected the SPCH-5 accu-
mulation in spch-5 as reported for SPCH in Col-0
(Gudesblat et al., 2012), we generated homozygous
plants carrying the SPCHpro:SPCH-5-GFP fusions in
a spch-3 null background. Immunoprecipitation of
SPCH-5-GFP revealed that a short BL treatment re-
markably increased protein accumulation compared to

Figure 4. SPCH-5 dosage effects on the stomatal phenotype. A, Growth phenotype of the different genotypes tested for gene
dosage effects 33 d after sowing in soil. B, Adaxial stomatal index of soil-grown fully expanded cotyledons (25 d for all the
genotypes, except for spch-5/null that needed 35 d because of its delayed growth). C, Abaxial SI of 23-d-old cotyledons in Col-0
(gray), spch-5 (orange), and two independent spch-5 lines carrying extra copies of the transgene SPCHpro:SPCH-5 (green). D,
Abaxial SI of 23-d-old cotyledons in Col-0 (gray), spch-5 and yoda-10 single mutants (orange), and spch-5 yoda-10 double
mutants (green). Asterisks in B to D indicate P , 0.05 (Student’s t test) when compared to spch-5. Error bars represent SE. E,
Representative DIC images of the cotyledon epidermis quantified in C and D and the 10-d-old hypocotyl epidermis of the same
genotypes. Hypocotyls show clustered stomata in yoda-10 and complete absence of stomata in spch-5, two independent lines of
spch-5with two extra copies of SPCHpro:SPCH-5, and spch-5 yoda-10 double mutant. Stomata are colored in purple. Bars = 50 mm.
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the quasi-undetectable protein found in nontreated
plants (Fig. 5D). Hence, BL mediated the SPCH-5
stabilization, providing a possible mechanism for the
partial rescue of the spch-5 phenotypes by the BL
treatment. Similarly, BL treatment of SPCHpro:SPCH

PPP-
GFP led to protein stabilization (Fig. 5D); in contrast,
the stomatal phenotype of this line was unaffected by
BL (Fig. 5, A–C). Altogether, our results support the
notion that, at least in cotyledons, the phenotypes as-
sociated with the dysfunctional SPCH-5 protein are
highly dependent on protein dosage and that increas-
ing the SPCH-5 amounts or activity can overcome the
low stomatal production of spch-5.

spch-5 and SPCHPPP/spch-3 Partially Share
Transcriptomic Signatures

To better understand the molecular bases for the
spch-5 phenotype, we carried out a microarray-based

transcriptomic analysis with 3-d-old seedlings from
wild-type (Col-0), spch-5, and SPCHPPP-complemented
spch-3 plants (SPCHPPP/spch-3). Cotyledons of these
young seedlings had abundant developing stoma-
tal lineages that highly express SPCH variants
(Supplemental Fig. S11, D and E). In this analysis, spch-3
was not included because at this developmental time
the mutant seedlings cannot be accurately identified in
segregating populations. In addition, it is well known
that spch-3 lacks stomatal lineages (MacAlister et al.,
2007) and that BL treatment does not change this phe-
notype (this work). It is also established that spch-3 does
not express lineage marker genes, both through obser-
vation of promoter-reporter fusions and transcriptomic
analysis (Horst et al., 2015; MacAlister et al., 2007).
Given that most stomatal regulators are low-expressing
genes, hereafter we defined differentially expressed
genes (DEGs) as thosewith at least an 1.5-fold change in
transcript abundance and with a P value lower than
0.05. The analysis identified 3,035 and 4,401DEGs in the

Figure 5. spch-5 epidermal phenotype alleviated by BRs through protein stabilization. A, Representative images of some plants
scored in B and C, with stomata marked in purple and clusters denoted by brackets. Bars = 50 mm. B, Stomatal index of abaxial
epidermis of 23-d-old cotyledons from plants grown on control medium (with DMSO as mock treatment; gray) or with 50 nM BL
(purple). C, Clustering percentage in 23-d-old abaxial cotyledons of spch-5 under control medium (gray) or BL (purple). Error bars
represent SE. Asterisks indicate P, 0.05, and n.d indicates P. 0.05 (Student’s t test) compared to the control medium. D, Protein
immunoprecipitation with anti-GFPantibody (top) in protein extracts from spch-3 plants transformed with SPCHpro:SPCH-5-GFP
or SPCHpro: SPCH

PPP-GFP. Antitubulin antibody used as loading control (bottom).
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spch-5 and SPCHPPP/spch-3 lines, respectively, com-
pared to Col-0 (Fig. 6; Supplemental Data Sets S1 and
S2). The relative expression levels for a panel of genes
was further tested by qPCR, and the results showed
similar expression tendencies for all 10 genes as esti-
mated by the microarray analysis (Supplemental Fig.
S13). The Gene Ontology analysis with ClueGO
(Bindea et al., 2009) revealed that the functional cate-
gories overrepresented in the spch-5 down-regulated
genes were cell division and expansion, microtubule-
associated processes, hormone responses, and His
kinases (Supplemental Fig. S14). No categories for
metabolic processes were overrepresented, support-
ing the impression that the general physiology of
spch-5 is not significantly different from the wild type
at this early seedling stage. Of all spch-5 DEGs, 1,476
were up- and 1,559 were down-regulated with fold
changes ranging between213.4 and 16.2 (Supplemental
Data Set S1). Among the down-regulated geneswere the
known stomatal regulators EPF2, TMM, POLAR, and
FAMA (fold changes between28.4 and25.2) as well as
EPF1, SPCH, BREAKING OF ASYMMETRY IN THE
STOMATAL LINEAGE (BASL), STOMATAL DENSITY
AND DISTRIBUTION1 (SDD1), MUTE, ICE1, and
SCRM2 (fold changes between 23.7 and 21.6). Several
other genes previously reported to be expressed
in stomatal lineages, but with still unknown func-
tions, were down-regulated in spch-5, including
AT2G40670, AT1G33930, AT3G17640, AT1G26600,
AT5G07280, and AT5G62210 (Pillitteri et al., 2011).
The guard cell-expressed genes AT1G03440 and
AT3G57600 (Hachez et al., 2011) and the putative
positive regulators of stomatal developmentHOTHEAD
(HTH), AT4G34000, and AT5G60890 (de Marcos et al.,
2015) were also down-regulated. Interestingly, no
known stomatal regulators appeared among the
genes up-regulated in spch-5. However, some tran-
scription factors of which the overexpression triggers
epidermal and/or stomatal aberrations (AT1G29160,
AT3G16770, AT4G39070, and AT5G25810; de Marcos
et al., 2015) were up-regulated in spch-5. Interestingly,
in the SPCHPPP/spch-3 line, EPF2, TMM, POLAR, and
FAMA were down-regulated as well, but genes, such as
BASL, ICE1, SCRM2, or SDD1 remained unaltered
(Supplemental Data Set S2).
Previously, SPCH had been shown to regulate the

expression of BR biosynthesis and signaling genes
(Lau et al., 2014). However, with the exception of the
BRASSINOSTEROID INSENSITIVE1 (BRI1) receptor,
which was slightly down-regulated (21.54 fold change;
P value 0.05), other key components of the BR biosyn-
thesis and signaling pathway were not differentially
expressed in spch-5 (Supplemental Data Sets S1 and S5),
suggesting that this mutation impacts BR-related gene
networks in a very specific manner, rather than pro-
ducing a general effect. The same results were elicited
by the SPCHPPP mutation because only AT1G69010 and
AT3G30180 were moderately down-regulated and
AT1G19350 up-regulated (Supplemental Data Sets
2 and 5).

Recent ChIP-seq studies provided a list of 1,517
high-confidence target genes of SPCH (Lau et al.,
2014). Because the lesion in spch-5 suggests an altered
DNA-binding potential, we sorted the spch-5 DEGs on
the basis of being, or not, potentially high-confidence
targets of SPCH. Within the spch-5 DEG set, we found
273 high-confidence SPCH targets, of which 102
were up- and 171 down-regulated (Fig. 6, A and B;
Supplemental Data Sets S6 and S7), some of which
shared with SPCHPPP/spch-3, particularly down-
regulated ones (Fig. 6B). Therefore, nearly 18% of the
SPCH targets were differentially expressed in spch-5, a
proportion much higher than the 4.2% expected by
random hits.

As BRs partially rescued the stomatal phenotype of
the spch-5 mutant, but not that of the SPCHPPP/spch-3
transgenic lines, we also investigated by means of
a transcriptomic analysis whether treatments with
BL would recover the wild-type expression of DEGs
in spch-5, in contrast to SPCHPPP/spch-3 (Fig. 6, A
and B; Supplemental Data Sets S3 and S4). The
BL treatment was effective because the elicited
changes in Col-0 matched those previously descri-
bed (Nemhauser et al., 2006), such as a more than
2-fold change increase in transcripts for AT5G50335,
AT5G25190, AT5G37770, and AT2G43290, and, con-
versely, a more than 2-fold change decrease in the
AT1G76240, AT4G16670, and AT5G57785 transcripts
(Supplemental Data Set S5).

By combining all mentioned data above, we obtained
12 intersections in each Venn diagram for up- and
down-regulatedgenes in spch-5 andSPCHPPP/spch-3plants
(Fig. 6, A and B; Supplemental Data Sets S6 and
S7). For further analysis, we focused on the SPCH
target genes with an expression unaltered by the
BR treatment in both mutant SPCH versions (blue
sector in Fig. 6B) and on the SPCH target genes that
responded to BRs in spch-5, but not in SPCHPPP/spch-3
(yellow sector in Fig. 6B). We hypothesized that the blue
intersection would include genes of which the proper
expression strictly depended on the integrity of the
SPCH DNA-binding domain, regardless of the BR
application. Indeed, the heat map representation
clearly supported this behavior (Fig. 6C). The only
known stomatal gene found in this list was EPF2
(Supplemental Data Set S6). The EPF2 transcripts were
dramatically reduced in spch-5 and in the plants
expressing SPCHPPP and were not restored by the
BR treatment (Supplemental Data Sets S1 and S2;
Supplemental Fig. S13). Consistent with the fact that
BRs mediate the increase of stomatal numbers only
in spch-5, the yellow sector would include putative
BR-responsive genes with a function in stomatal de-
velopment (Fig. 6B). Indeed, the heat map represen-
tation of the normalized expression values (Fig. 6D)
showed that the 47 genes within this sector included a
notable group of stomatal regulators, including SPCH,
MUTE, SCRM2, TMM, ERECTA-LIKE1 (ERL1), and
BASL. Interestingly, whereas BASLwas down-regulated
(fold change22.99) and later recovered by application of
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Figure 6. Comparative expression profiles for the BL response of SPCH target genes differentially expressed in spch-5 and/or
SPCHPPP. A and B, Edwards’ Venn diagram for DEGs in spch-5 and/or SPCHPPP compared to SPCH target and BL-corrected genes.
Up-regulated (A) and down-regulated (B) in spch-5 and/or SPCHPPP. C and D, Z-score normalized log2 gene expression for
nontreated Col-0, spch-5, and SPCHPPP plants (DMSO controls) and for BL-treated spch-5 and SPCHPPP plants, corresponding to
the yellow and blue sector in B. Highlighted sectors represent spch-5 and SPCHPPP common down-regulated target genes not
regulated by BL (blue) and spch-5 exclusive target genes corrected by BL addition (yellow). Color key is given below the heat
maps.
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BRs (2.5-fold increase) in spch-5, it hadwild-type levels
in the SPCHPPP line (Supplemental Data Sets S1, S2 and
S7; Supplemental Fig. S13).
To test whether the transcriptional signatures of

spch-5 and SPCHPPP/spch-3 correlated with the func-
tionality of the corresponding SPCH variants, we
performed transactivation assays in N. benthamiana.
As effectors, we used ICE1 and the three SPCH ver-
sions driven by the cauliflower mosaic virus 35S
promoter, and as reporters, luciferase fusions to the
promoters of three SPCH targets (EPF2, TMM, and
ICE1) with differential expression behavior in the
three genotypes used for transcriptomics (Fig. 7). As
previously shown (Horst et al., 2015), the EPF2
promoter expression was only activated by coex-
pressing ICE1 and SPCH, but coexpression of ICE1
with either SPCH-5 or SPCHPPP did not activate this
promoter. The TMM promoter reporter activity was
induced by the cotransfection of ICE1 with the wild-
type SPCH and, to a lower level, by SPCH-5 and
SPCHPPP, whereas the ICE1 promoter reporter was
similarly activated by coexpressing ICE1 with any
of the three SPCH versions. As spch-5 is nearly null
in the activation of specific SPCH targets (notably
EPF2, but not TMM and ICE1), these results pro-
vide a functional mechanism for its misfunction
and is fully consistent with its stomatal pheno-
type. Given that SPCH-5 and SPCHPPP showed very
similar transactivation abilities, these results also
support the notion that proper regulation of se-
lected SPCH target genes requires the integrity of its
bHLH domain.

Involvement of BASL and EPF2 in the BL Rescue of the
spch-5 Phenotype

We hypothesized that the partial BR-dependent re-
duction of stomatal clustering in spch-5 is a consequence
of the increase in BASL transcript levels (Fig. 6D;
Supplemental Data Set S7), although we cannot ex-
clude the contribution of the BR-dependent increase of
TMM and EPF1 transcripts. As the asymmetry defects
in spch-5 (Fig. 3) were similar to those reported for the
basl mutant (Dong et al., 2009), we explored the role of
BASL in the spch-5 phenotype. To this end, we intro-
duced the BASLpro:GFP-BASL construct into spch-5
plants and followed the localization of the BASL pro-
tein in cotyledons (Fig. 8, A–F). In contrast to the wild
type (Fig. 8, B and C), barely any GFP-BASL signal was
detected (Fig. 8, E and F). Moreover, because spch-5 did
not accumulate BASL, its stomatal patterning defects
were expected to be similar to those of a spch-5 basl
double null mutant. The spch-5 basl-2 double mutant
was generated and, as hypothesized, behaved as the
single spch-5mutant in terms of stomatal clustering and
SI (Fig. 8, G–I). However, the spch-5 phenotype was
epistatic to that of basl-2 regarding both polarity defects
in ACDs and hyperproliferation of stomatal lineage
cells because the spch-5 basl-2 double mutant lacked the
additional small epidermal cells that produce the typi-
cal lineage markers of the basl-2 mutants (Dong et al.,
2009). BL addition to the medium induced an SI in-
crease in the double mutant with the same magnitude
as that of spch-5 (Fig. 8, G and H). In contrast, BL
treatment did not reduce the stomatal clustering in the

Figure 7. Transcriptional activation of SPCH targets by different SPCH versions. Transactivation assays inN. benthamiana leaves.
Values represent the relative luciferase activity driven by EPF2 (A), TMM (B), and ICE1 promoters (C) when coinfiltrated with
different combinations of effector constructs expressing ICE1, SPCH, SPCH-5, or SPCHPPP. An empty effector vector was used in
control assays. Relative luciferase activities were calculated as firefly luciferase (LUC) activities normalized to Renilla luciferase
(REN) activities. In the presence of ICE1, SPCH strongly transactivated the three reporters, whereas SPCH-5 and SPCHPPP had a
transactivation ability null on EPF2pro, low on TMMpro, and similar to SPCH on ICEpro. Error bars represent SE of three biological
replicates.
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double mutant (Fig. 8I), suggesting that the partial al-
leviation elicited by BRs on the spch-5 stomatal clus-
tering required the BASL function, whereas the BR-
dependent increase in SI did not.

One of the most striking findings of our microarray
analysis was the strongly repressed expression of EPF2
in spch-5 (fold change of 213.4). We hypothesized that
the EPF2 expression strictly depends on the integrity of
the DNA-binding domain of the SPCH protein, com-
promised in spch-5. To understand the absence of the
EPF2 function in spch-5, we generated the spch-5 epf2-3
double mutant. The genetic interaction analysis con-
firmed that spch-5 behaved as null mutant for the EPF2
function because single and double mutants had
statistically undistinguishable SI values (Fig. 8K). In-
terestingly, spch-5 conferred an epistatic effect to the
overproliferative epf2-3 phenotype. As observed for
basl-2, the presence of the spch-5 mutation inhibited the
formation of the abundantly arrested lineage cells typ-
ical of epf2-3 (Hara et al., 2009). When the plants were
grown in BL-supplemented medium, both spch-5 and
the spch-5 epf2-3 double mutant responded with an in-
creased SI (Fig. 8K). A similar phenotype in response to
BL was also observed in the epf2-3 mutant, which car-
ried a wild-type SPCH allele (Fig. 8K). In contrast to
BASL, BL treatment did not restore the EPF2 expression
levels in spch-5 (Fig. 6C; Supplemental Data Set S7), but
alleviated the mutant phenotype in the spch-5 epf2-3
double mutant (Fig. 8, J and K). Therefore, the impact of
BL on spch-5 did not depend on the EPF2 function.

DISCUSSION

The Low Stomatal Abundance of spch-5 Results from
Reduced ACDs in Stomatal Lineages

In spch-5 leaves, stomata are formed according to the
normal ACD sequence, but the frequency of the various
division types differs. The ability of spch-5 to execute
entry divisions is reduced, although the expression of
SPCH-5-GFP is detectable in many small epidermal
cells at the early leaf developmental stages, indicating
that SPCH-5 accumulates in protodermal cells, but of-
ten fails to trigger the transcriptional changes setting
the meristemoid mother cell (MMC) stage. Entry divi-
sions are particularly affected in cotyledons, where the
adaxial epidermis has a severe phenotype with almost
no stomata. Moreover, once meristemoids are formed,
SPCH-5 does not promote efficiently their reiterated
amplifying divisions and spch-5 meristemoids prema-
turely differentiate into guard mother cells (GMCs). As
SPCH is essential for maintaining the self-renewal ca-
pacity of the meristemoid (Robinson et al., 2011), this
function is evidently partly defective in spch-5. The
meristemoid-to-GMC transition seems to be related to a
decay in SPCH expression and presumably in SPCH
activity in late meristemoids, concurrently with the
expression of MUTE (Davies and Bergmann, 2014).
Therefore, SPCH-5 may be inefficient to maintain the

MUTE expression below its functional threshold,
allowing it to be expressed prematurely and driving
meristemoids to untimely exit ACD cycles and differ-
entiation into stomata.

In contrast, the frequency of the spacing divisions
that initiate satellite lineages is not affected in spch-5.
Both entry and spacing divisions are specialized sto-
matal lineage-initiation events that involve the adop-
tion of the MMC identity by distinct cell types, namely,
protodermal cells and young SLGCs that probably
differ in the negative context they impose to the SPCH-
initiating function. These two processes are known to
be under a distinct genetic control because some genes
have been reported to specifically control satellization
(Kutter et al., 2007; Yang et al., 2014) and present in-
dependent genetic variations in natural Arabidopsis
accessions (Delgado et al., 2011). Such particular de-
velopmental characteristics may account for the ob-
served differences in the lineage initiation activity of
spch-5 that is sufficient in SLGCs, but limiting in the
protoderm. In addition, the spch-5 transcriptional ef-
fects might favor the MMC fate in SLGCs because they
often have high TMM expression levels that would at-
tenuate repressive signals for spacing divisions. It re-
mains to be tested whether late meristemoids in spch-5
produce low levels of the satellite inhibitory factors
EPF1 and SDD1, as suggested by their low transcript
abundance in spch-5 seedling samples (see below).

The reduction in stomatal lineage initiation and am-
plification divisions in spch-5 leads to a large decrease in
the total epidermal cell number, but cotyledons and
leaves reach a normal final area because of the larger
size of the pavement cells than that of wild-type
plants. This overall phenotype fits with the so-called
phenomenon of “compensated cell enlargement” that
results from the dynamic coordination between cell
proliferation and expansion activities during leaf de-
velopment (Hisanaga et al., 2015). The unchanged leaf
area of spch-5 indicates that this mutation triggers a
“perfect compensation,” whereas it is only partial in
most studied genotypes (Ferjani et al., 2007). Interest-
ingly, erectamutants also exhibit perfect compensation;
in this case, the overproduction of stomata and other
epidermal cells by excessive SPCH activity is coupled to
a reduction in cell sizes (Tisné et al., 2011). The young
leaf apparently senses directly or indirectly the changes
in SPCH activity, eliciting fully compensatory mecha-
nisms among organ growth variables.

The Clustering Phenotype of spch-5 Results from Various
Defects in ACDs

Although the formation of clustered stomata is an
unexpected feature for a low SD mutant, several key
pattern regulators appear among the SPCH high-
confidence targets that are differentially regulated in
spch-5; hence, the appearance of stomatal clusters in the
mutant is not surprising. The most abundant were
type-I clusters, characterized by the lack of asymmetry
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Figure 8. Different involvement of BASL and EPF2 in the BL response of spch-5 plants. A and D, Confocal images of adaxial
cotyledon epidermis from 5-d-old seedlings stained with propidium iodide (red) for visualization of cell outlines. GFP (green)
marks the BASLpro:GFP-BASL localization. B, C, E, and F, Magnifications of A and D. G, DIC images representative of the epi-
dermis scored in G and H. Stomata are highlighted in purple and clusters denoted by brackets. H and I, Stomatal index and
clustering percentage in the abaxial cotyledon epidermis of 23-d-old plants grown in BL (purple) or DMSO (mock treatment; gray).
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in the stomatal lineage ACDs. The establishment of
physical and fate asymmetry in the cell products of
ACDs were both affected to some extent in the mutant.
In Arabidopsis, only BASL, which polarizes between
the nucleus (meristemoid) and a discrete area at the cell
membrane (SLGC; Dong et al., 2009), has been involved
in asymmetrical stomatal divisions. The integrity of
this protein is necessary for the uneven distribution of
cell areas in ACD daughter cells products. Mutants
in this locus behave similarly to spch-5 regarding lack
of asymmetry and, consequently, cluster formation.
In spch-5, BASL transcript levels are very low and the
BASL-GFP protein is barely detectable. Type-II and
type-III clusters are not related to polarity defects in
ACDs, but to failures in cell-to-cell communication. The
microarray data suggest that low expression levels of
patterning genes, such as SDD1, might underlie this
anatomical phenotype.

The spch-5 Phenotype Is Dosage Dependent

In spch-5 cotyledons, the stomatal production de-
pends on gene dosage. As equal changes in the gene
copy number of the wild-type SPCH allele do not alter
stomatal production (Kanaoka et al., 2008), our results
imply that the lineage initiation process is highly
sensitive to the SPCH-5 protein amount. Indeed, the
number of stomata also increased when the SPCH-5
protein was stabilized, either by elimination of the
YODA signaling or by BR treatment. YODA and BR
pathways result in phosphorylation of a number of
SPCH amino acid residues, of which most are targets of
both and some are BR specific (Lampard et al., 2008;
Gudesblat et al., 2012). Although the biochemical con-
sequences of the combinatorial phosphorylation remain
unknown, the phosphorylation status of SPCH may
plausibly be important in modulating protein confor-
mation, DNA-binding capacity or specificity, or inter-
acting partners, thus affecting qualitatively its behavior
(Davies and Bergmann, 2014). Thus, not only the amount
of SPCH-5, but also its phosphorylation status may un-
derlie its positive response to BR.

Regardless of the presence or absence of BRs, the low
stomatal production of spch-5 is related to an altered
activity of the SPCH-5 protein. Recent work on the
regulatory circuit operating at the initiation of stomatal
lineages (Lau et al., 2014; Horst et al., 2015) has rede-
fined the MMC as a cell that accumulates SPCH and its
functional SCRMs partners above a certain threshold
level (Han and Torii, 2016). To this end, SPCH is first

widely and strongly expressed in the young protoderm,
in which basal SCRMs levels are also present; then,
probably as heterodimers, SPCH and SCRMs directly
bind to the promoter and up-regulate the expression of
the SCRM genes in the protoderm. According to this
model, stochastic noise would account for some pro-
todermal cells achieving the above-critical amounts of
SPCH needed to activate SCRM proteins, thereby ac-
quiring a stomatal-lineage character. Thus, the initia-
tion activity conferred by SPCH-5 seems to be below the
required threshold in most spch-5 protodermal cells.
Such a limitation would be overcome by an increase in
SPCH-5 amount or activity. In this hypothesis, we
would expect a low expression of SCRM genes in spch-5
plants and an increased expression associated with the
extra stomata formed by the BL treatment. Our tran-
scriptomic analysis confirms both predictions: SCRM
genes are down-regulated in spch-5 compared to Col-0,
and they (particularly SCRM2) are up-regulated in
BL-treated spch-5. In the line harboring the SPCHPPP

variant, SCRMs transcripts do not respond to BRs, con-
sistent with the inability of the BL treatment to increase
the stomata production. It would be interesting to
assesswhether BR-mediated phosphorylation could also
modulate the interaction between SPCH-5 and SCRMs.

An intriguing question is why application of BRs
promotes stomatal development in spch-5 cotyledons,
whereas several studies have reported that BR restricts
stomatal development in this organ (Kim et al., 2012;
Khan et al., 2013). A tempting explanation stems
from the absence of the EPF2 function, even after BR
treatment, in spch-5 (Figs. 6C and 7K). Figure 9A sum-
marizes stomatal promotion by SPCH, which also ac-
tivates EPF2 transcription; EPF2 activates the YODA
cascade after its perception by the membrane kinases
complexes (TMM/ERECTA family), and the YODA
cascade in turn inactivates SPCH by phosphorylation.
The BIN2 kinase also phosphorylates components of
the YODA cascade and SPCH (with opposite effects on
stomata promotion), and the BIN2 is inactivated by BR.
Figure 9B presents a model to interpret the spch-5 be-
havior. First, the absence of EPF2 signaling would
generate a SPCH-5 protein hypophosphorylated in
residues that are targets of the YODA pathway; this
SPCH-5 phosphorylation status might be more sensi-
tive to the BIN2-mediated hypophosphorylation in
target residues of BRs established by the BL treatment,
allowing quantitative and qualitative changes in the
SPCH-5 functionality for transcriptional regulation. In
addition, the absence of EPF2 in spch-5 will eliminate

Figure 8. (Continued.)
Error bars represent SE. Asterisks denote P, 0.05 (Student’s t test) in BL treatment compared to the control medium. n.d, no statistical
difference. J, DIC images of abaxial cotyledon epidermis from 23-d-old spch-5 and spch-5 epf2-3 plants grownwith BL or in control
DMSO medium. Stomata are marked in purple. K, Quantification of the qualitative epidermal phenotypes shown in J, as stomatal
index measurements. BL treatment (purple) and DMSO controls (gray). No differences at a 5% significance level (Student’s t test) are
indicated as n.dwhen single anddoublemutants are compared in each treatment. Asterisk as inH and I. Error bars represent SE. Bars =
100 mm in A and B, 50 mm in G and J, and 20 mm in B, C, E, and F.
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the negative feedback loop that inhibits SPCH-SCRMs
accumulation, and even a modest increase in SPCH-5
activity would be highly amplified.
To validate our model in a SPCH wild-type context,

we inspected the stomatal phenotype of the epf2-3
mutant in control and BL-containing medium. Con-
sistently, we found that the epf2-3 mutant cotyle-
dons (which are wild type for SPCH) responded to BL
treatment with an increase in stomatal production,
whereas Col-0 plants did not. Hence, our hypothesis
that the enhanced BL response in spch-5 cotyledons
could be due to the absence of EPF2 function is sup-
ported by the fact that in a wild-type SPCH back-
ground, lack of the EPF2 function produced a similar
effect. It is worth mentioning that the phenotype of the
spch-5 yoda-10 double mutant shows that, even in the
absence of EPF2, YODA is at least partially active in
spch-5, consistent with YODAand downstreamMAPKs
acting as a signaling hub for diverse SPCH-converging
endogenous and exogenous stimuli (Wang et al., 2007;
Colcombet and Hirt, 2008; Popescu et al., 2009).
Although the line expressing SPCHPPP has also very

low EPF2 transcript levels, it does not respond pheno-
typically to BRs as spch-5, raising the possibility that
SPCH-5 retains a partial bHLH activity that could be
improved by BRs, whereas SPCHPPP would lack such
property. Alternatively, the differences between the
two lines might be due to variations between the reg-
ulation of the endogenous SPCH expression and of the
sustained transgene expression of the SPCH promoter.

SPCH has been proposed to regulate the expression of
several genes involved in BR biosynthesis and signaling
(Lau et al., 2014). We found no evidence that SPCH-5 is
altered in such a regulation because the transcriptomic
data indicate a similar signature for these genes in Col-0
and spch-5.

Molecular and Functional Basis of the spch-5 Phenotype

Recently, a ChIP-seq approach revealed that SPCH
associates in vivo with nearly one-third of the Arabi-
dopsis genes and that most of its binding sites are lo-
cated in proximal gene promoters and are significantly
enriched for the E-box motif variant CDCGTG (Lau
et al., 2014). Nevertheless, the biochemical demonstra-
tion of the SPCH ability for direct interaction with
specific DNA sequences remains elusive to conven-
tional in vitro or heterologous system assays. Whether
the SPCH transcriptional regulatory activity required
direct DNA binding through its bHLH domain was
questioned by the ability of transgenes expressing a
SPCH variant lacking the critical bHLH residues for
DNA binding (SPCHPGG) to direct stomata production
in a spch-3 background (Davies and Bergmann, 2014).
The spch-5 mutation unveils the implication of the
SPCH bHLH domain in the regulation of a num-
ber of stomatal developmental processes. Moreover,
the spch-5 phenotype strongly supports that SPCH is
a DNA-binding transcription factor because, to our

Figure 9. Model for spch-5 phenotype and BR effects. A, Current simplified view of SPCH-mediated stomata promotion. SPCH is
negatively regulated by the YODA cascade and by BIN2. In the initiation of the stomatal cell lineage, the YODA cascade is
triggered by EPF2 through TMM and ERECTA family receptor complexes. SPCH activates EPF2 transcription, creating a feedback
repression loop. BIN2 is a negative regulator of the repressive YODA cascade, and BIN2 activity is negatively regulated by BRs
through the receptor BRI1. B, BR-dependent regulation of the SPCH-5 phosphorylation status. In Col-0, the negative feedback
loop through EPF2 compensates for the negative and positive effects of BIN2 on SPCH activity; thus, the stomatal phenotype is
independent of BL. In spch-5, because EPF2 and the negative loop are absent, the repressive YODA pathway operates very
limitedly and most SPCH-5 phosphorylation is under BIN2 control. BL treatment inactivates BIN2, releasing the main
phosphorylation-mediated repression on SPCH-5 and promoting protein accumulation and stomata development.
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knowledge, no activity other than DNA binding has
been reported for the bHLH basic region in which the
spch-5 mutation locates.

Given that a fraction (;18%) of the high-confidence
SPCH targets are differentially expressed in spch-5, the
mutation in the SPCH-5 protein may reduce the regu-
lation efficiency of the expression of this subset of SPCH
target genes. However, in spch-5, most SPCH target
genes were expressed at normal levels, suggesting that
SPCH does not require the complete bHLH function for
some in vivo activities, possibly the reason for the
formation of stomata in spch-5 plants as well as in the
SPCHPPP/spch-3 line or in the previously reported
SPCHPGG (Davies and Bergmann, 2014). Hence, SPCH
seemingly regulates the transcription of its target genes
by mechanisms differing from those used by MUTE
that fully functions without its DNA-binding motif
(Davies and Bergmann, 2014) or FAMA that strictly
requires DNA-binding residues to function (Ohashi-
Ito and Bergmann, 2006). These bHLH domain-
independent activities have been proposed to act by
interaction with specific partners, such as the SCRM
proteins that may recruit SPCH and MUTE to regula-
tory regions of target genes (Han and Torii, 2016). As
SPCH-5 retained wild-type dimerization abilities with
SCRMs, this alternative mechanism might explain how
SPCH-5 regulates most SPCH gene targets.

Our transcriptomic data provide molecular pheno-
types that might support such different mechanisms in
the SPCH functions. Among the genes deregulated in
spch-5 that are SPCH targets, of which the transcription
depends on the bHLH domain integrity, are BASL and
EPF2, both implicated in the spch-5 phenotype, and
probably other genes with the same behavior. Fur-
thermore, these genes can be split into two groups:
those with (such as BASL) and those without (such as
EPF2) expression reversed by BRs. These differences are
possibly rooted in distinct mechanisms for their SPCH-
mediated regulation.

The transcriptional signatures of spch-5 and the
SPCHPPP/spch-3 line only partially overlapped in the
SPCH targets. As discussed above, SPCH-5 might re-
tain a partial bHLH-dependent activity, whereas
SPCHPPP might be null or the differences might stem
from differences in the transgene expression. Another
possibility relies on the reported MUTE-like activity of
SPCH versions mutated in the bHLH domain (Davies
and Bergmann, 2014). Although SPCH-5 does not dis-
play such MUTE-like activity because the double mu-
tant spch-5 mute-3 does not form stomata, SPCHPPP, like
SPCHPGG (Davies and Bergmann, 2014), might indeed,
as reflected in the different transcriptome of this
SPCHPPP line.

The SPCH-5 and the SPCHPPP proteins reported here
have revealed a differential behavior of different SPCH
target genes. Proper regulation of some of them re-
quires integrity of the bHLH domain, whereas others
seem to be unaffected by mutations in this domain that
might compromise DNAbinding. This observationwas
supported by the transactivation experiments where

SPCH-5, together with ICE1, activated the promoters of
TMM and ICE1, but not EPF2. SPCHPPP behaved simi-
larly, but its capacity to activate both TMM and ICE1
promoters was lower and somehow erratic. The spch-5
mutation has also evidenced a BR-dependent mecha-
nism that seems to compensate, at least partially, the
lesion in the bHLH domain.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Seeds of Arabidopsis (Arabidopsis thaliana), accession Col-0 (N1092), spch-3
(SAIL_36_B06), epf2-3 (SALK_047918), basl-2 (WiscDsLox264F02), and yoda-10
(SALK_105078) were obtained from the Nottingham Arabidopsis Stock Centre.
The mutant mute-3was isolated as described (Triviño et al., 2013). TMMpro:GUS-
GFP and spch-2were kind gifts of Fred Sack (The University of British Columbia;
Nadeau and Sack, 2002), and Dominique Bergmann (Stanford University;
MacAlister et al., 2007), respectively. The SPCHpro:SPCH-GFP (spch-3 background)
line has been described previously (Gudesblat et al., 2012). spch-5 was isolated
from a Col-0 EMS-mutagenized collection and carried a point mutation
(see below). Lines carrying the translational fusions SPCHpro:SPCH-GFP,
SPCHpro:SPCH-5-GFP, and SPCHpro:SPCH

PPP-GFP were obtained by floral
dip Agrobacterium tumefaciens-mediated transformation (Clough and Bent,
1998) of plants heterozygous for the spch-3 allele or homozygous spch-5.

The following double mutants were generated: spch-5 yoda-10, spch-5 mute-3,
spch-5 epf2-3, spch-5 basl-2, and the transheterozygous mutant spch-5/spch-3. The
marker line carrying the fusion TMMpro:GUS-GFP in a Col-0 background was
used to introduce the transgene into spch-5 and spch-5 mute-3 double mutant
through sexual crosses.

All experiments were done under in vitro conditions, unless otherwise in-
dicated. Seeds were surface-sterilized under overnight exposure to chlorine gas
(Clough and Bent, 1998) and sown in Murashige and Skoog (MS) medium
supplemented with 1% (w/v) Suc. After 2 to 5 d of stratification at 4°C in the
dark, plates were placed at 21°C and a 16-h-light/8-h-dark photoperiod with
70 mmol m22 s21 of photosynthetically active radiation. When indicated, BL
(Sigma-Aldrich) was added to the medium at a final concentration of 50 nM. For
soil experiments, seedswere stratified at 4°C for 2 to 5 d in the dark and sown in
peat pellets (Jiffy-7). Growth conditions were 21°C, 70% relative humidity, and
150 mmol m22 s21 photosynthetically active radiation.

Genotypes were determined by PCR with derived cleaved amplified poly-
morphic sequences or T-DNAgenotyping approaches,with the primers listed in
Supplemental Data Set S8.

Microscopy

For differential interference contrast (DIC) images, organs were hand-
excised, fixed in ethanol:acetic acid 9:1 (v/v) for 16 h, replaced by 90% (v/v)
ethanol, and rehydrated with ethanol dilutions with increasing water content,
70, 50, 30, and 10% ethanol, and pure distilled water as final step. All these
incubations were done at room temperature and for 1 h each. Finally, a chloral
hydrate:glycerol:water solution (8:1:2, w/v/v) was used to clear the tissues,
whereafter the specimens were observed under a Nikon Eclipse 90i upright
microscope with DIC optics and a DXM1200C camera for image acquisition.

For confocal images, a Leica TCS SP2 confocal invertedmicroscopewas used
for GFP and propidium iodide visualization. The propidium iodide solution
(Sigma-Aldrich) was diluted in distilled water at a final concentration of
10 mg/mL and plants were submerged for 15 min for counterstaining of
epidermal cell shapes.

Quantitative Analysis of Epidermal Phenotypes

SI (number of stomata/total number of epidermal cells3 100), SD (number
of stomata per mm2), and PCD (number of pavement cells per mm2) were
calculated by scoring two areas of 0.4 mm2 located on both sides of the median
axis of the cotyledon or leaf (modified from Delgado et al., 2011). The ImageJ
(Schneider et al., 2012) plug-ins “cell counter” and “grid” were used for
counting the different cell types. Unless otherwise specified, 10 plants were
examined (n = 10) for quantitative traits and the adaxial and/or the abaxial
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epidermis of 23-d-old cotyledons or 28-d-old third leaves were examined,
corresponding to fully expanded stages of these organs under our conditions,
respectively. Organ area and pavement cell size were measured at these fully
expanded stages with ImageJ (Schneider et al., 2012).

The time-course experiment with serial imprints (Fig. 2) was as reported (de
Marcos et al., 2016) without modifications. The term “stomatal precursors”was
used for meristemoids and GMCs. The entry division percentage was calcu-
lated as the number of the initial 50 cells that enter the stomatal lineage during
the T0-T4 period and the entry division rate corresponds to the increment in the
number of entry divisions per day interval. The proportion of satellite lineages
was calculated as the percentage of total lineages (including those leading to
clustered stomata) that are satellite. SLGC/lineage estimates the number of
nonstomatal lineage cells per stomata or stomata precursor at T4. In the total cell
quantification, cells were counted at each time point, with stomata counted as
two cells because they are formed by two guard cells. The cell proliferation
rate was calculated as the increase in cell number over the different time in-
tervals. For cluster classification, 128 clusters from seven plants were
inspected. Clusters present at T4 were tracked backward in the previous
imprints to reconstruct the cell divisions history that led to the development
of contact stomata.

The relative meristemoid size (Fig. 3H) was calculated with 61 lineages from
five different plants in Col-0 and 70 lineages from seven plants in spch-5. The cell
area of daughter cells was determined in cells expressing the TMMpro:GFP
marker. For spch-5, the relativemeristemoid size (Fig. 3I) wasmeasured in serial
epidermal imprints tracking back 54 isolated stomata from four different plants
and 55 type-I clustered stomata from seven spch-5 plants. Cell contours were
drawn with the interactive display Cintiq 21UX (Wacom). Cell and organ areas
were measured with ImageJ (Schneider et al., 2012). Clustering percentage was
calculated as the proportion of stomata in clusters (two or more stomata in
contact) to the total stomata.

Positional Cloning and Molecular Characterization
of spch-5

The mutation was localized genomically by linkage analysis as described
(Ponce et al., 2006) by means of the F2 progeny of a cross between the mutant
(Col-0 background) and Ler (Landsberg erecta genetic background carrying the
wild-type functional ERECTA allele). The SPCH genome was sequenced with
total DNA extracted with the DNeasy Plant Mini Kit (Qiagen). The SPCH locus
was selectively amplified by PCR with the HiFi PCR kit (KapaBiosystems) and
specific primers (Supplemental Data Set S8). The PCR product was purified
with the MinElute PCR purification kit (Qiagen) and sequenced with BigDye
technology (Secugen).

Three-Dimensional SPCH Protein Modeling

The protein structure was modeled with the SWISS_MODEL workspace
(Bordoli et al., 2009) and the Myc-Max protein as a template (PDB ID: 1 nkp).
The structural consequences of the mutation present in spch-5 were predicted
with the Swiss-PdbViewer 4.1 software (Guex and Peitsch, 1997).

DNA Engineering

Constructs used in this study are listed in Supplemental Data Set S9. The
cloning strategies were the standard and the Multisite Gateway technologies.
The primers are listed in Supplemental Data Set S8. The open reading frame of
SPCHPPP was synthetically produced (GeneArt; Invitrogen) with the coding
DNA sequence (CDS) of SPCH as template (GenBank accession number
AY568670) with the following changes: substitutions of A→C at position
290 (290A→C), 322G→C, 323A→C, 334A→C, and 335G→C. At the protein level,
these mutations led to the presence of prolines at amino acid positions 104, 108,
and 112. The CDS of PIF4 in pDONR221 was a kind gift of Salomé Prat
(CNB-CSIC,Madrid). SPCH and SPCH-5were cloned from the cDNAof 10-d-old
Col-0 seedlings with the same RNA extraction and cDNA synthesis
approaches as indicated for the microarray hybridization. The CDS of ICE1
(GenBank accession number AY195621) and SCRM2 (GenBank accession
number NM_101157) were purchased from the Arabidopsis Biological Re-
search Center (U68804 and U60686, respectively) and subcloned into the
pDONR221 vector (Invitrogen). The SPCH promoter sequence (21 to22,572)
had been published previously (Gudesblat et al., 2012). Deletion of the SPCH-
coding sequence (SPCHD273) was obtained by PCR-mediated amplification

with the primers listed in Supplemental Data Set S8 and by subsequent
cloning into pDONR221. Enhanced GFP was amplified from pK7WGF2
(Karimi et al., 2002) and subcloned into pDONR P2R-P3 (Invitrogen). All the
entry clones used were sequenced prior to their recombination into the dif-
ferent destination vectors.

Yeast One-Hybrid Assays

The CDS-containing entry vectors were recombined into the Gateway-
modified destination vectors pGADT7 (Clontech; Rombolá-Caldentey et al.,
2014) and pDEST22 (Invitrogen) through LR reactions (LR clonase II mix;
Invitrogen). These constructs and the empty pGADT7 vector were introduced
into the MATa Leu auxotroph YM4271a (Liu et al., 1993). Bait sequences (wild-
type G-box TGACACGTGGCATGACACGTGGCATGACACGTGGCA and
mutated G-box TGACAATTGGCATGACAATTGGCATGACAATTGGCA)
were synthesized with AttB4 and AttB1 Gateway recombination sites (Inte-
grated DNA Technologies) and cloned into the pDONR P4-P1R vector with BP
clonase (Invitrogen). A recombinational LR reaction (Invitrogen) was applied to
introduce the bait sequences into the vector pMW#3 (Deplancke et al., 2006) that
contains a LacZ reporter gene. The details of plasmid construction are described
in Supplemental Data Set S9. The plasmid genome integrated at the ura3-52
locus by linearization of the constructs with NcoI or ApaI. For each DNA bait, a
colony that exhibited a low self-activation was selected for subsequent yeast
one-hybrid experiments. Transcription factor constructs were mobilized into
the bait sequence-containing yeast strains by means of the low-efficiency
transformation method (Walhout and Vidal, 2001). Selective media used
were as follows: SD-Ura for bait sequences and SD-Leu for all transcription
factors (pGADT7 vector), except for ICE1 (pDEST22) that was selected with
SD-Trp. The yeast b-galactosidase assay kit (Thermo Scientific) was used for the
binding experiments according to themanufacturer’s quantitative protocol. The
absorbance data were obtained with a microplate reader (Epoch; BioTek).
Normalized values (zi) of the b-galactosidase activity (xi) (Supplemental Fig.
S11B) were calculated with the formula:

zi ¼ xi 2minðxÞ
maxðxÞ2minðxÞ:

BiFC Assays in N. benthamiana Leaves

The BiFC constructs were obtained through the Multisite Gateway cloning
technology (Invitrogen) with N- and C-terminal GFP derivatives (Boruc et al.,
2010). Full-length open reading frames of the proteins of interest with and
without STOP codons were recombined into the pDONR221 or pENTR/
D-TOPO entry vectors (Invitrogen) with BP Clonase (Invitrogen) or the Direc-
tional TOPO cloning kit (Invitrogen). LR reactions with the LR Clonase II Plus
enzyme (Invitrogen) produced translational fusions between the protein of
interest and the GFP moieties, driven by the cauliflower mosaic virus 35S
promoter. pH7m34GWand pK7m34GWwere used as destination vector (Karimi
et al., 2005). For detailed information on the plasmids, see Supplemental Data Set
S9. Positive control full-length GFP derivatives were recombinedwith pK7FWG2
(Karimi et al., 2002). Constructionswere transferred intoA. tumefaciensGV3101 by
electroporation, followed by identification in selective media. A. tumefaciens
strains carrying the constructs of interest and a p19-harboring strain (Shamloul et
al., 2014) in the abaxial side of N. benthamiana leaves were coinfiltrated as de-
scribed (Boruc et al., 2010) with minor changes. At least five leaf segments per
combinationwere examined under a confocalmicroscope (Leica TCS SP2) 3 to 5 d
after infiltration. Interactions were considered positive when at least 10 cells
emitted fluorescent GFP. As negative control, each split GFP constructs was in-
dividually infiltrated under the same experimental conditions without signal
detection.

Dual Luciferase Transactivation Assay in
N. benthamiana Leaves

The reporter and effector plasmids were transiently expressed in
N. benthamiana leaves. Three to five days after infiltration, firefly luciferase
(LUC) and Renilla luciferase (REN) were assayed with a dual-luciferase assay
kit (Promega) and measured in a Synergy H1 plate reader (Biotek). Light
emission was integrated over 15 s with 5 s of preread delay. The trans-
activation ability of the effectors was expressed as the ratio of LUC to REN.
See Supplemental Data Set S8 and S9 for details about plasmid construction
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and primers used. Three biological replicates were assayed for each plasmid
combination.

SPCH Protein Stability Assay

This assay was done according to Gudesblat et al. (2012) with minor
modifications. SPCHpro:SPCH-GFP, SPCHpro:SPCH-5-GFP, and SPCHpro:SPCH

PPP-
GFP (spch-3 background) seedlings were grown in half-strength MS medium
without Suc. Three days after sowing, 3 g of seedlings was incubated for 2 h in
half-strength MS liquid medium supplemented with 100 nM BL (treatment) or
the equivalent volume of DMSO (control) with gentle shaking. Protein ex-
tracts were prepared with ice-cold extraction buffer (50 mM Tris-HCl, pH 7.5,
150 mM NaCl, 1% [w/v] NP-40, and complete protease inhibitor tablet [Roche
Diagnostics]). The protein extract was incubated with GFP-binding protein
beads (GFP-Trap_A; Chromotek) for 4 h at 4°C and washed three times with
washing buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.5% [w/v]
NP-40). After centrifugation (2,500g) and discarding the washing buffer,
beads were mixed with 23 SDS sample buffer and boiled for 5 min at 95°C.
Samples were fractionated by SDS-PAGE (10% acrylamide) and analyzed
by western blotting with an anti-GFP horseradish peroxidase-conjugated
antibody (Monoclonal Antibody; Miltenyi Biotec) at a 1:10,000 dilution.
Antitubulin antibody was used as loading control.

RNA Extraction and Microarray Hybridization

RNA was obtained from 50 seedlings, collected 3 d after sowing. Samples
from three independent biological replicates were frozen in liquid nitrogen and
RNA was extracted with TRIzol (Invitrogen), followed by column purification
with the High Pure RNA extraction kit (Roche Diagnostics). RNA quality was
determined by electrophoresis with a 2100 Bioanalyzer (Agilent). Samples were
hybridized at the Centro Nacional de Biotecnología (Madrid) with the Agilent
custom oligo microarrays 8360K (reference GPL22511). This Arabidopsis
microarray was designed by the Genomics Facility at the Centro Nacional de
Biotecnología and covers 62,976 probes corresponding to 35,018 unique
genes.

Total RNA (500 ng each) was amplified and labeled with cyanine 3 (Cy3) by
means of theOne-Color Low InputQuickAmpLabelingKit (Agilent) according
to the manufacturer’s instructions. Briefly, total RNA was converted into
double-stranded cDNA with the oligo(dT)-T7 primer and AffinityScript
Reverse Transcriptase (Agilent). cDNA was then used as template for
in vitro transcription reaction with T7 RNA polymerase and incorporated
into Cy3-CTP. Cy3-labeled cRNA was purified with RNeasy columns
(Qiagen) and RNA yield and Cy3 incorporation were measured with a
spectrophotometer (Nanodrop).

Probeswere prepared and hybridizedwith theOne-ColorMicroarray-Based
Gene Expression Analysis (Agilent). Briefly, for each hybridization, 600 ng of
Cy3-cRNAwas added to 5mL of 103 blocking agent, 1mL of 253 fragmentation
buffer in a 25-mL reaction, and incubated at 60°C for 30 min to fragment RNA,
and stoppedwith 25mL of 23 hybridization buffer. The sampleswere placed on
ice and quickly loaded, hybridized at 65°C for 17 h, and then washed once in
wash buffer 1 at room temperature (1 min) and once in wash buffer 2 at 37°C
(1 min; GE Healthcare). Arrays were drained by centrifugation. Images for the
Cy3 channel were captured with a DNA Microarray Scanner (Agilent) at a
resolution of 2 mm, and spots were quantified with the Feature Extraction
Software (Agilent).

Microarray Data Analysis

Background was corrected and quantile expression data were normalized
with limma (Smyth and Speed, 2003; Smyth, 2004). Each probe was tested for
changes in expression over replicates by using an empirical Bayes moderated
t-statistic (Smyth, 2004). For further analysis, only one probe per genewas taken
into account with the following criteria: the P values in the Col-0 were lower
than those in spch-5 in control (DMSO) medium.

Genes were determined as differentially expressed when two criteria
were met: P value , 0.05 and fold change . 1.5 or , 21.5, up- and
down-regulated, respectively. For the Gene Ontogeny classification
(Supplemental Fig. S16), the Cytoscape plug-in ClueGO (Bindea et al.,
2009) was used with DEGs as input data. Heat maps (Fig. 6) were plotted
by means of the TM4 MeV software (Saeed et al., 2003). The complete
hierarchical clustering method was applied with average dot product as

distance metrics, after Z score normalization of the log2 absolute ex-
pression values. Venn diagrams were obtained with the online application
VENNY (http://bioinfogp.cnb.csic.es/tools/venny/index.html).

qPCRs

The same RNA samples used for the microarray experiments were also
utilized forqPCR. cDNAwas synthesizedwith theHigh-Capacity cDNAreverse
transcription kit (Applied Biosystems) according to the manufacturer’s in-
structions. The real-time amplification was monitored with the maxima SYBR
green qPCR master mix (Thermo Scientific) on a LightCycler 480 II PCR am-
plification and detection instrument (Roche Diagnostics). For the specific
primer sets used for amplification, see Supplemental Data Set S8. Each target
gene was paired with two different reference genes (ACT2 [At3g18780] and
UBQ10 [At4g05320]). Expression values were calculated with the efficiency
method in the LightCycler 480 software version 1.5 (Roche Diagnostics).

Accession Numbers

Sequence data can be found in the Arabidopsis Genome Initiative or
GenBank/EMBL databases under the following accession numbers: AT5G53210
(SPCH), AT1G34245 (EPF2), AT3G06120 (MUTE), AT5G60880 (BASL),
AT3G26744 (ICE1/SCRM), AT1G12860 (SCRM2), AT2G43010 (PIF4),
AT3G18780 (ACT2), AT4G05320 (UBQ10), AT2G20875 (EPF1), AT1G80080
(TMM), AT5G05690 (CPD), AT4G18710 (BIN2), and AT1G04110 (SDD1). Micro-
array data have been deposited in the Gene Expression Omnibus (http://www.
ncbi.nlm.nih.gov/geo) under accession number GSE88950.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Stomatal development in Arabidopsis.

Supplemental Figure S2. Adaxial cotyledon phenotype exhibited by the
ldc mutant.

Supplemental Figure S3. Genetic mapping of the ldc mutation and SPCH
protein sequence indicating known domains and amino acid changes of
the point mutants.

Supplemental Figure S4. Epidermal DIC images of several mature organs
in Col-0 and spch-5.

Supplemental Figure S5. spch-5 third-leaf epidermal phenotype.

Supplemental Figure S6. Additional data derived from cell tracking of leaf
primordia shown in Figure 2.

Supplemental Figure S7. Orientation of cell division planes in spch-5 and
spch-5 mute-3 stomatal lineages.

Supplemental Figure S8. Homology-based three-dimensional structural
prediction for the SPCH-5 protein.

Supplemental Figure S9. DNA-protein interactions involving SPCH-5.

Supplemental Figure S10. Protein-protein interactions involving SPCH-5.

Supplemental Figure S11. Phenotypic and protein expression analyses of
spch-3 lines complemented with different SPCH versions.

Supplemental Figure S12. BL effect on spch-2 stomatal development.

Supplemental Figure S13. Quantitative PCR for microarray validation.

Supplemental Figure S14. Biological processes overrepresented in the
spch-5 DEGs.

Supplemental Data Set S1. DEG in spch-5 (DMSO) versus Col-0 (DMSO)
comparison.

Supplemental Data Set S2. DEG in SPCHPPP/spch-3 (DMSO) versus Col-0
(DMSO) comparison.

Supplemental Data Set S3. DEG in spch-5 (BL) versus spch-5 (DMSO)
comparison.

Supplemental Data Set S4. DEG in SPCHPPP/spch-3 (BL) versus SPCHPPP/spch-3
(DMSO) comparison.

840 Plant Physiol. Vol. 174, 2017

de Marcos et al.

http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1
http://bioinfogp.cnb.csic.es/tools/venny/index.html
http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1
http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo
http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00615/DC1


Supplemental Data Set S5. List for BR-related genes mentioned in the text.

Supplemental Data Set S6. Gene expression values of intersection sectors
from Figure 6A.

Supplemental Data Set S7. Gene expression values of intersection sectors
from Figure 6B.

Supplemental Data Set S8. List of primers used in this study.

Supplemental Data Set S9. List of plasmids used in the current study.
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