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Circadian rhythm of stomatal aperture is mainly regulated by light/darkness. Blue and red light induce stomatal opening through
different mechanisms that are mediated by special receptors. ROP2, a member of Rho GTPase family in Arabidopsis (Arabidopsis
thaliana), has been found to negatively regulate light-induced stomatal opening. However, the upstream guanine nucleotide
exchange factor (GEF) RopGEFs have not been revealed, and it is unclear which photoreceptor is required for the action of
RopGEFs-ROPs. Here, we showed that RopGEF2 acted as a negative regulator in phytochrome B (phyB)-mediated red light-
induced stomatal opening. Meanwhile, ROP7, another member of ROP family, acting redundantly with ROP2, was regulated by
RopGEF2 in this process. RopGEF2 interacted with ROP7 and ROP2 and enhanced their intrinsic nucleotide exchange rates.
Furthermore, the direct interactions between phyB and RopGEF2 were detected in vitro and in plants, and phyB enhanced the
GEF activity of RopGEF2 toward both ROP7 and ROP2 under light. In addition, RopGEF4 functioned redundantly with RopGEF2
in red light-induced stomatal opening by activating both ROP7 and ROP2, and RopGEF2/RopGEF4 acted genetically downstream
of phyB; however, the GEF activity of RopGEF4 was not directly enhanced by phyB. These results revealed that red light-activated
phyB enhances the GEF activities of RopGEF2 and RopGEF4 directly or indirectly, and then activate both ROP7 and ROP2 in guard
cells. The negative mechanism triggered by phyB prevents the excessive stomatal opening under red light.

Stomatal movements regulate gas exchange be-
tween the atmosphere and plants, optimizing the tran-
spirational water loss and photosynthetic assimilation

of CO2. In addition to responding to multiple environ-
mental stimuli, stomatal movements also exhibit a daily
circadian rhythm, with open stomata during the day-
time and closed stomata at night. Both blue light and
red light induce stomatal opening. Blue light is per-
ceived by the phototropin receptors phot1 and phot2
(Kinoshita et al., 2001), causing the osmotic swelling of
guard cells by activating H+-ATPases in the plasma
membrane and resulting in the opening of the stomata
(Kinoshita and Shimazaki, 2002). Red light acts as both
an environmental signal and an energy source that
induces stomatal opening. However, the molecular
mechanisms underlying the stomatal response to red
light has remained controversial for many years. It was
proposed originally that red light induces mesophyll
photosynthetic consumption of CO2 inside the leaf (Ci),
which consequently opens stomata (Roelfsema et al.,
2002), whereas several lines of evidence showed that
stomata response to light even when the Ci was held
constant (Messinger et al., 2006; Lawson et al., 2008). A
close correlation between red light-dependent meso-
phyll photosynthesis and stomatal conductance has
been well documented: metabolites or signals from
mesophyll may coordinate the mesophyll and stomatal
behavior. For example, sugar or malate, two photo-
synthetic products frommesophyll, may be transported

1 This work was supported by the National Science Foundation
of China (grant nos. 30970266 and 31571450 to Y.-L.C.), the Excel-
lent Youth Foundation of Hebei Scientific Committee (grant no.
C2010000411 to Y.-L.C.), the Advanced Talents Foundation of He-
bei Education Department (grant no. GCC2014044 to Y.-L.C.), and
the Natural Science Foundation of Hebei Province (grant no.
C2014205036 to C.-G.Z.).

2 These authors contributed equally to the article.
3 Present address: Basic Forestry and Proteomics Research Center,

Haixia Institute of Science and Technology, Fujian Agriculture and
Forestry University, Fuzhou, China.

* Address correspondence to yulingchen@hebtu.edu.cn.
The authors responsible for distribution of materials integral to the

findings presented in this article in accordance with the policy de-
scribed in the Instructions for Authors (www.plantphysiol.org) are:
Zhen-Biao Yang (yang@ucr.edu) and Yu-Ling Chen (yulingchen@
mail.hebtu.edu.cn).

Y.-L.C. conceived and supervised the research; A.M.B., Z.-B.Y., and
Y.-L.C. designed the research plans; W.W., Z.L., L.-J.B., S.-S.Z., C.-G.Z.,
H.-X.L., X.L., and X.-L.Z. performed the research; W.W., L.-J.B., Z.L.,
and Y.-L.C. analyzed the data; W.W., Z.L., and Y.-L.C. wrote the man-
uscript.

www.plantphysiol.org/cgi/doi/10.1104/pp.16.01727

Plant Physiology�, June 2017, Vol. 174, pp. 717–731, www.plantphysiol.org � 2017 American Society of Plant Biologists. All Rights Reserved. 717

http://orcid.org/0000-0003-4287-9183
http://orcid.org/0000-0001-7956-8878
http://orcid.org/0000-0001-5110-1096
http://crossmark.crossref.org/dialog/?doi=10.1104/pp.16.01727&domain=pdf&date_stamp=2017-05-24
mailto:yulingchen@hebtu.edu.cn
http://www.plantphysiol.org
mailto:yang@ucr.edu
mailto:yulingchen@mail.hebtu.edu.cn
mailto:yulingchen@mail.hebtu.edu.cn
http://www.plantphysiol.org/cgi/doi/10.1104/pp.16.01727


to guard cells to affect stomatal movements (Stadler
et al., 2003; Weise et al., 2008; Lee et al., 2008; Araújo
et al., 2011); and a vapor phase signal (Sibbernsen and
Mott, 2010; Mott et al., 2014) or an aqueous signal
(Fujita et al., 2013) generated from mesophyll were
transferred to epidermis. Photoreceptor phyB was
found to mediate red light-enhanced photosynthesis
(Guo et al., 2016). Recently, HIGH TEMPERATURE1
was found to mediate red light-induced stomatal
opening that is both dependent on and independent of
Ci (Matrosova et al., 2015), and it has been discussed
that guard cells have direct responses to red light (Mott,
2009). Notably, red light receptor phyB has been
revealed to participate in red light-induced stomatal
opening, and Constitutive Photomorphogenic1 and the
phytochrome interacting factors PIF3 and PIF4 act
downstream of phyB (Mao et al., 2005; Wang et al.,
2010). However, the molecular mechanisms linking
phyB and stomatal opening have not been well un-
derstood.

Plants possess a distinct small GTPase family of
ROPs (Yang, 2002; Gu et al., 2004). There are 11 ROP
genes in Arabidopsis (Arabidopsis thaliana) that act as
vitalmolecular switches in a number of cellular processes,
including polar growth of pollen tubes (Gu et al., 2003),
cell elongation during organogenesis (Fu et al., 2002;
Brembu et al., 2005), interdigitated growth of pavement
cells (Xu et al., 2010; Lin et al., 2015), and polar auxin
transport (Nagawa et al., 2012; Chen et al., 2012; Lin et al.,
2012; Huang et al., 2014). ROP2, ROP6, and ROP11 act as
negative regulators of abscisic acid (ABA)-induced sto-
matal closure, seed germination, seedling growth, and
gene expression (Lemichez et al., 2001;Hwang et al., 2011;
Li and Liu, 2012). ROPs exert their functions in an active
GTP-binding form. ROPs-specific guanine nucleotide
exchange factors RopGEFs convert theGDP-bound forms
of ROPs into the GTP-bound forms, thereby activating
ROPs in plants. One DOCK family protein, SPIKE1, was
revealed in Arabidopsis to control cell morphogenesis,
and activation of ROPs is essential for the function of
SPIKE1 (Qiu et al., 2002; Basu et al., 2008; Zhang et al.,
2010; Ren et al., 2016). The genome of Arabidopsis also
has a new RopGEFs family containing either a conserved
central domain named “domain of unknown function
315” (DUF315) or a plant-specific ROP nucleotide ex-
changer (PRONE) domain, which has RopGEF cata-
lytic activity toward ROPs (Berken et al., 2005; Gu et al.,
2006; Shichrur and Yalovsky, 2006). The variable C- or
N-terminal regions in RopGEFs are regulatory motifs of
the GEF catalytic domains (Gu et al., 2006; Shichrur and
Yalovsky, 2006). There are 14 RopGEF members and
11 ROPs in Arabidopsis, suggesting that certain phys-
iological processes need the activation of distinct Rop-
GEFs and ROPs: RopGEF1 activates ROP1 to regulate
the polar growth of pollen tubes (Gu et al., 2006; Chang
et al., 2013); RopGEF1 and RopGEF10 regulate root hair
growth by activating ROP2 and ROP6 (Huang et al.,
2013). RopGEF1 and RopGEF4 function as specific
regulators of ROP11 in ABA-induced stomatal closure
(Li and Liu, 2012; Li et al., 2016).

Several lines of evidence indicate that RopGEFs act as
links connecting receptors or receptor kinases with
ROP signaling. For example, the interactions between
RopGEF12 and receptor kinase PRK2a (Zhang and
McCormick, 2007), KPP (a RopGEF homolog) and the
pollen-specific receptor kinases LePRK1 and LePRK2
(Kaothien et al., 2005), and RopGEF1 and the receptor-
like kinase AtPRK2 (Chang et al., 2013) transmit the
receptor kinases signals to the ROPs-mediated growth
of pollen tube. The interactions betweenPIRF1/RopGEF11
and phytochrome light receptors or FERONIA receptor-
like kinase connect receptor/receptor-like kinase signals
and ROP response during root or root hair development
(Shin et al., 2010; Duan et al., 2010).

ROP2 has been found to act as a negative regulator in
light-induced stomatal opening. Stomata of CA-rop2
open slower and show reduced final aperture than wild
type, whereas stomata of rop2 mutant and DN-rop2
open quicker and had larger final apertures than wild
type in response to light (Jeon et al., 2008). The ROP-
interactive CRIB-containing proteins (RIC7) have been
revealed to act downstream of ROP2 in this process,
and ROP2-RIC7 regulates stomatal opening by inhib-
iting the exocyst subunit Exo70B1 (Hong et al., 2016).
However, the upstream RopGEFs involved in ROP-
mediated light-induced stomatal opening have not
been identified, and it is unclear which photoreceptor is
required for the action of RopGEFs-ROPs. In this re-
search, our genetic, physiological, and biochemical ev-
idence supports that RopGEF2 functions redundantly
with RopGEF4 to play a negative role in red light-
induced stomatal opening by activating ROP2 and
ROP7, another member of ROP family. Photoreceptor
phyB is required for the action of RopGEF2/4-ROP7/2,
and the GEF activity of RopGEF2 is directly enhanced
by phyB in light, whereas the GEF activity of RopGEF4
is not directly enhanced by phyB.

RESULTS

ROP7 Negatively Regulates White Light-Induced
Stomatal Opening

Our promoter:reporter analysis showed that the
ROP7pro:GUS is expressed in guard cells (Fig. 1A).
Therefore, we investigated whether ROP7 participates
in white light-induced stomatal opening. The stomatal
density and size of rop7 mutant showed no obvious
difference to that of wild type (Supplemental Fig. S1, A
and B). We then tested the stomatal opening of the
T-DNA insertion rop7 mutant and CA-rop7 (constitu-
tively active form of rop7; Brembu et al., 2005) line after
white light illumination. The results showed that the
stomatal apertures of the wild type, the rop7 mutant,
and the CA-rop7 line increased gradually by the exten-
sion of light illumination. However, the rop7 mutant
had a significantly larger stomatal aperture than those
of wild type, and the apertures ofCA-rop7 stomatawere
significantly smaller than those of wild typewith 1, 2, or
3 h light treatment (Fig. 1B). The differences in stomatal
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apertures between wild type and mutants reached
maximum with 2 h light treatment, so the stomatal
apertures were measured hereafter in this article with
this condition. Furthermore, the stomatal apertures of
the two independent complemented lines of rop7 were
restored to the wild-type level after 2 h light illumina-
tion (Fig. 1C). The differences of stomatal apertures
between wild type and mutants were consistent with
the stomatal conductance. The larger stomatal aperture
in the rop7mutant led to a higher stomatal conductance,
and the CA-rop7 line exhibited a lower stomatal con-
ductance (Fig. 1D). The excessive stomatal opening
(faster opening of stomata with larger maximum value
of aperture) of the rop7 mutant suggested that ROP7 is
another negative regulator in white light-induced sto-
matal opening.

RopGEF2 Physically Interacts with ROP7 and Accelerates
Its Intrinsic Nucleotide Exchange Rate

To identify the potential RopGEFs that activate ROP7
in light-induced stomatal opening, we performed a
yeast two-hybrid assay by using ROP7 as bait. We
cloned the coding region of all the RopGEFs except for
RopGEF11 (we failed to amplify the coding region of
RopGEF11 by PCR) and integrated it into the vector
pGADT7. The results showed that ROP7 interactedwith
RopGEF1, 2, 3, 4, 5, and 7 in yeast (Fig. 2A). We next
determined which ropgef mutants exhibited similar
stomatal responses as rop7 with white light treatment.

The stomatal analysis showed that ropgef1 and ropgef3
mutants exhibited the similar stomatal apertures as
wild type, whereas ropgef2-1 and ropgef4-1 mutants
showed larger stomatal apertures than that of wild type
with white light illumination (Supplemental Fig. S2, A
and B). The ropgef2, ropgef4, and ropgef2 ropgef4mutants
used in this research showed no obvious difference in
stomatal density and size to wild type (Supplemental
Fig. S1, A and B).We failed to obtain the null mutants of
ropgef5 and ropgef7. Considering the interaction be-
tween ROP7 and RopGEF2 or RopGEF4, and the sim-
ilar stomatal phenotypes of ropgef2 and ropgef4 to rop7,
we next mainly investigated the role of RopGEF2 and
RopGEF4 in light-induced stomatal opening. To further
confirm the physical interaction between ROP7 and
RopGEF2, we performed an in vitro pull-down assay
and found that maltose binding protein (MBP)-fused
RopGEF2 (MBP-RopGEF2) interacted with nucleotide-
free and GDP-bound forms of the GST-ROP7 fusion
protein, respectively (Fig. 2B). The interactions of
RopGEF2 with nucleotide-free, GDP-ROP7 are consis-
tent with the reported crystal structures of ROP-GDP-
PRONE ternary and ROP-PRONE binary complexes
(Thomas et al., 2007, 2009). This result provided further
evidence that ROP7 directly interacts with RopGEF2.

RopGEFs catalyze nucleotide replacement on or
disassociation from ROPs. The PRONE/DUF315 do-
mains of RopGEFs exhibit GEF activities toward ROPs,
and the activities are regulated by the variable N- and
C-terminal regions (Gu et al., 2006; Berken et al., 2005).
Therefore, we examined the GEF activity of the DUF315

Figure 1. ROP7 acts as a negative reg-
ulator of white light-induced stomatal
opening. A, The GUS signal in epider-
mal guard cells of the transgenic plants
expressing ROP7pro:GUS. B and C, The
stomatal opening of the rop7mutant and
CA-rop7 line (B) and the complemented
lines (Com-6 and Com-7; C) with white
light treatment. Epidermal peels with
closed stomata were illuminated with
white light (150 mmol m22 s21) for 1, 2,
or 3 h. The error bars represent the
means 6 SE from three biological repli-
cates (Student’s t test, n = 150, **P ,
0.01). D, Stomatal conductance of CA-
rop7 line, rop7 mutant, and two com-
plemented lines of rop7 under white
light. Leaves of 4- to 6-week-old plants
were measured after 2 h white light il-
lumination (150 mmol m22 s21). The er-
ror bars represent the means 6 SE from
three biological replicates (Student’s t
test, n = 15, **P , 0.01).
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domains of RopGEF2 (hereafter designated as DUF315-
GEF2) toward ROP7 using the method reported by Gu
et al. (2006). ROP7 was preloaded with unlabeled-GDP.
To start the nucleotide exchange reaction, fluorescently
labeled N-methylanthraniloyl (mant)-GTP was added
to the reaction buffer and the fluorescent values were
recorded every 0.2 s for 600 s by a spectrofluorometer.
To investigate the effect of RopGEFs on the guanine
nucleotide exchange rate of ROPs, the DUF315 domain
of RopGEF proteins was added to the reaction buffer
containing the ROP protein, unlabeled-GDP, andmant-
GTP before the recording of fluorescent intensities. The
results showed that the intrinsic guanine nucleotide
exchange rates of ROP7 increased with the extension of
the reaction time and that the reaction rates increased
with elevated concentrations of ROP7 (Fig. 2D). Fur-
thermore, the rate of mant-GTP incorporation into ROP7
was similar to its incorporation into the same concen-
tration of CDC42, a positive control of small G protein
(Fig. 2, C and D). The hDbs protein is an established
guanine nucleotide exchange factor toward CDC42
(Murga-Zamalloa et al., 2010); therefore, we used hDbs
here as a positive control of guanine nucleotide exchange
factor. The incorporation rate of mant-GTP into CDC42
with hDbs treatment increased significantly relative
to the incorporation rate into CDC42 alone, and the

incorporation rate into ROP7 with hDbs treatment also
increased greatly relative to the incorporation rate into
ROP7 alone (Fig. 2E). We next analyzed the GEF activi-
ties of DUF315-GEF2 toward ROP7 and found that the
GEF activity toward ROP7 increased with the elevation
of DUF315-GEF2 concentrations (Fig. 2F). As a control,
RopGEF2 or RopGEF4 alone without ROP GTPase did
not induce fluorescent increase (Supplemental Fig. S3).
These results clearly demonstrated that ROP7 has in-
trinsic guanine nucleotide exchange activity, and
RopGEF2 enhances the activity of ROP7.

ropgef2Mutants Exhibit Similar Stomatal Response as rop7
under White Light

Because RopGEF2 interacted with ROP7 and accel-
erated its intrinsic guanine nucleotide exchange rate,
we next investigated whether RopGEF2 plays a similar
role as ROP7 in light-induced stomatal opening. We
first confirmed the guard cell expression of RopGEF2
by examining GUS expression in the RopGEF2pro:GUS
transgenic lines and found that RopGEF2was expressed
in guard cells (Fig. 3C). We identified two T-DNA in-
sertion ropgef2 mutants (Fig. 3A) and examined the ex-
pression of RopGEF2 in the mutants by quantitative

Figure 2. RopGEF2 physically interacts
with ROP7 and enhances the guanine
nucleotide exchange activity of ROP7.
A, Analysis of the ROP7 interaction with
RopGEFs in yeast. Yeast strains were
grown on synthetic complete media
without Trp and Leu (SC-LT) or without
Trp, Leu, Ade, and His (SC-AHLT) for
4 to 5 d. B, The interaction between
RopGEF2 and ROP7 was determined by
an in vitro pull-down assay. C and D,
The guanine nucleotide exchange ac-
tivities of the small G protein positive
control CDC42 (C) and ROP7 (D) in-
creasedwith the elevation of the CDC42
or ROP7 concentrations. E, The guanine
nucleotide exchange activities of ROP7
and CDC42 were enhanced by hDbs, a
positive control of guanine nucleotide
exchange factors. F, The guanine nu-
cleotide exchange activity of ROP7 was
enhanced by DUF315-GEF2.
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RT-PCR. The results showed that the expression of
RopGEF2 was greatly reduced in ropgef2-1 and ropgef2-2
mutants (Fig. 3B). We then analyzed the stomatal
opening of ropgef2-1 and ropgef2-2 with white light
treatment and found that, after 2 h light illumination,
ropgef2-1 and ropgef2-2 exhibited larger stomatal aper-
tures than the wild type (Fig. 3D). To obtain the com-
plemented lines, RopGEF2 cDNA driven by its native
promoter was introduced into ropgef2-1 mutant. The
stomatal apertures of two independent complemented
lines were nearly identical to those of the wild type (Fig.
3E), indicating that the stomatal phenotypes of the
ropgef2 mutants were caused by the mutations in
RopGEF2. In addition, we examined the stomatal con-
ductance by a portable photosynthesis systemand found
that the stomatal conductance of ropgef2-1 was signifi-
cantly higher than that of wild type, and the two com-
plemented lines showed similar stomatal conductance to
wild type (Fig. 3F). These results clearly demonstrated
that ropgef2 mutants have similar stomatal response to
rop7 under white light.

RopGEF2-ROP7 Plays a Negative Role in Red Light-Induced
Stomatal Opening and Acts Genetically Downstream
of phyB

Both blue and red light induce stomatal opening, we
next determined whether RopGEF2-ROP7 participates in
blue or red light signaling pathway. We analyzed the
stomatal responses with blue or red light illumination and
found that stomatal apertures of the rop7 and ropgef2-1
mutants were not different from the wild type under blue
light (Fig. 4A), whereas the stomatal apertures of rop7 and
ropgef2-1 mutants were significantly larger than those of
the wild type under red light, and the complemented lines
exhibited similar stomatal apertures to wild type (Fig. 4, B
and C). These results demonstrated that RopGEF2-ROP7
play a negative role in red light-induced stomatal opening.

Evidence shows that phyB is involved in red light-
induced stomatal opening (Wang et al., 2010), therefore,
we next asked whether RopGEF2-ROP7 act genetically
downstream of phyB. The stomatal size of phyB was sim-
ilar to that of wild type, whereas the stomatal density of

Figure 3. RopGEF2 plays a negative role in white light-induced stomatal opening as ROP7. A, Structures of RopGEF2 gene and
the T-DNA insertion sites of ropgef2-1 and ropgef2-2mutants. B, Expression of RopGEF2 in ropgef2-1 and ropgef2-2mutants was
greatly lower than that of the wild type. The error bars represent the means6 SE from three biological replicates (Student’s t test,
n = 3, **P , 0.01). C, The GUS signals detected in the epidermis of the RopGEF2pro:GUS lines. D and E, Stomatal aperture in
ropgef2-1 and ropgef2-2 mutants (D) and the complemented ropgef2-1 lines (Com-10 and Com-11; E) under white light. Epi-
dermal peels with closed stomata were illuminated with white light (150 mmol m22 s21) for 2 h. The error bars represent the
means6 SE from three biological replicates (Student’s t test, n = 150, **P, 0.01). F, The stomatal conductance of ropgef2-1 and
complemented lines. The intact leaves of 4- to 6-week-old plantsweremeasured after 2 hwhite light illumination (150mmolm22 s21).
The error bars represent the means 6 SE from three biological replicates (Student’s t test, n = 15, **P , 0.01).
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phyBwas lower than that of wild type (Supplemental Fig.
S1, A and B), as reported previously (Kang et al., 2009;
Casson and Hetherington, 2014), illustrating that the sto-
matal aperture of phyB can reflect stomatal opening. We
obtained phyB ropgef2-1 and phyB rop7 double mutants by
genetic crossing and analyzed the stomatal response of the
double mutants. The results showed that the stomatal
apertures of the phyB ropgef2-1 and phyB rop7 double
mutants under white light were similar to the ropgef2-1 or
rop7 single mutant, respectively, but quite different from
that of the phyB mutant (Fig. 4, D and E), indicating that
RopGEF2-ROP7 act genetically downstream of phyB.

RopGEF4 Functions Redundantly with RopGEF2 in Red
Light-Induced Stomatal Opening

Because both the stomata of ropgef2 and ropgef4 mu-
tants had similar response to white light (Supplemental

Fig. S2B), we asked whether RopGEF4 and RopGEF2
function redundantly in red light-induced stomatal
opening. We first analyzed the stomatal response of
ropgef4 single mutants. RopGEF4 was found to be
expressed in guard cells in the RopGEF4pro:GUS trans-
genic lines (Supplemental Fig. S4C). We also identified
two T-DNA insertion mutants, and the expression of
RopGEF4was greatly reduced in ropgef4-1 and ropgef4-2
mutants (Supplemental Fig. S4, A and B). The stomatal
opening analysis showed that ropgef4-1 and ropgef4-2
mutants exhibited larger stomatal aperture as ropgef2
mutants with white light illumination (Supplemental
Fig. S4D), and the phenotype of ropgef4-1 could be
rescued by RopGEF4 cDNA driven by its native pro-
moter (Supplemental Fig. S4E). Moreover, the sto-
matal conductance of ropgef4-1 mutant was also
higher than that of wild type under white light
(Supplemental Fig. S4G). These results indicated that

Figure 4. RopGEF2 and ROP7 play a negative role in phyB-mediated, red light-induced stomatal opening. A, The ropgef2-1 and
rop7 mutants showed similar stomatal apertures to wild type under blue light. B and C, The ropgef2-1 (B) and rop7 (C) mutants
showed larger stomatal apertures than that of wild type under red light, and the complemented lines exhibited similar stomatal
apertures to wild type. D and E, The phyB ropgef2-1 (D) and phyB rop7 (E) double mutants showed similar stomatal apertures to
ropgef2-1 or rop7 single mutants under white light. Epidermal peels with closed stomata were illuminated with blue light
(10mmolm22 s21 in A), red light (50mmolm22 s21 in B and C), or white light (150mmolm22 s21 in D and E) for 2 h. The error bars
represent the means 6 SE from three biological replicates (Student’s t test, n = 150, **P , 0.01).
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ropgef4 mutants have similar stomatal response as
ropgef2 mutants.
We next examined whether RopGEF4 and RopGEF2

function redundantly in light-induced stomatal open-
ing by generating a ropgef2-1 ropgef4-1 double mutant.
The stomatal aperture of ropgef2-1 ropgef4-1 double
mutant was much larger than that of ropgef2-1 and
ropgef4-1 single mutants (Supplemental Fig. S4F), and
the stomatal conductance of the ropgef2-1 ropgef4-1
was also higher than that of each single mutant
(Supplemental Fig. S4H), indicating that RopGEF2 and
RopGEF4 function redundantly in light-induced sto-
matal opening. Moreover, the larger stomatal aperture
of ropgef4-1 mutant could be observed under red light,
not blue light, further supporting that RopGEF4 plays a
negative role in red light-induced stomatal opening
(Supplemental Fig. S5, A and B). We also obtained the
phyB ropgef2-1 ropgef4-1 triple mutant by genetic cross-
ing and found that the triple mutant showed similar
stomatal aperture as the ropgef2-1 ropgef4-1 double
mutant, but quite different from the phyB mutant,
suggesting that RopGEF2/RopGEF4 act genetically
downstream of phyB (Supplemental Fig. S5C). Taken
together, these results indicated that RopGEF2 and
RopGEF4 act redundantly in red light-induced stomatal
opening and are situated genetically downstream of
phyB.

White Light-Induced Translocation of ROP7 from Soluble
Part to Membrane of Cells Was Greatly Reduced in
ropgef2-1, ropgef2-1 ropgef4-1, and phyB Mutants

The ROPs target to plasma membrane (PM) upon
posttranslational lipid modification, or coupled with
their activation (Lavy et al., 2002; Sorek et al., 2007,
2010; Yalovsky 2015). ROP7 and CA-rop7 were found
to be localized in the plasma membrane when inter-
acted with the downstream effector AtSCAR2 (Uhrig
et al., 2007). Therefore, we investigated whether light
induces the translocation of EGFP-ROP7 from cytosol
to the membrane. The 35Spro:EGFP-ROP7 lines used for
ROP7 translocation analysis exhibited smaller stomatal
apertures than that of 35Spro:EGFP line after white light
illumination, which were similar to that of CA-rop7,
indicating that EGFP-ROP7 is a functional protein
(Supplemental Fig. S6). We checked the distribution of
ROP7 in membrane and soluble part of cells in35Spro:
EGFP-ROP7 transgenic lines by western blotting and
found that about one-third of the total EGFP-ROP7
protein was detected in cell membrane in wild type
after the seedling was grown in darkness for 8 h. The
content of EGFP-ROP7 in membrane increased after 2 h
light treatment, consequently the ratio between the
membrane and the soluble part (M/S) significantly
increased (Supplemental Fig. S7B), indicating that
translocation of EGFP-ROP7 from the soluble part to
the membrane, which may be PM according to Uhrig
et al. (2007), was triggered by white light. However, the
EGFP signal was not detectable in cell membrane

of 35Spro:EGFP line both in darkness and light
(Supplemental Fig. S7A). To determine whether the
translocation of ROP7 was regulated by RopGEF2 and
RopGEF4,wemeasured the EGFP-ROP7 distribution in
ropgef2-1 and ropgef2-1 ropgef4-1 mutants before and
after light treatment and found that the proportion of
EGFP-ROP7 in the membrane of ropgef2-1 in darkness
was significantly lower than that of wild type. Al-
though the proportion of EGFP-ROP7 in cell membrane
of ropgef2-1 increased after light illumination, the M/S
value was greatly lower than that of wild type, indi-
cating that the translocation of EGFP-ROP7 from the
soluble part to the membrane was partially mediated
by RopGEF2. In the ropgef2-1 ropgef4-1 double mutant,
EGFP-ROP7 was not detectable in the cell membrane in
either the darkness or light, indicating that the trans-
location of ROP7 to membrane was severely inhibited
(Supplemental Fig. S7B). These results demonstrated
that RopGEF4 functions redundantly with RopGEF2 in
mediating white light-induced ROP7 translocation to
membrane, and the translocation of ROP7 may be due
to its activation.

Because phyB acts upstream of RopGEF2/4-ROP7 in
light-induced stomatal opening, we also checked the
translocation of EGFP-ROP7 in phyBmutant before and
after white light treatment. The results showed that,
similar to the ropgef2-1 ropgef4-1 double mutant, trans-
location of EGFP-ROP7 in the phyB mutant was also
severely inhibited (Supplemental Fig. S7B), indicating
that the translocation of ROP7 to membrane was medi-
ated by phyB, which further supported that RopGEF2/
RopGEF4-ROP7 act downstream of phyB.

ROP2 Functions Redundantly with ROP7 in Red
Light-Induced Stomatal Opening, and the Activities of
ROP7 and ROP2 Were Enhanced by Both
RopGEF2 and RopGEF4

Both ROP2 and ROP7 act as negative regulators in
light-induced stomatal movements, therefore, we in-
vestigated whether ROP2 and ROP7 function redun-
dantly in light-induced stomatal opening. To test this
possibility, we generated the rop2 rop7 double mutant
by genetic crossing and found that after 2 h white light
illumination, both rop2 and rop7 had larger stomatal
apertures than the wild type, whereas the rop2 rop7
doublemutant had amuch larger aperture than the rop2
and rop7 single mutants. The differences between the
rop2 rop7 double mutant and the rop2 or rop7 single
mutants were significant, indicating that ROP2 and
ROP7 function redundantly in this process (Fig. 5A). In
consistence with the stomatal apertures, the stomatal
conductance of rop2 rop7 double mutant was also sig-
nificantly higher than that of rop2 and rop7 single mu-
tants under white light (Supplemental Fig. S8). We then
examined the stomatal responses of the rop2 mutant to
red or blue light and found that the difference of sto-
matal aperture between rop2 and wild type was sig-
nificant under red light, whereas the difference became
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insignificant under blue light, supporting that ROP2
also plays a negative role in red light-induced stomatal
opening, and acts redundantly with ROP7 in this pro-
cess (Fig. 5B).

To explore whether RopGEF2 interacts with ROP2,
we performed an in vitro pull-down assay and found
thatMBP-RopGEF2 interactedwith nucleotide-free and
GDP-loaded GST-ROP2 (Fig. 5C), as with ROP7 (Fig.
2B). These results indicated that both ROP2 and ROP7
directly interact with RopGEF2. We next investigated
whether the DUF315 domains of RopGEF2 activates
ROP2. First, ROP2 showed an intrinsic guanine nucle-
otide exchange activity, which increased with the ex-
tension of the reaction time and elevated concentrations
of ROP2 (Fig. 5D). In addition, hDbs effectually accel-
erated the incorporation rate of mant-GTP into ROP2
(Fig. 5E). DUF315-GEF2 also exhibited GEF activity
toward ROP2, and the GEF activities increased with the
elevation of protein concentrations (Fig. 5F), indicating
that ROP2 is activated by RopGEF2, as is ROP7 (Fig.
2F). Similarly, the DUF315 domain of RopGEF4 also
exhibited GEF activity toward both ROP7 and ROP2
(Supplemental Fig. S9, A and B). These results clearly
demonstrated that the intrinsic guanine nucleotide
exchange activities of both ROP7 and ROP2 were

enhanced by RopGEF2 and RopGEF4. Taken together,
these results suggested that ROP2 and ROP7 function
redundantly in red light-induced stomatal opening,
and their intrinsic guanine nucleotide exchange activities
were enhanced by both RopGEF2 and RopGEF4, im-
plying that RopGEF2/4-ROP7/2 play a negative role in
red light-induced stomatal opening.

RopGEF2 Interacts with phyB in Light and Darkness, and
the GEF Activity of RopGEF2 Is Enhanced by phyB
in Light

Because RopGEF2/RopGEF4 acts genetically down-
stream of phyB, we asked whether phyB directly inter-
acts with RopGEF2/RopGEF4 and affects their GEF
activities. To test this possibility, we first performed
yeast two-hybrid assay with RopGEF2 fused to the
GAL4 activation domain and phyB fused to the GAL4
binding domain. Phycocyanobilin (PCB) was supple-
mented to the SC-HLT media as a phytochromobilin
analog to reconstitute the photoactive phyB (Pfr form;
Luo et al., 2014). The results showed that phyB inter-
acted with RopGEF2 in light and darkness in yeast (Fig.
6A). We then performed an in vitro pull-down assay

Figure 5. ROP2 functions redundantly with ROP7 in regulation of red light-induced stomatal opening. A, The rop2 rop7 double
mutant showed larger stomatal aperture than rop2 and rop7 singlemutants. B, The rop2mutant showed a larger stomatal aperture
than thewild typewith red light treatment and similar stomatal aperture to thewild typewith blue light treatment. Epidermal peels
with closed stomata were illuminated with white light (150 mmol m22 s21) in A, and red light (50 mmol m22 s21) or blue light
(10 mmol m22 s21) in B for 2 h. The bars represent the means6 SE from three biological replicates (Student’s t test, n = 150, *P,
0.05 and **P , 0.01). C, RopGEF2 physically interacted with ROP7 in the in vitro pull-down assay. D, The guanine nucleotide
exchange activity of ROP2 increased with the increasing concentrations of ROP2 protein. E, The guanine nucleotide exchange
activity of ROP2 was enhanced by hDbs, a positive control of guanine nucleotide exchange factors. F, The guanine nucleotide
exchange activity of ROP2 was enhanced by DUF315-GEF2.
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with MBP-RopGEF2 and phyB-GFP from the 35Spro:
phyB-GFP plants grown in light or darkness and found
that MBP-RopGEF2 directly interacted with phyB-GFP
in light and darkness (Fig. 6B). Furthermore, we ex-
amined the interaction between phyB and RopGEF2
in Arabidopsis using the RopGEF2Pro:EGFP-RopGEF2
transgenic lines. The coimmunoprecipitation (co-IP)
results showed that immunoprecipitation of EGFP-
RopGEF2 pulled down endogenous phyB in both
light and darkness (Fig. 6C). These results provided

convincing evidence that phyB directly interacts with
RopGEF2 in both light and darkness, suggesting that
RopGEF2 interacts with both Pfr and Pr forms of phyB.

The direct interaction between phyB and RopGEF2
suggested that phyB might affect the GEF activity of
RopGEF2. It has been reported that the variable C- and
N-terminal regions of RopGEF1 regulates its GEF ac-
tivity by an autoinhibitory mechanism (Gu et al., 2006;
Shichrur and Yalovsky, 2006), and that phyB might
affect the GEF activity by regulating the C- or

Figure 6. phyB physically interacts with RopGEF2 in light and darkness, and enhances the GEF activity of RopGEF2 toward both
ROP7 and ROP2 in light. A and B, The interaction between phyB and RopGEF2 was detected in yeast and by the in vitro pull-
down assay in light (L) and darkness (D). Yeast strains were grown on synthetic complete media without Trp and Leu (SC-LT) or
without Trp, Leu, and His (SC-HLT, containing 25 mM PCB) for 4 to 5 d; phyB-GFP was obtained from a 35Spro:phyB-GFP seedling
grown in light or darkness. C, phyB interacted with RopGEF2 in vivo. Four-day-old RopGEF2pro:EGFP-RopGEF2 and 35Spro:EGFP
seedling grown in light (L) or darkness (D) were subjected to a co-IPassay with anti-phyB antibody. The immunoprecipitates were
detected with anti-phyB and anti-GFP antibodies, respectively. D and E, The full-length RopGEF2 showed GEF activities toward
ROP7 (D) and ROP2 (E), and the GEF activities of RopGEF2 increased toward ROP7 (D) and ROP2 (E) after being incubated with
phyB-GFP from a 35Spro:phyB-GFP seedling grown in light (phyB-light), while phyB-GFP (phyB-light) did not directly enhance the
guanine nucleotide exchange activities of ROP7 (D) and ROP2 (E) without RopGEF2. FandG, phyB-GFP from a 35Spro:phyB-GFP
seedling grown in darkness (phyB-dark) did not enhance the GEF activities of RopGEF2 toward ROP7 (F) and ROP2 (G).
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N-terminal inhibitory domains of RopGEF2. To test this
possibility, we obtained the full-length RopGEF2 pro-
tein from Escherichia coli and found that the intrinsic
guanine nucleotide exchange rates of both ROP7 and
ROP2 were accelerated by full-length RopGEF2 (Fig. 6,
D and E). However, the GEF activity of the full-length
RopGEF2 was lower than the DUF315 domain of the
protein (DUF315-GEF2 in Figs. 2F and 5F) at the same
concentrations, suggesting that the variable regions of
RopGEF2 are inhibitory to the GEF activity of DUF315
domain. Next, we checked whether phyB enhanced the
GEF activity of RopGEF2. The fused phyB-GFP protein
was immunoprecipitated by GFP antibody from the
35Spro:phyB-GFP transgenic lines grown in light or
darkness. The full-lengthRopGEF2proteinwas incubated
with phyB-GFP, and then centrifuged. The supernatant
containing RopGEF2 was added to the reaction mixture
and started to record the change of fluorescent intensity.
The RopGEF2,which had been incubatedwith phyB-GFP
in light, showed higher GEF activities toward both ROP7
and ROP2 than that of RopGEF2 alone (Fig. 6, D and E),
whereas RopGEF2,which had been incubatedwith phyB-
GFP in darkness, exhibited similar GEF activities toward
both ROP7 and ROP2 as RopGEF2 alone (Fig. 6, F andG).
phyB-GFP in light did not accelerate the intrinsic guanine
nucleotide exchange rates of ROP7 and ROP2 without
RopGEF2 (Fig. 6, D and E). These results demonstrated
that only photoactive phyB enhances the GEF activity of
RopGEF2. Taken together, these results demonstrated
that although phyB directly interacts with RopGEF2
in vivo and in vitro under light and darkness, only pho-
toactive phyB contains the ability to enhance the GEF
activity of RopGEF2.

phyB Shows No Direct Interaction with RopGEF4 and
Does Not Affect the GEF Activity of RopGEF4

The functional redundancy between RopGEF4 and
RopGEF2 in red light-induced stomatal opening
prompted us to test whether phyB also directly inter-
acted with RopGEF4 and enhanced the GEF activity of
RopGEF4. The results from yeast two-hybrid and
in vitro pull-down assays showed that phyB did not
directly interact with RopGEF4 in light and darkness
(Supplemental Fig. S10, A and B). We also detected
whether the GEF activity of RopGEF4 was enhanced by
phyB and found that the full-length RopGEF4 con-
tained GEF activity toward both ROP7 and ROP2 as
RopGEF2; however, the GEF activity was not enhanced
by phyB with light irradiation (Supplemental Fig. S10,
C and D). These results demonstrated that RopGEF4
does not directly interact with phyB, and the GEF ac-
tivity of RopGEF4 is not directly enhanced by phyB.

DISCUSSION

Light is an important environmental stimulus that
regulates stomatal movements. Red light-induced sto-
matal opening has a close relationship with mesophyll

photosynthesis (Schwartz and Zeiger, 1984; Tominaga
et al., 2001). It has been shown that red light receptor
phyB mediates red light-enhanced photosynthesis,
which will increase the ATP level and osmotic sub-
stances for stomatal opening (Guo et al., 2016). In ad-
dition, guard cell-specific transcription factor MYB60
has been revealed to play a positive role in light-
induced stomatal opening (Cominelli et al., 2005). The
expression of MYB60 was inhibited by phyB mutation,
and enhanced by phyB overexpression (Wang et al.,
2010). These reports supported that phyB activates
some processes to enhance stomatal opening. Small G
protein ROP2 has been reported to be a negative reg-
ulator of light-induced stomatal opening, which pre-
vents the excessive stomatal opening (Jeon et al., 2008).
However, the upstream RopGEFs that activate ROPs
have not been identified, and it is unclear which pho-
toreceptor is required for the action of RopGEFs-ROPs
in this process. In this research, our genetic, physio-
logical, and biochemical evidence supports that Rop-
GEF2-ROP7/ROP2 directly activated by phyB plays a
negative role in red light-induced stomatal opening.
Photoactive phyB directly interacts with RopGEF2 and
enhances the GEF activity of RopGEF2 toward both
ROP7 and ROP2. At the same time, RopGEF4 acts re-
dundantly with RopGEF2 by activating ROP7 and
ROP2, whereas the GEF activity of RopGEF4 is not di-
rectly activated by phyB. Data from the previous reports
and this article supported that the red light receptor
phyB not only activates some positive processes to en-
hance stomatal opening, but also triggers the negative
mechanism to prevent the excessive stomatal opening.

ROP7 and ROP2 Have Overlapping Functions as Negative
Regulators in White Light-Induced Stomatal Opening

The negative regulatory mechanism in light-induced
stomatal opening prevents the excessive opening of the
stomata and consequently prevents excessive water
loss. So far, only ROP2 has been found to act as a neg-
ative regulator in light-induced stomatal opening (Jeon
et al., 2008). Mutation in ROP7, another member of the
ROP family, led to an enhanced stomatal opening and
higher stomatal conductance in response to white light;
by contrast, the line expressing the constitutively active
form of rop7 (CA-rop7) showed reduced stomatal ap-
ertures and lower stomatal conductance under white
light (Fig. 1, B–D). Moreover, white light induced
translocation of EGFP-ROP7 from the soluble to the
membrane, and the translocation depended on Rop-
GEF2/RopGEF4 (Supplemental Fig. S7B), suggesting
that the translocation of ROP7 to membrane may be
due to its activation. The translocation of active ROP7 to
membrane is similar to the translocation of ROP2 in
guard cells of Vicia faba: the constitutive active form of
ROP2 (CA-rop2) was observed in PM, and dominant
negative form of ROP2 (DN-rop2) was found in cytosol;
furthermore, light induced the translocation of ROP2
from cytosol to PM (Jeon et al., 2008). These results
clearly demonstrated that, similar to the role of ROP2,
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ROP7 acts as a negative regulator in white light-
induced stomatal opening. The similar functions of
ROP7 and ROP2 in white light-induced stomatal
opening suggest that the two genes are likely to have
functional redundancy. The rop2 rop7 double mutant
exhibited much larger stomatal apertures and higher
stomatal conductance than the rop2 or rop7 single mu-
tants under white light (Fig. 5A; Supplemental Fig. S8),
supporting that ROP7 and ROP2 have overlapping
function in regulation of white light-induced stomatal
opening.

Both RopGEF2 and RopGEF4 Act Upstream of ROP7 and
ROP2 by Activating Their Guanine Nucleotide
Exchange Activities

The nucleotide exchange activities of ROPs are en-
hanced by RopGEFs, which have been revealed to play
roles in regulation of pollen growth (Gu et al., 2006;
Zhang and McCormick, 2007), root hair growth (Won
et al., 2009; Duan et al., 2010), and root development
(Shin et al., 2010). Notably, RopGEF1 and RopGEF4
have been found to play negative roles in ABA-induced
stomatal closure by activating ROP11 (Li and Liu, 2012;
Li et al., 2016). However, the RopGEFs involved in
light-induced stomatal opening have not been reported.
In this study, we searched for the RopGEFs that par-
ticipate in light-induced stomatal opening by using
ROP7 as bait. Although ROP7 interacts with RopGEF1,
2, 3, 4, 5, and 7 in yeast (Fig. 2A), only ropgef2 and
ropgef4 mutants showed similar stomatal responses to
white light as rop7 (Fig. 3, D and F; Supplemental Fig.
S4, D and G). Furthermore, the ropgef2-1 ropgef4-1 dou-
ble mutant showed much larger stomatal apertures
and higher stomatal conductance than the ropgef2-1 and
ropgef4-1 single mutants (Supplemental Fig. S4, F and
H), and also showed the more severe inhibition of light-
induced EGFP-ROP7 translocation to membrane in the
ropgef2-1 ropgef4-1 double mutant than that in ropgef2-1
single mutant (Supplemental Fig. S7B), supporting that
RopGEF2 and RopGEF4 act redundantly as negative
regulators in white light-induced stomatal opening.
The DUF315 domains of RopGEFs exhibit GEF ac-

tivities toward ROPs, and the activities are regulated by
the variable N- and C-terminal regions (Gu et al., 2006;
Shichrur and Yalovsky, 2006). The GEF activities of
RopGEF2 and RopGEF4 toward ROP7 and ROP2
were supported by this evidence: ROP7 and ROP2
exhibited intrinsic guanine nucleotide exchange activi-
ties, which increased with the elevated concentration of
the proteins (Figs. 2D and 5D). The guanine nucleotide
exchange rates of ROP7 and ROP2 were greatly accel-
erated by the DUF315 domains of RopGEF2 (Figs. 2F
and 5F) and RopGEF4 (Supplemental Fig. S9, A and B).
However, the GEF activities of full-length RopGEF2/
RopGEF4 toward both ROP7 and ROP2 were greatly
lower than the GEF activities of DUF315 domain in
RopGEF2/RopGEF4 at the same concentrations (Fig. 6,
D and E; Supplemental Fig. S10, C and D), suggesting

that the variable regions of RopGEF2/RopGEF4 are
inhibitory to the GEF activity of DUF315 domains, and
the GEF activities of full-length RopGEF2/RopGEF4
might be regulated by upstream molecules in vivo.
These results clearly demonstrated that both RopGEF2
and RopGEF4 enhance the guanine nucleotide ex-
change activities of ROP7 and ROP2, and the GEF ac-
tivities of RopGEF2 and RopGEF4 might be regulated
by upstream mechanism in plants.

RopGEF2/RopGEF4-ROP7/ROP2 Participate in Red
Light-Induced Stomatal Opening and Act Genetically
Downstream of phyB

Both red and blue light induce stomatal opening
through different mechanisms that are mediated by
special receptors. The stomatal opening analysis with
red or blue light irradiation showed that the larger
stomatal apertures of rop7, rop2, ropgef2, and ropgef4
could be observed in red light, not blue light (Figs. 4,
A–C, and 5B; Supplemental Fig. S5, A and B). In Arabi-
dopsis, blue light-induced stomatal opening is mediated
by phot1 and phot2 (Kinoshita et al., 2001), whereas red
light-induced stomatal opening is mainly mediated by
phyB (Wang et al., 2010). Because RopGEF2/RopGEF4-
ROP7/ROP2 play a negative role in red light-induced
stomatal opening, it is possible that they act genetically
downstream of phyB. Stomatal opening responses of
the phyB ropgef2-1 ropgef4-1 triple mutant was similar to
the ropgef2-1 ropgef4-1 double mutant in white light,
whereas it was quite different from the phyB single
mutant, demonstrating that RopGEF2/RopGEF4 act
genetically downstream of phyB (Supplemental Fig.
S5C). These results provided convincing evidence that

Figure 7. A schematic drawing showing that RopGEF2/RopGEF4-
ROP7/ROP2, activated by phyB, play a negative role in red light-
induced stomatal opening.
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RopGEF2/RopGEF4-ROP7/ROP2 play a negative role
in red light-induced stomatal opening and are situated
genetically downstream of phyB.

phyB Physically Interacts with RopGEF2 in Both Light and
Darkness and Enhances Its GEF Activities toward Both
ROP7 and ROP2 in Light

Several RopGEFs directly interact with receptors
or receptor-like kinases and transmit the signals to
downstream ROPs (Kaothien et al., 2005; Zhang and
McCormick, 2007; Chang et al., 2013). Notably, PIRF1/
RopGEF11 interacted with phyA and phyB in the cy-
tosol in darkness, and the Pr form of phyA enhances the
guanine nucleotide exchange activity of RopGEF11
during root development (Shin et al., 2010). As a red
light receptor, phyB is essential for light-regulated plant
growth and development (Franklin and Quail, 2010).
Several lines of evidence showed that phyB is also in-
volved in the regulation of defense and stress responses
(González et al., 2012; Liu et al., 2012; Moreno and
Ballaré, 2014; Wang et al., 2016), likely to be related to
its regulation of stomatal development (Kang et al.,
2009; Liu et al., 2012; Casson and Hetherington, 2014)
and movements (Wang et al., 2010; González et al.,
2012). Because RopGEF2/RopGEF4 play a negative role
in red light-induced stomatal opening, and act down-
stream of phyB, RopGEF2/RopGEF4 may act as a link
between phyB and ROP7/ROP2. Our results showed
that RopGEF2 directly interactedwith phyB, whichwas
detected by the yeast two-hybrid assay, in vitro pull-
down assay, and in vivo co-IP in both light and dark-
ness (Fig. 6, A–C), demonstrating that the interaction is
independent of light. It is worth noting that the GEF
activities of RopGEF2 toward both ROP7 and ROP2
were enhanced by phyB from plants grown in light, not
in the dark (Fig. 6, D–G), suggesting that the enhance-
ment on GEF activity of RopGEF2 depends on the
activation of phyB by light. However, in the same
experimental conditions, we could not detect the phys-
ical interaction between phyB and RopGEF4, and phyB
did not directly enhance the GEF activity of RopGEF4
toward ROP7 and ROP2 in light. These results demon-
strated that RopGEF2 and RopGEF4 act redundantly as
negative regulators in red light-induced stomatal open-
ing by activating ROP7 and ROP2, and RopGEF2 is di-
rectly activated by photoactive phyB, whereas RopGEF4
is not directly activated by active phyB.

Upon red light irradiation, the Pr form of phyB was
converted to the biologically active Pfr form, which will
be translocated from the cytoplasm to the nucleus.
However, the nucleus import of phyB needs transport
facilitators (Pfeiffer et al., 2012). In the phyB-GFP line,
the GFP signal in nucleus was not clear at darkness.
After 2 h red light illumination, the nucleus fluorescent
intensity increased, and the phyB-GFP signal was de-
tectable in the periphery of the cells (Yamaguchi et al.,
1999). Therefore, the photoactive Pfr form of phyB
will stay in the cytoplasm for a period of time. In this

research, the incubation time of RopGEF2 with phyB-
GFP from plants grown under light was 10 min, and
then the RopGEF2 in the supernatant has a higher GEF
activity than RopGEF2 alone.We proposed that Pr form
of phyB is activated by red light irradiation, and sub-
sequently the Pfr form of phyB in cytoplasm enhances
the GEF activity of RopGEF2, and RopGEF4 is activated
by phyB indirectly. The Pfr form of phyB was then
translocated to the nucleus, and active RopGEF2/
RopGEF4 enhance the guanine nucleotide exchange
activity of ROP7/ROP2, which will play a negative role
to prevent the excessive opening of stomata (Fig. 7).

The interaction between phyB and RopGEF2 is in-
dependent of light, whereas the enhancement of GEF
activity of RopGEF2 by phyB is dependent on light,
implying that the domains for interaction and activa-
tion in phyBmay be different. Further research needs to
determine which domain in phyB is responsible for its
interaction with RopGEF2, and which domain is re-
sponsible for the activation on RopGEF2. Evidence
shows that phosphorylation of phyB in Ser-86 inhibits
its function by accelerating the dark reversion
(Medzihradszky et al., 2013; Hajdu et al., 2015), there-
fore, it is interesting to investigate whether the phos-
phorylation of phyB affects its activation on the GEF
activity of RopGEF2. ABA induced the degradation of
RopGEF1 and RopGEF2 (Li et al., 2016; Zhao et al.,
2015), and the negative mechanism of RopGEF2-
ROP7/ROP2 triggered by phyB contributes to the
circadian rhythm of stomatal movements. Further re-
search needs to examine whether RopGEF2 undergoes
degradation and de novo synthesis along with the daily
rhythm of stomatal movements.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

The plantmaterials used in this studywereArabidopsis (Arabidopsis thaliana)
with the Col-0 background. rop2 (SALK_055328), ropgef2-1 (SALK_130229), rop7
(GK-212D04), ropgef2-2 (GK-061B10), ropgef4-1 (Salk_107520), ropgef4-2
(Sail_184_C08), ropgef1 (GK-586B11), and ropgef3 (SALK_021751) were T-DNA
insertion mutants. The phyB-9mutant had a premature stop codon at the 396th
amino acid, and the phyB-9mutant with Ler background was backcrossed with
Col-0 wild type for three times (named “phyB mutant” in this article). The
mutants were identified with the primers shown in Supplemental Table S1. To
check the expression levels of RopGEF2 and RopGEF4 in the ropgef2 and ropgef4
mutants, total RNA from leaves of 3- to 4-week-old plants was isolated using
TRIzol (Invitrogen), and cDNAwas prepared using the PrimeScript RT reagent
kit (Takara). The relative expression of the two genes in the corresponding
mutants was performed using SYBR Premix ExTaq (Takara). The primers used
for quantitative RT-PCR are shown in Supplemental Table S1. The quantitative
RT-PCR was conducted in a Real-Time PCR System (ABI PRISM 7500; Applied
Biosystems) according to the manufacturer’s recommendations. Each experi-
ment was repeated three times. Seedlings were grown in a greenhouse under
long-day conditions (16-h-light/8-h-dark cycle), with a photon flux density of
150 mmol m22 s21 and a temperature of 18°C to 22°C.

Determination of Stomatal Density and Size

Fully expanded leaves from 3- to 4-week-old plants were collected to de-
termine the stomatal density and size. The abaxial epidermal strips were peeled
and placed on a slide. Images (3200 magnification) were photographed with a
microscope (Eclipse 80i; Nikon). The stomatal density (stomatal number per
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area) and stomatal size (the length between the junctions of the two guard cells)
was determined. Epidermal stripswere peeled from 10 independent leaves, and
three images were taken from one strip. Stomatal density was calculated from
the data of 30 images, and stomatal size was the average value from 30 stomata.
The data are presented as the means 6 SE (n = 30).

Stomatal Aperture Measurements under Various
Light Treatments

Stomatal aperture assays were performed essentially as described in Li et al.
(2009). Briefly, 3- to 4-week-old fully expanded rosette leaves were used for the
stomatal assay. To close the stomata, the leaves were collected and incubated in
MES buffer (30 mM KCl, 0.1 mM CaCl2, 10 mM MES, pH 6.1) in the dark for 1 h,
and then the epidermiswas peeled and illuminatedwithwhite (150mmolm22 s21),
red (50mmolm22 s21), or blue light (10mmolm22 s21) for the indicated time in each
figure. The stomatal apertures were measured under a microscope. Fifty stomata
were selected randomly for three independent replicates before or after light
treatments. The data are presented as the means 6 SE (n = 150).

Measurements of Leaf Stomatal Conductance

The plants of each genotype were grown under long-day conditions (16 h
light/8 h dark) for 4 to 6 weeks. Measurement of stomatal conductance of intact
leaveswas performed after 2 hwhite light illumination (150mmolm22 s21) using a
portable photosynthesis system (LI-6400XT; LI-COR). Five leaves were selected
for three independent replicates. Thedata are presented as themeans6 SE (n= 15).

GUS Staining to Determine the Expression of ROP7,
RopGEF2, and RopGEF4 in Guard Cells

To obtain the ROP7pro:GUS, RopGEF2pro:GUS, and RopGEF4pro:GUS con-
structs, the promoter regions of ROP7, RopGEF2, and RopGEF4were amplified
from genomic DNA using the primers shown in Supplemental Table S1. The
promoter sequences of ROP7, ROPGEF2, and ROPGEF4 were introduced into
the pCAMBIA1391 vector, which was then transformed into Arabidopsis using
the floral dipping method (Clough and Bent, 1998). The transformants were
selected fromMSmedia containing hygromycin (50 mg$L21) and transferred to
soil for further growth andGUS staining. Abaxial epidermis was peeled from 3-
or 4-week-old fully expanded rosette leaves, and the GUS activity was checked
using the method from Jefferson (1987).

Obtaining the Complemented rop7, ropgef2, and
ropgef4 Lines

To obtain the complemented lines of rop7, ropgef2, and ropgef4 mutants, we
made the ROP7pro:ROP7, RopGEF2pro:RopGEF2, and RopGEF4pro:RopGEF4 con-
structs. The promoter regions of ROP7, RopGEF2, and RopGEF4 were obtained
as described for the GUS expression constructs for the three genes. The coding
regions ofROP7,RopGEF2, andRopGEF4were amplified fromwild-type cDNA
with the primers shown in Supplemental Table S1. The promoter and coding
region of each gene were integrated into the pCAMBIA1300 vector and intro-
duced into the corresponding mutants. The homozygous hygromycin-resistant
mutants were selected in the T3 generation.

Measuring ROP7 Translocation from Cytosol to
the Membrane

The coding region of ROP7 was fused with the pEGAD vector. The EGFP-
ROP7 construct driven by the CaMV 35S promoter was introduced into wild
type, phyB, ropgef2-1, and ropgef2-1 ropgef4-1 mutants. To measure the translo-
cation of EGFP-ROP7 from the soluble part to the membrane, 2-week-old
seedlings were collected by the end of 8 h dark period and after 2 h light illu-
mination, and the soluble part and membrane were separated essentially as
described by Zhang et al. (2016). In brief, 0.5 mg seedlings was ground and
dissolved in 500 mL lysis buffer (50 mM Tris, pH 7.5, 20 mM NaF, 150 mM NaCl,
5 mM DTT, 1 mM PMSF, 0.1% NP40, and 13 proteinase inhibitor cocktail), and
centrifuged at 10,000g for 20 min, and then the supernatant was spun at 60,000g
for 60 min. The microsome pellet (membrane proteins) was resuspended with
500 mL lysis buffer. The same volume of membrane proteins and soluble pro-
teins was loaded for immunoblotting analysis.

Guanine Nucleotide Exchange Assay

To investigate the guanine nucleotide exchange activity of ROPs and the
effect ofRopGEFs on the activities ofROPs, the cDNAsequences ofROP7,ROP2,
and the DUF315 domains or full length of RopGEF2 and RopGEF4 were am-
plified and integrated into the pMAL-c2X vector with a MBP tag and intro-
duced into Escherichia coli BL21 cells. Protein expression, purification, and
guanine nucleotide exchange assays were essentially carried out according to
the methods described by Gu et al. (2006). The MBP-RopGEFs and MBP-ROPs
fusion proteins were expressed in E. coli BL21 cells and theMBP tagwas cleaved
using Factor Xa (New England Biolabs). The guanine nucleotide exchange ac-
tivity of different concentrations of ROPs or CDC42 (a positive control of ROPs;
Cytoskeleton), and the effect of RopGEFs or hDbs (a positive control of GEFs;
Cytoskeleton) on the activity of ROPs was measured using a spectrofluorom-
eter (F-7000; Hitachi). To examine the effect of phyB on the GEF activities of
RopGEF2 and RopGEF4, phyB-GFP protein immunoprecipitated by GFP an-
tibody from the 35Spro:phyB-GFP line grown in light or darkness wasmixedwith
RopGEF2 or RopGEF4 for 10 min, centrifuged, and then the supernatant con-
taining RopGEF2 or ROpGEF4 was added to the reaction mixture. The changes
in the fluorescent intensity were recorded every 0.2 s for 600 s at an excitation of
360 nm and an emission of 440 nm.

Yeast Two-Hybrid Analysis

Yeast two-hybrid analysis was performed according to the Yeast Protocols
Handbook.ROP7 or phyBwere fused to theGAL4DNAbinding domain (BD) in
the bait vector pGBKT7. ROPGEFs were fused to the GAL4 DNA activating
domain (AD) in the prey vector pGADT7. pGBKT7-ROP7 and pGADT7-
RopGEFs, or pGBKT7-phyB and pGADT7-RopGEFs, were cotransformed into
AH109 cells cultured on synthetic complete media lacking Leu and Trp (SC-LT)
for 4 to 5 d at 30°C. The transformants were then spotted onto synthetic com-
plete media lacking Leu, Trp, Ade, and His (SC-AHLT) or synthetic complete
media lacking Leu, Trp, and His (SC-HLT; Clontech) and the colony growth
was checked after 4 to 5 d. For the interaction between phyB and RopGEF2 or
RopGEF4, the SC-HLT media was supplemented with 25 mM PCB. All the ex-
periments were repeated at least three times.

In Vitro Protein Interaction Assays

To check the direct interaction between RopGEF2 andROP7/ROP2, or phyB
with RopGEF2/RopGEF4, theMBP-RopGEF2,MBP-RopGEF4,GST-ROP7, and
GST-ROP2 fusion proteins were expressed in E. coli BL21 cells and purified.
phyB-GFP was obtained from 35Spro:phyB-GFP line. GST-ROPs were preloaded
with GDP in nucleotide loading buffer as described by Gu et al. (2006). Ap-
proximately 10 mg GST-ROPs, phyB-GFP, or MBP-RopGEFs was used in each
experiment. GST-ROP bound to glutathione-conjugated agarose beads (Sangon)
were incubated with MBP-RopGEF proteins in the reaction buffer. The protein
complex was washed extensively to remove unbound proteins, and then the
proteins were separated by SDS-PAGE. The anti-MBP antibody (New England
Biolabs), anti-GST antibody (GenScript), and anti-phyB antibody (HangZhou
HuaAn Biotechnology; a gift from Prof. Jian-ping Yang, Chinese Academy of
Agricultural Sciences) were used to detect the equal loading or interactions.

Protein Extraction and in Vivo Co-IP

To obtain the RopGEF2pro:EGFP-RopGEF2 transgenic lines, the promoter and
coding region of RopGEF2 was integrated into the pEGAD vector and intro-
duced into the wild type. Total protein extracts were obtained with lysis buffer
(50 mM Tris, pH7.5, 20 mM NaF, 150 mM NaCl, 5 mM DTT, 1 mM PMSF, 0.1%
NP40, and 13 proteinase inhibitor cocktail) from 4-d-old RopGEF2pro:EGFP-
RopGEF2 or 35Spro:EGFP transgenic lines grown in light or darkness (16 h light/
8 h dark). For co-IP of RopGEF2 and phyB, 3 mg anti-GFP antibody (Roche) was
added to 20 mL of protein A-sefinose beads (Sangon) incubated for 2 h at 4°C.
Then, equal amounts of total protein in 1 mL lysis buffer were incubated with
the mixture for 3 h at 4°C. All precipitates were washed three times with lysis
buffer, suspended with 23 SDS sample buffer, and boiled for 10 min. All of
these experiments were repeated three times.

Accession Numbers

Sequence data for the genes described in this article can be found in
the Arabidopsis database under the following accession numbers: RopGEF1
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(AT4G38430), RopGEF2 (AT1G01700), RopGEF3 (AT4G00460), RopGEF4
(AT2G45890), ROP7 (AT5G45970), and ROP2 (AT1G20090).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. The stomatal density and size in rop7, phyB,
ropgef2, ropgef4, and ropgef2 ropgef4 mutants.

Supplemental Figure S2. ropgef1and ropgef3 have similar stomatal aper-
tures as wild type, whereas ropgef2 and ropgef4 showed larger stomatal
apertures than wild type in response to white light.

Supplemental Figure S3. RopGEF2 or RopGEF4 alone (without ROP
GTPase) does not induce the fluorescence increase.

Supplemental Figure S4. RopGEF4 and RopGEF2 have overlapping func-
tion in white light-induced stomatal opening.

Supplemental Figure S5. RopGEF4 plays a negative role in phyB-mediated
red light-induced stomatal opening.

Supplemental Figure S6. The 35Spro:EGFP-ROP7 lines used for ROP7
translocation experiments exhibit a smaller stomatal aperture than that
of the 35Spro:EGFP line after light illumination.

Supplemental Figure S7. The light-induced translocation of ROP7
from the soluble part to the membrane was greatly reduced in ropgef2-1,
ropgef2-1 ropgef4-1, and phyB mutants.

Supplemental Figure S8. rop2 and rop7 have higher stomatal conductance
than that of wild type, and the rop2 rop7 double mutant has much higher
stomatal conductance than that of rop2 and rop7 single mutants.

Supplemental Figure S9. RopGEF4 enhances the guanine nucleotide ex-
change activity of both ROP7 and ROP2.

Supplemental Figure S10. RopGEF4 does not directly interact with phyB.

Supplemental Table S1. A list of primers used in this study.
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