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P L A N T  S C I E N C E S

Low ABA concentration promotes root growth  
and hydrotropism through relief of  
ABA INSENSITIVE 1-mediated inhibition of  
plasma membrane H+-ATPase 2
Rui Miao1*, Wei Yuan1, Yue Wang1, Irene Garcia-Maquilon2, Xiaolin Dang1, Ying Li1, 
Jianhua Zhang3, Yiyong Zhu4, Pedro L. Rodriguez2, Weifeng Xu1*

The hab1-1abi1-2abi2-2pp2ca-1 quadruple mutant (Qabi2-2) seedlings lacking key negative regulators of 
ABA signaling, namely, clade A protein phosphatases type 2C (PP2Cs), show more apoplastic H+ efflux in roots 
and display an enhanced root growth under normal medium or water stress medium compared to the wild 
type. The presence of low ABA concentration (0.1 micromolar), inhibiting PP2C activity via monomeric ABA 
receptors, enhances root apoplastic H+ efflux and growth of the wild type, resembling the Qabi2-2 phenotype 
in normal medium. Qabi2-2 seedlings also demonstrate increased hydrotropism compared to the wild type in 
obliquely-oriented hydrotropic experimental system, and asymmetric H+ efflux in root elongation zone is 
crucial for root hydrotropism. Moreover, we reveal that Arabidopsis ABA-insensitive 1, a key PP2C in ABA 
signaling, interacts directly with the C terminus of Arabidopsis plasma membrane H+-dependent adenosine 
triphosphatase 2 (AHA2) and dephosphorylates its penultimate threonine residue (Thr947), whose dephos-
phorylation negatively regulates AHA2.

INTRODUCTION
Drought is the major threat to agricultural production on a world
wide scale. The plant root is the first organ to sense underground 
water stress and directs its growth toward moist soil (1, 2). Modifi
cation of root system architecture (RSA) and tropisms is two so
phisticated strategies in monocots and dicots to cope with water 
stress in soil (3). RSA consists of primary root and lateral roots, and 
lateral root formation is a key trait for exploring soil in search of 
nutrients and water. The availability of water across the circumfer
ential axis of the root determines lateral root branching (4–6). Thus, 
the environmental inputs influence lateral root branching, and plants 
adapt RSA in response to different environmental stimuli (7–9). On 
the other hand, certain root tropisms, i.e., hydrotropism and xero
tropism, enable guided root growth in soil under water deprivation. 
Hydrotropism enables roots to sense and chase soil moisture in any 
direction (10), whereas xerotropism indicates enhanced root down
ward growth guided by the gravity vector upon water stress (11). 
Crop roots must integrate RSA and root tropisms to survive in rain
fed agriculture subjected to water scarcity environments.

Abscisic acid (ABA) is a critical stress hormone of plants, and 
the ABA signal transduction pathway has been well established 
in Arabidopsis. Pyrabactin resistance 1(PYR1)/PYR1like (PYL)/ 
regulatory components of the ABA receptor (RCAR) protein family 
members (PYR/PYL/RCAR) were identified as soluble ABA receptors 

(12–14), which inhibit, in an ABAdependent manner, the clade A 
protein phosphatases type 2C (PP2Cs), such as the wellcharacterized 
ABAinsensitive 1 (ABI1), ABI2, hypersensitive to ABA1 (HAB1), 
and PP2CA (15). Sucrose non–fermenting1–related protein kinase 
2 protein kinases (SnRK2s) act as positive regulators in the ABA 
signal cascade, i.e., SnRK2.2, SnRK2.3, and open stomata 1 (OST1)/
SnRK2.6 (12, 16). The cocrystal structures of different ABA recep
tors in complex with PP2Cs (such as ABI1 or HAB1) provide mo
lecular insight into understanding how ABAbound PYR/PYL 
receptors associate with PP2Cs and inhibit phosphatase activity 
(13, 17–20). Thus, SnRK2s are relieved to phosphorylate down
stream targets, such as various types of water and ion channels that 
determine turgor of guard cells and stomatal aperture or the basic 
leucine zippers (bZIPs) class transcription factors, to activate ABA 
response element (ABRE)–driven gene expression (21–23). In the 
absence of ABA, PYR/PYL/RCARs do not efficiently bind and 
inhibit PP2Cs. Thus, PP2Cs interact with and suppress the kinase 
activity of SnRK2s through dephosphorylation of the kinase activa
tion loop and thereby repress ABA signaling (12, 13, 16, 17, 20).

It has been found that ABA signaling is required for root hydrot
ropism in Arabidopsis (24, 25). The aba1-1 and abi2-1 mutant 
seedlings are less capable of responding to moisture gradients, 
whereas application of ABA to aba1-1 restored normal sensitivity to 
the hydrotropic stimulus (26). The root of no hydrotropic response 1 
(nhr1) mutant was less sensitive to ABA (27), and ABA upregulates 
the expression of mizu-kussei 1 (miz1), a gene essential for hydrot
ropism (28). 112458, a sextuple PYR/PYL mutant, displayed a neg
ligible hydrotropic response, whereas Qabi2-2 plants, a pp2cs 
quadruple mutant, exhibited enhanced hydrotropism (24). Recent 
studies found that the SnRK2s regulate hydrotropic response in 
cortical cells of the elongation zone (25). These findings suggest that 
hydrotropism depends on the core ABA signal transduction path
way (PYR/PYL/RCARPP2CsSnRK2s). In addition, Planes et al. 
(29) reported that SnRK2.2, but not OST1/SnRK2.6, phosphorylates 
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the Cterminal regulatory (R) domain of Arabidopsis plasma mem
brane (PM) H+dependent adenosine triphosphatase (ATPase) 2 
(AHA2) in vitro, and application of 10 M ABA suppressed 50% H+ 
efflux from wildtype (WT) roots, leading to high inhibitory effect 
on root growth in Arabidopsis. Sustained ABA signaling led to de
phosphorylation of AHA2, whereas the Arabidopsis ABI abi1-1D 
mutant did not exhibit ABAinduced inhibition of hypocotyl elon
gation (30). However, the molecular mechanisms governing these 
processes are not yet fully understood (31). For example, the mech
anism by which core components of ABA signaling actually en
hance Arabidopsis PM AHA phosphorylation or otherwise stimulate 
the proton pump activity is not known.

Several Thr and Ser residues clustered within the 100–amino 
acid–long Cterminal R domain of Arabidopsis AHA are targets for 
posttranslational regulation (32, 33). The penultimate threonine 
residue (Thr947) of AHA2 plays a crucial role in regulating AHA 
activity and is a major auxininduced phosphorylation site (34, 35). 
1433 protein binds to phosphorylated Thr947 of AHA2 and stimu
lates AHA activity (36–41). On the other hand, SOS2like protein 
kinase 5 (PKS5), a Ser/Thr protein kinase, phosphorylates Ser931 in 
the C terminus of AHA2, which prevents the interaction of AHA2 
with 1433 protein and impairs AHA activity (42–44). The aha2 
mutant showed shorter primary root and lateral root length than 
WT Columbia0 (Col0) in response to various treatments with 
different nitrogen concentrations (45). Transgenic plants over
expressing AHA1 show impaired ABAinduced stomatal closure 
(46). Constitutive expression of Arabidopsis AHA2 using the spe
cific guard cell promoter GC1 enhances lightinduced stomatal 
opening and promotes plant growth (47).

Previously, we reported that brassinosteroid (BR)–insensitive 1 
(BRI1), a BR receptor, targets AHA2 and AHA7 to mediate hydro
tropic response in Arabidopsis, and a bri1-5 mutant showed reduced 
root curvature in the hydrotropism assay, which correlates with 
lower apoplastic H+ extrusion (48, 49). Here, we demonstrate that 
ABI1, a key component of clade A PP2Cs in ABA signal transduc
tion pathway, directly interacts with the Cterminal R domain of 
AHA2 and dephosphorylates Thr947, which decreases PM H+ extru
sion and negatively regulates primary root growth and hydrotropic 
response.

RESULTS
Effects of ABA supplies on root growth of Col-0 under 
normal growth conditions or water potential gradient assays
We used a water stress medium, onehalf–strength Hoagland medi
um supplemented with 0.3% (v/v) glycerol and 0.06% (w/v) alginic 
acid, modified from the water potential gradient assay originally 
established by Saucedo et al. (50), to generate a vertical gradient 
where the upper part of the plate has a lower water potential than 
the lower part. The water stress medium assay was designed to imi
tate a soil moisture gradient under field conditions (48) and to study 
the role of ABA signaling in regulating root growth of seedlings 
subjected to water stress. To establish whether the designed water 
stress medium assay is a reliable system to study Arabidopsis roots 
in response to water stress, we analyzed a group of wellcharacterized 
ABArelated mutants. Thus, two ABA biosynthetic mutants (aba1-1 
and aba2-1), the sextuple mutant impaired in six ABA receptors 
(pyr1pyl1pyl2pyl4pyl5pyl8, abbreviated as 112458), the hab1-1abi1-
2abi2-2pp2ca-1 quadruple mutant (Qabi2-2), and the ABA catabolic 

mutant cyp707a2-1 were assayed under water stress medium (Fig. 1, 
A and C) (51–55). As expected, aba1-1 and 112458 lossoffunction 
mutants showed notably shorter root compared to WT Col0, and 
the mutant lacking negative regulators of ABA signaling (Qabi2-2) 
exhibited significantly longer roots compared to the WT under wa
ter stress medium (Fig. 1, B and C). These results confirm that water 
stress medium is sufficient to investigate Arabidopsis root growth 
under water stress.

Next, we performed highthroughput RNA sequencing (RNAseq) 
by an Illumina HiSeq 2000 platform using Arabidopsis WT Col0 
root tips as materials (<5 mm from the root cap), including the root 
cap, meristem, and elongation zone. More than 47 million–base 
pair clean reads were mapped onto the Arabidopsis genome sequence, 
and expression of at least 25,900 genes was detected in root tips of 
Col0 seedlings. A total of 912 differentially expressed genes (DEGs) 
were found in WT Col0 seedlings grown in water stress medium 
(probability, >0.8) (56). Of these, 308 DEGs displayed higher ex
pression, while 604 genes showed lower expression in water stress 
medium (Fig. 1D). Gene ontology analysis revealed genes involved 
in primary and secondary metabolism account for 54% DEGs 
(Fig. 1E). Considering that phytohormones are fundamental and 
widely involved in plant biological functions, we further analyzed 
the hormoneresponsive DEGs. The mRNAseq data revealed that 
hormoneresponsive DEGs account for 6% of total DEGs. Of these, 
ABArelated genes account for more than 35% DEGs and showed 
that the higher percentage of DEGs among those genes are related 
to phytohormones in Arabidopsis (Fig. 1F). Together, these data 
verified that ABA signaling was important under water stress  
medium.

To analyze the effects of ABA on root growth of Arabidopsis WT 
Col0 in normal medium and water stress medium, we performed 
root growth experiments in media supplemented with various con
centrations of ABA. In normal medium, exogenous application of 
low ABA concentrations (0.1 M) enhanced primary root elonga
tion in WT, with in vivo ABA contents of 1.03 ± 0.21 ng/g for Col0 
and 2.60 ± 0.34 ng/g for Col0 in the presence of 0.1 M ABA, re
spectively, whereas 3 and 10 M ABA impaired primary root 
growth, with in vivo ABA contents of 8.54 ± 0.82 ng/g for Col0 in 
the presence of 3 M ABA (Fig. 1, G and H, and table S1). Measure
ment of in vivo ABA content shows that a relatively minor (approx
imately 2.5fold) increase in total ABA concentration can promote 
root growth, compared to Col0 without ABA treatment. ABA 
transport is likely regulated, which explains that not all exogenous 
ABA is taken by the plant. However, 3 M exogenous ABA treat
ment leads to approximately 8.5fold increase in ABA content, 
which has a negative effect on root growth in normal medium. In 
water stress medium, both 0.1 and 3 M ABA notably enhanced 
primary root growth of WT; therefore, an ABA effect on root 
growth depends on its concentrations and the water potential of the 
medium (Fig. 1, G and H).

Qabi2-2 seedlings show enhanced primary root growth 
and hydrotropic response
To explore the mechanism whereby the inactivation of PP2Cs leads 
to enhanced tolerance to water stress, we further studied a series of 
ABAhypersensitive pp2c knockout mutants. Five days after germi
nation (dag) seedlings of pp2c single mutant (abi1-3), triple mutants 
(hab1-1abi1-2abi2-2 and hab1-1abi1-2pp2ca-1), and quadruple 
mutant Qabi2-2 (hab1-1abi1-2abi2-2pp2ca-1) plants were grown 
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for 5 days in normal medium and water stress medium or 12 hours 
in a modified obliquely oriented hydrotropic experimental system to 
analyze root hydrotropism (fig. S1, A and B) (24, 46). Compared to WT, 
the Qabi2-2 seedlings showed enhanced primary root growth in nor
mal medium and water stress medium. Root growth of Qabi2-2 seed
lings in normal medium resembled that of the WT in the presence of 
low ABA concentrations (0.1 M), with in vivo ABA contents of 

1.10 ± 0.77 ng/g (Figs. 1, G and H, and 2, A and B; and table S1). In 
water stress medium, primary root length of Qabi2-2 seedlings was 
also significantly longer than that of Col0 (Fig. 2, A and B), resem
bling Col0 primary root growth in the presence of 0.1 and 3 M ABA 
under water stress medium (Fig. 1, G and H).

It was previously reported that the Qabi2-2 seedlings enhances 
Arabidopsis root hydrotropic response (22). We analyzed the 

Fig. 1. Effects of root growth in mutants from ABA signaling pathway and exogenous ABA application on root growth of Arabidopsis WT Col-0 seedlings upon 
a water potential gradient assay with mRNA-seq analysis. Growth phenotype of Col-0, aba1-1, aba2-1, 112458, cyp707a2-1, and Qabi2-2 seedlings grown on one-half–
strength Hoagland medium [normal medium (NM)] (A) or one-half–strength Hoagland medium containing 0.3% (v/v) glycerol and 0.06% (w/v) alginic acid [water stress 
medium (WSM)] (B) for vertical growth lasting 5 days after which germinated for 5 days. (C) Measurement of primary root (PR) length of Col-0, aba1-1, aba2-1, 112458, 
cyp707a2-1, and Qabi2-2 seedlings shown in (A) and (B). Means ± SD (n ≥ 12). *P < 0.05 and **P < 0.01 as determined by a Student’s t test. (D) Number of DEGs in Col-0 
(normal medium) versus Col-0 (water stress medium). Up-regulated and down-regulated genes are shown in red and green colors, respectively. (E) Pie chart showing the 
percentages of significant enrichment for biological process (BP) gene ontology terms in Col-0 (normal medium) versus Col-0 (water stress medium). (F) Bar charts showing 
the percentages of phytohormone-related DEGs in Col-0 (normal medium) versus Col-0 (water stress medium). (G) Col-0 seedlings [5 days after germination (dag)] 
grown on one-half–strength Murashige and Skoog (MS) medium were transferred and grown vertically on one-half–strength Hoagland medium without (left) or with 
0.3% (v/v) glycerol and 0.06% (w/v) alginic acid (right) in the absence or presence of 0.1, 3, or 10 M ABA for other 5 days. Scale bar, 10 mm. (H) Measurement of primary 
root length of Col-0 seedlings shown in (G). Error bars indicate ±SD (n = 4 in three independent experiments). *P < 0.05 and **P < 0.01 as determined by a Student’s 
t test. Photo credit: Rui Miao, Fujian Agriculture and Forest University.
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hydrotropic responses of pp2c single mutant (abi1-3), triple mutant 
(hab1-1abi1-2abi2-2), and quadruple mutant Qabi2-2 seedlings under 
an obliquely oriented hydrotropic experimental system (fig. S1B). The 
Qabi2-2 seedlings showed the most sensitive hydrotropic response in 
an obliquely oriented hydrotropic experimental system, displaying the 
largest root bending angles (Fig. 2, C and D), whereas no significant 
differences in root curvature were detected among the WT, abi1-3, 
and hab1-1abi1-2abi2-2 mutants (fig. S1B), suggesting that these genes 
might work redundantly in a dose dependent manner. Given that 
gravitropism is the predominant tropic response that all other tro
pisms have to antagonize (11), we also analyzed the root gravitropic 
responses of the WT Col0 and Qabi2-2 seedlings in the absence or 
presence of low ABA concentration (0.1 M). Nevertheless, in the 
absence or presence of low ABA concentration (0.1 M), the root 
growth curvatures of the Qabi2-2 seedling did not exhibit any notable 
differences compared to those of the Col0 WT from the gravity vector 
during 8 or 16 hours (fig. S2, A and B).

Apoplastic H+ extrusion contributes to Arabidopsis primary 
root growth and the hydrotropic response
Apoplastic acidification results in cell wall loosening and facilitates 
cell elongation (57). To explain why the Qabi2-2 plants showed en
hanced primary root growth and hydrotropic response, we measured 
the apoplastic H+ efflux of primary root elongation zone in WT and 
Qabi2-2 seedlings under normal medium, water stress medium, and 
obliquely oriented hydrotropic experimental system. In normal 

medium, the primary root elongation zone of 10dag Qabi2-2 seed
lings exhibited significantly higher apoplastic H+ extrusion than 
WT (Fig. 3A), and the isolated PM vesicles from root cells of Qabi2-2 
seedlings showed higher H+ transport activity than those from WT 
roots as revealed by higher quenching of acridine orange [Absorbance 
(A)492] in Qabi2-2 seedlings compared to those of Col0 WT (fig. S3A). 
As nitrate and azide suppress, respectively, tonoplast AHA and 
mitochondrial/chloroplastic adenosine 5′triphosphate (ATP) hy
drolase activity of FATPase (58, 59), to avoid an underestimation 
of contamination by tonoplast, mitochondrial, and chloroplastic 
membrane in the isolated PM fractions, we analyzed nitratesensitive 
(50 mM; pH 8.0) and azidesensitive (1 mM; pH 8.0) ATPase ac
tivity. The AHA activity displayed a negligible sensitivity to nitrate 
and azide, indicating that the obtained PM vesicles are pure (table 
S2). In contrast, the level of apoplastic H+ extrusion in the Qabi2-2 
seedlings was similar to that of the WT in medium supplemented 
with 0.1 M ABA, whereas 10 M ABA strongly impaired H+ extru
sion in the WT (Fig. 3A). Both WT and Qabi2-2 seedlings displayed 
notably higher apoplastic H+ extrusion in primary root in water 
stress medium and obliquely oriented hydrotropic experimental 
system compared to normal medium, suggesting that water stress 
stimulated apoplastic H+ extrusion in primary root (Fig. 3, B and C). 
However, apoplastic H+ efflux in lateral root of 10dag Qabi2-2 
seedlings was not significantly different from the WT (fig. S4). This 
suggests that Qabi2-2 plants have a different mechanism for primary 
root elongation and lateral root development in Arabidopsis.

Fig. 2. Effects of sodium vanadate on root growth and curvature of Col-0 WT and pp2cs quadruple (Qabi2-2) mutant seedlings under water stress medium and 
obliquely oriented hydrotropic experimental system. (A) Five-dag Col-0 and Qabi2-2 seedlings grown on one-half–strength MS were transferred and grown vertically 
on normal medium or water stress medium without or with 10 M sodium vanadate (VA) for other 5 days. Scale bar, 10 mm. (B) Measurement of primary root length of 
Col-0 and Qabi2-2 seedlings shown in (A). VA, a PM H+-ATPase inhibitor. (C) Photographs show that 5-dag Col-0 and Qabi2-2 seedlings were transferred to split agar plates 
including 0.4 M d-sorbitol in the bottom with lower water potential [obliquely oriented hydrotropic experimental system (OHES)] for 16 hours in the absence or presence 
of 20 M VA. (D) Root curvature angle shown in (C). Data are averages from three independent experiments. Error bars represent SD (n = 6). The asterisks indicate a signif-
icant difference based on the Student’s t test (*P < 0.05 and **P < 0.01). Values with the same letters (a, b, or c) were not significantly different from one another [one-way 
analysis of variance (ANOVA), P < 0.05). Photo credit: Rui Miao, Fujian Agriculture and Forest University.
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We reasoned that if apoplastic H+ extrusion is crucial for primary 
root growth and hydrotropic response, then inhibition of AHA 
activity would result in decreased root growth and hydrotropic re
sponse. To this end, we performed a sodium vanadate (VA) treat
ment, which, at 20 M, led to a marked inhibition of AHA activity 
from the isolated PM fractions of WT Col0 and Qabi2-2 roots 
(Fig. 3D). In the presence of 10 M VA, primary root growth of 
10dag Qabi2-2 seedlings was noticeably reduced in normal medi
um and water stress medium (Fig. 2A), and the primary root growth 
difference between WT and Qabi2-2 seedlings was attenuated or 
abolished after 10 M VA treatment in normal medium and water 
stress medium, respectively (Fig. 2B). Furthermore, application of 

20 M VA caused reduced root curvature in both the WT and the 
Qabi2-2 seedlings for 12 or 16 hours in obliquely oriented hydro
tropic experimental system (Fig. 2, C and D, and fig. S1B). Given 
that VA is not a specific inhibitor of PM AHA, we analyzed primary 
root growth of the aha2 mutant (SALK_082786), which is impaired 
in a major PM AHA of the Arabidopsis AHA family (48, 49). Nine
dag seedlings of aha2 showed shorter roots compared to the WT in 
water stress medium (fig. S1C), which suggests that the lower H+ 
extrusion capability of aha2 roots impairs primary root growth 
upon water stress medium (57). Moreover, we also analyzed the hy
drotropic responses of aha2 mutant (SALK_082786) under obliquely 
oriented hydrotropic experimental system during 6 and 16 hours 

Fig. 3. H+ efflux in roots of Col-0 WT and Qabi2-2 seedlings. (A) H+ efflux in primary root elongation zone (EZ) of Col-0 WT, Col-0 (0.1 M ABA), Col-0 (10 M ABA), and 
Qabi2-2 mutant of these Arabidopsis plants was grown in normal medium. The values shown are the means, and error bars represent ±SD of six replicates from two inde-
pendent experiments. The asterisks indicate a significant difference based on the Student’s t test (**P < 0.01). (B and C) H+ efflux in primary root elongation zone of Col-0 
WT and Qabi2-2 mutant of these Arabidopsis plants was grown in normal medium, water stress medium (B), or obliquely oriented hydrotropic experimental system (C). 
The values shown are the means, and error bars represent ±SD of six replicates from two independent experiments. (D) Arabidopsis PM AHA activity was measured in 
Col-0 WT and Qabi2-2 seedlings in the absence or presence of 20 M VA. PM vesicles were isolated from 10-dag Col-0 WT and Qabi2-2 seedlings. The values shown are the 
means, and error bars represent ±SD of three replicates from two independent experiments. (E) Five-dag Col-0 WT roots transferred to normal medium or obliquely 
oriented hydrotropic experimental system lasting 2 or 16 hours were stained with 1 mM HPTS solution supplemented with 0.01% (v/v) Silwet L-77 for 30 min, and the 
root cells of elongation zone were visualized using the confocal (405- and 458-nm excitation wavelengths). The y axis represents the mean 458/405 values of the roots 
grown in normal medium or obliquely oriented hydrotropic experimental system lasting 2 or 16 hours. Error bars represent ±SD (n = 4). Values with the same letters 
(a, b, c, or d) were not significantly different from one another (one-way ANOVA, P < 0.05).
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(fig. S1D), and the aha2 mutant demonstrated a compromised hy
drotropic response in obliquely oriented hydrotropic experimental 
system for 6 hours, showing significantly smaller root bending angles 
than those of Col0 WT, whereas no notable differences in root cur
vature were observed between the WT and aha2 mutant in obliquely 
oriented hydrotropic experimental system for 16 hours (fig. S1D).

As recent articles have reported that the asymmetric distribu
tions of Ca2+ and cytokinin are required for root hydrotropism in 
Arabidopsis (60, 61), we used 8hydroxypyrene1,3,6trisulfonic 
acid trisodium salt (HPTS), a fluorescent pH indicator that pene
trates the root apoplast but does not enter the root cells, to detect H+ 
efflux in WT roots after hydrostimulated treatment (62). The pro
tonated and deprotonated forms of HPTS dye were visualized with 
excitation wavelengths of 405 and 458 nm, respectively. Therefore, 
the 458/405 ratio value represents the apoplastic pH, and the lower 
458/405 ratio means lower pH and more H+ extrusion to apoplast. 
For example, fusicoccin treatment, which activates the PM AHAs, 
results in decreased 458/405 ratio values (62). The fluorescence of 
HPTS in the convex side displayed much lower 458/405 ratio values 
than that of the concave side of the bending root in obliquely ori
ented hydrotropic experimental system lasting 2 hours, reflecting a 
lower apoplastic pH in the convex side and suggesting that root cur
vature is conferred by asymmetric H+ extrusion in the early stage 
(Fig. 3E and fig. S3, B to D). Moreover, WT roots in obliquely ori
ented hydrotropic experimental system for 16 hours displayed de
creased 458/405 ratio values compared to those in normal medium, 
indicating that hydrotropic stimulus enhanced apoplastic acidifica
tion; however, the fluorescence of HPTS exhibited similar signal 
intensity values between the concave and the convex sides of the 
bending root in obliquely oriented hydrotropic experimental system 
lasting 16 hours, suggesting that the H+ extrusion triggered root 
elongation of both the concave and the convex sides at a later stage 
(Fig. 3E and fig. S3, B to D). Together, we conclude that apoplastic 
H+ extrusion across the PM in primary root contributes to root 
growth and hydrotropic response upon water stress.

ABI1 directly interacts with AHA2
To investigate how ABA signaling regulates apoplastic H+ extrusion 
and AHA activity, we performed a splitubiquitin yeast two hybrid 
(Y2H) assay to examine whether core components of the ABA sig
nal transduction pathway directly interact with AHA2 (63). Full
length PYR1, ABI1, SnRK2.2, SnRK2.3, and SnRK2.6 were cloned in 
pPR3N prey vector, and fulllength AHA2 was cloned into pBT3N 
bait vector. The respective combinations were cotransformed into 
the yeast strain NMY51, and only yeast colonies cotransformed 
with pBT3N–ABI1 and pPR3N–AHA2 showed visible growth 
after 3 days at 30°C in synthetically defined (SD) medium lacking 
adenine (Ade), leucine (Leu), tryptophan (Trp), and histidine (His) 
(SDLeuTrpHisAde) (Fig. 4A).

Next, to test whether the interaction of ABI1 with AHA2 actually 
occurs in planta, a bimolecular fluorescence complementation (BiFC) 
assay was performed in Nicotiana benthamiana, and a clear yellow 
fluorescent protein (YFP) fluorescence signal was detected when 
ABI1 cYFP and AHA2nYFP were coexpressed in leaves (Fig. 4B). 
As controls, no interactions were detected in the combinations of 
the ABI1cYFP with nYFP vector, AHA2nYFP with cYFP vector, 
and nYFP vector with cYFP vector (Fig. 4B). The subcellular local
ization of ABI1 and AHA2 interaction was mainly observed at the 
PM (Fig. 4B).

ABI1 binds to the C-terminal R domain of AHA2 
and dephosphorylates Thr947

AHA2 comprises five intracellular domains: N terminus, A (actuator) 
domain, N (nucleotidebinding) domain, P (phosphorylation) domain, 
and a 100–amino acid–long C terminus (C100), namely, autoinhibitory 
domain or Cterminal R domain (Fig. 5A) (31, 32). We cloned full
length ABI1 in pGADT7 bait vector and the indicated AHA2 domains, 
i.e., A domain, N domain, P domain, and C terminus (C100), in pGBKT7 
prey vector. Then, we cotransformed the bait with each prey into the 
yeast strain AH109 and performed the Y2H growth assay. No inter
action was observed between pGADT7ABI1 and each of the follow
ing preys, i.e., pGBKT7AHA2–A domain, N domain, or P domain, 
whereas the combination of pGADT7ABI1 and pGBKT7–AHA2 
(C100) conferred growth in SDLeuTrpHisAde medium, suggest
ing that ABI1 binds to the Cterminal R domain of AHA2 (Fig. 5B).

To validate the binding of ABI1 to AHA2 C terminus (C100) in 
planta, we further examined the combination of ABI1 and AHA2 
C terminus (C100) using the firefly luciferase complementation im
aging (LCI) assay. The results confirmed that the AHA2 C terminus 
(C100) can physically interact with ABI1 in N. benthamiana leaves 
(Fig. 5C). As controls, no luciferase signals were observed in the 
combinations of the ABI1NLuc with CLuc vector, NLuc vector 
with CLuc–AHA2 (C100), or NLuc vector with CLuc vector, re
spectively (Fig. 5C).

The C terminus of AHA is referred to as an autoinhibitory do
main or R domain, and phosphorylation of this domain is impor
tant for regulation of AHA activity (31). Specifically, auxininduced 
phosphorylation of the penultimate residue (Thr947) of AHA2 is 
crucial to activate AHA activity. To analyze whether ABI1 negatively 
regulates AHA activity through dephosphorylate of AHA2 in vivo, 
we coexpressed the combination of ABI–green fluorescent protein 
(GFP) and AHA2 (C100)–FLAG or GFP and AHA2 (C100)–FLAG 
in N. benthamiana leaves, respectively, and analyzed phosphoryl
ation of Thr947 by immunoblot analysis using phospho–Thr947 
(pThr947) antibodies (64). Given the lability of pThr947, we added 
Arabidopsis protein extracts containing GRF6, a member of the 14
33 gene family, to preserve pThr947 during the analysis. The phos
phorylation level of Thr947 in C100 was markedly lower when 
ABI1GFP was coexpressed when compared to the GFP control. 
AHA protein abundance was similar in both cases, which suggests 
that ABI1GFP dephosphorylates Thr947 in N. benthamiana leaf 
cells (Fig. 5D). However, AHA2 C terminus (C100) singlepoint 
mutations (T947A and T947D) generated by sitedirected muta
genesis cannot prevent the interaction with ABI1 in the Y2H growth 
assay, suggesting that ABI1 binds to other amino acids of AHA2 
(C100) to regulate phosphorylation of Thr947 (Fig. 5C).

AHA2 (C100)–FLAG expressed in N. benthamiana was purified 
by affinity chromatography and analyzed by mass spectrometry 
(MS). Our results show that the vicinity of Thr947 in AHA2 (C100)–
FLAG does not have proper recognition sites for proteases and the 
expected small size of peptides including Thr947 could not be detected 
by MS (fig. S10). Different phosphoproteomic data obtained in vivo 
(http://phosphat.unihohenheim.de/phosphat.html) support phos
phorylation of Thr947 in AHA2 (AT4G30190) (fig. S11), for instance, 
in response to osmotic stress and sucrose supply after sucrose star
vation. Wu et al. (65) reported Thr947 phosphorylation of AHA2 
and sucroseinduced phosphorylation of protein kinase SnRK2.5/
SRK2H, which belongs to osmotic stress–activated subfamily I SnRK2s 
and is a close relative of SnRK2.2/2.3 (66).
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Clade A PP2Cs negatively regulate AHA activity
There are 76 PP2Cs in the Arabidopsis genome, belonging to 10 sub
groups (67). The wellknown ABI1, ABI2, HAB1, and PP2CA, in
volved in the ABA signal transduction pathway, are clustered into 
clade A, which includes nine genes (67). Protein alignment shows 
that ABI1, ABI2, HAB1, and PP2CA are highly conserved, includ
ing the conserved tryptophan lock required for contact with ABA’s 
ketone group (fig. S5A) (67). A cladogram analysis was conducted 
by Jalview 2.8.2 based on the average distance using percentage 
identity, showing that ABI1 and ABI2 group together, whereas HAB1 
and PP2CA are separated (fig. S5B). We used BiFC assays again to 
detect the interactions of AHA2 with HAB1 and PP2CA in planta, 
respectively, and these two combinations display YFP signals after 
coexpressing in tobacco leaf cells, suggesting that HAB1 and PP2CA 
bind to AHA2 in plant cells as well (fig. S6).

Because of partially redundant function of PP2Cs, we observed 
no obvious difference in AHA activity and H+ efflux in roots of 10
dag abi1-3 mutant as compared to the WT (fig. S7, A and B). However, 
both AHA activity and H+ efflux in roots of 10dag hab1-1abi1-
2abi2-2 and hab1-1abi1-2pp2ca-1 triple mutants and the Qabi2-2 
quadruple mutant seedlings were noticeably higher than those of 
WT in normal medium (Fig. 3D and fig. S7, A and B).

We analyzed the phosphorylation of Thr947 from isolated PM 
fractions of WT, miz1, and Qabi2-2 seedlings by immunoblot anal
ysis using pThr947 antibodies (34). Consistent with measurements 
of AHA activity, the phosphorylation level of Thr947 in Qabi2-2 
seedlings was higher than that of the WT and miz1 mutant in normal 
medium, suggesting that combined lossoffunction PP2Cs led to 
increased phosphorylation of AHA2 and stimulation of H+ extrusion 

compared to WT and miz1 (Fig. 6A and fig. S8A). Consistent with 
H+ extrusion of the WT in the presence of 0.1 M ABA in normal 
medium, the phosphorylation level of Thr947 in the WT and miz1 
treated with 0.1 M ABA resembled Qabi2-2 seedlings in the absence 
of ABA treatment (Fig. 6A and fig. S8A). As Moriwaki et al. (28) 
reported that ABA treatment never affect the hydrotropic pheno
type of miz1, exogenous application of low ABA concentration (0.1 M) 
did not enhance root curvature in miz1 under obliquely oriented 
hydrotropic experimental system as well (fig. S8, B and C). These 
results suggest that low ABA concentrations can inhibit activity of 
PP2Cs phosphatases in WT and miz1 and phenocopy the Qabi2-2 
seedling impairment of phosphatase activity and MIZ1 might work 
downstream of core ABA signaling components (PYR/PYL/RCAR
PP2Cs) to mediate root hydrotropism.

Moreover, we analyzed ABI1 activity in vitro in the presence of 
PYL8, a major ABA receptor in root (24, 68), at the indicated ABA 
concentrations (Fig. 6, B to D). The results show that submicromo
lar ABA concentrations are effective to inhibit ABI1 in the presence 
of PYL8; the halfmaximal inhibitory concentration (IC50) for ABI1 
activity was 53 nM ABA, thereby disturbing interaction of ABI1 
with C terminus of AHA2 and keeping Thr947 in the phosphorylated 
state for apoplastic H+ extrusion. Higher ABA concentrations are 
effective in vitro to inhibit ABI1 (Fig. 6D), but in vivo treatment 
with high ABA concentrations induces upregulation of PP2Cs 
transcripts and protein levels (69, 70), whereas ABA receptors are 
downregulated (71). As a result, sustained treatment with high 
ABA concentrations might lead to upregulation of PP2Cs activity 
as a feedback mechanism to attenuate ABA signaling mediated by 
ABREbinding factors (69, 70).

Fig. 4. Interaction of ABI1 with AHA2. (A) Split-ubiquitin Y2H assay showing the interaction between ABI1 and AHA2. QDO, quadruple dropouts; X, X-galactosidase; DIC, 
differential interference contrast. (B) Bimolecular fluorescence complementation (BiFC) assays showing in vivo interaction of ABI1 with AHA2 in tobacco (N. benthamiana) 
leaf epidermal cells.
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DISCUSSION
In this work, we provide a molecular mechanism to explain the dif
ference in root growth and hydrotropism between Col0 WT and a 
series of mutants impaired in PP2Cs. Previously, it was reported that 
highorder lossoffunction pp2c mutants render partial constitutive 
response to endogenous ABA, and pp2c triple mutants exhibited 
partial upregulation/downregulation of ABAresponsive genes (72). 
In addition, our data clearly show that H+ efflux across the PM at 
least partially contributes to the enhanced root growth and hydro
tropic response in pp2c quadruple mutant Qabi2-2 plants. Moreover, 
we identified which core components in the ABA signal transduc
tion pathway interact with AHA2 and regulate AHA activity, there
by filling the gap between the ABA signal transduction pathway and 
PM AHA regulation concerning water stress–triggered H+ extrusion.

Moderate water stress leads to ABA accumulation and causes H+ 
efflux through root tips in Arabidopsis (54). Application of low 
ABA concentrations also triggers H+ extrusion across the PM in 
Arabidopsis roots, whereas paradoxically high ABA concentra
tions abolish it (Fig. 3A). However, the molecular mechanisms that 
regulate this process are not fully understood. Previous studies 

demonstrated that OST1/SnRK2.6 physically interacts, phosphoryl
ates the K+ uptake transporter 6, and balances potassium homeosta
sis in response to water stress (73). Similarly, OST1/SnRK2.6 
phosphorylates and activates the PM transporters slow anion channel 
associated 1 (SLAC1), a central guard cell Stype anion channel, to 
mediate ABAinduced stomatal closure (74–76), Conversely, the 
PP2C phosphatase ABI1 directly dephosphorylates SLAC1 N ter
minus and inhibits SLAC1 activity (74). SnRK2.2, rather than 
OST1/SnRK2.6 in vitro, phosphorylates the C terminus of AHA2, 
although this study lacks in vivo confirmation (29). Given that 
AHA2 is a PM protein, we used a splitubiquitin system to analyze 
whether core ABA signaling components (PYR/PYL/RCAR
PP2CsSnRK2s) could bind to AHA2, thereby regulating PM AHA 
activity in response to ABA. Thus, we screened the possible interac
tions of AHA2 with the ABA receptor PYR1, PP2C ABI1, SnRK2.2, 
SnRK2.3, and SnRK2.6. Only ABI1 binding to AHA2 was observed 
in yeast, and the interaction of fulllength AHA2 with ABI1 was 
confirmed in N. benthamiana leaf cells using the BiFC assay and 
Y2H and LCI assays; the interaction was mapped to the C terminus 
of AHA2.

Fig. 5. ABI1 binds to C terminus of AHA2 and dephosphorylates Thr947. (A) Representative cartoon image showing the interaction of cytosolic ABI1 with homology mod-
eling putative C terminus of AHA2 that located in PM. TM, transmembrane. (B) Y2H assay to detect the interaction of ABI1 with A domain, N domain, P domain, and AHA2 
(C100). OD600, optical density at 600 nm. AD, the activation domain; Lam, lamin; T, T-antigen; BD, the DNA binding domain. (C) The LCI images of N. benthamiana leaves 
coinfiltrated with the agrobacterial strain GV3101 containing the indicated fusion proteins. (D) In vivo dephosphatase assay examining the phosphorylation level of Thr947 in 
the presence of ABI1–green fluorescent protein (GFP) or GFP, respectively. AHA2 (C100)–FLAG with ABI1-GFP or GFP were coexpressed in N. benthamiana leaves. The isolated 
PM fractions were mixed with extracts from GRF6–overexpressing (OE) transgenic Arabidopsis plants (AT5G10450), a member of the 14-3-3 family, to preserve pThr947 during 
the analysis. The phosphorylation level of the Thr947 in the C-terminal R domain of AHA was determined by immunoblot using anti–pThr947 antibody. The phosphorylation 
level of AHA was quantified as the ratio of the signal intensity from the phosphorylated AHA to that from the amount of AHA2 (graph at middle). These assays were repeated 
at least three times with similar results. Values with the same letters (a and b) were not significantly different from one another (one-way ANOVA, P < 0.05).
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Fig. 6. Inhibition of phosphatase activity at low ABA concentrations leads to increased Thr947 phosphorylation of AHA2. (A) In vivo phosphorylation level of Thr947 
in the C-terminal R domain of AHA2 in Col-0 WT either in the absence or presence of 0.1 M ABA, and Qabi2-2 plants grown in normal medium. The phosphorylation 
level of the Thr947 in the C-terminal R domain was determined by immunoblotting using pThr947 antibody. The phosphorylation level of AHA was quantified as the ratio 
of the signal intensity from the phosphorylated AHA to that from the amount of AHA (graph at middle). These assays were repeated at least three times with similar re-
sults. (B to D) In vitro phosphatase assay showed inhibition of ABI1 activity by PYL8 at low ABA concentration. (B) The half-maximal inhibitory concentration (IC50) for 
ABI1 in the presence of PYL8 was calculated using different ABA concentrations. (C) Kinetic analysis of ABI1 activity for 20 min in the presence of PYL8 and the indicated 
ABA concentrations. Abs405, absorbance at 405 nm. (D) End point activity of ABI1 after 30-min incubation. The asterisks indicate a significant difference based on the 
Student’s t test (*P < 0.05). (E) Model of ABI1-mediated PM H+ extrusion through interaction with AHA2. AHA2 represented as a transmembrane protein, which located 
into PM. In the absence of ABA (left), apo-PYL1 receptor [Protein Data Bank (PDB) code: 3KAY] does not interact with ABI1. Therefore, ABI1 interacts with and dephospho-
rylates the C-terminal R domain of AHA2. In the presence of low concentrations of ABA (right), the PYL1 receptor is in a complex with ABI1 phosphatase (PDB code: 3JRQ). 
Hence, ABI1 is unable to interact with and dephosphorylate AHA2. Then, AHA2 maintains in the phosphorylated state and promotes root growth and hydrotropism 
through apoplastic acidification.
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Application of high ABA concentration (10 M) decreases 
apoplastic H+ extrusion and leads to inhibition of root growth in 
Arabidopsis (29), and Hayashi et al. (30) reported that application of 
20 M ABA induces dephosphorylation of Thr947 in AHA and sup
presses hypocotyl elongation in an ABI1dependent manner. Ap
plication of high ABA concentrations for several hours leads to 
upregulation of transcripts and protein levels of PP2Cs (69, 70). 
The increase in protein levels of PP2Cs acts as a negative feedback 
mechanism to reset ABA signaling, and according to our results, we 
suggest that it will reduce the phosphorylation level of Thr947 and 
inhibit apoplastic H+ extrusion. In this study, however, we analyzed 
the phosphorylation status of AHA2 in the WT in the presence of 
low ABA concentration (0.1 M), and we found enhanced phos
phorylation of Thr947 compared to mocktreated plants. In accord
ance with this result, supplementing the medium with 0.1 M 
ABA results in longer root phenotype and higher apoplastic H+ ex
trusion compared to nonsupplemented medium.

On the basis of our findings, we propose a working model to 
explain the effect of low ABA concentrations (<1.0 M) on AHA2 
activity and root growth (Fig. 6E). When PP2Cs are active, they 
form a complex with AHA2 and dephosphorylate Thr947 to sup
press H+ efflux (Fig. 6E, left). Under moderate water stress or in the 
presence of low ABA concentrations, cytosolic ABA receptors bind 
to PP2Cs to relieve AHA2, resembling the phenotype of Qabi2-2 
plants. Therefore, either by ABAdependent inhibition or genetic 
inactivation of PP2Cs, Thr947 in the C terminus of AHA is main
tained in the phosphorylated state, which activates apoplastic H+ 
extrusion (Fig. 6E, right). Figure 6 (B to D) shows that ABI1 phos
phatase activity is downregulated in the presence of PYL8/RCAR3 
at low ABA concentrations, and genetic support for this model is 
provided in Fig. 6A through the analysis of Thr947 phosphorylation 
in Qabi2-2 plants or WT treated with 0.1 M ABA (Fig. 6, A to C). 
Furthermore, combined with the previous key finding that MIZ1 
and the ABAactivated SnRK2.2 kinase act coordinately in elonga
tion zone cortical cells for hydrotropism (25), we conclude that 
inhibition of PP2Cs and promotion of AHA activity in the root 
elongation zone play a critical role in the hydrotropic response of 
Arabidopsis roots, together with the capital effects of SnRK2.2 and 
MIZ1 (fig. S9).

In summary, we found that PP2Cs interact with the C terminus 
of AHA2 and ABI1 dephosphorylates Thr947, leading to decreased 
H+ efflux, lower primary root growth, and compromised root hy
drotropism. In contrast, BRI1 might be a positive regulator of AHA 
activity because it was reported to bind AHA2 and AHA7, and 
the bri1-5 lossoffunction mutant displays impaired primary root 
growth and reduced hydrotropism, as well as decreased apoplastic 
H+ efflux (48, 49, 77, 78). Together, we suggest that PM H+ extrusion 
is crucial for primary root growth and the hydrotropic response in 
Arabidopsis roots, which is regulated by several phytohormones. 
Auxininduced growth is characterized by acidification of the cell 
wall, which results in cellular expansion and cell elongation (79). 
Auxininduced small auxin upRNA proteins inhibit PP2CD sub
family of PP2Cs, which negatively regulate PM AHA activity, and 
therefore, auxin stimulates PM AHA activity through promoting 
phosphorylation of Thr947 (80). Here, we found that clade A PP2C 
ABI1 involved in ABA signaling also dephosphorylates Thr947 of 
the PM AHA. As a result, the activation of the PM AHA maintained 
in the phosphorylated state by auxin or low ABA concentrations 
could be reverted by high ABA concentrations.

MATERIALS AND METHODS
Plant material and growth conditions
Seeds of Arabidopsis thaliana ecotype Col0 WT, aha2 (AT4G30190), 
ABArelated mutants, aba1-1 (AT5G67030), aba2-1 (AT1G52340), 
cyp707a-1 (AT2G29090), 112458 (AT4G17870, AT5G46790, 
AT2G26040, AT2G38310, AT5G05440, and AT5G53160), abi1-3, 
hab1-1abi1-2abi2-2, hab1-1abi1-2pp2ca-1, and quadruple mutant 
Qabi2-2 (hab1-1abi1-2pp2ca-1abi2-2; AT1G72770, AT4G26080, 
AT3G11410, and AT5G57050) were first surfacesterilized with 
100% bleach for 3 min, washed five times with sterile water, and then 
sown on plates containing onehalf–strength Murashige and Skoog 
(MS) medium supplemented with 1% (w/v) sucrose and 0.8% (w/v) 
agarose. aha2, aba1-1, aba2-1, cyp707a2-1, 112458, abi1-3, 
hab1-1abi1-2abi2-2, hab1-1abi1-2pp2ca-1, and Qabi2-2 mutants 
are in Col0 background. Plates were held at 4°C for 2 days for ver
nalization. Then, the materials were grown vertically for 5 days 
and transferred to onehalf–strength Hoagland medium (normal 
medium) and onehalf–strength Hoagland medium containing 
0.3% (v/v) glycerol and 0.06% (w/v) alginic acid in a water potential 
gradient assay (water stress medium) according to Miao et  al. (48), 
without (mock) or with 0.1, 3, or 10 M ABA for vertical growth 
lasting other 2 or 5 days, respectively, or transferred to onehalf–
strength MS medium supplemented with 400 mM dsorbitol for 
vertical growth lasting 12 or 16 hours, in an obliquely oriented hy
drotropic experimental system, described by Miao et al. (48). The 
water potentials of normal medium and water stress medium were 
measured according to Miao et al. (48). The plants were placed in 
growth chambers at dark/light cycles [8hour dark (21°C) and 16hour 
light (23°C)].

RNA-seq assay
Total RNA was extracted from the root tips of Col0 seedlings at 
7 dag in normal medium and water stress medium, using the TRIzol 
reagent (Invitrogen, Carlsbad, CA, USA) in accordance with the 
manufacturer’s protocol. Firststrand complementary DNA (cDNA) 
was prepared by an EasyScript OneStep gDNA Removal and cDNA 
Synthesis SuperMix (TransGen Biotech) with random hexamers. 
Sequencing was performed using the HiSeq 2000 System located at 
the Beijing Genomics Institute, including two kinds of treatment 
processing, Col0 (normal medium) (seedling grown in normal me
dium) and Col0 (water stress medium) (seedlings grown in water 
stress medium). The RNAseq data used in the study were deposited 
in the Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo/) under 
code PRJNA605515 (56).

H+ efflux assay
H+ fluxes in Arabidopsis primary roots and lateral roots were mea
sured using the scanning ion selective electrode technique (SIET 
system BIO003A, Younger USA Science and Technology) accord
ing to Xu et al. (81).

AHA activity and H+ transport assays
PM proteins and vesicles were isolated from 7dag Col0 WT and 
Qabi2-2 roots according to Zhu et al. (82) with minor modifications. 
PM protein content was calculated using the Bradford assay. Ten 
micrograms of PM proteins were used to determine the AHA activities 
by measuring the release of Pi from ATP according to the method of 
Kinoshita and Shimazaki (43) using an ultraviolet (UV) spectro
photometer (Spectramax 250, Molecular Devices, Sunnyvale, CA, USA) 
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under the reaction temperature 30°C. The H+ transport activity was 
measured as the quenching of A492 by acridine orange after adding 
a mixture of MgATP (MgSO4 and disodium ATP) at a final con
centration of 1 mM using a UV spectrophotometer (Spectramax 250, 
Molecular Devices, Sunnyvale, CA, USA) under the reaction tem
perature 30°C according to the method of Zhu et al. (82). To deter
mine the PM purity, AHA activity was monitored in the amount of 
released Pi with or without specific inhibitors including sodium VA 
(0.02 mM; pH 6.5) for PM, nitrate (50 mM; pH 8) for tonoplast, and 
azide (1 mM; pH 8) for mitochondrial and endoplasmic membrane 
according to the method of Zhu et al. (82). Each experiment was 
repeated three times, independently.

Split-ubiquitin Y2H assay
For splitubiquitin Y2H assay, the fulllength coding regions of 
AHA2 and ABI1 were subcloned into pBT3N Cub (including the 
Cterminal half of ubiquitin) and pPR3N NubG (including the 
Nterminal half of ubiquitin) vectors to yield fusion constructs, re
spectively. The experiments were performed as described previously 
(83). Primers are listed in table S3.

BiFC assay
For BiFC assay, the amplified polymerase chain reaction products 
of fulllength ABI1, HAB1, PP2CA, and AHA2 coding DNA se
quences were subcloned into pCAMBIA1300N1YFPC and 
pCAMBIA1300N1YFPN vectors to yield cYFP and nYFP fusion 
constructs, respectively. The BiFC assay were performed as described 
previously (48, 49). The YFP fluorescence images were obtained using 
a Leica SP8 confocal laser scanning microscope (Leica, Heidelberg, 
Germany). The primers used are listed in table S3.

Y2H assay
The truncated derivatives coding sequences of AHA2 were sub
cloned into pGADT7, and the fulllength ABI1 coding sequence 
was subcloned into pGBKT7. Y2H assays were performed accord
ing to the Matchmaker Gold Yeast TwoHybrid System manual 
(Clontech). The constructs for each pair were cotransformed into 
yeast (Saccharomyces cerevisiae) strain AH109. The cotransformed 
yeast cells were eventually grown on SD (synthetically defined)–
LueTrpHisAde plates to identify the proteinprotein interactions 
using two reporter genes, His3 and Ade2. All primers used for plas
mid construction are listed in table S3.

Firefly LCI assay
For LCI assay, the fulllength ABI1 coding sequences were sub
cloned into the pCAMBIA-1300NLuc vector using Kpn I and Spe I 
sites, and the Cterminal R domain coding sequences of AHA2 
were subcloned into pCAMBIA-1300CLuc vector using Kpn I and 
Spe I sites, respectively. These constructs were cotransformed into 
Agrobacterium strain GV3101 and infiltrated into N. benthamiana 
leaves. After 2 days, the infiltrated N. benthamiana leaves were 
treated with 1 mM dluciferin (Promega, catalog number E160A) 
and maintained in darkness for 5 min, and a lowlight cooled 644 
chargecoupled device camera (ikonL936, Andor Tech) were used 
to detect the luciferase (LUC) signals. Primers are listed in table S3.

AHA phosphorylation assay
For dephosphorylation assays, either ABI1GFP or GFP was coex
pressed with the Cterminal domain of AHA2 in N. benthamiana 

leaves. To this end, the fulllength ABI1 coding sequence was sub
cloned into BWA(V)HS-GFP vector using a Bsa I/Eco31 I site, 
whereas the Cterminal domain of AHA2 was subcloned into 
pCAMBIA1306-Flag (3×) vector using Kpn I and Spe I sites, respec
tively. Then, these constructs were cotransformed into Agrobacterium 
strain GV3101 and infiltrated into N. benthamiana leaves. After 
1 day, the isolated cytosolic protein fractions were mixed with pro
tein extracts prepared from an Arabidopsis G-box regulating factor 6 
(GRF6) (AT5G10450) overexpression transgenic line, a member of 
the 1433 gene family. The phosphorylation level of the penultimate 
threonine in the Cterminal domain was determined by immunoblot 
analysis using antibodies against pThr947 according to Hayashi et al. 
(30, 64). For Col0 WT, miz1 and quadruple mutant Qabi2-2 phos
phorylation assays, the samples of Col0 WT in the presence or absence 
of 0.1 M ABA, miz1, and quadruple mutant Qabi2-2 seedlings grown 
on normal medium were prepared and collected as mentioned above. 
The PM fractions were isolated from indicated Arabidopsis roots 
according to Spartz et al. (80) and collected according to Zhu et al. 
(82). Immunoblot analysis was conducted according to Hayashi et al. 
(30, 64) with minor modifications for Arabidopsis roots. Primers 
are listed in table S3.

PP2C inhibition assay
Phosphatase activity was assayed using pnitrophenyl phosphate as 
a substrate according to BeldaPalazon et al. (68). To calculate PP2C 
activity, the final absorbance value was substracted from the initial 
value and was expressed as percentage of phosphatase activity in the 
absence of ABA. Three independent experiments were performed, 
and values are averages ± SD. Asterisk indicates P < 0.05 (Student’s 
t test) when comparing data of ABI1 samples incubated with PYL8 
and ABA versus PYL8 in the absence of ABA. Dimethyl sulfoxide 
(DMSO) wells contain 1% (v/v) DMSO and correspond to 100% of 
phosphatase activity.

HPTS staining and confocal imaging
HPTS staining was performed by incubating 5dag Col0 WT root 
transferred to normal medium or obliquely oriented hydrotropic 
experimental system lasting 2 or 16 hours for 30 min in onehalf–
strength MS liquid growth medium supplemented with 1 mM 
HPTS and 0.01% (v/v) Silwet L77. Root curvature imaging was ob
served using Leica SP8 confocal laser scanning microscope (Leica, 
Heidelberg, Germany). Fluorescent signals for the protonated HPTS 
form (deep blue) (excitation, 405 nm) and deprotonated HPTS 
form (light blue) (excitation, 458 nm) were detected with a 40× ob
jective (water immersion) under the same emission peak of 514 nm 
according to Barbez et al. (62). Fiji software (http://fiji.sc/) was used 
to analyze the images, and the experiments in the study were con
ducted at least three biological repetitions.

Homology modeling
Cartoon representations of AHA2, apoPYL1, ABI1, and PYL1
ABAABI1 crystal structures were drawn by the software PyMOL 
(www.pymol.org). The xray crystal structures of AHA2 [Protein 
Data Bank (PDB) code: 1RT8], apoPYL1 (PDB code: 3KAY), and 
PYL1ABAABI1 (PDB code: 3JRQ) served as the structural templates. 
The tertiary structural model of C terminus of AHA2 was created 
by the program MODELLER (http://salilab.org/modeller/). The 
xray cocrystal structure of the 1433/AHA plant complex (PDB 
code: 2O98) served as templates for homology modeling (84–86).
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Measurement of ABA
ABA contents in 10dag Col0 with or without 0.1 and 3 M ABA, 
miz1 mutant with or without 0.1 M ABA, and Qabi2-2 seedlings 
grown on normal medium were measured by Wuhan Metware Bio
technology Co. Ltd. (Wuhan, China) (www.metware.cn/) based on 
the AB Sciex QTRAP 6500 liquid chromatography (LC)–MS/MS 
platform, according to Chen et al. (87).

LC-MS/MS analysis
pCAMBIA1306–AHA2 (C100)–Flag (3×) vector was transformed and 
expressed in N. benthamiana, and AHA2 (C100)–FLAG (3×) was 
purified by affinity chromatography using the FLAGtag for MS. The 
LCMS/MS spectra were analyzed by Shanghai Applied Protein 
Technology Co. Ltd. (Shanghai, China) according to Zhou et al. (88).

Statistical analysis
Data were analyzed by the Statistical Package for Social Sciences. 
The mean difference was analyzed by Student’s t test or oneway 
analysis of variance (ANOVA) using the Tukey’s post hoc test.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/12/eabd4113/DC1

View/request a protocol for this paper from Bio-protocol.
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