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Stomata are epidermal openings that facilitate plant-atmosphere gas exchange during photosynthesis, respiration, and water
evaporation. Stomatal differentiation and patterning are spatially and temporally regulated by the master regulators
SPEECHLESS (SPCH), MUTE, and FAMA, which constitute a central gene regulatory network along with Inducer of CBF
Expression (ICE) transcription factors for this developmental process. Stomatal development is also profoundly influenced by
environmental conditions, such as light, temperature, and humidity. Light induces stomatal development, and various
photoreceptors modulate this response. However, it is unknown how light is functionally linked with the master regulatory
network. Here, we demonstrate that, under dark conditions, the E3 ubiquitin ligase CONSTITUTIVE PHOTOMORPHOGENIC1
(COP1) degrades ICE proteins through ubiquitination pathways in leaf abaxial epidermal cells in Arabidopsis thaliana.
Accordingly, the ICE proteins accumulate in the nuclei of leaf abaxial epidermal cells in COP1-defective mutants, which
constitutively produce stomata. Notably, light in the blue, red, and far-red wavelength ranges suppresses the COP1-mediated
degradation of the ICE proteins to induce stomatal development. These observations indicate that light is directly linked with
the ICE-directed signaling module, via the COP1-mediated protein surveillance system, in the modulation of stomatal
development.

INTRODUCTION

Stomataareepidermalopenings that facilitate theshoot-atmosphere
gas exchange in plants. Therefore, stomatal development is
critical for photosynthesis, which ensures plant propagation and
is a key factor in the global carbon cycle (Hetherington and
Woodward, 2003; Driscoll et al., 2006). It is also important for
respiration and water circulation in plants (Lawson and Blatt,
2014).

In Arabidopsis thaliana, stomatal development is initiated by
an asymmetric cell division in stomatal progenitor cells, named
meristemoid mother cells, thereby producing meristemoids
(Bergmann and Sack, 2007; MacAlister et al., 2007; Pillitteri and
Torii, 2012). The meristemoids subsequently differentiate into
guard mother cells, which divide symmetrically and finally dif-
ferentiate into guard cells (Ohashi-Ito and Bergmann, 2006;
Pillitteri et al., 2007). A pair of guard cells form a stoma, which is
more prevalent in the abaxial epidermis of leaves. Notably,mature
stomata are never formed adjacent to each other; they are always
separatedbyat least oneepidermal cell. Asymmetric cell divisions
occur only in those stomatal lineage ground cells that are located
away from existing stomata (Geisler et al., 2000, 2003). It is now
thought that the spatial regulation of stomatal development is

important for proper stomatal physiology, such as modulation of
stomatal aperture by osmosis, and water and ion supply to guard
cells by stomatal lineage ground cells (Nadeau and Sack, 2002;
Hetherington and Woodward, 2003; Shpak et al., 2005).
Stomatal formation and patterning is mediated by several

developmental regulators, including mitogen-activated protein
kinase (MAPK) signaling components and leucine-rich repeat
receptor-like proteins (Bergmann et al., 2004; Shpak et al., 2005;
Wang et al., 2007). In addition, a group of basic helix-loop-helix
transcription factors, SPEECHLESS (SPCH), MUTE, and FAMA,
act sequentially during stomatal development by spatially and
temporally triggering the initiation, proliferation, and termination
of thestomatal lineagecells, respectively (Ohashi-ItoandBergmann,
2006; MacAlister et al., 2007; Pillitteri et al., 2007). Interestingly, they
interact with Inducer of CBF Expression (ICE) transcription factors
(Kanaoka et al., 2008), also known as SCREAM (SCRM) proteins
(Kanaoka et al., 2008), to induce stomatal development.
Stomatal development is also modulated by environmental

signals, such as light, temperature, humidity, and atmospheric
CO2 concentration (Gray et al., 2000;Crawford et al., 2012; Tricker
et al., 2012; Casson and Hetherington, 2014), among which the
effects of light have been most extensively studied. Light triggers
the division of stomatal lineage cells (Kang et al., 2009). Conse-
quently, the division of stomatal lineage cells is halted in the
epidermis of etiolated seedlings (Kang et al., 2009; Balcerowicz
et al., 2014).
The E3 ubiquitin ligaseCONSTITUTIVEPHOTOMORPHOGENIC1

(COP1) is a photomorphogenic repressor that directs the deg-
radation of light-regulated transcription factors (Osterlund et al.,
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2000; Jang et al., 2005). Notably, it also acts as a negative reg-
ulator of stomatal development (Kang et al., 2009). Photoactivation
of the red and far-red light photoreceptors phytochromes (phyA
to phyE) and the blue light photoreceptors cryptochromes (CRY1
and CRY2) suppresses the action of COP1, inducing stomatal
development (Boccalandro et al., 2009; Kang et al., 2009; Lian
etal., 2011;CassonandHetherington, 2014). ThephyA,phyB,and
CRY photoreceptors inhibit the activity of COP1 by disrupting the
formation of COP1-SUPPRESSOR OF PHYA-105 (SPA) protein
complex during photomorphogenic development (Lian et al.,
2011; Liu et al., 2011; Zuoet al., 2011; Luet al., 2015;Sheerin et al.,
2015). As a result, just like the COP1-defective mutants (Kang
et al., 2009), transgenic plants overexpressing the COP1-
interacting domain of CRY1 and SPA-defective mutants produce
stomata even in darkness, supporting the suppressive role of
COP1 in light-induced stomatal development.

Here, we demonstrate that COP1 degrades the ICE transcription
factors through ubiquitin-proteasome pathways in darkness to in-
hibit stomatal development. The ICE proteins accumulated in the
nuclei of leaf abaxial epidermal cells inCOP1-defectivemutants that
constitutively produce stomata under both light and dark con-
ditions.Notably, light suppresses theCOP1-mediateddegradation
of ICEproteins, triggering stomatal development.Our observations
indicate that, via the ICE-mediated signaling network, the COP1-
mediated light signals are directly linked with the developmental
programs that regulate stomatal development.

RESULTS

Light Induces ICE Accumulation in the Nuclei of Leaf Abaxial
Epidermal Cells

Light triggers stomatal differentiation (Casson et al., 2009; Kang
et al., 2009). ICE transcription factors are core components of the
gene regulatory networks that specify stomatal differentiation
through interactions with SPCH, MUTE, and FAMA (Kanaoka
et al., 2008). Therefore, our first objective was to determine how
the ICE-mediated signaling module is linked with light signaling.

We examined the effects of different light wavelengths on ICE
transcription. Reverse transcription-mediated quantitative real-
time RT-PCR (RT-qPCR) assays revealed that the transcription of
ICE is slightly altered bydifferent lightwavelengths (Supplemental
Figure 1A). Fluorescent examination of gene promoter activities in
the abaxial epidermal cells of cotyledons showed that ICE tran-
scription is onlymarginally affected by the light regimes examined
(Supplemental Figures 1B to 1D). We therefore concluded that
light does not play a prominent role in regulating ICE transcription.

We next asked whether light influences the accumulation of
ICE proteins. Seedlings expressing either a MYC-ICE1 or MYC-
SCRM2/ICE2 gene fusion driven by their own promoters were
exposed to various light wavelengths, and the levels of ICE
proteins were examined. We found that the levels of ICE proteins
were higher in seedlings exposed to red, far-red, and blue light,
compared with the etiolated seedlings (Figure 1A; Supplemental
File 1). Kinetic analysis of ICE1accumulation revealed that its level
gradually increases in the light and peaks at 4 h of light exposure
(Figure 1B; Supplemental File 1).

To verify the effect of light on ICE accumulation, dark-grown
ProICE1:GFP-ICE1 and ProSCRM2:GFP-SCRM2 seedlings, in
which GFP-ICE gene fusions were expressed with endogenous
gene promoters, were exposed to different light wavelengths.
Fluorescence microscopy showed that both ICE1 and SCRM2/
ICE2 accumulate in the nuclei of abaxial epidermal cells of co-
tyledons following light illumination (Figures 2A and 2B). Accu-
mulation of ICE1wasmoreprominent thanSCRM2accumulation.
The light-induced ICE accumulation was also evident in guard
cells and stomatal lineage cells (Figure 2C). These observations
indicate that light stimulates ICE accumulation in leaf abaxial
epidermal cells during stomatal development.
We also examined the patterns of ICE1 accumulation in hy-

pocotyl and root cells. Fluorescent detection of ICE1 proteins
showed that, while light-induced ICE1 accumulation occurs in
hypocotyl guard cells (Supplemental Figure 2A), ICE1 accumu-
lation and transcriptionof its genewerenot discernibly affectedby
light in the root cells (Supplemental Figures 2B to 2D and
Supplemental File 1).

COP1 Interacts with ICE Proteins

COP1 acts as a repressor of light-induced stomatal development
(Kang et al., 2009; Balcerowicz et al., 2014). We found that ICE
accumulation diminishes in the dark, when a large proportion of
COP1 proteins is nuclear localized (von Arnim and Deng, 1994;
Stacey et al., 1999), raising the possibility that the reduction of ICE
levels in the dark is associated with COP1 function.
Yeast two-hybrid assays using genes encoding a set of ICE and

COP1 proteins, including their full-size forms, showed that full-size
ICE1 and SCRM2/ICE2 forms physically interact with COP1 (Figures
3Aand3B).AssaysusingtruncatedICE1formsrevealedthat the ICE1-
COP1 interactions occur via the leucine zipper motif of ICE1 (Figures
3A to 3C). Meanwhile, assays using truncated forms of COP1 sug-
gested that, for the ICE-COP1 interactions, the intact conformation of
COP1protein ismore important than its specificprotein domain(s), as
discussed previously (Ang et al., 1998; Torii et al., 1998).
Bimolecular fluorescence complementation (BiFC) assays us-

ing Arabidopsis protoplasts showed that the ICE-COP1 inter-
actions occur in the nuclei (Figure 3D; Supplemental Figure 3).
To confirm the ICE1-COP1 interactions in vivo, we performed
coimmunoprecipitation assays using transgenic plants express-
ing a hemagglutinin (HA)-ICE1 fusion driven by the CaMV 35S
promoterandaCOP1-MYCfusionunder thecontrol of ab-estradiol-
inducible promoter. The ICE1-COP1 interactions occurred
when the expression of COP1-MYC was induced (Figure 3E;
SupplementalFile1),whereas theprotein-protein interactionswere
not detected in the absence of the inducer. These observations
indicate that COP1 interacts with ICE proteins in plant cells.
To investigate the ICE-COP1 interactions further, we transiently

expressed p35S:GFP-ICE1 and p35S:COP1 constructs sepa-
rately or together in Arabidopsis protoplasts. Fluorescent assays
showed that ICE1 is evenly distributed in the nuclei in the absence
of COP1 (Figure 3F).When the two constructs were coexpressed,
nuclear speckles emitting bright green fluorescence were ob-
served in the nuclei, similar to the nuclear localization pattern of
COP1 (Jang et al., 2005), supporting the interactions of ICE1 with
COP1 in planta. By contrast, we found no discernible interactions
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of COP1 with SPCH, MUTE, and FAMA in yeast two-hybrid and
BiFC assays (Supplemental Figures 4A and 4B, respectively).

COP1 Ubiquitinates ICE Proteins

COP1 is a well-characterized E3 ubiquitin ligase that targets
a variety of proteins involved in light responses, including phy-
tochrome photoreceptors (Osterlund et al., 2000; Jang et al.,
2010). Based on the interactions of COP1 with ICE1 and SCRM2/
ICE2, we postulated that ICE proteins would be subjected to
COP1-mediated ubiquitination.

Using recombinant proteins, we examined in vitro whether
COP1 ubiquitinates ICE proteins. Immunological assays using an
antiubiquitin antibody showed that protein bands having higher
molecular weights compared with those of native ICE1 and
SCRM2 proteins were observed in the presence of COP1 but not
detected in the absence ofCOP1 (Figure 4A; Supplemental Figure
5 andSupplemental File 1), indicating thatCOP1ubiquitinates ICE
proteins. To further examine theCOP1-mediated ubiquitination of
ICEproteins,weperformed in vivo ubiquitination assays. The35S:
HA-ICE1 ProXVE:COP1-MYC plants expressing HA-ICE1 and
COP1-MYC fusionswere incubated indarkness in thepresenceof
MG132, a potent 26S proteasome inhibitor (Lee and Goldberg,
1998). ICE1 was immunoprecipitated using an anti-HA antibody,
and ubiquitinated proteins were detected immunologically using
an antiubiquitin antibody. The results showed that a ladder of
ubiquitinated ICE1 proteins was evident in the presence of
b-estradiol, indicating that COP1-mediated ubiquitination of ICE1
occurs in planta (Figure 4B; Supplemental File 1). We also verified
in a similar way that SCRM2 is ubiquitinated in vivo, but to a lesser
extent than ICE1, suggesting that the primary target of the COP1-
mediated ubiquitination is ICE1.

The ICE transcription factors form heterodimers with SPCH,
MUTE, and FAMA (Kanaoka et al., 2008; Horst et al., 2015).
Therefore, we examined whether SPCH, MUTE, and FAMA pro-
teins are the substrates of the COP1-mediated ubiquitination.
COP1 did not ubiquitinate SPCH, MUTE, and FAMA in vitro
(Supplemental Figure 6 and Supplemental File 1).

COP1 Degrades ICE Proteins through Ubiquitin/
Proteasome Pathways

Weobserved that COP1 ubiquitinates ICE proteins. Therefore, we
examined whether COP1 directs the degradation of ICE proteins
through ubiquitin/proteasome pathways.
Using 35S:MYC-ICE transgenic plants, we first investigated

whether ubiquitinated ICE proteins undergo degradation. The
plantswere incubated in darknesswith orwithoutMG132, and the
levels of ICE proteins were analyzed immunologically. We found
that the levels of ICE1 and SCRM2/ICE2 in MG132-treated plants
in darkness were comparable to those in light-grown plants
(Figure 5A; Supplemental File 1). However, the protein levels were
significantly lower in dark-grown plants without MG132 treat-
ments, indicating that ICE degradation occurs through ubiquitin/
proteasome-dependent pathways.
To test whether the ubiquitin-mediated degradation of ICE

proteins is mediated by COP1, we overexpressed the MYC-ICE
construct driven by the CaMV 35S promoter in COP1-defective
mutants, and the levels of ICE proteins were investigated. We
found that ICE degradation was significantly reduced in cop1-4
and cop1-6 mutants (Figure 5B; Supplemental File 1). We also
examined theCOP1-mediateddegradation of ICE1using the35S:
HA-ICE1 ProXVE:COP1-MYC plants. The ICE1 levels were con-
siderably lower when COP1 expression was induced by b-estradiol
(Figure5C;SupplementalFile1),confirmingthatCOP1isresponsible
for the ubiquitin-mediated degradation of ICE proteins.
Our data showed that ICE proteins accumulate in cotyledon

epidermal cells in the light but disappear in darkness. To examine
whether the COP1-mediated degradation of ICE1 occurs in abaxial
epidermal cells, we produced transgenic plants expressing a GFP-
ICE1 fusion in theCol-0andcop1-4backgrounds.WhileGFPsignals
were evident in the stomata lineage cells of cop1-4 in darkness, the
fluorescentsignalswerenotdetected in theCol-0backgroundunder
identical conditions (Figure 5D), indicating that the COP1-mediated
degradation of ICE1 occurs in the nuclei of abaxial epidermal cells in
darkness.We next examined the kinetics of ICE1 accumulation. The
GFPsignals appeared rapidly in the stomatal precursor cells following

Figure 1. Light Induces ICE Accumulation.

(A) Light-induced accumulation of ICE proteins. Four-day-old ProICE1:MYC-ICE1 andProSCRM2:MYC-SCRM2 transgenic seedlings grown onMS-agar
plates in darkness were exposed to different light wavelengths for 12 h before extracting total proteins from whole seedlings. ICE proteins were detected
immunologically using an anti-MYC antibody. Tubulin (TUB) was detected similarly as the loading control. WL, white light; D, darkness; B, blue light; R, red
light; FR, far-red light. Blots on the membranes were quantitated using ImageJ software.
(B)Kinetics of ICE1 accumulation. Four-day-old 35S:MYC-ICE1 transgenic seedlings grown onMS-agar plates in darkness were exposed to different light
wavelengths for up to12hbefore extracting total proteins fromwhole seedlings. Immunological detectionof ICE1wasperformedasdescribedabove.Blots
on themembraneswere quantitated as described above. Quantitations of three blots from independent biological sampleswere averaged. Bars indicate SE

of the mean.
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light illumination in theCol-0background(Figure5E).Bycontrast,GFP
signals were evident in the stomatal precursor cells and immature
stomata in the cop1-4 background even in darkness, confirming that
COP1-mediated degradation of ICE1 occurs in the nuclei of abaxial
epidermal cells in darkness.

SPCH forms protein complexes with ICE proteins (Kanaoka
et al., 2008; Horst et al., 2015), whose accumulation is enhanced
by light during stomatal development. Promoter activity assays
using ProSPCH:NLS-GFP and ProSPCH:GFP-SPCH constructs
revealed that while SPCH transcription is not discernibly affected
by light, its protein abundance was elevated in the light, as in-
dicated by the numbers of green fluorescent nuclei (Figures 6A to
6C). Notably, the reduction inSPCHabundance in darkness could
not be undone byMG132 (Figure 6D; Supplemental File 1). Similar
assays showed that the number of green fluorescent nuclei was
2.2-fold higher in the cop1-4 background than in the Col-0 back-
ground under dark conditions (Figures 6E and 6F). In addition, light
increased the SPCH abundance in both Col-0 plants and cop1-4
mutants (Figures 6E to 6G; Supplemental File 1). Therefore, we
concluded that, while the protein abundanceof SPCH is elevated by
light, the dark-induced degradation of SPCH is not mediated by
ubiquitin/proteasome pathways, unlike ICE proteins.

Light Inhibits COP1-Mediated Degradation of ICE proteins

Light inhibits the nuclear function of COP1 during photomor-
phogenic responses and stomatal development (Stacey et al.,

1999; Kang et al., 2009; Sheerin et al., 2015). Therefore, we hy-
pothesized that light would inhibit the COP1-mediated degra-
dation of ICE proteins during stomatal development.
To investigate the effects of light on the COP1-mediated

degradation of ICE1, the 35S:HA-ICE1 ProXVE:COP1-MYC trans-
genicplantswerepretreatedwithMG132 in thepresenceorabsence
ofb-estradiol,andthedegradationkineticsof ICE1were investigated
in thepresenceofcycloheximide. In theabsenceof the inducer, ICE1
degradationwas slower in light than in darkness (Figures 7A and7C;
Supplemental File 1), consistent with the degradation of ICE1 in
darkness. In the inducer-pretreated plants, the degradation rate of
ICE1wasdiscernibly faster thanthat inplantswithout the inductionof
COP1 production in the light (Figures 7B and 7C; Supplemental File
1). Similarly, in darkness, the rate of ICE1degradation in the inducer-
treated plantswas faster than that inmock-treated plants, indicating
that light inhibits the ability of COP1 to degrade ICE1. ICE1 degra-
dation still occurred slowly in the light regardless of the induction of
COP1 production, owing to the presence of endogenous COP1
produced in the 35S:HA-ICE1 ProXVE:COP1-MYC plants.

Light-Mediated Stabilization of ICE proteins Is Critical for
Stomatal Development

A critical question was whether the light-mediated stabilization
of ICE proteins is essential for the induction of stomatal de-
velopment. We measured the stomatal index (SI) for transgenic
plants overexpressing aGFP-ICE1 fusiondriven by theCaMV35S

Figure 2. Light-Induced ICE Accumulation Occurs in the Nuclei of Abaxial Epidermal Cells of Cotyledons.

(A) ICE accumulation in the nuclei of abaxial epidermal cells. Five-day-old ProICE1:GFP-ICE1 and ProSCRM2:GFP-SCRM2 seedlings grown onMS-agar
plates in darkness were exposed to different light wavelengths for 4 h before obtaining confocal images.
(B) Counting of fluorescent nuclei in abaxial epidermal cells. Counting was performed using the cotyledon samples described in (A). Three independent
counts, each consisting of 10 seedlings, were averaged and statistically analyzed (t test, *P < 0.01). Bars indicate SE.
(C)Effects of light on ICEprotein stability in stomata and stomatal lineage cells. TheProICE1:GFP-ICE1 andProSCRM2:GFP-SCRM2 transgenic seedlings
were grownonMS-agar plates for 5 d under different lightwavelengths. Confocal images of abaxial epidermal cells of cotyledonswere displayed. Asterisks
indicate meristemoids. Brackets indicate guard mother cells. Plus signs indicate immature stomata.
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promoter in Col-0 and cop1-4 backgrounds. It has been reported
that Col-0 plants and cop1-4mutants do not exhibit any differences
in stomatal phenotypes under normal light conditions (Kang et al.,
2009), which is due to the saturated accumulation of ICE proteins
(Figure 5B). Therefore, plants were grown under dim light (1.5 mmol
m22 s21), as ICE1 levels were different in Col-0 plants and cop1-4
mutants under these conditions (Figure 8A; Supplemental File 1).

The 35S:GFP-ICE1 seedlings exhibited enhanced stomatal
development compared with Col-0 plants under dim light con-
ditions, as verified by SI measurements (Figures 8C and 8D). The
cop1-4 mutant exhibited higher SI than Col-0 plants under both
dim light and dark conditions, consistent with the negative reg-
ulatory role of COP1 in stomatal development (Kang et al., 2009).
Notably, ICE1 overexpression further enhanced the cop1-4 sto-
matal phenotype in 35S:GFP-ICE1 cop1-4 seedlings (Figures 8C
and 8D), producing adjacent stomata and increasing the number
of small cells, which are known to readily differentiate into guard
cells (Wang et al., 2007). A similar enhancement of the stomatal
phenotypehasalsobeenobserved for thesevereCOP1-defective
allele cop1-5 (Kang et al., 2009). Meanwhile, we found no dis-
cernible differences in the levels ofGFP-ICE1 transcripts between
the cop1-4 mutants and Col-0 plants (Figure 8B).

Time sequence analysis of stomatal differentiation revealed
that the 35S:GFP-ICE1 cop1-4 plants produced compact,

division-competent cells during the early stages of stomatal dif-
ferentiation, at 4 d after germination (Figure 8E). It was evident that
the transgenic plants produced adjacent stomata and small cells
at 9 d after germination, demonstrating that light-induced ICE1
accumulation is critical for stomatal development.
To further verify that the light-mediated inhibition of COP1

function in inducing ICE1 accumulation is important for stomatal
development, a GFP-ICE1 fusion was overexpressed driven by
the strong CaMV 35S promoter in the cop1-5mutant in the Ws-2
background, which exhibits a severe stomatal phenotype, having
more stomata than the cop1-4 mutant (Kang et al., 2009). The
transgenic plants were grown in darkness, and the SI was mea-
sured. The results showed that ICE1 overexpression does not
enhance the stomatal phenotype of the cop1-5 seedlings (Figures
8F to 8H), which would be because ICE1 accumulation is already
higher in this phenotypically severe mutant compared with that in
the cop1-4 mutant having mild phenotypes.
To further investigate the functional relationship between ICE

transcription factors and COP1 in regulating stomatal de-
velopment, the ice1-2 scrm2-2 double mutant was crossed with
the cop1-4 and cop1-5mutants, and the stomatal phenotypes of
the resultant plants were analyzed. The ice1-2 scrm2-2 double
mutant exhibited no symptoms of stomatal development in ab-
axial epidermal cells of cotyledons under both dim-light and dark

Figure 3. ICE Proteins Interact with COP1.

(A) ICEandCOP1constructs.Numbers indicate aminoacid (aa) positions. bHLH,basichelix-loop-helix; ZIP, leucine zipper; RING, ringdomain;Coil, coiled-
coil.
(B) ICE-COP1 interactions in yeast cells. –LW indicates Leu and Trp dropout plates. –LWHA indicates Leu, Trp, His, and Ade dropout plates.
(C) b-Gal activity assays. Interactions of ICE proteins with COP1 in yeast cells were examined by measuring b-Gal activity. Five measurements were
averaged and statistically analyzed (t test, *P < 0.01). Bars indicate SE.
(D)COP1-ICE interactions inArabidopsisprotoplasts. TheYFPN-COP1and ICE1-YFPCconstructsand theYFPN-SCRM2andCOP1-YFPCconstructswere
coexpressed transiently in Arabidopsis protoplasts and visualized by differential interference contrast (DIC) and fluorescence microscopy. Bars = 10 mm.
(E) Coimmunoprecipitation. Five-day-old 35S:HA-ICE1 ProXVE:COP1-MYC seedlings were incubated in the presence of 25 mM b-estradiol and 50 mM
MG132 for 1 d in darkness before extracting total proteins fromwhole seedlings. Immunoprecipitation (IP) was performed using an anti-HA antibody. ICE1
and COP1 were detected immunologically using anti-HA and anti-MYC antibodies, respectively.
(F) Localization of ICE1 into nuclear speckles. TheCOP1 andGFP-ICE1constructswere coexpressed transiently in Arabidopsis protoplasts, and the nuclei
were visualized by fluorescence microscopy. Bars = 5 mm.
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conditions (Figures 9A and 9B). Notably, the ice1-2 scrm2-2
double mutation compromised the constitutive stomatal de-
velopmentof thedark-growncop1-4andcop1-5mutants (Figures
9Aand9B;Supplemental Figure7), confirming that suppressionof
COP1-mediated ICE degradation is required for light-induced
stomatal development.

Light induces the division of stomatal lineage cells, but its
effects are not prominent before entering the stomatal lineage
(Kang et al., 2009). Therefore, we speculated that the suppression
of the cop1-4 stomatal phenotype by the ice1-2 scrm2-2 double
mutation occurs because the double mutant does not have
stomatal lineage cells capable of responding to light. In support of
this notion, it has been reported that spchmutations, which block
the entry into the stomatal lineage, suppress the cop1-5 stomatal
phenotype (Kang et al., 2009).

To resolve this uncertainty, we prepared ice1-2 scrm2-2/+
seedlings, inwhich the entry into stomatal lineage occurs properly
but division of the stomatal lineage cells is aborted, unlike ice1-2
scrm2-2 seedlings (Kanaokaet al., 2008).We found that the ice1-2

scrm2-2/+ mutation still compromised the constitutive stomatal
phenotype of the cop1-4 mutant (Figures 9A and 9B), further
supporting the physiological significance of the light-induced
suppression of COP1-mediated ICE degradation during stomatal
development.
The MAPKK kinase YODA (YDA) acts downstream of COP1 in

repressing stomatal development, and its defective mutants
produce stomata even in darkness (Kang et al., 2009; Balcerowicz
et al., 2014). A question was whether YDA is functionally asso-
ciated with ICE proteins in stomatal development. We observed
that the stomatal phenotype of the YDA-defective yda-10mutant
is still light-responsive, producingmore stomata in the light than in
darkness (Balcerowicz et al., 2014) (Supplemental Figure 8A). The
yda-10 mutant harbors more cells that express ICE1 than Col-0
plants under both light and dark conditions (Balcerowicz et al.,
2014). To examine whether the stomatal phenotype of themutant
is associated with ICE1 accumulation, we produced transgenic
plants expressing a GFP-ICE1 fusion in Col-0 and yda-10 back-
grounds. While the number of green fluorescent nuclei was larger

Figure 4. COP1 Ubiquitinates ICE Proteins.

(A) ICE ubiquitination in vitro. Ubiquitination assays on ProS2 fusions in vitro were performed using human E1, E2, and recombinant MBP-COP1 that was
pretreatedwith 20mMZnCl2 prior to the reactions.MBPproteinwas included as a negative control. Ubiquitinated ICE1 andSCRM2proteinswere detected
immunologically using an antiubiquitin (Ub) antibody (left and right panels, respectively). kDa, kilodaltons.
(B) ICE ubiquitination in vivo. Ten-day-old 35S:HA-ICE1 ProXVE:COP1-MYC seedlings were incubated in the presence of 25 mM b-estradiol and 50 mM
MG132 for 24 h in darkness before extracting total proteins from whole seedlings (left panel). IP was performed using an anti-HA antibody. Ubiquitinated
ICE1proteinsweredetectedby immunoblot hybridizationusingananti-Ubantibody.NI, no immunoprecipitation.Ten-day-old35S:MYC-SCRM2seedlings
were incubated in the presence of 50mMMG132 for 24 h in darkness before extracting total proteins fromwhole seedlings (right panel). IP and detection of
ubiquitinated SCRM2 were performed as described above.
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in the yda-10 background than in the Col-0 background, it further
increased following light exposure in the yda-10 background
(Supplemental Figures 8B and 8C), consistent with the stomatal
phenotype of the mutant. Immunological assays also showed
that ICE1 accumulation is still light-responsive in the yda-10
background but to a lesser degree compared with that in the Col-0
background (Supplemental Figures 8D and 8E and Supplemental
File 1). These observations suggest that YDA is functionally in-
dependent of ICE-mediated light signaling in regulating stomatal
development. It is likely that YDAand ICE1 function in parallel during
stomatal development.

ICE Proteins Integrate Light and Developmental Signals into
Stomatal Development

Our data indicated that light triggers ICE accumulation to direct
stomatal development. It is known that ICE and SPCH tran-
scription factors cooperatively regulate genes that modulate

stomatal development, such as EPIDERMAL PATTERNING
FACTOR2 (EPF2) and TOO MANY MOUTH (TMM ) (Horst et al.,
2015). Therefore, we examined whether the ICE targets are in-
volved in light-mediated stomatal development.
RT-qPCRanalysis revealed that lightpromotes the transcription

of EPF2. Its transcript levels gradually increased in the light,
peaking 12 h following light illumination (Figure 10A). The tran-
scription of TMM was also induced, albeit to a lesser degree, by
light exposure.
Spatial regulation of initial stomatal development is conducted

by ICE/SPCH transcription factors and its targetEPF2 (Horst et al.,
2015). Light-induced EPF2, which functions as a secreted sig-
naling peptide, restricts entry into the stomatal lineage in neigh-
boring cells (Hunt andGray, 2009).Consequently, EPF2-defective
mutants exhibit small-clustering-cell phenotypes under light
conditions (Hunt andGray, 2009;Yamamuroetal., 2014).Notably,
dark-grown wild-type seedlings exhibited numerous small clus-
tering cells (Figure10B), similar to thoseobserved inEPF2-defective

Figure 5. COP1 Degrades ICE Proteins through Ubiquitin/Proteasome Pathways.

(A)Ubiquitin-mediated ICEdegradation. Ten-day-old 35S:MYC-ICE1and35S:MYC-SCRM2seedlingswere incubated in thepresenceof 50mMMG132 for
24 h in darkness before extracting total proteins from whole seedlings. An anti-MYC antibody was used to detect ICE proteins. Nontransformed Col-0
seedlings were also included in the assays.
(B) Reduced ICE degradation in COP1-defective mutants. The 35S:MYC-ICE1 and 35S:MYC-SCRM2 plants were crossed with Col-0 plants and cop1
mutants (upper and lower panels, respectively). Seedling growth and detection of ICE proteins were performed as described in (A). Nontransformed Col-0
seedlings were also included in the assays.
(C)COP1-mediated degradation of ICE1. Ten-day-old 35S:HA-ICE1 ProXVE:COP1-MYC seedlings were incubated in darkness for 24 h in the presence of
10mMMG132and25mMb-estradiol before extracting total proteins fromwhole seedlings. Anti-HAandanti-MYCantibodieswere used to detect ICE1 and
COP1 proteins, respectively. Nontransformed Col-0 seedlings were also included in the assays.
(D) ICE1 accumulation in cop1-4 stomatal lineage cells. The ProICE1:GFP-ICE1 and ProICE1:GFP-ICE1 cop1-4 seedlings were grown for 5 or 7 d in
darkness.Confocal imagesof abaxial epidermal cellswereobtained.Arrowheads indicatedivision-competent cells.Asterisk indicatesmeristemoid.Arrows
indicate stomata.
(E) Kinetics of ICE1 accumulation. Three-day-old ProICE1:GFP-ICE1 and ProICE1:GFP-ICE1 cop1-4 seedlings grown in darkness were exposed to white
light for the indicated time periods before obtaining confocal images (left panel). Bars = 30 mm. Three independent measurements, each consisting of
10countsoffluorescentnuclei inabaxial epidermal cells,wereaveragedandstatistically analyzed (t test, *P<0.01) (rightgraph).Bars in thegraph indicate SE.
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mutants, supporting the notion that the ICE-mediated activation of
EPF2 is associated with light regulation of stomatal development.

To examine whether the light-mediated induction of EPF2 is
related to ICE transcription factors, we examined the levels of
EPF2 transcripts in ice1-2 and cop1-6mutants grown in the light.
We found that while the transcript levels were elevated in Col-0
plants, they were not elevated in the ice1-2 and ice1-2 cop1-6
mutants (Figure 10C). Meanwhile, high levels of EPF2 transcript
were maintained in the cop1-6 mutant, in which ICE/SCRM
proteins accumulate (Figure 5B). These observations demon-
strate that ICE/SCRM transcription factors mediate the light-
mediated induction of EPF2.

In conclusion, our data demonstrated that COP1 degrades the
ICE transcription factors through ubiquitin/proteasome pathways
in darkness, inhibiting stomatal development. Accordingly, ICE
proteins accumulate in the nuclei of abaxial epidermal cells in
COP1-defective mutants even in darkness. However, light sup-
presses the COP1-mediated degradation of ICE proteins, un-
derlying the induction of stomatal development in light-grown
plants. Our data provide a molecular mechanism by which light
signals are integrated into the ICE-SPCH/MUTE/FAMA-mediated
developmental programs during stomatal development (Figure
10D).

DISCUSSION

Photostabilization of ICE Proteins during
Stomatal Development

Stomatal development progresses through a series of cell fate
determination/specification steps from initial meristemoidmother
cells to guard mother cells, which finally differentiate into guard
cells. The initial stomatal development is specified by the co-
ordinated actions of ICEandSPCH transcription factors,while it is
restricted by the signaling peptide EPF2 and receptor-like pro-
teins, such as TMM. The stomatal regulators function through
a network of negative and positive feedback regulatory circuits
(Horst et al., 2015). Meanwhile, it is known that light promotes
stomatal development. Light inhibits the function of COP1, awell-
known repressor of light responses, thus inducing stomatal
development (Kang et al., 2009). While it has been generally ac-
cepted that the link between light signaling and stomatal de-
velopment is mediated by COP1, the exact mechanism of how
light regulates stomatal development at the molecular level is not
well understood.
Here, we observed that COP1 degrades ICE proteins through

ubiquitination pathways, thus suppressing stomatal devel-
opment under dark conditions. As a result, the ICE proteins

Figure 6. SPCH Degradation Is Not Associated with Ubiquitin/Proteasome Pathways.

(A)Fluorescence-assisted detection ofSPCHpromoter activity. Three-day-oldProSPCH:NLS-GFP transgenic seedlings grown in darknesswere exposed
to white light for 6 h. Confocal images of abaxial epidermal cells of cotyledons were obtained. All scale bars represent the same value. Bars = 30 mm.
(B) and (C) SPCH accumulation in the nuclei of abaxial epidermal cells of cotyledons. Three-day-old ProSPCH:GFP-SPCH transgenic seedlings grown in
darknesswere exposed towhite light for 6 h before obtaining confocal images (B). Bars = 30mm.Fluorescent nuclei in abaxial epidermal cells were counted
(C). Three independent measurements, each consisting of 10 counts, were averaged and statistically analyzed (t test, *P < 0.01). Bars indicate SE.
(D)Effects ofMG132 on SPCHdegradation. Five-day-old transgenic seedlings overexpressing aMYC-SPCH fusionwere incubated in darkness for 24 h in
the presence of 50 mMMG132 before extracting total proteins from whole seedlings. Immunological detection of SPCH proteins was performed using an
anti-MYC antibody. Blots on the membranes were quantitated using ImageJ software.
(E) and (F) Dark-induced degradation of SPCH in cop1-4 stomatal lineage cells. Three-day-old ProSPCH:GFP-SPCH and cop1-4 ProSPCH:GFP-SPCH
seedlingsgrown indarknesswereexposed towhite light for6hbeforeobtainingconfocal imagesofabaxial epidermalcellsof cotyledons (E).Bar=30mm.All
scale bars represent the same value. Fluorescent nuclei in abaxial epidermal cells were counted (F). Three independentmeasurements, each consisting of
15 counts, were averaged and statistically analyzed (t test, *P < 0.01). Bars indicate SE.
(G)SPCHaccumulation in the cop1-4 background. Five-day-old 35S:MYC-SPCH seedlings were incubated in darkness for 24 h. Immunological detection
of SPCH proteins was performed as described in (D). Blots on the membranes were quantitated as described above.
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accumulate to high levels in the nuclei of abaxial epidermal cells of
leaves in COP1-defective mutants, which constitutively produce
stomata even in darkness. Notably, light suppresses the COP1-
mediated degradation of the ICE proteins to sustain stomatal
development.

ICE gene expression and their protein accumulation are largely
unchanged during stomatal development, and the ICE tran-
scription factors specify all rounds of stomatal division steps
(Kanaoka et al., 2008). The ICE proteins form heterodimers with
SPCH, MUTE, and FAMA, for promoting stomatal cell fate tran-
sitions during this developmental process. It has been reported
that SPCH transcription is induced by red light (Klermund et al.,
2016). We observed that, while SPCH transcription is only mar-
ginally affected by light, its protein accumulation is markedly
promoted in the light (Figures 6A to 6C). In addition, the ICE and
SPCH transcription factors are functionally interrelated through
a feedback regulation pathway (Kanaoka et al., 2008; Horst et al.,
2015). We propose that light-mediated stabilization of ICE and
SPCH proteins contribute synergistically to the light-mediated
induction of stomatal development.

COP1 isacentral E3ubiquitin ligase thatdirects thedegradation
of diverse target proteins involved in plant photomorphogenesis
(Osterlund et al., 2000; Jang et al., 2005). Light suppresses the
action of COP1, thereby stabilizing target proteins and com-
mencingphotomorphogenesis (Staceyetal., 1999;Liuetal., 2011;
Lu et al., 2015; Sheerin et al., 2015). It is known that light-mediated

suppressionofCOP1functionoccurs throughtwodistinctmolecular
mechanisms: nuclear depletion of COP1 proteins and dissoci-
ation of COP1-SPA protein complex. While the former mech-
anism is exerted around 24 h following light exposure (vonArnim
and Deng, 1994; von Arnim et al., 1997), the latter mechanism is
effective within 6 h after light exposure (Lu et al., 2015; Sheerin
et al., 2015).
Our data indicate that light triggers the accumulation of ICE

proteins by suppressing COP1-mediated degradation in the
several hours following light exposure.Meanwhile, it is known that
the effects of light on most plant cell divisions occur within 24 h
under light conditions (Reichler et al., 2001). Therefore, we believe
that light stabilizes the ICE proteins primarily by reorganizing the
COP1-SPA complex during stomatal development. However, the
light-mediated nucleocytoplasmic relocalization of COP1 would
also contribute, at least in part, to the stabilization of ICE proteins
(Pacín et al., 2014). We observed that ICE degradation still occurs
in COP1-defective mutants (Figure 5B), suggesting that COP1 is
not the sole E3 ubiquitin ligase that regulates ICE abundance
during stomatal development. It will be worth investigating the
additional E3 enzyme(s) responsible for ICE degradation during
this developmental process. It is also possible that residual
degradation of ICE proteins might still occur through COP1,
considering thatboth thecop1-4andcop1-6mutantsarenot loss-
of-function mutants.

Integration of Light Signals into Stomatal Development by
ICE Proteins

The SPCH/MUTE/FAMA regulatory network constitutes a central
developmental pathway for stomatal development and possibly
functions downstream of the YDA-MAPK signaling cascade
(Lampard et al., 2008; Dong and Bergmann, 2010). YDA acts as
a negative regulator of stomatal development; thus, plants ex-
pressing a constitutively active YDA form fail to form stomata.
Meanwhile, we found that the stomatal development of a YDA-
defective mutant is still light-responsive, as has been reported
previously (Balcerowicz et al., 2014). We believe that ICE-mediated
lightsignaling is functionallydistinct fromtheroleofYDA in regulating
stomatal development.
Our data illustrate that light stabilizes ICE proteins by sup-

pressing COP1 function. ICE transcription factors are functionally
interrelated with SPCH/MUTE/FAMA in regulating stomatal de-
velopment (Kanaoka et al., 2008; Horst et al., 2015). Interestingly,
COP1 does not interact with SPCH, MUTE, and FAMA, which
interacts physically and functionally with the ICE proteins.
Based on the previous reports and our own observations, we
propose that the ICE transcription factors integrate light signals
into the YDA-SPCH/MUTE/FAMA developmental regulatory
network during light-regulated stomatal development.
EPF2 encodes a signaling peptide that restricts entry into

the stomatal lineage (Hara et al., 2009; Hunt andGray, 2009). We
found that light induces ICE accumulation, which upregulates
EPF2 activity at the transcriptional level, thereby conferring
proper stomatal spacing and distribution. Interestingly, it has
been recently shown that CO2 concentration affects the tran-
scription of EPF2 (Engineer et al., 2014). Thus, it is likely that the
COP1-ICE-EPF2 signaling module integrates environmental

Figure 7. Light Inhibits COP1-Mediated Degradation of ICE1.

Five-day-old35S:HA-ICE1ProXVE:COP1-MYCseedlingswerepretreated
with 50mMMG132 in the absence (A) or presence (B) of 25mMb-estradiol
for 16 h and subsequently incubated in the presence of 0.5 mM cyclo-
heximide either in the light or darkness.Whole seedlingswere harvested at
the indicated timepoints for total protein extraction. Anti-HAandanti-MYC
antibodies were used to detect ICE1 and COP1 proteins, respectively.
Nontransformed Col-0 seedlings were also included in the assays.
(C) Blots on the membranes were quantitated using ImageJ software.
Quantitations of three blots of biological triplicates from independent
plant samples incubatedunder identical conditionswereaveraged.Bars
indicate SE.
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information, including light signals, into developmental programs
that govern stomatal development.

Recent studies have shown that ICE transcription factors are
conserved in awide range of plant species and play versatile roles
indiverseplantdevelopmental processes (Leeet al., 2015;Raissig
et al., 2016), raising the possibility that they serve as a molecular
node that links environmental signals and plant developmental
cues. Among the external signals mediated by ICE proteins,
temperature responses have been studied extensively (Dong
et al., 2006; Kim et al., 2015). It is known that stomatal de-
velopment is also influenced by environmental temperatures
(Thomashow, 1999; Crawford et al., 2012). It will be worthy of
investigating whether and how temperature signals interact with
light signals during stomatal development.

METHODS

Plant Materials and Growth Conditions

All Arabidopsis thaliana lines used were in the Columbia (Col-0) back-
ground except for the cop1-5 mutant, which was in the Wassilewskija

(Ws-2) background (McNellis et al., 1994). The ice1-2and scrm2-2mutants

havebeendescribedpreviously (Kanaokaet al., 2008;Kimet al., 2015). The

cop1-4 and cop1-6mutants have been described previously (Deng et al.,

1991).
A MYC-coding sequence was fused in-frame to the 59 ends of the ICE1

and SCRM2/ICE2 genes, and the fusions were expressed driven by en-

dogenous ICE promoters in Col-0 plants, resulting in ProICE1:MYC-ICE1

and ProSCRM2:MYC-SCRM2 plants, respectively. To produce ProICE1:

GFP-ICE1, ProSCRM2:GFP-SCRM2, and ProSPCH:GFP-SPCH plants,

Figure 8. Light-Mediated Stabilization of ICE1 Is Important for Stomatal Development.

(A) ICE1accumulation in the cop1-4mutant.Col-0 and cop1-4 seedlings overexpressing aMYC-ICE1 fusiondrivenby theCaMV35Spromoterweregrown
in dim light (1.5 mmol m22 s21) for 5 d before extracting total proteins from whole seedlings. ICE1 was immunodetected using an anti-MYC antibody.
(B) Transcript levels of GFP-ICE1 transgene in the cop1-4 background. Seedlings were grown for 5 d on MS-agar plates under either dim light or dark
conditions. Transcript levelswere examinedbyRT-qPCR.Biological triplicates using independent seedling samples grownunder identical conditionswere
statistically analyzed (t test, *P < 0.01). Bars indicate SE.
(C) and (D) Stomatal phenotypes in dim light. Seedlings were grown under either dim light or dark conditions for 5 d. Confocal images of abaxial epidermal
cells of cotyledonswere obtained (C). Yellowbracketsmark adjacent stomata. SIwasmeasured (D). Three independentmeasurements, each consisting of
10 seedlings, were averaged and statistically analyzed (t test, *P < 0.01). Bars indicate SE.
(E)Kineticsof stomataldifferentiation in thecop1-4background.SeedlingsweregrownonMS-agarplates indim light.Confocal imagesofabaxial epidermal
cells of cotyledons were obtained. DAG, days after germination. Arrowheads indicate compact division-competent cells. Asterisks indicate small cells,
which readily differentiate into guard cells. Brackets indicate adjacent stomata.
(F) and (G)Stomatal phenotypes in darkness. The 35S:GFP-ICE1 cop1-5 transgenic seedlingswere grown onMS-agar plates in darkness for 8 d. Confocal
imagesofabaxial epidermal cellsof cotyledonswereobtained (F). Three independentmeasurementsofSI, eachconsistingof10seedlings,werestatistically
analyzed (t test, *P < 0.01) (G). Bars indicate SE.
(H) Transcript levels of GFP-ICE1 transgene in the cop1-5 background. Transcript levels were analyzed by RT-qPCR using the dark-grown seedlings
described in (F). Whole seedlings were used for total RNA extraction. Biological triplicates using independent seedling samples grown under identical
conditions were statistically analyzed (t test, *P < 0.01). Bars indicate SE.
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a GFP-coding sequence was fused in-frame to the 59 ends of ICE and
SPCH genes, and the fusions were subcloned under the control of en-
dogenous promoters into themodified pBA002a vector (Jung et al., 2013).
The 35S:MYC-ICE transgenic plants have been described previously (Kim
et al., 2015; Lee et al., 2015). A full-size SPCH cDNAwas fused in-frame to
the 39 end of a MYC-coding sequence, and the fusion construct was
overexpressed driven by theCaMV35S promoter in the Col-0 background
to generate 35S:MYC-SPCH plants. To produce 35S:GFP-ICE1 plants,
a full-size ICE1 cDNA was fused in-frame to the 39 end of a GFP-coding
sequence, and the fusion constructwas subclonedunder the control of the
CaMV35Spromoter into the binary pBA002 vector (Kim et al., 2006). A full-
size ICE1 cDNA was also fused in-frame to the 39 end of a HA-coding
sequence, and the fusion construct was overexpressed driven by the
CaMV 35S promoter to generate 35S:HA-ICE1 plants. To produce
transgenic plants expressing COP1-MYC under the control of a b-estradiol-
inducible promoter, the full-length COP1-coding sequence was
subcloned into the pER8 vector (Zuo et al., 2000). For generating ProICE:
NLS-GFPand ProSPCH:NLS-GFP plants, the gene promoter sequences
were transcriptionally fused to nuclear localization sequence (NLS) and
GFP-coding sequence, and the fusion constructs were transformed
into Col-0 plants.

Arabidopsis plants were grown in soil in a controlled culture room set at
23°Cwith relative humidity of 55%under long days (16 h light and 8 h dark)
with white light illumination (120 mmol m22 s21) provided by fluorescent
FLR40D/A tubes (Osram). For treatments with different light wavelengths,
plants were grown on 0.53 Murashige and Skoog-agar (MS-agar) plates
with white light (50 mmol m22 s21), blue (35 mmol m22 s21), red (40 mmol
m22 s21), or far-red (15 mmol m22 s21) illumination. Arabidopsis trans-
formationwas performedby the floral dipmethod (Clough andBent, 1998).

Gene Expression Analysis

Preparation of RNA samples and RT-qPCR were performed according to
the rules proposed to ensure reproducible measurements of mRNA levels
(Udvardi et al., 2008).RT-qPCR reactionswereperformed in96-well blocks
with the Applied Biosystems 7500 real-time PCR system using the SYBR
Green I master mix in a volume of 20 mL. PCR primers used are listed in
Supplemental Table 1. The two-step thermal cycling profile employedwas

15 s at 95°C for denaturation and 1 min at 60°C for annealing and poly-
merization. An eIF4A gene was included as an internal control in the PCR
reactions to normalize the variations in the amounts of cDNA used. All
RT-qPCR reactions were performed in biological triplicates using RNA
samples extracted from three independent plant materials grown under
identical conditions. The threshold cycle (CT) was automatically de-
termined for each reaction by the system set with default parameters. The
reaction specificity was determined by themelt curve analysis of amplified
products using the standard method installed in the system.

ICE Protein Stability Assay

Five-day-old 35S:HA-ICE1 ProXVE:COP1-MYC plants grown onMS-agar
plates were incubated in MS liquid medium supplemented with 50 mM
MG132 and/or 25 mM b-estradiol for 16 h in the light. Seedlings were
washed three times with fresh MS liquid and transferred to MS liquid
medium containing 0.5 mM cycloheximide under either light or dark
conditions. Total proteins were extracted from whole seedlings. Immu-
noblot hybridization was conducted using specific antibodies (anti-HA
antibody, Millipore, catalog no. 05-904; anti-MYC antibody, Millipore,
catalog no. 05-724), as described previously (Lee et al., 2015).

Fluorescence Imaging and Microscopy Analysis

A Leica SP8 confocal laser scanning microscope was used to capture
propidium iodide (PI) staining and GFP fluorescence images. Re-
constitution of GFP fluorescence was observed with the following filter
setup: excitation of 561 nmand emission of 570 to 650 nm for PI; excitation
of 488 nm and emission of 490 to 540 nm for GFP using a HyD detector.
Images were taken at the same laser intensity to compare intensities
between genotypes. To counterstain epidermal cell shapes, plant tissues
were stained with 50 mg/mL PI for 2 min and rinsed briefly with deionized
water before visualization (Kang et al., 2009).

COP1-ICE Interaction

Yeast two-hybrid assays were conducted using the BD Matchmaker
system (Clontech). The pGADT7 vector was used for GAL4 AD (activation

A B

Figure 9. ICE1 and SCRM2 Mediate Light-Mediated Induction of Stomatal Development.

Seedlings were grown on MS-agar plates under either dim light or dark conditions for 5 d. Confocal images of abaxial epidermal cells of cotyledons were
obtained (A). Asterisks indicate aborted stomatal lineagecells. Three independentmeasurements ofSI, eachconsistingof 10 seedlings,were averagedand
statistically analyzed (t test, *P < 0.01) (B). Bars indicate SE. nd, not detectable.
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domain), and the pGBKT7 vector was used for GAL4 BD (DNA binding
domain). Yeast strain AH109 (leu2 , trp2 , ade2 , his2 ), which harbors
chromosomally integrated reporter genes lacZ and HIS driven by the GAL1
promoter, was used for transformation with the vector constructs. The COP1-
ICE interactions were examined by both cell growth on selective media and
measurementsofb-galactosidaseactivityaccordingtothesystemprocedures.

BiFC assay was performed essentially as described previously (Lee
et al., 2015). TheYFPN-COP1and ICE1-YFPCconstruct pair and theYFPN-
SCRM2 and COP1-YFPC construct pair were coexpressed transiently in
Arabidopsis mesophyll protoplasts.

For coimmunoprecipitation, the 35S:HA-ICE1 ProXVE:COP1-MYC
plants grown on MS-agar plates for 5 d were incubated in the presence of
25 mM b-estradiol and 50 mMMG132 for 1 d in darkness before extracting
total proteins from whole seedlings. Protein complexes were coimmu-
noprecipitated using an anti-HA antibody (Sigma-Aldrich), and the pre-
cipitates were analyzed immunologically using anti-HA and anti-MYC
antibodies (Millipore).

Colocalization assayswere performedby cotransfection of non-tagged
COP1 and GFP-ICE1 constructs into Arabidopsis mesophyll protoplasts by
a polyethylene glycol-calcium transfection method (Yoo et al., 2007). The
subcellulardistributionofGFP-ICE1wasvisualizedbyfluorescencemicroscopy.

ICE Ubiquitination

Recombinant ProS2-ICE andMBP-COP1 fusion proteinswere prepared in
Escherichia coli cells. In vitro ubiquitination assays were performed using
400 ng ProS2-ICE and 200 ng MBP–COP1 proteins in a reaction buffer
(50 mM Tris, pH 7.4, 5 mM MgCl2, 2 mM ATP, and 2 mM DTT) containing
100 ng human E1 (Boston Biochem), 100 ng human E2 UbcH5b (Boston

Biochem), and 1 mg ubiquitin (Sigma-Aldrich). Recombinant MBP-COP1
protein was pretreated with 20 mM ZnCl2 before assays. Reactions were
performed at 30°C for 2.5 h with gentle shaking and terminated by adding
SDS-PAGE loading buffer. The reaction mixtures were separated on 6%
SDS-PAGE gels, and ubiquitinated ProS2-ICE proteins were detected
using an anti-ProS2 (Takara Bio) or an anti-ubiquitin (Sigma-Aldrich) an-
tibody. Ubiquitination assays in vivo were performed as described pre-
viously (Kim et al., 2015).

Stomatal Index Measurement

SI is given as the percentage of the number of stomata compared with the
total number of pavement cells per unit area of leaf (Kang et al., 2009). SI
was measured using the central area of the abaxial epidermis of cotyle-
dons. Only stomata having visible pores were counted.

Statistical Analysis

The statistical significance between two means of measurements were
determined using Student’s t test with P values of <0.01.

Accession Numbers

Sequence data from this article can be obtained from the Arabidopsis
Genome Initiative databases under the following accession numbers:
eIF4A (At3g13920), ICE1 (At3g26744), SCRM2/ICE2 (At1g12860), COP1
(At2g32950), SPCH (At5g53210),MUTE (At3g06120), FAMA (At3g24140),
YDA (At1g63700), EPF2 (At1g34245), TMM (At1g80080), and ERECTA
(At2g26330).

Figure 10. ICE Proteins Integrate Light Signals into Stomatal Development.

(A) Effects of light on the transcription of stomatal regulator genes. Col-0 plants were grown in darkness for 3 d and then exposed to white light for the
indicated time periods before harvesting whole seedlings. Transcript levels were examined by RT-qPCR. Biological triplicates using independent seedling
samples grown under identical conditions were statistically analyzed (t test, *P < 0.01). Bars indicate SE. ERECTA was used as the negative control (Horst
et al., 2015).
(B)Stomatal spacinganddistribution.Col-0plantsweregrownunder either darkor light conditions for 3d.Confocal imagesof abaxial epidermal surfacesof
cotyledons were obtained. Brackets indicate small clustering cells that occur only in etiolated seedlings.
(C) Transcript levels of EPF2 in the ice1-2 and cop1-6 mutant. Seedling growth and RT-qPCR were performed as described in (A).
(D) ICE-mediated light signaling scheme during stomatal development. In this signaling scheme, ICE transcription factors integrate light signals into
stomatal development. Light would also stabilize SPCH via a COP1-independent pathway.
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