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RIC7 plays a negative role in ABA-induced stomatal closure by inhibiting H2O2 
production
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ABSTRACT
When plants encounter environmental stresses, phytohormone abscisic acid (ABA) accumulates quickly 
and efficiently reduces water loss by inducing stomatal closure. Reactive oxygen species (ROS) is an 
important regulator in ABA-induced stomatal closure, and ROS generation is modulated by multiple 
components in guard-cell ABA signaling. ROP interactive CRIB-containing protein 7 (RIC7) has been found 
to negatively regulate ABA-induced stomatal closure. However, the molecular details of the RIC7 function 
in this process are unclear. Here, by using two RIC7 overexpressing mutants, we confirmed the negative 
role of RIC7 in ABA-induced stomatal closure and found that guard cells of RIC7 overexpressing mutants 
generated less H2O2 than the wild type with ABA treatment, which were consistent with the reduced 
expression levels of ROS generation related NADPH oxidase genes AtRBOHD and AtRBOHF, and cytosolic 
polyamine oxidase genes PAO1 and PAO5 in the RIC7 overexpressing mutants. Furthermore, external 
applied H2O2 failed to rescue the defects of stomatal closure in RIC7 overexpressing mutants. These results 
suggest that RIC7 affects H2O2 generation in guard cells, and the function of H2O2 is dependent on RIC7 in 
ABA-induced stomatal closure, indicative of interdependency between RIC7 and H2O2 in ABA guard-cell 
signaling.
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ABA is a phytohormone that regulates plant growth and devel
opment and plays a vital role in responses to multiple environ
mental stresses. Stomatal aperture variation regulates the gas 
exchange between plant and environment, which optimizing 
the water loss from transpiration and photosynthetic CO2 
assimilation. ABA accumulates quickly when the plants 
encounter abiotic stresses and enhances stomatal closure to 
reduce water loss. A series of cellular events happen during 
ABA regulation of stomatal closure, including cytosolic Ca2+ 

osscillation, activation of protein kinases and phosphatases, 
and reactive oxygen species (ROS) production.1–4 However, 
the regulatory mechanism of ABA-induced stomatal closure 
has not been completely understood.

Plants have a distinct small G protein family ROPs, and 
Arabidopsis (Arabidopsis thaliana) genome encodes 11 ROP 
genes that act as molecular switches in multiple processes, 
including interdigitated growth of pavement cells, 5 polar 
growth of pollen tubes,6 and polar auxin transport.7 ROPs 
have also been found to be involved in the response to envir
onmental stresses. For example, several lines of evidence indi
cate that ROP2, ROP6, ROP10, and ROP11 play roles in ABA- 
induced stomatal closure;8–11 ROP2 and ROP7 negatively 
modulate red light-induced stomatal opening.12,14 ROP- 
specific guanine nucleotide exchange factors RopGEFs convert 
the GDP-bound inactive forms of ROPs into the GTP-bound 
active forms. There are 14 RopGEF members in Arabidopsis, 
and a certain process needs the activation of distinct Rop-GEFs 
and ROPs: RopGEF1 and RopGEF4 act as specific regulators of 
ROP11 in ABA-induced stomatal closure;10,15 ROP2 and ROP7 

are activated by RopGEF2 in red light regulation of stomatal 
opening.14 Furthermore, the ROP interactive CRIB-containing 
proteins (RICs) have been found to act downstream of ROPs. 
For example, RIC7 interacts with ROP2 and plays a role in the 
light-induced stomatal opening by inhibiting the exocyst sub
unit Exo70B1.16 ROP2 and RIC7 negatively regulate ABA- 
induced stomatal closure.8,16 However, the mechanism of 
RIC7 action in ABA-induced stomatal closure is unclear. 
Here, we provided convincing evidence to support the inter
dependency between RIC7 and ROS generation in ABA induc
tion of stomatal closure.

RIC7 plays a negative role in ABA-induced stomatal 
closure and ABA inhibition of seed germination

To investigate the role of RIC7 in ABA-induced stomatal 
closure, we obtained two T-DNA insertion ric7 mutants with 
the insertion sites in the promoter region of the RIC7 gene 
(Figure 1a). The qRT-PCR result indicated that the two ric7 
mutants have higher RIC7 expression levels than the wild type 
(Figure 1b). Since the ric7-1 mutant is a RIC7 null mutant in 
the previous report,16 the two mutants with higher RIC7 levels 
were designated as ric7-2 and ric7-3 in this research. Next, we 
checked the stomatal response of the two ric7 mutants to light 
and ABA. The stomatal apertures of ric7-2 and ric7-3 were 
smaller than wild type after 2 h light illumination and were 
larger than wild type after 10 μM ABA treatment (Figure 2a), 
which are consistent with the stomatal response of RIC7 over
expression lines in the previous report 16 confirming that RIC7 
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plays a negative role in ABA-induced stomatal closure. 
Furthermore, we examined the seed germination rate of ric7 
mutants with ABA treatment, and found that ric7-2 and ric7-3 
mutants were also insensitive to ABA during seed germination: 
ric7-2 and ric7-3 mutants exhibited higher germination rates 
than the wild type with ABA treatment (Figure 2b), suggesting 
that RIC7 plays a negative role in ABA inhibition of seed 
germination.

Guard cells of ric7 mutants generated less ROS with 
ABA treatment

ROS generation is an important cellular event in ABA-induced 
stomatal closure and accumulates to the highest level in guard 
cells after 30 min ABA treatment.17 To investigate whether 
RIC7 affected H2O2 generation in ABA-induced stomatal clo
sure, we checked the H2O2 levels in guard cells of the two ric7 

mutants without or with 30 min ABA treatments. The results 
showed that both ric7-2 and ric7-3 mutants have a relatively 
lower H2O2 level in guard cells without ABA treatment. 
Although H2O2 production increased in guard cells of both 
wild type and the two ric7 mutants after ABA treatment, H2O2 
accumulations in guard cells of ric7-2 and ric7-3 mutants were 
significantly lower than wild type (Figure 3 a and 3b), suggest
ing that RIC7 inhibits H2O2 generation in ABA-induced sto
matal closure.

Expression levels of genes responsible for ROS 
generation in ric7 mutants were lower than wild type 
in response to ABA

To investigate whether the lower ROS levels in ric7 mutants 
were due to the lower generation capability or higher scaven
ging activities, we checked the expression levels of genes 
responsible for the ROS generation (AtRBOHD/F and PAO1- 
5) and scavenging (CAT1-3 and SOD1-2) without or with ABA 
treatment, and showed here the expression levels of these genes 
with ABA treatment increased to at least twofold of the levels 
without ABA treatment in wild type or the expression levels of 
these genes exhibited a significant difference between ric7 
mutants and wild type. AtRBOHD and AtRBOHF are the 
guard cell-expressed NADPH oxidase genes, and the expres
sion of AtRBOHD has been found to reach the highest induc
tion by ABA at 30 min.13 Therefore, the leaves were treated 
with ABA for 30 min, and the gene expression was detected by 
qRT-PCR in this research. The results showed that AtRBOHD 
and AtRBOHF expression levels increased upon ABA treat
ment, reaching about fourfold of the levels in untreated leaves 
of wild type; however, the expression levels of AtRBOHD or 
AtRBOHF with ABA treatment were significantly lower in ric7 
mutants than wild type. Furthermore, polyamine oxidase 
(PAO) catalyzes the oxidation of the higher PA spermidine 
and spermine, which contributes to the H2O2 accumulation. 
Silencing the Arabidopsis cytosolic PAO1 and PAO5 leads to 
the reduced H2O2 generation with salt stress.18 Here, we 
showed that the expression levels of PAO1 and PAO5 increased 
upon ABA treatment, reaching twofold to fourfold of the levels 
in untreated leaves of wild type, whereas the expression levels 

Figure 1. T-DNA insertions in promoter region of RIC7 gene led to higher RIC7 
expression in ric7-2 and ric7-3 mutants. (a) The structure of RIC7 gene and the 
insertion site of ric7-2 and ric7-3 mutants. (b) Expressions of RIC7 in ric7-2 and ric7- 
3 mutants were higher than wild type (WT). (**, p < .01).

Figure 2. RIC7 played a negative role in ABA-induced stomatal closure and ABA inhibition of seed germination. (a) Stomatal apertures of ric7-2 and ric7-3 mutants were 
larger than wild type after ABA treatment. (b) Seed germination rates of ric7-2 and ric7-3 mutants were higher than wild type (WT) in the MS medium containing 
different concentrations of ABA. (*, p < .05; **, p < .01).
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of PAO1 and PAO5 with ABA treatment in ric7 mutants were 
greatly lower than the levels in wild type. The dynamic changes 
of cellular H2O2 level are determined by the balance between 
the generation and scavenging rates. We next checked the 
expression levels of catalases (CAT), the efficient scavengers of 
H2O2, upon ABA treatment, and found that CAT2 and CAT3 
expression levels increased upon ABA treatment, reaching to 
over twofold higher than the levels in untreated leaves of wild 
type whereas the expression levels of CAT2 and CAT3 with 
ABA treatment in ric7 mutants were greatly lower than wild 
type (Figure 4). These results suggest that the lower H2O2 
accumulation in guard cells of ric7 mutants is likely due to 

the reduced expression levels of the H2O2 generation related to 
AtRBOHD/F and PAO1/5 genes, not due to the higher expres
sion of scavenging-related genes. Unexpectedly, the expression 
levels of AtRBOHD/F and PAO1/5 were higher in ric7-2 and 
ric7-3 mutants without ABA treatment. It has been shown that 
AtRBOHF were phosphorylated by OST1, an important kinase 
in ABA signaling,19 indicating that the activities of these 
enzymes were also post-translational regulated. These com
bined results suggest that the lower H2O2 accumulations in 
ric7 mutants with ABA treatment attribute to the lower expres
sion of the genes responsible for H2O2 generation.

Figure 3. H2O2 levels in guard cells of ric7-2 and ric7-3 mutants were lower than wild type without and with ABA treatment. The representative pictures (a) and statistical 
results (b) showing the H2O2 levels in guard cells of wild type (WT), ric7-2 and ric7-3 mutants. (bar = 5 μm; *, p < .05; **, p < .01).

Figure 4. The expression levels of H2O2 generation related genes AtRBOHD/F and PAO1/5, and the scavenging related genes CAT2/3 in ric7 mutants before and after ABA 
treatment. (**, p < .01).
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H2O2 failed to induce stomatal closure in ric7 mutants 
as in wild type

To explore whether the reduced H2O2 productions in guard 
cells of ric7-2 and ric7-3 mutants were responsible for the 
reduced stomatal closure in response to ABA, we examined 
the effect of external applied H2O2 on stomatal closure of ric7-2 
and ric7-3 mutants. Unexpectedly, H2O2 failed to induce sto
matal closure of ric7-2 and ric7-3 mutants as in wild type: ric7-2 
and ric7-3 mutants exhibited larger stomatal apertures than the 
wild type with H2O2 treatment (Figure 5), suggesting that RIC7 
is required for the induction of stomatal closure by H2O2.

ROS plays an essential role in multiple stimuli-induced 
stomatal closures,15,20,21 and ROS generation was regulated 
by GPA1, OST1, BAK1, or ABI1.22–25 Here, we provided con
vincing evidence to support that RIC7 inhibits guard-cell H2O2 
generation induced by ABA (Figure 3), which is likely due to 
the lower expression levels of ROS generation related genes 
(Figure 4). At the same time, the external applied H2O2 failed 
to induce stomatal closure in ric7-2 and ric7-3 as in wild type 
(Figure 5), suggesting that the function of H2O2 is dependent 
on the existence of RIC7 in guard-cell ABA signaling. It has 
been shown that H2O2 forms a positive feedback loop with 
pepper CaWRKY27 expression in the response to heat stress.26 

H2O2 also forms a feed-back regulation with anthocyanin, 
a plant water-soluble antioxidant: H2O2 induces accumulation 
of anthocyanin while anthocyanin affects ROS levels and the 
sensitivity of plants to ROS stress.27 Therefore, the conclusion 
in this research supports the interdependency of H2O2 and 
RIC7 in ABA-induced stomatal closure, which providing 
a new clue in the regulatory network of guard-cell signaling.

Materials and methods

Plant materials and growth conditions

The Arabidopsis used in this study was the Col-0 background, 
and ric7-2 (SALK_136344) and ric7-3 (SALK_150242) were 
T-DNA insertion mutants. Seedlings were grown in 

a greenhouse under long-day conditions (16-h-light/8-h-dark 
cycle), with a photon flux density of 150 μmol m−2 s−1 and 
a temperature of 18°C to 22°C. To check the expression levels of 
RIC7 in the ric7-2 and ric7-3 mutants, total RNA from leaves of 
three- to four-week-old plants was isolated using TRIzol 
(Invitrogen), and cDNA was prepared using the PrimeScript 
RT reagent kit (Takara). The relative expression of the RIC7 in 
the corresponding mutants was performed using SYBR Premix 
ExTaq (Takara). The primers used for qRT-PCR are F: 5’- 
GGACCGTCTGATAATGCCACTG-3’ and R: 5’- 
TCTAGTCCGACCACCAAACTCT-3’. The qRT-PCR was 
conducted in a Real-Time PCR System (ABI PRISM 7500; 
Applied Biosystems). Each experiment was repeated three 
times. For determination of seed germination with ABA treat
ment, seeds were sterilized with 75% (v/v) ethanol for 5 min and 
then rinsed with 95% (v/v) ethanol for 30 s. Seeds on the one- 
half MS medium supplemented with 0, 1, 2, 3, or 5 μM ABA 
were kept at 4°C for 48 h in darkness, and then incubated in the 
plant growth chamber (Percival). After 5 days, the seed germi
nation rates of wild type and ric7 mutants were calculated.

Stomatal aperture assays

Stomatal aperture assays were performed essentially as 
described in 14. In brief, the fully expanded rosette leaves of 
three- to four-week-old plants were collected and illuminated 
with white light (150 μmol m−2 s−1) for 2 h, and then the 
epidermis was peeled and incubated in MES buffer (10 mM 
MES, 30 mM KCl, 0.1 mM CaCl2, pH 6.1) containing 10 μM 
ABA or 10 μM H2O2 for 2 h. The stomatal apertures before and 
after ABA or H2O2 treatments were determined under 
a microscope. Fifty stomata were randomly selected for three 
independent replicates. The data are presented as the means ± 
SE (n = 150).

Detection of the H2O2 level in guard cells

H2O2 detection in guard cells was performed as described 
previously.17 Abaxial epidermal strips were peeled from the 
leaves with open stomata and then were incubated in MES 
buffer containing 50 μM H2DCF-DA (Molecular Probes) in 
the dark for 15 min, washed for three times. The epidermal 
strips were then transferred to MES buffer containing 10 μM 
ABA for 30 min. H2O2 levels in guard cells were detected by 
CLSM with a setting of 488 nm excitation and 525 nm emis
sion. The experiments were repeated at least three times with 
30 cells for each treatment.

Checking the expression level of ROS generation and 
scavenging related genes

To check the expression levels of ROS generation and scaven
ging-related genes without or with ABA treatment, fully 
expanded rosette leaves of three- to four-week-old plants of 
wild type, ric7-2, and ric7-3 mutants were sprayed with 50 μM 
ABA. Half an hour later, the leaves were harvested and total 
RNA was isolated, and then cDNA was prepared using the 
PrimeScript RT reagent kit (Takara). Expression levels of the 
ROS generation and scavenging-related genes were detected 

Figure 5. External applied H2O2 failed to induce stomatal closure in ric7-2 and ric7- 
3 mutants as in wild type (WT). (**, p < .01).
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using SYBR Premix ExTaq (Takara). The primers used for 
qRT-PCR are AtRBOHD, F, 5’- AGCTTCACAATTATTGCA 
CGAG-3’, R, 5’- TCTCCAGTTAGGTTTAGCGAAG-3’; 
AtRBOHF, F, 5’-TATTGGAGACCATCTTGCTTGT-3’, R, 5’- 
CGTTAAAACCGGTTAGTCGATC-3’; PAO1, F, 5’- 
GTGTCGGTGGTAAAGAGTCTAA-3’, R, 5’- CTTTAACTT 
GAGAATCGCCGAG-3’; PAO5, F, 5’- TGCTGAATTGTTT 
AGTCCTCCT-3’, R, 5’- TTCTTTGAGACATCTCGACGAA- 
3’; CAT2, F, 5’- TGGGGCCTTCCTTTTAAGTTAT-3’, R, 5’- 
TGGGGCCTTCCTTTTAAGTTAT-3’; CAT3, F, 5’-CTTGTG 
GTTCCTGGAATCTACT-3’, R, 5’-AGGATCAAACTTTGA 
GGGGTAG-3’.
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