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Plasma membrane (PM) H+-ATPase regulates many 
cellular activities by producing electrochemical gradi-
ents across the plasma membrane. Therefore, the ac-
tivity of PM H+-ATPase must be tightly controlled. In 
plants, PM H+-ATPase plays regulatory roles in many 
cellular and development processes, such as cell ex-
pansion, intracellular pH homeostasis, and response 
to saline and drought stresses (Palmgren, 2001; Rober- 
Kleber et al., 2003; Fuglsang et al., 2007; Merlot et al., 2007; 
Yang et al., 2010; Yamauchi et al., 2016). The Arabidopsis  
(Arabidopsis thaliana) genome contains 11 PM H+- 
ATPase genes (AHA1 to AHA11; Palmgren, 2001; Falhof 
et al., 2016; Haruta et al., 2018).

The C terminus (∼100 residues) of PM H+-ATPase 
contains the autoinhibitory domain of the enzyme 
activity (Palmgren et al., 1991). The phosphorylation 
of the C terminus is critical for the regulation of PM 
H+-ATPase activity. The phosphorylation of the pen-
ultimate residue (Thr-947) of Arabidopsis H+-ATPase 2 

(AHA2) generates a 14-3-3 biding site to activate PM 
H+-ATPase activity (Svennelid et al., 1999; Camoni et 
al., 2000; Gévaudant et al., 2007); the phosphorylation 
of the C terminus of AHA2 (Ser-931) by a Ser/Thr 
protein kinase (PKS5) inhibits the interaction between 
AHA2 and 14-3-3 to decrease PM H+-ATPase activity 
(Kinoshita and Shimazaki, 2002; Fuglsang et al., 2007; 
Yang et al., 2010).

Abscisic acid (ABA) negatively regulates PM H+- 
ATPase activity (Merlot et al., 2007). It promotes the 
dephosphorylation of the Thr-947 site in AHA2 (Yin 
et al., 2013; Falhof et al., 2016; Cai et al., 2017) and 
Snf1-related protein kinase 2.6 (SnRK2.6)/open sto-
mata1 (OST1) protein is involved in this regulation 
(Merlot et al., 2007). SnRK2.2, but not SnRK2.6, directly 
phosphorylates the C terminus of AHA2 (Planes et al., 
2015). The dominant mutants of ost2-1D and ost2-2D 
(AHA1) show constitutive higher PM H+-ATPase ac-
tivity and abolish guard cell response to ABA (Merlot 
et al., 2007). However, the underlying molecular mech-
anisms are not well understood.

In addition to the regulation of PM H+-ATPase ac-
tivity by direct phosphorylation, the regulation of the 
amount of PM H+-ATPase protein is an important mech-
anism that affects its activity (Hashimoto-Sugimoto  
et al., 2013). H+-ATPase translocation control1 (PATROL1)  
is a Munc13-like protein related to synaptic vesicle 
priming (Basu et al., 2005), which regulates AHA1 
translocation to the plasma membrane and mediates 
stomatal movement in response to environmental sig-
nals such as light and CO2 (Hashimoto-Sugimoto et al., 
2013).

SNARE proteins play an essential role in vesicle 
trafficking by facilitating the fusion of vesicles and the 
target membrane in eukaryotes (Uemura et al., 2004). 
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SNARE proteins are classified into R- and Q-types ac-
cording to the similarity and specific amino acid se-
quence (Uemura et al., 2005). One R-SNARE protein 
and three Q-SNARE proteins form a complex to pro-
mote membrane fusion (Pratelli et al., 2004; Jahn and 
Scheller, 2006). Vesicle-associated membrane protein7 
(VAMP7)-like proteins are one group of R-SNAREs, 
which comprises two subgroups: VAMP71 and 
VAMP72 (Sanderfoot, 2007). The structure of SNARE 
proteins is conserved: a longin domain in the N ter-
minus and a SNARE domain and a transmembrane 
domain (which anchors SNARE proteins to the mem-
brane) in the C terminus in plants (Uemura et al., 2004; 
Hong, 2005).

In Arabidopsis, VAMP7s are involved in endosome 
trafficking and are highly conserved and localized to 
the vacuolar membrane and plasma membrane (Ue-
mura et al., 2004; Hong, 2005). Increasing evidence 
shows that SNARE-mediated pathways are involved 
in response to biotic and abiotic stresses in plants (Col-
lins et al., 2003; Leshem et al., 2006, 2010; Sugano et al., 
2016). In rice (Oryza sativa), the intracellular SNARE 
protein, OsVAMP714, plays a role in resistance to rice 
blast disease (Sugano et al., 2016). In Arabidopsis, the 
decreased expression of VAMP711 inhibits the fusion 
of vesicles to the tonoplast, resulting in plant tolerance 
to salt and drought stresses (Leshem et al., 2006, 2010). 
In general, VAMP7-mediated cellular activities are 
linked to the function of vesicle fusion. However, the 
SNARE protein VAMP721 interacts with and inhibits 
the activity of inward-rectifying K+ channels KAT1 and 
KC1 to regulate the vegetative growth of Arabidopsis 
(Zhang et al., 2015).

In this study, we identified a SNARE family pro-
tein, VAMP711, as a negative regulator of PM H+- 
ATPase. VAMP711 directly interacted with and inhibit-
ed AHA1 and AHA2 activity, and this interaction was 
induced by ABA treatment. The drought-hypersensi-
tive phenotype and ABA-mediated stomatal closure 
defect of the ost2-2D mutant were partially reduced by 
overexpression of VAMP711. Our results suggest that 
ABA-mediated PM H+-ATPase activity inhibition oc-
curs, at least partially, through the interaction between 
VAMP711 and AHA1/AHA2, and provide evidence 
for an ABA-mediated regulatory mechanism for PM 
H+-ATPase activity.

RESULTS

VAMP711 Interacts with PM H+-ATPase AHA1

ABA inhibits PM H+-ATPase activity (Merlot et al., 
2007; Planes et al., 2015). To identify components in-
volved in this inhibition, we first confirmed this result. 
Four-week-old Arabidopsis Col-0 plants were treated 
with 200 mm NaHCO3 for 2 d to induce PM H+-AT-
Pase activity and then treated with or without 10 µm 
of ABA for 1 d. The plasma membrane-enriched ves-

icles were isolated and used for measuring PM H+- 
ATPase activity. The ABA treatment significantly reduced 
H+-transport and ATP hydrolysis activities of PM 
H+-ATPase (Supplemental Figure S1, A–D). To iden-
tify possible regulators, we generated more than 30 
Pro35S:GFP-AHA1 transgenic plants in Col-0 and select-
ed stable transgenic plants in which the GFP-AHA1 
signal was localized to the plasma membrane for fur-
ther study. The 10-d-old transgenic plants were treated 
with or without 50 μm of ABA for 6 h, the plasma mem-
brane-enriched fraction was collected, the GFP-AHA1 
was immunoprecipitated with anti-GFP antibody-con-
jugated agarose, and putative AHA1-interacting pro-
teins were detected by mass spectrometry. A SNARE 
family protein, VAMP711, was identified as a putative 
AHA1-interacting protein.

To verify this interaction, we performed a luciferase 
complementation (LUC) assay by constructing AHA1Nluc  
and ClucVAMP711 vectors, and transformed them into 
Nicotiana benthamiana leaves to collect luminescence 
signals after a 3-d incubation. The luminescence sig-
nal was detected in leaves expressing AHA1Nluc and 
ClucVAMP711; as a control, the expression of AHA1Nluc 
and ClucDDM1 (DDM1, DECREASED DNA METHYL-
ATION1), and DDM1Nluc and ClucVAMP711 showed a 
very low signal (Fig. 1A); however, the indicated genes 
were detected in N. benthamiana leaves at similar lev-
els (Supplemental Fig. S2A). We also cotransformed 
ClucAHA1 and VAMP711Nluc into N. benthamiana leaves. 
The luminescence signal was not detected after the 3-d 
incubation (Supplemental Fig. S2B), possibly because 
Nluc and Cluc are not close enough due to the specific 
fusion position.

To determine whether the interaction between 
VAMP711 and AHA1 is induced by ABA, the N. ben-
thamiana leaves transformed with AHA1Nluc and Cluc-

VAMP711 were treated with or without 50 μm ABA 
for 6 h, and the fluorescence value was collected. The 
results showed that ABA could significantly promote 
the interaction between VAMP711 and AHA1 (Fig. 1B). 
Together, these results suggest that the SNARE protein 
VAMP711 interacts with AHA1, and the interaction is 
induced by ABA treatment.

To determine the possible subcellular location where 
these proteins interact, we constructed AHA1YCE and 
YNEVAMP711, and AHA1YNE and YCEVAMP711 for bimo-
lecular fluorescence complementation (BIFC) assay. The 
combinations of AHA1YCE and YNEVAMP711, AHA1YCE 
and YNEDDM1, DDM1YCE and YNEVAMP711, AHA1YNE 
and YCEVAMP711, YCESYP22 and YNEVAMP711, and  
YCESYP22 and YNEDDM1 were transiently expressed in 
N. benthamiana leaves, respectively. The YFP (yellow 
fluorescent protein) fluorescence signal was detected 
by confocal microscopy in leaves of expressed AHA1YCE 
and YNEVAMP711,and AHA1YNE and YCEVAMP711 (Sup-
plemental Fig. S2, C and D). The YFP signal partial-
ly colocalized with the signal of FM4-64 dye, which  
was used to label the plasma membrane and endo-
somes (Supplemental Fig. S2, C and D). VAMP711 has 
been reported to be a vacuolar membrane-localized 
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protein and AHA1 is a plasma membrane-located 
protein (Leshem et al., 2006; Hashimoto-Sugimoto et 
al., 2013). Consistent with these notions, our results 
showed that VAMP711 predominately localized to 
the vacuolar membrane and prevacuolar compart-
ments (PVCs), and AHA1 was localized to the plasma 
membrane (Supplemental Fig. S2, E and F). The fluo-
rescence signal of GFP-VAMP711 was not colocalized 
with FM4-64 dye-labeled plasma membrane in the 
ProUBQ10:GFP-VAMP711 transgenic seedlings with-
out ABA treatment. However, when the ProUBQ10:GFP- 
VAMP711 transgenic seedlings were treated with ABA, 
some weak fluorescence signal of GFP-VAMP711 was 
detected on the plasma membrane, and the Pearson 
correlation coefficient was much higher in ProUBQ10: 
GFP-VAMP711 transgenic seedlings treated with ABA 
(Supplemental Fig. S2G). In addition, the result of 

plasma membrane isolation and immunoblot anal-
ysis showed that the amount of VAMP711 proteins 
on the plasma membrane was greater in ProUBQ10: 
GFP-VAMP711 transgenic seedlings subjected to ABA 
treatment than in seedlings not subjected to ABA treat-
ment (Supplemental Fig. S2H). These results indicat-
ed that ABA treatment might affect the localization of 
VAMP711. On the basis of these results, we speculat-
ed that the interaction between VAMP711 and AHA1 
might partially occur on the plasma membrane.

VAMP711 Interacts with the C Terminus of AHA1 and 
AHA2

The SNARE protein VAMP711 has three conserved 
domains: the longin domain, SNARE domain, and 
transmembrane domain (Fig. 2A; Uemura et al., 2005; 
Fujiwara et al., 2014), and AHA1 contains three intracel-
lular parts: the N terminus, centerloop, and C terminus 
(C100; Falhof et al., 2016). We used the VAMP711-LS 
(longin and SNARE domains of VAMP711) as a bait 
to detect the VAMP711-interacting portion of AHA1 
in the yeast two-hybrid system. The indicated combi-
nations were transformed into the yeast strain AH109. 
The yeast cells containing pGBKT7-AHA1 (centerloop) 
and pGADT7 vector could grow on synthetic complete 
(SC) medium lacking Trp, Leu, and His (WHL). We then 
tested the interaction between pGBKT7-AHA2 (center-
loop) and pGADT7-VAMP711-LS, and no interaction 
was detected (Supplemental Fig. S3B). The yeast cells 
containing the combinations of pGBKT7-AHA1 (C100) 
and pGADT7-VAMP711-LS showed better growth than 
those containing the combinations pGBKT7-AHA1 
(C100) and pGADT7 on SC medium lacking WHL. 
These results suggest that VAMP711 interacts with the 
C terminus of PM H+-ATPase (Fig. 2, A and B), which 
is a conserved domain (Fig. 2C).

To determine the specificity of interaction, we 
cotransformed the C terminus of AHA1, AHA2, AHA3, 
and AHA9 with VAMP711-LS into a yeast strain. Only 
AHA1 and AHA2 interacted with VAMP711 (Fig. 2D). 
AHA1 and AHA2 are two major members of the AHA 
family (Palmgren, 2001). We found that 11 amino acid 
residues (887–897) in AHA1 and AHA2 are distinct 
from those in other AHA members (Fig. 2C). We specu-
lated that these 11 amino acid residues may be required 
for VAMP711 to interact with AHA1 and AHA2 (Fig. 
2C). When the 11 residues in AHA1 and AHA2 were 
deleted, the interaction between AHA1 and VAMP711 
was abolished (Fig. 2E; Supplemental Fig. S3A). To-
gether, our results suggest that the interaction between 
the VAMP711 and the C terminus of AHA1 and AHA2 
requires these 11 amino acid residues.

VAMP711 Negatively Regulates PM H+-ATPase Activity

To further investigate whether VAMP711 could 
regulate PM H+-ATPase activity by direct interac-
tion, we generated two CRISPR/Cas9 vamp711 mu-
tants, vamp711-6 and vamp711-7. A two-base deletion 

Figure 1. VAMP711 interacts with PM H+-ATPase AHA1. A, Luciferase 
complementation assay. The indicated constructs were expressed in 
Nicotiana benthamiana leaves. 1, AHA1Nluc and ClucDDM1; 2 and 3, 
AHA1Nluc and ClucVAMP711; 4, DDM1Nluc and ClucVAMP711. The lucifer-
ase signal was detected using a cooled CCD camera (iKon-L936; Andor 
Tech). B, ABA induced the interaction between AHA1 and VAMP711. 
AHA1Nluc and ClucVAMP711 were transformed into N. benthamiana 
leaves. After a 3-d incubation, the leaves were treated with or without 
ABA. The luciferase value was collected using a spectrophotometer.
Error bars represent sd (small leaves acquired by a leaf punch, number, 
10); Student’s t test was used to assess statistical significance (P ≤ 0.05). 
Significant differences were represented by different lowercase letters.
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(GA, 98–99 bp) in the second exon was detected in 
the vamp711-6 mutant, and a one-base insertion (C 
between 16 and 17 bp) in the first exon was detected 
in the vamp711-7 mutant. Both these mutations led to 
frameshift and early termination of VAMP711 (Supple-
mental Fig. S4A).

We also constructed complementation lines of 
vamp711-6 (com-1, com-2) by transferring a plasmid 
containing the VAMP711 genomic sequence that in-
cluded the promoter region (1,500 bp from the trans-
lational start site) and 3′ untranslated region (500 bp 
downstream of the stop codon), more than 30 trans-

genic plants were obtained and two independent T4 
transgenic lines (com-1, com-2) with VAMP711 expres-
sion levels similar to those in the wild type were used 
for further study (Supplemental Fig. S4B).

We also generated VAMP711-overexpressing lines 
(ProUBQ10:GFP-VAMP711) in the wild-type background 
and named these lines OE-VAMP711-15/27. In the OE- 
VAMP711 lines, the GFP-VAMP711 signal was localized  
at vacuolar membrane and PVCs. Reverse-transcription  
PCR (RT-PCR) detected increased expression of 
VAMP711 in both overexpressing lines (Supplemental 
Fig. S4C).

Figure 2. VAMP711 interacts with the C terminus of AHA1 and AHA2. A, Schematic structure of VAMP711 protein structure: 
longin domain, SNARE domain, and transmembrane domain (TMD). The longin and SNARE domains of VAMP711 (VAMP711-
LS) were used in a yeast two-hybrid assay. B, Yeast two-hybrid assay to detect the interaction among the AHA1 N terminus, 
centerloop, C terminus, and VAMP711. C, The sequence alignment analysis of the C terminus of PM H+-ATPase (AHA) in Ara-
bidopsis. D, Yeast two-hybrid assay to detect the interaction of VAMP711 with the C terminus of AHA family members. E, Yeast 
two-hybrid assay to detect the region of interaction between AHA1 C terminus, AHA1 C terminus minus amino acid residues 
887 to 897 (AHA1 (C100)Δ887–897), and VAMP711. Yeast strains expressing the indicated plasmids were grown on synthetic 
complete medium without Trp and Leu (SC-WL, left) and on synthetic complete medium without Trp, Leu, and His (SC-WHL, 
right). Photographs were taken after 3 to 5 d of growth on the indicated medium. Panels show yeast serial decimal dilutions. 
Experimental details are provided in the “Materials and Methods.”
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To investigate the PM H+-ATPase activity in Col-0, 
vamp711-6, vamp711-7, and OE-VAMP711-15/27, we 
isolated plasma membrane vesicles from 4-week-old 
plants treated with 200 mm of NaHCO3 for 3 d. The 
H+ transport activity in vamp711-6/7 was 30% higher 
than that in Col-0; while the activity in VAMP711-over-
expressing lines were 10%–15% lower than that in 
Col-0 (Fig. 3, A and B). To detect the PM H+-ATPase 
protein level on the plasma membrane in Col-0, 
vamp711-6, vamp711-7, and OE-VAMP711-15/27 plants 
under NaHCO3 treatment, plasma membrane vesicles 
were isolated and detected by immunoblotting with 
anti-PM H+-ATPase antibody. No obvious difference 
was detected in Col-0, vamp711-6, vamp711-7, and OE-
VAMP711-15/27 plants (Supplemental Fig. S4D).

To further confirm the effect of VAMP711 on H+ flux-
es, the noninvasive microtest technique was used to 

monitor H+ flux in the root. Five-day-old seedlings of 
Col-0, vamp711-6/7, and complementation lines com-
1/2 were incubated in buffer at pH 7.8 for 30 min, then 
their root apexes were selected to detect the H+ flux for 
about 360 s. The H+ fluxes of vamp711-6/7 were sig-
nificantly higher than those of Col-0 (Fig. 3, C and D). 
There was no obvious difference in the H+ fluxes be-
tween com-1/2 lines and the wild type (Supplemental 
Fig. S4, E and F). These results indicate that VAMP711 
negatively regulates PM H+-ATPase activity in plants.

Arabidopsis mutants with a higher PM H+-ATPase 
activity display resistance to high pH stress (Fuglsang 
et al., 2007; Yang et al., 2010). To investigate whether 
mutation in VAMP711 has a similar effect, we trans-
ferred 6-d-old seedlings of Col-0 and vamp711-6/7 
from Murashige and Skoog (MS) medium at pH 5.8 to 
MS medium at pH 5.8 or 8.0. There was no significant 

Figure 3. VAMP711 negatively regulates PM H+-ATPase activity. A, PM H+-ATPase activity was measured in Col-0, vamp711-
6, vamp711-7, and OE-VAMP711-15/27. Plasma membrane vesicles of Col-0, vamp711-6, vamp711-7, OE-VAMP711-15/27 
were isolated from 4-week-old soil-grown plants treated with 200 mm of NaHCO3 for 3 d. Error bars represent sd; Student’s t 
test was used to assess statistical significance (P ≤ 0.05). Significant differences were represented by different lowercase letters. 
The experiment was repeated three times independently. B, Comparison of PM H+-ATPase activity from A. C, Net H+ fluxes in 
different plant materials. Five-day-old seedlings of Col-0, vamp711-6, vamp711-7, and OE-VAMP711-15/27 were treated with 
a buffer (0.5 mm KCl, 0.1 mm CaCl2, 75 mm NaCl, and 0.03 mm HEPES, pH 7.8) for 30 min, and then the H+ fluxes in the root 
tips was detected by the noninvasive microtest technique. Error bars represent sd (seedling number ≥10); Student’s t test was 
used to assess statistical significance (P ≤ 0.05). Experiment was repeated three times independently. D, Calculated net H+ flux-
es from C. Error bars represent SD; Student’s t test was used to assess statistical significance (P ≤ 0.05). Significant differences 
were represented by different lowercase letters. E, VAMP711 inhibits PM H+-ATPase activity in vitro. Fifty nanograms of plasma 
membrane vesicles from Col-0 was incubated with 500 ng of VAMP711-LS protein for 15 min at room temperature. Error bars 
represent SD; Student’s t test was used to assess statistical significance (P ≤ 0.05). Significant differences were represented by 
different lowercase letters. The experiment is described in the “Materials and Methods” and repeated three times independent-
ly. F, Comparison of PM H+-ATPase activity from E. G, VAMP711 inhibits the PM H+-ATPase activity of AHA2 in the RS72 yeast 
strain. VAMP711 and an empty vector were transferred into the RS72 yeast strain containing AHA2. The endogenous H+-ATPase 
gene in RS72 was induced by Gal (gal). When AHA2 and VAMP711 were transferred into the RS72 yeast strain, the growth of 
the yeast depended on AHA2 activity on Glc (glu) medium. Photographs were taken after 3 to 5 d of growth on the indicated 
medium. Panels show yeast serial half dilutions. Experimental details are provided in the “Materials and Methods.” The exper-
iment was repeated at least three times independently.
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difference in the fresh weight and primary root length 
of Col-0 and vamp711-6/7 for 1 week after the trans-
fer. However, because of their PM H+-ATPase activity 
levels, the mutants of vamp711-6/7 were much more 
resistant to pH 8.0 than the wild type, displaying high-
er fresh weight and longer primary root length for 10 
d after the transfer (Supplemental Fig. S5, A and C). 
These results further suggest that VAMP711 negatively 
regulates PM H+-ATPase activity.

To investigate whether VAMP711 directly inhib-
its PM H+-ATPase activity, we purified glutathione 
S-transferase-tagged VAMP711-LS recombinant pro-
tein expressed in Escherichia coli BL21. The PM H+-AT-
Pase activity of the plasma membrane vesicles was 
measured after incubation with 500 ng of VAMP711-LS 
recombinant proteins for 15 min at room temperature. 
When VAMP711-LS protein was added in the plasma 
membrane vesicles, H+-ATPase activity decreased by 
about 20% compared to the activity observed when a 
negative control or a glutathione S-transferase protein 
was added (Fig. 3, E and F).

We then used the yeast strain RS72, the growth of 
which depends on expressed heterologous AHA2 
activity in Glc medium (Fuglsang et al., 2007). We 
transferred VAMP711 into the RS72 yeast strain ex-
pressing heterologous AHA2 to investigate the effect of 
VAMP711 on RS72 yeast growth. The VAMP711 inhib-
ited RS72 yeast growth on Glc medium at pH 6.5 (Fig. 
3G), which indicates that VAMP711 inhibits AHA2 
activity. The immunoblot analysis showed that the ex-
pression of VAMP711 did not affect the PM H+-ATPase 
protein levels in the RS72 yeast strain (Supplemental 
Fig. S4G). Our results indicate that VAMP711 inhibits 
PM H+-ATPase activity by direct interaction.

VAMP711 Is Required for ABA-Mediated Inhibition of 
PM H+-ATPase Activity

To study whether VAMP711 is required for ABA-me-
diated PM H+-ATPase activity inhibition, we detected 
the H+ fluxes and PM H+-ATPase activity in Col-0 and 
vamp711 mutants under ABA treatment. The H+ influx-
es were not obviously different between vamp711-6/7 
mutants and wild type in the absence of ABA treat-
ment (Fig. 4, A and B). The ABA treatment significantly 
increased the H+ influxes in both Col-0 and vamp711-
6/7 mutants; however, the H+ influxes in the seedlings 
of vamp711-6/7 mutants were less sensitive to ABA 
treatment than those in the wild-type seedlings (Fig. 4, 
C and D). We then isolated the plasma membrane vesi-
cles from 4-week-old plants treated with or without 10 
µm of ABA and measured the PM H+-ATPase activity. 
The PM H+-ATPase activity was similar between Col-
0 and vamp711 mutant without ABA treatment (Fig. 
4E). After ABA treatment, the PM H+-ATPase activity 
decreased in both the wild type and the vamp711 mu-
tant; however, greater reduction was detected in the 
wild type than in the vamp711 mutant (Fig. 4E). The 
immunoblot analysis showed that the PM H+-ATPase 
protein levels were no different between Col-0 and 

vamp711 mutants with or without ABA treatment (Sup-
plemental Fig. S6A). These results together suggested 
that ABA inhibits PM H+-ATPase activity at least par-
tially through VAMP711 interaction with the enzyme 
directly.

VAMP711 Inhibits AHA1-Mediated Stomatal Closure and 
Drought Response

Previous studies have shown that vamp711 mutants 
are sensitive to drought stress and stomatal move-
ment is impaired in the vamp711 mutant (Leshem et al., 
2010). Consistent with these findings, the water loss in 
vamp711-6/7 mutants was more rapid than that in the 
wild type (Fig. 5, A and B), and both KCl-light-induced 
stomatal opening and ABA-induced stomatal closure 
were also impaired in vamp711-6/7 mutants (Fig. 5C).

The ost2-2D mutant contains two point mutations 
in the AHA1 gene, resulting in AHA1 becoming con-
stitutively hyperactive and the mutant becoming hy-
persensitive to drought stress (Merlot et al., 2007). To 
investigate whether the VAMP711-mediated plant 
ABA/drought response occurs through regulation of 
PM H+-ATPase activity, we crossed OE-VAMP711-15 
into the ost2-2D genetic background and obtained 
ost2-2D-OE-VAMP711 plants. The Col-0, ost2-2D, ost2-
2D-OE-VAMP711, and Col-0:OE-VAMP711 plants were 
grown in a greenhouse with 12 h light/12 h dark, 
and watering was stopped for 5-week-old plants for 
2 weeks. The wilting rate of the leaves in the ost2-2D 
mutant was much higher than that in other plants, 
and overexpression of VAMP711 in ost2-2D partially 
rescued its drought-sensitive phenotype (Fig. 6A), and 
the decreased chlorophyll and relative water contents 
in ost2-2D mutant were also partially rescued in Col-
0:OE-VAMP711 plants (Supplemental Fig. S7, A and B).

Consistent with this observation, the water loss of 
detached leaves in ost2-2D-OE-VAMP711 was slower 
than that in ost2-2D and faster than that in Col-0 and 
Col-0:OE-VAMP711 (Fig. 6B). In order to determine 
whether the overexpression of VAMP711 represses 
ABA insensitivity of stomatal closure in ost2-2D, we 
performed the ABA-induced stomatal closure assay. 
Indeed, stomatal closure was insensitive to ABA in the 
ost2-2D mutant, and the overexpression of VAMP711 
partially rescued the ost2-2D stomatal closure pheno-
type in response to ABA (Fig. 6C).

Since water loss by transpiration leads to tempera-
ture change in the leaf surface, we measured the leaf 
temperature of Col-0, ost2-2D, ost2-2D-OE-VAMP711, 
and OE-VAMP711 plants. The leaf temperature of 
ost2-2D-OE-VAMP711 was higher than that of ost2-
2D mutant (Fig. 6, D and E). We also transformed 
the ProUBQ10:GFP-VAMP711 plasmid into the ost2-
2D background and obtained two T4 homologous 
lines, ost2-2D-OE-VAMP711-1#/2#, in which the lev-
el of VAMP711 expression was higher than that in 
ost2-2D (Supplemental Fig. S7C). The ost2-2D-OE-
VAMP711-1#/2# displayed a phenotype similar to that 
of the ost2-2D-OE-VAMP711 plants (Supplemental Fig. 
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Figure 4. VAMP711 is involved in ABA-mediated inhibition of PM H+-ATPase activity. A, Net H+ fluxes in root tips of Col-0, 
vamp711-6, and vamp711-7. Five-day-old seedlings were treated with a buffer (0.5 mm KCl, 0.1 mm CaCl2, and 0.03 mm MES, 
pH 5.8) for 30 min, and then the H+ flux was detected in root tips. Error bars represent sd (seedling number ≥10); Student’s t test 
was used to assess statistical significance (P ≤ 0.05).The experiment was repeated three times independently. B, Net H+ fluxes 
calculated from A. Significant differences were represented by different lowercase letters. C, Net H+ fluxes in the root tips in the 
presence of ABA. Five-day-old seedlings of Col-0, vamp711-6, and vamp711-7 were treated with a buffer (0.5 mm KCl, 0.1 mm 
CaCl2, and 0.03 mm MES, 2 μm ABA, pH 5.8) for 30 min, and the H+ fluxes were detected in the root tips. Error bars represent sd 
(seedling number ≥10); Student’s t test was used to assess statistical significance (P ≤ 0.05). The experiment was repeated three 
times independently. D, Net H+ fluxes calculated from C. Significant differences were represented by different lowercase letters. 
E, PM H+-ATPase activity was measured in Col-0 and vamp711-6 with or without ABA treatment. Plasma membrane vesicles of 
Col-0, vamp711-6 were isolated from 4-week-old plants treated with 10 μm of ABA for 1 d. Error bars represent sd; Student’s t 
test was used to assess statistical significance (P ≤ 0.05). Significant differences were represented by different lowercase letters. 
The experiment was repeated three times independently.

Figure 5. VAMP711 is involved in drought stress response. A. Detached rosette leaves from Col-0, vamp711-6, vamp711-7, and 
OE-VAMP711-15/27. Photographs were taken at 0 (left) and 3 h (right). B, Water-loss measurement of detached leaves. Col-0, 
vamp711-6, vamp711-7, and OE-VAMP711-15/27 were grown in short-day conditions for 5 weeks. Fresh weight of detached 
leaves was monitored at the indicated times. The experiment was repeated three times independently. C, Stomatal aperture 
assay. Detached rosette leaves from Col-0, vamp711-6, and vamp711-7 were incubated in KCl buffer for about 2 h and then 
transferred in a buffer containing 10 μm of ABA for 2 h. Error bars represent sd (stomata number, 70); Student’s t test was used to 
assess statistical significance (P ≤ 0.05). Significant differences were represented by different lowercase letters. The experiment 
was repeated three times independently.
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S7, E and F). Our results suggest that VAMP711 inter-
acts with and represses AHA1 activity.

DISCUSSION

Drought is an adverse environmental factor that lim-
its plant growth and crop productivity. Stomatal pores 
act as the gates for gas exchange (CO2, O2, and H2O) 
and play an important role in the control of water loss 
in response to drought stress (Yamaguchi-Shinozaki 
and Shinozaki, 2006; Kim et al., 2010). Regulation of 
stomatal closure is the first step in response to water 
loss (Yamaguchi-Shinozaki and Shinozaki, 2006). Al-
though a complex signal network regulates the process 
of stomatal closure, the only well-studied pathway 
is the ABA-mediated signaling pathway in drought 
stress response (Munemasa et al., 2015). The regulation 
of stomatal closure by ABA causes a series of physi-
ological changes, such as cytoplasm alkalization, ion 
rebalance (Ca2+, K+), P-type H+-ATPase suppression 
(Pei et al., 1998; Fujii et al., 2009; Joshi-Saha et al., 2011). 
However, it is not well understood how ABA-mediated 

PM H+-ATPase activity inhibition is regulated. In this 
study, we provide evidence that VAMP711 represses 
PM H+-ATPase activity to regulate ABA-dependent 
stomatal closure. Under drought stress, accumulation 
of ABA leads to VAMP711 physically interacting with 
AHA1 and AHA2 and inhibits their activities to pro-
mote stomatal closure (Figs. 1B, 3A, and 6C). VAMP711 
negatively regulates vacuolar H+-ATPase activity in 
yeast strains (Leshem et al., 2006), which suggests that 
VAMP711 may also play a role in regulating cytoplasm 
alkalization.

VAMP711 is highly expressed in guard cells in Ara-
bidopsis, and down-regulation of VAMP711 in Arabi-
dopsis impairs stomatal closure during drought stress 
or ABA treatment (Leshem et al., 2010). However, 
the underlying mechanism is not clear. Our results 
demonstrate that VAMP711 inhibits PM H+-ATPase ac-
tivity through direct interaction to promote stomatal 
closure, indicating that VAMP711 and AHA1/AHA2 
work together to regulate stomatal closure in response 
to drought stress. VAMP711 protein is involved in en-
dosome trafficking and vesicle fusion and is reported 
to localize on the vacuolar membrane and PVC (Leshem 

Figure 6. VAMP711 regulates AHA1-mediated stomatal closure. A, Drought phenotype of the Col-0, ost2-2D, OE-VAMP711, 
in ost2-2D and OE-VAMP711 grown in soil. Watering was stopped for 5-week-old plants grown in soil under 12 h light/12 h 
dark for 2 weeks, and then photographs were taken. B, Measurement of water loss from detached leaves. Col-0, ost2-2D, OE-
VAMP711, in ost2-2D and OE-VAMP711 were grown under short-day conditions for 5 weeks, and the fresh weight of detached 
seedlings was monitored at the indicated times. The experiment was repeated three times independently. C, ABA-induced sto-
matal closure assay. Detached rosette leaves from Col-0, ost2-2D, OE-VAMP711 in ost2-2D, and OE-VAMP711 were incubated 
in KCl buffer for about 2 h and then transferred in a buffer containing 10 μm of ABA for 2 h. Error bars represent sd (stomata 
number, 70); Student’s t test was used to assess statistical significance (P ≤ 0.05). Significant differences were represented by 
different lowercase letters. The experiment was repeated three times independently. D, Pseudocolor infrared images of Col-0, 
ost2-2D, OE-VAMP711 in ost2-2D, and OE-VAMP711.The images of 5-week-old plants in soil were taken using an infrared 
camera. E, Leaf temperature measurement from D using infrared camera software. Error bars represent sd (20 leaves were 
used); Student’s t test was used to assess statistical significance (P ≤ 0.05). Significant differences were represented by different 
lowercase letters.
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et al., 2006); however, AHA1 and AHA2 are plasma 
membrane localized proteins (Harper et al., 1989). It 
is thus interesting to know the interacting location of 
these two proteins. The BiFC assay showed that the in-
teraction between AHA1 and VAMP711 was on both 
the plasma membrane and punctate structures, in-
dicating that VAMP711 could interact with AHA1 at 
least partially at the plasma membrane, although we 
could not exclude VAMP711 interaction with AHA1 in 
other locations. Intriguingly, studies with other pro-
teins also showed similar phenomena. For example, 
catalase proteins localize in peroxisomes (Apel and 
Hirt, 2004); however, under salt and drought stresses, 
the plasma membrane proteins salt tolerance recep-
tor-like cytoplasmic kinase1 (Zhou et al., 2018) and 
Calcium Protein Kinase8 (Zou et al., 2015) interact 
with, phosphorylate, and activate Catalase C (in rice) 
and Catalase 3 (in Arabidopsis) on the plasma mem-
brane, respectively. Therefore, it is possible that the 
VAMP711 protein could be translocated to the plas-
ma membrane through certain unclear mechanisms 
or under certain physiological conditions. Indeed, our 
results indicated that ABA treatment promoted the in-
teraction of VAMP711 with AHA1 and might partially 
affect the localization of VAMP711 to the plasma mem-
brane. However, the observation and mechanism need 
to be further clarified. A recent study reported that 
VAMP711 is mislocalized to the plasma membrane 
in the ap-3 mutant, providing a possibility for future 
study (Feng et al., 2017). In addition, other possibili-
ties for the physical interaction between VAMP711 and 
AHA1 cannot be excluded. For example, it has been 
observed that prevacuolar compartments/multivesic-
ular bodies (PVC/MVB) could fuse with the plasma 
membrane during pathogen attack (An et al., 2006a, 
2006b). Thus, it is possible that PVCs with a small 
portion of VAMP711 could move close to or fuse with 
the plasma membrane to promote the interaction and 
inhibit PM H+-ATPase activity under drought stress 
(Vida and Emr, 1995). This is supported by the fact that 
ABA treatment did not dramatically induce the plasma 
membrane localization of VAMP711, as determined by 
an immunoblot assay. Another possibility is the po-
tential direct membrane contact site or stress-induced 
membrane contact site between the tonoplast and plasma 
membrane, which is yet to be observed (Pérez-Sancho  
et al., 2016). However, we also cannot exclude the pos-
sibility that VAMP711 represses PM H+-ATPase ac-
tivity by regulating AHA1/AHA2 trafficking under 
drought stress.

In Arabidopsis, AHA1 and AHA2 are two highly 
expressed proteins and share higher similarity with 
other members of the AHA family. AHA1 and AHA2 
are essential for plant growth and development, and 
the aha1 aha2 double mutant shows embryonic lethal-
ity (Harper et al., 1990). The AHA1 open stomata2-2D 
(ost2-2D) mutant plants with constitutive higher PM 
H+-ATPase activity abolishes the stomatal closure ca-
pacity under ABA treatment and are hypersensitive 
to drought stress (Merlot et al., 2007), indicating that 

the repression of PM H+-ATPase activity is essential 
for plant drought responses. SnRK2.2 but not OST1/
SnRK2.6 directly phosphorylates AHA2 in vitro, and 
the ABA-mediated PM H+-ATPase activity inhibition 
is largely reduced in overexpression lines of the pro-
tein phosphatase gene Hypersensitive to ABA1 (HAB1), 
snrk2.2 snrk2.3 double mutant, and ABA sensors pyra-
bactin resistance/pyrabactin resistance-like (pyr/pyl) 
sextuple mutant plants (Planes et al., 2015). OST1/
SnRK2.6 is required for the dephosphorylation of the 
Thr-947 site of AHA2 to inhibit PM H+-ATPase activity 
(Merlot et al., 2007; Planes et al., 2015). These results 
suggest that ABA signal is involved in inhibition of 
PM H+-ATPase activity in response to drought stress. 
However, the detailed mechanism is not understood.

In our study, we demonstrated that VAMP711 is  
involved in the ABA-mediated inhibition of PM 
H+-ATPase activity. However, ABA treatment also 
induced a decrease in PM H+-ATPase activity in the 
vamp711 mutant, although the decrease was not as 
great as in the wild type, suggesting that VAMP711 
functions redundantly with VAMP711 homologous 
proteins. In Arabidopsis, the VAMP7C family contains 
four genes—VAMP711–714. It is reported that they are 
all involved in regulating drought stress (Leshem et al., 
2010). It is possible that all VAMP7s are involved in the 
regulation of ABA-mediated PM H+-ATPase activity 
inhibition.

Our results and previous reports show that overex-
pression of VAMP711 does not significantly improve 
plant drought resistance, suggesting that the expres-
sion level of wild-type VAMP711 is sufficient to reg-
ulate stomatal switch in Arabidopsis (Leshem et al., 
2010). In the AHA1 ost2-2D mutant, it required more 
VAMP711 molecules to bind more OST2-2D proteins to 
sufficiently inhibit AHA1 activity. On the other hand, 
other regulators, such as OST1/SnRK2.6, SnRK2.2, and 
SnRK2.3, are required to regulate PM H+-ATPase activ-
ity in response to drought stress.

MATERIALS AND METHODS

Plant Materials and Growth

The wild-type ecotype used in this study was Arabidopsis (Arabidop-
sis thaliana) Col-0. The mutant ost2-2D was described previously (Merlot et 
al., 2007). The AHA1-overexpresing transgenic plants (Pro35S:GFP-AHA1), 
VAMP711-overexpressing transgenic plants (ProUBQ10:GFP-VAMP711), and 
the complementary materials (ProVAMP711:VAMP711; com-1, 2) were generated 
through Agrobacterium tumefacience GV3101-mediated transformation. The 
VAMP711-overexpressing transgenic plants in the ost2-2D mutant were gen-
erated by crossing.

Seeds were sterilized in a solution containing 20% (v/v) sodium hypochlo-
rite and 0.1% (v/v) Triton X-100 for 10 min, washed five times with sterilized 
distilled water, sown on MS medium containing 2.5% (w/v) Suc and 0.3% 
(for horizontal growth) or 0.5% (for vertical growth) Phytagel agar (Sigma- 
Aldrich), and grown in a growth chamber at 23°C after keeping them at 4°C 
for 3 d in darkness.

Arabidopsis and Nicotiana benthamiana plants were grown in soil under 8 h 
light/16 h dark at 23°C and 60% relative humidity.
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Generation of vamp711 CRISPR/Cas9 Mutants

A pair of selected small guide RNA primers (C1, CCTCGTGGCTCGTG-
GCACGG; and C2, CGCCAAACAGATCCTCGAGA) in the VAMP711 gene 
were cloned into the PHEC401 vector as described previously (Wang et al., 
2015). The construct was transformed into wild-type Arabidopsis. The homo-
zygous vamp711 mutants (vamp711-6, vamp711-7) were identified by sequenc-
ing.

Split-Luciferase Complementation Assays

For the split-luciferase assays, the coding sequence of VAMP711 was am-
plified and cloned into pCM1300-Cluc and pCM1300-Nluc vectors between the 
KpnI and SalI sites, respectively, and the coding sequence of AHA1 was also 
amplified and cloned into pCM1300-Cluc and pCM1300-Nluc vectors between 
the KpnI and SalI sites, respectively. The constructs were transformed into 
the Agrobacterium tumefacience GV3101 and then infiltrated into N. benthami-
ana leaves. LUC signal was collected after 3 d by using a cooled CCD camera  
(iKon-L936; Andor Tech) after spraying 1 mm of d-luciferin on the leaves 
(Promega; Chen et al., 2008). Related LUC activity was calculated using the 
Winvie32 software. Primer sequences are listed in Supplemental Table S1.

BIFC Assay

BIFC assay was used to detect the location of interaction between AHA1 
and VAMP711. The coding sequences of AHA1 and VAMP711 were cloned 
into pSYCE (MR) and pSYNE (R) 173 (for split YFP C-terminus/N-terminus 
fragment expression) vectors at the BamHI/SalI and SalI/KpnI sites, respective-
ly. The coding sequence of AHA1 was cloned into pSYCE (MR) and pSYNE 
(R) 173 vectors by using BamHI/SalI, respectively; the coding sequence of 
VAMP711 was also cloned into pSYNE (R) 173 and pSYCE (MR) vectors at the 
SalI/KpnI sites, respectively; and the coding sequence of SYP22 was cloned 
into pSYCE (MR) vector by using BamHI/XhoI (Walter et al., 2004; Waadt et al., 
2008). Primer sequences are listed in Supplemental Table S1. The constructs 
were transformed into GV3101 and then infiltrated into N. benthamiana leaves. 
The YFP fluorescence signal was detected using a Zeiss LSM 710 META con-
focal microscope.

Yeast Two-Hybrid Assays

The intracellular coding sequences of AHA1; AHA1 (N), AHA1 (centerloop), 
AHA1 (C100), AHA1 (C100)Δ(887–897), and AHA2 (C100)Δ(887–897) were cloned into 
the pGBKT7 vector between the EcoRI and BamHI sites. The C terminus coding 
sequences of AHA3, AHA6, and AHA9 were cloned into the pGBKT7 vector 
between the EcoRI and BamHI sites. The coding sequence of VAMP711, which 
contains a longin domain and a SNARE domain, was cloned into the pGADT7 
vector between the EcoRI and BamHI sites. Primer sequences are listed in Sup-
plemental Table S1. The indicated constructs were transformed into the yeast 
strain AH109 and growth assays were based on Yeast Protocols Handbook 
(Clontech).

RT-PCR

Total RNA of 10-d-old seedlings grown on MS medium was extracted with 
Trizol reagent (Invitrogen). RNase-free DNase I (Takara) was used to remove 
genomic DNA in total RNA. Total RNA was reverse-transcribed with Moloney 
Murine Leukemia Virus reverse transcriptase (Promega). The cDNA was used 
for RT-PCR analysis.

Confocal Microscopy Images

Confocal images were captured using a Zeiss LSM 710 META confocal mi-
croscope with a 40/1.4 oil objective. Five-day-old seedlings were stained with 
5 μm of FM4-64 (Invitrogen) for 1 or 5 min. GFP and FM4-64 fluorescent signals 
were captured using multitrack function (488 nm for GFP, 561 nm for mCherry 
and FM4-64). Zeiss LSM image-processing software was used to extract con-
focal images.

The PSC colocalization plug-in in the ImageJ program (http://rsb.info.nih.
gov/ij/) was used to analyze the colocalization of two fluorescent signals. The 
values of the linear Pearson correlation coefficient and nonlinear Spearman 
correlation coefficient were representative for the extent of colocalization.

Plasma Membrane Vesicle Isolation

Four-week-old plant materials were prepared for isolating plasma mem-
brane vesicles using the aqueous two-phase separation method (Qiu et al., 
2002; Yang et al., 2010). Plants were homogenized with an isolation buffer 
(0.33 m Suc, 0.2% [w/v] bovine serum albumin, 10% [w/v] glycerol, 5 mm 
dithiothreitol (DTT), 5 mm EDTA, 5 mm ascorbate, 0.6% [w/v] polyvinylpyr-
rolidone, 0.2% [w/v] casein, 1 mm phenylmethylsulfonyl fluoride, and 50 mm 
HEPES-KOH, pH 7.5). The homogenate was centrifuged at 10,000g for 10 min, 
and then the supernatant was filtered through two layers of Miracloth. The 
microsomal pellet was obtained by centrifugation for 1 h at 100,000g from 
the supernatant. The pellet was then resuspended in buffer I (0.33 m Suc, 3 
mm KCl, 1 mm DTT, 1 mm phenylmethylsulfonyl fluoride, 0.1 mm EDTA, 5 
mm potassium phosphate, and 1× protease inhibitor, pH 7.8). The prepared 
two-phase mixture (6.2% [w/w] Dextran T-500, 0.33 m Suc, 3 mm KCl, and 
6.2% [w/w] polyethylene glycol 3350 in 5 mm potassium phosphate, pH 7.8) 
was used to separate the plasma membrane (up phase) from other membranes 
(down phase). The final phases were collected and diluted with buffer II (0.33 
m Suc, 10% [w/v] glycerol, 0.1% [w/v] bovine serum albumin, 2 mm DTT, 
0.1 mm EDTA, 20 mm HEPES-KOH, and 1× protease inhibitor, pH 7.5), and 
then centrifuged for 1 h at 100,000g. The pellet was resuspended with buffer I 
containing 1 mm EDTA. Finally, the plasma membrane vesicles were used for 
PM H+-ATPase activity and western blot analysis.

PM H+-ATPase Activity

The H+-transport activity of PM H+-ATPase was measured as described 
previously (Qiu et al., 2002). Transport of H+ by PM H+-ATPase forms an in-
side-acid pH gradient (ΔpH) in the vesicles, and it was measured as a decrease 
(quench) in the fluorescence of quinacrine (a pH-sensitive fluorescence probe). 
The measurement buffer (2 mL) containing 5 mm quinacrine, 3 mm MgSO4, 
100 mm KCl, and 25 mm 1, 3-Bis [Tris(hydroxylmethyl)methylamino] pro-
pane-HEPES, pH 6.5, 250 mm mannitol, and 50 μg/mL of plasma membrane 
protein was used to detect the H+-ATPase activity. The mixtures were incubat-
ed at 25°C in a cuvette and were placed in a fluorescence spectrophotometer 
(Hitachi F-7000). Fluorescence reading was begun when the mixtures were be-
ing stirred in dark for 5 min. H+-ATPase activity was initiated by adding 3 mm 
of ATP, and the ΔpH was measured at 430 nm excitation and 500 nm emission 
wavelengths. To dissipate the remaining pH gradient, 20 mm m-chlorophenyl-
hydrazone (cccp), a protonophore, was added at the end of each reaction. The 
PM H+-ATPase hydrolysis activity was measured as described previously (Qiu 
et al., 2002).

Mensuration of H+ Flux

The H+ fluxes were measured in the meristematic zone (approximately 100 
μm from the root tip) using the noninvasive microtest technique (Younger; 
Xuyue [Beijing] Sci &Tech; Yang et al., 2010). The H+ selective micropipettes 
were filled with 10-μm columns of H+-selective liquid exchange cocktails (Flu-
ka 95293). An Ag/AgCl wire electrode was inserted into the micropipettes 
from the back such that it made contact with the electrolyte buffer. The H+ 
concentration was evaluated by moving the H+ microelectrode between two 
positions at 20 to 40 μm from the root. Five-day-old Arabidopsis seedlings were 
treated with a pH-7.8 buffer (0.1 mm CaCl2, 0.1 mm KCl, 0.03 mm HEPES, 
and 75 mm NaCl) and a pH-5.8 buffer (0.1 mm CaCl2, 0.1 mm KCl, 0.03 mm 
2-N-morpholinoe thanesulfonate (MES). To detect the effect of ABA on H+ flux, 
2 μm of ABA was added into above-mentioned buffer.

Water Loss and Stomatal Aperture Assays

The rosette leaves from 5-week-old plants in soil were detached to examine 
water loss, and the photographs of leaves were taken 0 and 3 h after detach-
ment. To measure the rate of water loss, the 5-week-old plants in soil were 
used to perform water loss measurement. The weight of the detached leaves 
was measured every 0.5 h.

The rosette leaves of 5-week-old plants in soil were used to detect the sto-
matal closure under the ABA treatment. The leaves were incubated in opening 
buffer (50 mm KCl, 10 mm CaCl2, and 10 mm MES, pH 6.15) in a growth cham-
ber for 2 h to open stomatal pores completely. Stomatal apertures were mea-
sured after adding 10 of mM ABA for 2 h. More than 70 stomatal pores were 
observed to measure the aperture in three independent experiments.
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Chlorophyll Content Analysis

The rosette leaves from 5-week-old plants in soil with 12 h light/12 h dark 
were used to determine chlorophyll content. The rosette leaves were weighed 
and added in 1 mL of 80% (v/v) acetone, and then the samples were incubated 
in darkness for 12 h at room temperature. The absorption of each sample was 
measured at 663 and 645 nm with a spectrophotometer. The chlorophyll con-
tent was calculated as follows: total chlorophyll = Chla + Chlb.

Relative Water Content

The 5-week-old plants in soil with 12 h light/12 h dark were used to detect 
relative water content. The fresh weight (Wfresh) was determined, and then the 
samples were dried at 65°C for 2 d and weighed to determine the dry weight 
(Wdry). The relative water content was calculated as follows: relative water con-
tent (%) = (Wfresh − Wdry)/Wfresh * 100%.

Infrared Thermograph Imaging

Thermal imaging was used to monitor the leaf temperature as described 
previously (Xie et al., 2006). The plants were well watered, and watering was 
stopped for 1 week to decrease plant humidity. Five-week-old plants in soil 
were used to measure leaf temperature by thermal imaging camera.

Accession Numbers

Sequence data in this study can be found in the Arabidopsis Genome Ini-
tiative database under the following accession numbers: VAMP711, At4g32150; 
AHA1, At2g18960; AHA2, At4g30190.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Effect of ABA on PM H+-ATPase activity in Ara-
bidopsis.

Supplemental Figure S2. Analysis of the localization of and the interaction 
between AHA1 and VAMP711.

Supplemental Figure S3. VAMP711 interacts with the C terminus of AHA2.

Supplemental Figure S4. The vamp711 mutants are generated by CRISPR/
Cas9 technology.

Supplemental Figure S5. The vamp711 mutants are tolerant to high pH.

Supplemental Figure S6. The analysis of PM H+-ATPase protein level in 
the plasma membrane in Col-0 and vamp711 mutant seedlings,

Supplemental Figure S7. The drought-stress phenotype and expression 
level of VAMP711 in the indicated plants.

Supplemental Table S1. Primers used in this study.
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