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Phosphorylation of the plasma membrane H" -ATPase
AHA2 by BAK1 is required for ABA-induced stomatal
closure in Arabidopsis
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Abstract

Stomatal opening is largely promoted by light-activated plasma membrane-localized proton ATPases (PM H*-ATPases),
while their closure is mainly modulated by abscisic acid (ABA) signaling during drought stress. It is unknown whether PM
H™-ATPases participate in ABA-induced stomatal closure. We established that BRI1-ASSOCIATED RECEPTOR KINASE 1
(BAK1) interacts with, phosphorylates and activates the major PM Arabidopsis H* -ATPase isoform 2 (AHA2). Detached
leaves from aha2-6 single mutant Arabidopsis thaliana plants lost as much water as bak1-4 single and aha2-6 bak1-4
double mutants, with all three mutants losing more water than the wild-type (Columbia-0 [Col-0]). In agreement with
these observations, aha2-6, bak1-4, and aha2-6 bak1-4 mutants were less sensitive to ABA-induced stomatal closure than
Col-0, whereas the aha2-6 mutation did not affect ABA-inhibited stomatal opening under light conditions. ABA-activated
BAK1 phosphorylated AHA2 at Ser-944 in its C-terminus and activated AHA2, leading to rapid H™ efflux, cytoplasmic
alkalinization, and reactive oxygen species (ROS) accumulation, to initiate ABA signal transduction and stomatal closure.
The phosphorylation-mimicking mutation AHA2°?*“® driven by its own promoter could largely compensate for the
defective phenotypes of water loss, cytoplasmic alkalinization, and ROS accumulation in both aha2-6 and bak1-4 mutants.
Our results uncover a crucial role of AHA2 in cytoplasmic alkalinization and ABA-induced stomatal closure during the
plant’s response to drought stress.
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IN A NUTSHELL

Background: Stomatal opening and closure are modulated by different signaling pathways in plants. Blue and
red light promote stomatal opening by activating plasma membrane (PM) proton H™-ATPases, mainly AHAT
and AHA2, through phosphorylating their C-termini to promote proton efflux across the guard cells, thus activat-
ing the hyperpolarization-gated K* channel KAT1 to open stomata. ABA induces stomatal closure through
activating protein kinases such as OST1/SnRK2.6, GHR1, and CDPKs, which activate SLAC1 to transport chloride
and nitrate out of guard cells, followed by K™, which results in stomatal closure.

Question: It is well known that PM H™-ATPases play crucial roles in light-stimulated stomatal opening.
However, it is unclear whether the PM H ¥ -ATPases are also involved in ABA-induced stomatal closure.

Findings: The receptor-like protein kinase BAK1 plays an important role in ABA-induced stomatal closure.
We identified in this study that BAK1 interacts with AHA2. Unexpectedly, we discovered that aha2 mutants are
insensitive to ABA-promoted stomatal closure, but not impaired in the ABA-mediated inhibition of light-
promoted stomatal opening. ABA-activated BAK1 phosphorylated AHA2 at Ser-944 in its C-terminus to activate
the H™ -ATPase, which promoted a transient efflux of protons, cytoplasmic alkalinization, and the accumulation
of reactive oxygen species (ROS) in the guard cells to initiate ABA signal transduction and promote stomatal
closure. Our findings enhance our understanding of the role of PM H™-ATPases in the early ABA-induced
stomatal closure signaling events that take place in guard cells.

Next steps: Our study raises some interesting questions about the biological roles of PM H™-ATPases in
both light-promoted stomatal opening and ABA-induced stomatal closure. Further studies should explore the
mechanism by which pH triggers ROS production, whether pH and the ROS pathway have parallel roles in ABA

signaling, and the physiological interaction between protons and other ions in stomatal movement.

Introduction

Stomata consist of two guard cells that form a pore on the
leaf surface and play key roles in controlling CO, uptake for
photosynthesis and water evaporation. Cation and anion
transporters at the plasma membrane (PM) and tonoplast
control the osmotic potential of guard cells and thus stoma-
tal movements. The proper regulation of stomatal move-
ments is paramount for plant growth and development, as
well as responses to biotic and abiotic stresses, to which
multiple environmental and endogenous factors contribute
(Schroeder et al, 2001; Shimazaki et al, 2007; Kim et al,
2010; Qi et al, 2018; Chang et al, 2020; Chen et al, 2020,
2021a).

Stomatal opening and closure are modulated by different
signaling pathways in plants. Both blue and red light can
promote stomatal opening by inducing the phosphorylation
of PM proton (H")-ATPases (Shimazaki et al, 1986;
Kinoshita and Shimazaki, 1999; Ando and Kinoshita, 2018).
The two major blue light photoreceptors phototropin 1
(phot1) and phot2 are activated by auto-phosphorylation
upon perceiving blue light and initiate a signaling cascade
that leads to the activating phosphorylation of PM H™-
ATPases (Shimazaki et al, 1986; Kinoshita and Shimazaki,
1999; Kinoshita et al, 2001; Takemiya et al, 2006, 2013;
Inoue et al., 2008; Hiyama et al., 2017). Together with photo-
tropins, other photoreceptors such as cryptochromes (cry1
and cry2, for blue light; Mao et al, 2005) and phytochromes
(phyA and phyB, for red/far-red light; Wang et al, 2010)
synergistically mediate stomatal opening. PM H™-ATPases
are P-type ATPases as they are activated by protein

phosphorylation and need ATP to drive ion transport
against steep concentration gradients. The Arabidopsis
(Arabidopsis thaliana) genome includes 11 ATPase genes, all
of which are expressed in guard cells (Ueno et al, 2005).
Arabidopsis  thaliana  PLASMA  MEMBRANE  PROTON
ATPASET (AHAT) and AHA2 are the two most highly
expressed ATPase genes among 11 members in Arabidopsis.
The ahal aha2 double mutant is embryo-lethal under nor-
mal laboratory conditions, indicating that PM H ™ -ATPases
are essential for plant survival (Haruta et al, 2010).

14-3-3 proteins can bind to a peptide with a phosphory-
lated penultimate threonine residue in the extreme C-ter-
mini of AHA1 and AHA2 (Thr-948 in AHAT1 and Thr-947 in
AHA?2), releasing the autoinhibition conferred by the C-ter-
mini and activating the ATPases (Svennelid et al, 1999;
Kinoshita et al, 2007; Fuglsang et al, 2003; Zhang et al,
2004; Ueno et al, 2005 Falhof et al, 2016). PROTEIN
KINASE SOS2-LIKE 5 (PKS5) also phosphorylates the Ser-931
residue of AHA2, which prevents the interaction of AHA2
with 14-3-3 proteins, thus reducing AHA2 activity (Fuglsang
et al, 2007). The heat shock protein 40-like )3 interacts
with and inhibits PKS5, increasing the activity of AHA2
(Yang et al, 2010), while SOS3-LIKE CALCIUM-BINDING
PROTEIN3/CALCINEURIN B-LIKE7 (CBL7) interacts with and
stabilizes PKS5-AHA?2 interaction to further inhibit AHA2
activity (Yang et al, 2019). Activated PM H*-ATPases use
ATP as energy to pump H™ outside of guard cells, which
hyperpolarizes the PM and generates an electrochemical gra-
dient that drives other cations such as potassium (K*) into
guard cells. To compensate for the positively charged K™,
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other anions such as synthesized malate’” (Dong et al,
2018), chloride, and nitrate accumulate in guard cells in re-
sponse to K* entry (Pandey et al, 2007). Metabolites such
as glucose released from starch degradation and trehalose
also contribute to the accumulation of osmolytes in guard
cells (Flutsch et al, 2020; Wang et al., 2020). Together, these
factors decrease the water potential of guard cells to allow
water to enter the cells and raise turgor pressure, resulting
in stomatal opening (Blatt, 1992; Schroeder et al, 2007;
Gaxiola et al, 2007; Chen et al, 2020, 2021a; Flutsch et al,
2020). Genetic evidence in support of the critical role of PM
H™-ATPases in stomatal opening was provided by the iden-
tification of the two dominant and constitutively active
AHAT mutants openstomata2 (ost2)-1D and ost2-2D, which
are insensitive to almost all factors that normally promote
stomatal closure, such as abscisic acid (ABA), high CO, con-
centrations, darkness, hydrogen peroxide (H,O,), and
calcium (Ca>™) ions (Merlot et al, 2007). In addition, the
PM-localized leucine-rich repeat receptor kinase (LRR-RLK)
Plant Peptide Containing Sulfated Tyrosine 1 Receptor
(PSY1R) can interact with the C- terminus of AHA2, phos-
phorylate Thr-881, and activate AHA2, without affecting
binding by 14-3-3 proteins (Fuglsang et al,, 2014). The phos-
phorylation of Ser-889 in AHAT and AHA2 decreases their
pump activity. However, it is unknown whether this phos-
phorylation also influences binding by 14-3-3 proteins
(Nuhse et al,, 2007; Haruta et al,, 2014).

Many components, especially those involved in ABA sig-
naling, promote stomatal closure under drought stress con-
ditions (Chen et al, 2021a). ABA is quickly accumulated
under drought stress, which is bound by PYRABACTIN
RESISTANCE 1 (PYRT)/PYR1-LIKE (PYL)/REGULATORY
COMPONENT OF ABA RECEPTOR (RCAR) ABA receptors
(Ma et al, 2009; Park et al, 2009). The ABA-bound PYLs
competitively interact with the clade A PP2Cs, thus releasing
their inhibition on SNF1-RELATED PROTEIN KINASE 2.2/3/6
(OSTT; SnRK2s) (Ma et al., 2009; Park et al., 2009). Osmotic
stress stimulates the B2 and B3 subfamily RAF proteins that
phosphorylate and activate SnRK2s (Fabregas et al, 2020;
Katsuta et al, 2020; Lin et al, 2020; Soma et al, 2020;
Takahashi et al., 2020). The activated-SnRK2s either activate
other SnRK2s (Lin et al, 2021b), or phosphorylate down-
stream targets (Chen et al, 2020, 2021a). The slow-type an-
ion channel SLOW ANION CHANNEL-ASSOCIATED 1
(SLAC1) and the rapid-type anion channel QUICK-
ACTIVATING ANION CHANNEL 1 (QUACIT, also named
MALATE TRANSPORTER 12) are phosphorylated and stimu-
lated by ABA-activated OST1 and play a major role in sto-
matal closure in both dicot and monocot species (Vahisalu
et al, 2008; Geiger et al, 2009; Meyer et al,, 2010; Imes et al,,
2013; Wu et al, 2019). SLACT can also be activated by other
kinases such as the receptor-like protein kinase GUARD
CELL HYDROGEN PEROXIDE-RESISTANT1 (GHR1), CBL-
INTERACTING PROTEIN KINASEs (CIPKs), and CALCIUM-
DEPENDENT PROTEIN KINASEs (CPKs; Hua et al, 2012
Chen et al, 2021a). Rapid anion efflux from guard cells by
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activated SLAC1 and QUACT channels depolarizes the PM,
which activates K™ efflux channels and thus drives K™ efflux
and solute release from guard cells, culminating in stomatal
closure (Schroeder et al, 2001; Qi et al, 2018; Chen et al,
2020, 2021a). ABA also inhibits the blue light-mediated
phosphorylation of H*-ATPases through the classic ABA sig-
naling components ABA INSENSITIVE 1 (ABI1) and ABI2,
two members of the protein phosphatase 2C family, as well
as the kinase OST1/SnRK2.6, and therefore likely blocks blue
light-stimulated stomatal opening (Hayashi et al, 2010; Yin
et al, 2013). This hypothesis is further supported by the
finding that ABA promotes the interaction between
VESICLE-ASSOCIATED ~ MEMBRANE  PROTEIN 711
(VAMP711) and the C-terminus of AHA1 or AHA2; this in-
teraction represses AHA1/AHA2 activity and limits stomatal
closure under drought stress (Xue et al, 2018). In addition,
ABI1 interacts with the C-terminus of AHA2 and dephos-
phorylates the phosphorylated Thr-947 residue, inhibiting
H™ efflux and compromising primary root growth and root
hydrotropism (Miao et al.,, 2021).

The early stage of stomatal closure is characterized by the
rapid elevation of cytosolic pH in response to ABA, which
contributes to cytoplasmic alkalinization and leads to the
production of reactive oxygen species (ROS) and nitric oxide
(NO; Suhita et al, 2004; Gonugunta et al., 2008, 2009; Islam
et al, 2010). CIPKs and ABA-activated OST1 regulate
ARABIDOPSIS THALIANA RESPIRATORY BURST OXIDASE
HOMOLOG F NADPH oxidase to produce reactive oxygen
intermediates (Sirichandra et al, 2009; Han et al., 2019). ROS
accumulation can in turn enhance cytoplasmic alkalinization
(Zhang et al, 2001) and activate Ca’* channels at the PM,
raising cytosolic calcium concentrations (Schroeder and
Hagiwara, 1990; Grabov and Blatt, 1998; Pei et al, 2000;
Murata et al, 2001). The increase in cytosolic Ca’* activates
SLACT via several protein kinases such as CPKs and CIPKs
to close stomata (Chen et al, 2021a). However, the molecu-
lar events upstream of cytosolic alkalinization are not well
understood.

The Arabidopsis LRR-RLK BRI-ASSOCIATED RECEPTOR
KINASE 1 (BAK1, also named SOMATIC EMBRYOGENESIS
RECEPTOR-LIKE KINASE 3 [SERK3]) typically functions as a
co-receptor with many receptor-like protein kinases to regu-
late multiple signal transduction cascades involved in
responses to attacks by pathogenic bacteria, drought stress,
and growth and development (Li et al, 2002; Wei and Li,
2018; Wu et al, 2018; Xue et al, 2020; Zhang et al, 2020;
Zhou et al,, 2020). ABA-induced stomatal closure is impaired
in bak1 mutants, which is accompanied by a greater water
loss in the mutants relative to the wild-type (Shang et al,
2016).

We explored the mechanism by which BAK1 regulates
stomatal movement by testing whether the co-receptor
might interact with ion channel proteins, and we identified
AHA?2 as a candidate interacting partner. Unexpectedly, we
discovered that aha2 mutants are insensitive to ABA-
promoted stomatal closure. However, aha2 mutants are not
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impaired in the inhibition of light-promoted stomatal open-
ing by ABA. ABA activated BAK1, which in turn phosphory-
lated AHA2 at Ser-944 in its C-terminus and activated the
H*-ATPase. ABA treatment promoted proton efflux in a
short time in Columbia-0 (Col-0) guard cells but not in
aha2-6 or bak1-4 mutants. In addition, ABA-induced cyto-
plasmic alkalinization and the accumulation of ROS were
more pronounced in Col-0 than in the aha2-6 or bak1-4
mutants. Our findings emphasize the importance of PM
H*-ATPases not only in light-promoted stomatal opening
but also in ABA-induced stomatal closure, and provide a
deeper understanding of the early signaling events taking
place in guard cells in response to drought stress.

Results

BAKT1 interacts with the PM H* -ATPase AHA2

Many ion channels located at the PM affect stomatal move-
ment (Pandey et al, 2007). BAK1 influences ABA-mediated
stomatal closure and drought tolerance (Shang et al., 2016).
We sought to determine whether any ion channel partici-
pates in ABA-induced stomatal closure alongside BAK1. To
this end, we first employed a luciferase complementation
imaging (LCl) assay in Nicotiana benthamiana leaves to
screen ion channel proteins for interaction with BAK1: we
detected a robust luciferase signal between the A. thaliana
PM H™-ATPase AHA2 and BAK1, two PM-localized proteins
(Palmgren and Axelsen, 1998; Palmgren, 2001; Nam and Li,
2002), with nLUC and cLUC on the inside of the PM
(Figure 1, A and C). We used B-GLUCURONIDASE (GUS)
fused with cLUC or nLUC in N. benthamiana as a negative
control: GUS failed to interact with either AHA2 or BAK1
(Figure 1, A and C). All transiently infiltrated constructs
were expressed to comparable levels, as determined by end-
point RT-PCR (Figure 1B).

To validate this interaction, we next performed a co-
immunoprecipitation (Co-IP) assay. We transiently co-
transfected Arabidopsis protoplasts with constructs encoding
AHA2-Myc and BAK1-Flag or SERK4-Flag (SERK4, a BAK1
homologous protein). Following IP of AHA2-Myc with anti-
Myc antibodies, we detected BAK1-Flag among the immu-
noprecipitates, but not SERK4-Flag, with anti-Flag antibod-
ies (Figure 1D), indicating that AHA?2 interacts with BAKT
in planta.

To further explore their interaction, we used a dual mem-
brane system yeast two-hybrid (Y2H) assay (Thaminy et al,
2004). We cloned the AHA2 cDNA in-frame with the NubG
coding sequence in the prey vector pPR3-STE; we then
individually co-transformed the resulting plasmid (AHA2-
pPR3-STE) with the bait plasmids PKS5-pBT3-N (as a posi-
tive control) (Fuglsang et al, 2007), BAK1-pBT3-SUC, or
GHR1-pBT3-STE (a PM protein; Hua et al, 2012) into yeast
strain NMY51. Although all plasmid combinations grew on
synthetic defined (SD) medium lacking leucine and trypto-
phan (-2 SD), only yeast cells harboring the pairs AHA2-
pPR3-STE and BAK1-pBT3-SUC or AHA2-pPR3-STE and
PKS5-pBT3-N grew on SD selection medium lacking leucine,
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tryptophan, and histidine (-3 SD) and containing 3-mM 3-
amino-1,2,4-triazole (3 AT) for high stringency (Figure 1E),
suggesting that AHA?2 interacts with PKS5 and BAK1 at the
membrane but not with GHR1. Yeast colonies with only the
prey plasmids for AHA2, BAK1, or GHR1 also failed to grow
on -3 SD medium (Figure 1E), confirming the specific inter-
action between BAK1 and AHA2.

BAK1 has a kinase domain (KD) that displays kinase ac-
tivity when purified from Escherichia coli, likely because
bacterial kinases can phosphorylate and activate BAK1 (Li
et al, 2002). The AHA2 C-terminus is an auto-inhibitory
domain that represses its H™-ATPase activity to which
several phosphorylated residues have been mapped
(Palmgren et al, 1990; Fuglsang et al, 2011; Xue et al,
2018). We attempted to delineate the BAK1-AHA2 inter-
action peptide by Y2H using the BAK1-KD and the AHA2
C-terminus. We observed that BAK1-KD is sufficient for
the interaction with the C-terminus of AHA2 (Figure 1F).
The KD of the BAK1 homologous kinase SERK4 (SERK4-
KD) did not sustain the growth of yeast colonies when
grown on SD selection medium lacking leucine, trypto-
phan, histidine, and adenine (-4 SD) (Figure 1F), reinforc-
ing the specific interaction between BAK1 and AHA2.
Taken together, these results demonstrate that AHA2
interacts with BAK1 in vitro and in vivo.

AHA2 genetically functions in the same pathway as
BAK1 in ABA-induced stomatal closure

To investigate whether AHA2 participates in BAK1-
mediated ABA and drought responses (Shang et al, 2016),
we generated the aha2-6 bak1-4 double mutant by crossing
the T-DNA insertion mutants aha2-6 (SALK_062371) and
bak1-4 (SALK_116202) (Kemmerling et al., 2007). Rosettes of
the bak1-4, aha2-6, and aha2-6 bak1-4 mutants were a little
smaller than those of the wild-type (Col-0; Figure 2A). Pots
filled with the same amount of soil were first fully watered,
and then put on a slowly rotating plate board under light
so that the plants in each pot were uniformly illuminated.
We assessed the drought tolerance phenotype of all geno-
types when the 7-day-old seedlings were grown on soil for
14 days and then water was withheld for a further 16 days.
Although mutant rosettes were smaller, they appeared to
lose water faster than Col-0, as evidenced by an earlier ap-
pearance of drought symptoms (Figure 2B). When watered
again after water withholding, only Col-0 plants recovered
(Figure 2B). We also measured water loss in detached leaves
taken from 4-week-old plants grown on soil. Detached
leaves from all mutants (aha2-6 bak1-4, aha2-6, and bak1-4)
exhibited similar water loss that was greater than that in the
Col-0 (Figure 2C). We further compared stomatal movement
in the absence or presence of ABA treatment using leaf
peels that were first treated under strong light in 4-morpho-
lineethanesulfonic acid hydrate (MES) buffer to fully open
stomata. Although the stomatal apertures were comparable
across all genotypes under control conditions (-ABA), bak1-
4, aha2-6, and aha2-6 baki1-4 mutants all presented wider
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Figure 1 BAKT interacts with the PM H " -ATPase AHA2. A, Luciferase LCl assay showing the interaction between BAK1 and AHA2 in N. benthami-
ana leaves. BAK1-nLUC and AHA2-cLUC constructs were transiently infiltrated into N. benthamiana leaves. GUS-nLUC and GUS-cLUC were used
as negative controls. Luminescence signals (right images) were collected with a cooled CCD camera after 48-72 h. The bright field image is shown
on the left. B, Transcript levels of BAK1, AHA2, or GUS in the transiently infiltrated N. benthamiana leaves shown in (A), as determined by end-
point RT-PCR. Nt ACTIN was used as a control. C, Comparison of Luciferase LCI from (A). Data are shown as means of three replicates; error bars
represent standard deviation (SD). Significant differences compared to BAK1 + GUS, as determined by Student’s t test: **P < 0.01. D, Co-IP assay
showing the in vivo interaction of BAK1 and AHA2. BAK1-Flag and AHA2-Myc constructs were transfected into Arabidopsis protoplasts and culti-
vated for 16-18 h. IP was performed with anti-Myc antibodies and immunoprecipitates detected with anti-Flag antibodies. SERK4 is a BAK1 ho-
molog and serves as a negative control. E, BAK1 interacts with AHA2 in a dual membrane system Y2H assay. Prey clone: AHA2-pPR3-STE. Bait
clones: PKS5-pBT3-N (positive control), BAK1-pBT3-SUC, and GHR1-pBT3-STE (negative control). Pairs of clones were transformed into yeast
strain NMY51. The resulting colonies were spotted as 10-pL aliquots and 10 x dilution series on SD medium lacking leucine and tryptophan (-2
SD) or on high-stringency selective medium lacking leucine, tryptophan, and histidine (-3 SD with 3mM 3 AT) at 30°C for 3 days. E, The KD of
BAKT1 interacts with the C terminus (Cg9) of AHA2 in an Y2H assay. SERK4 serves as negative control. —4 SD: selective medium lacking leucine,
tryptophan, histidine, and adenine.

stomatal apertures than Col-0 when treated with 10 M The constitutively active AHAT mutant ost2-2D showed
ABA (Figure 2D). Taken together, these results suggest that,  an impaired response to almost all factors that normally
genetically, AHA2 and BAK1 participate in the same path- promote stomatal closure (Merlot et al, 2007). We wished
way for ABA-mediated stomatal closure under drought  to test whether ost2-2D and aha2-6 affected water loss in a
stress. similar manner. We first compared drought phenotypes in
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Figure 2 AHA2 and BAK1 function in the same genetic pathway in drought stress. A, Representative photographs of wild-type (Col-0), bak1-4,
aha2-6 bak1-4, and aha2-6 plants. Bar = 1cm. B, Representative outcome of drought assays on soil-grown Col-0, bak1-4, aha2-6 bak1-4, and aha2-
6 plants. Fourteen-day-old soil-grown plants were subjected to drought stress by withholding water for about 16 days, reducing the soil moisture
to 58%-55% (left), and rewatered for 3 days before the second photograph (right) was taken. C, Water loss of detached leaves of Col-0, bak1-4,

aha2-6 bak1-4, and aha2-6 plants. Detached rosette leaves of 4-week-old

plants were used for water loss measurements. Data are shown as means

of three replicates (five whole plants per replicate) in one experiment; error bars represent sd. Three independent experiments were performed
with similar results. Significant differences compared to Col-0, as determined by Student’s t test: *P < 0.05, **P < 0.01, ***P < 0.001. D, Stomatal

aperture in ABA-induced stomatal closure assays. Epidermal peels from

leaves with preopened stomata were kept in MES-KOH buffer for 4 h or

MES-KOH buffer containing 10-uM ABA for another 2 h before data acquisition. Data are shown as means of three replicates (30 stomata from
two rosette leaves per replicate) from one representative experiment; error bars represent sp. Three independent experiments were performed
with similar results. Significant differences compared to Col-0 under the same treatment, as determined by Student’s t test: ***P < 0.001.

the Col-0 and the aha2-6 and ost2-2D mutants. When water
was withheld from plants growing on soil, ost2-2D and
aha2-6 mutants exhibited drought symptoms earlier than
the Col-0, with ost2-2D even earlier than aha2-6 (Figure 3A,
top). Following rewatering after prolonged exposure to
drought, only the Col-0 plants recovered (Figure 3A, bot-
tom). The leaf surface temperature reflects the stomatal
transpiration rate, with higher transpiration accompanying
lower temperature (Hua et al., 2012). We next conducted an
infrared thermal imaging assay to detect leaf surface temper-
ature. ost2-2D mutants had lower leaf surface temperatures
than aha2-6, both of which had a significantly lower temper-
ature than the wild-type (Figure 3, B and C). We further per-
formed a stomatal conductance assay under ABA treatment.
The stomatal conductance of aha2-6 was larger than the
wild-type plants after 5-uM ABA was sprayed on the leaf
surface (Figure 3D). Similarly, photosynthetic rates of aha2-6,
bak1-4, aha2-6 bak1-4 and ost2-2D were higher than that of
the wild-type plants when subjected to drought stress.
However, 0st2-2D had a steadily high photosynthetic rate
before drought stress, and the other mutants had similar
photosynthetic rates as the wild-type (Figure 3E). We then
quantified the extent of water loss over a 24-h diurnal cycle
in soil-grown plants by weighing pots every 5min for three
continuous days as described previously (Hua et al, 2012):
during the light part of the cycle, both the aha2-6 and ost2-
2D mutants lost more water than Col-0 plants, but the wa-
ter loss of o0st2-2D was much more pronounced than that of
aha2-6 (Figure 3F). In the dark, water loss was similar be-
tween the aha2-6 and Col-0 plants, but ost2-2D still lost
more water than aha2-6 or Col-0 (Figure 3F). In the de-
tached leaf assay, ost2-2D leaves showed a remarkably fast

loss of water compared to aha2-6 and Col-0 leaves, although
aha2-6 leaves lost water faster than Col-0 leaves (Figure 3G).
We then conducted an ABA-promoted stomatal closure as-
say using leaf peels, which revealed that fully opening sto-
mata in ost2-2D showed little response to ABA treatment,
as previously reported (Merlot et al, 2007). In the same as-
say, aha2-6 stomata exhibited an intermediate response be-
tween that of Col-0 and ost2-2D (Figure 3H). ost2-2D also
completely abolished the inhibition of light-induced stoma-
tal opening by ABA (Merlot et al,, 2007), whereas both Col-
0 and aha2-6 responded normally (Figure 3I). These results
indicate that aha2-6 only impairs ABA-induced stomatal clo-
sure but does not affect the inhibition of light-induced sto-
matal opening by ABA, which is different from ost2-2D.

To further confirm the aha2-6 phenotype, we phenotyped
an additional aha2-4 allele (Supplemental Figure S1A). We
compared the stomata density on the leaves of the aha2-6
mutant and Col-0 plants and observed no differences
(Supplemental Figure S1B). We confirmed that all the aha2-
6 phenotypes described above were also observed in aha2-4
including plant growth on soil under drought stress, de-
tached leaf water loss assay, ABA-induced stomatal closure,
and ABA-mediated inhibition of light-induced stomatal
opening (Supplemental Figure S1, C—F). The observed phe-
notypes were not due to transcriptional changes in the
remaining AHA genes (Supplemental Figure S1, G and H).
We also introduced a complementation construct
ProAHA2:AHA2 into the aha2-6 mutant background.
Although relative AHA2 transcript levels in the resulting
transgenic  lines were similar to those in Col-0
(Supplemental Figure S2A), transgenic lines ProAHA2:AHA2/
aha2-6 #2 and ProAHA2:AHA2/aha2-6 #4 only showed


https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac106#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac106#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac106#supplementary-data
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Figure 3 AHA2 positively regulates ABA-induced stomatal closure. A, Representative outcome of drought assays on soil-grown Col-0, aha2-6, and
ost2-2D plants. Fourteen-day-old soil-grown plants were subjected to drought stress by withholding water for about 16 days, during which the soil
moisture was reduced to 58%-55% (top), and rewatered for 3 days before the photograph (bottom). B, Infrared thermal imaging assay on the leaf
temperature of soil-grown Col-0, aha2-6, and ost2-2D plants (top). Ten-day-old soil-grown plants were photographed by Infrared thermal imager
when soil moisture was 80%—75%. The pseudocolor bar represents the range of temperature. The bottom image was photographed in bright filed.
C, Comparison of the leaf temperature from (B). Data are shown as means of three replicates (nine plants in one pot per replicate), error bars rep-
resent sp; Statistical significance compared to Col-0, as determined by Student’s t test: ***P < 0.001. D, Stomatal conductance of Col-0 and aha2-6
plants in response to the ABA. About 3- to 4-week-old Col-0 and aha2-6 plants were used for sustaining recording stomatal conductance for
100 min. The stimulus (5-uM ABA) was applied at the point zero. Data are shown as means of three replicates (one seedling per replicate) in one
experiment. Error bars represent sp. The experiment was repeated 3 times with similar results. Significant differences compared to Col-0, as deter-
mined by Student’s t test: *P < 0.05, **P < 0.01. E, Photosynthetic rate of Col-0, aha2-6, bak1-4, aha2-6 bak1-4, and ost2-2D plants. Fourteen-day-
old soil-grown plants were analyzed using a LI-6400XT portable photosynthesis system when soil moisture was 95%-90% (Normal). Then, water
was withheld until the soil moisture reached 80%-75%, and the second measurement was taken (Drought). Data are shown as means of five repli-
cates (one seedling per replicate) in one experiment. Error bars represent sp. The experiment was repeated 3 times with similar results. Significant
differences compared to Col-0 under the same treatment, as determined by Student’s t test: *P < 0.05, **P < 0.01. F, Water loss for Col-0, aha2-6,
and ost2-2D plants grown on soil over 24 h. Water loss was determined by weighing pots every 5 min for 3 days. Values are means of three repli-
cates in one experiment, each replicate being one pot with five seedlings per pot; error bars represent sb. During the day, aha2-6 lost more water
(P < 0.05) than Col-0; ost2-2D lost more water (P < 0.001) than Col-0. During the night, 0st2-2D lost more water (P < 0.05) than Col-0 and aha2-
6, while Col-0 and aha2-6 lost similar amounts of water, Student’s t test. Three independent experiments were performed with similar results. G,
Water loss from detached leaves of Col-0, aha2-6, and ost2-2D plants. Data are shown as means of three replicates (five seedlings per replicate)
from one experiment; error bars represent sp. Three independent experiments were performed with similar results. Significant differences com-
pared to Col-0, as determined by Student’s t test: **P < 0.01, ***P < 0.001. H, ABA-induced stomatal closure in Col-0, aha2-6, and ost2-2D plants.
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partial rescue, as evidenced by water loss in detached leaves
and ABA-induced stomatal closure (Supplemental Figure S2,
B and C). One possible explanation might stem from inter-
ference of transgenic AHA2 by a predicted truncated AHA2
protein produced in aha2-6 plants. However, we did not de-
tect any differences between Col-0 and aha2 mutants with
respect to ABA-inhibited primary root growth or seed ger-
mination (Supplemental Figure S3, A-D), suggesting that
AHA2 is not involved in ABA responses in seedlings. Taken
together, our results suggest that AHA2 is a positive regula-
tor of ABA-induced stomatal closure.

ABA enhances phosphorylation of the AHA2-C-
terminus by BAK1
Since BAK1 interacts with AHA2, BAK1 may directly phos-
phorylate AHA2. To test this hypothesis, we performed a
protein kinase assay. We treated transgenic plants from a
Super promoter driving BAK1-FLAG/bak1-4 complemented
line with 50-uM ABA or only 1/2 Murashige and Skoog
(MS) culture medium as a mock control for 30 min before
pulling down BAK1 with anti-Flag antibodies. We then incu-
bated the immunoprecipitates with recombinant glutathi-
one S-transferase (GST)-AHA2-Coy (corresponding to the
last 99 amino acids of AHA2) for 30 min at 30°C in the
presence of 1uCi [y->>P] ATP. BAK1 activity was enhanced
by ABA treatment, and BAK1 phosphorylated AHA2-C,,,
and this phosphorylation was enhanced by ABA treatment
(Figure 4, A and B). However, we also observed basal phos-
phorylation levels in the bak1-4 mutant, possibly from other
nonspecific kinase(s) pulled-down with the Flag beads dur-
ing IP. This result suggests that BAK1 can phosphorylate the
C-terminus of AHA2, which is enhanced by ABA treatment.
The phosphorylation sites of AHA2 in Thr-881, Ser-899,
Ser-904, Ser-931, Ser-944, Tyr-946, Thr-947, and Ser-904 have
been identified in previous studies (NUlhse et al, 2007;
Rudashevskaya et al, 2012). Next, we introduced several
point mutations in the AHA2 C-terminus, changing Ser/Thr
or Tyr residues to Ala to mimic a nonphosphorylated form
of AHA2, and repeated the in vitro phosphorylation assay
with recombinant BAK1-KD. The autoradiograph signals de-
rived from AHA2“A AHA2™¥'A AHA2™®®A  and
AHA2"9" were lower than that derived from the intact
AHA2 C-terminus, with only a weaker signal detected when
all four sites were mutated to Ala, indicating that they are
all likely phosphorylated by BAK1-KD in vitro (Figure 4, C
and D). Since the phosphorylation signal of AHA2*** was

Figure 3 (Continued)
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the lowest among the four individual mutated sites, we
mainly focused on AHA2** hereafter.

We purified the BAK1-KD from E. coli and incubated the
recombinant protein with AHA2-Cyy in the presence of
ATP. Using a specific antibody recognizing the phosphory-
lated AHA2*°* peptide (pAHA2%%) for immunoblot analy-
sis, we detected two phosphorylated bands from the
reactions between BAK1-KD and AHA2-Co9 but not when
BAK1-KD was incubated with GST (as a negative control).
We also observed this lower band with AHA2-Cy, alone,
likely because of its phosphorylation by other kinase(s) from
E. coli (Figure 4, E and F) and/or a nonspecific cross reacting
one. We next validated the phosphorylation of AHA2*** by
BAK1 in vivo. We treated 10-day-old Col-0 and bak1-4 seed-
lings with 50-uM ABA for 0, 15, 30, or 60 min before protein
extraction and immunoblot analysis with anti-ATPase anti-
bodies (as a loading control) and anti-pAHA2°** antibodies.
The intensity of the band detected with the anti-AHA2%%
antibody was stronger in Col-0 seedlings treated with ABA
relative to without ABA control or relative to bak1-4 at 30
and 60 min (Figure 4, G and H), indicating that ABA induces
the phosphorylation of AHA2°%** by BAK1 in vivo, and the
phosphorylation level was highest at 30 min among the time
points examined. In another experiment, we confirmed the
phosphorylation of AHA2*%, but did not find the apparent
phosphorylation intensity change of aha2-6 or bak1-4 after
ABA treatment for 30 min (Figure 4, | and ]). The weak
phosphorylation signal detected using AHA2*** antibodies
was also detected in the aha2-6 or bak1-4 mutant, which
may be attributed to a nonspecific cross-reaction of the
antibodies (Figure 4l). Thus, we repeatedly confirmed that
ABA-activated BAK1 phosphorylates the AHA2 C-terminus
in vivo at Ser-944.

BAKT1 positively regulates AHA2 activity

Next, we investigated the biological significance of AHA2
phosphorylation by BAK1. PM H™ -ATPases are active trans-
porters that utilize ATP as energy to transport H™ across
the PM (Sondergaard et al., 2004; Gaxiola et al, 2007; Duby
et al, 2009). We, therefore, assessed whether BAKT might
regulate PM H ™ -ATPase activity using a PM H " -ATPase as-
say (Yang et al, 2010). We measured the PM H* -ATPase ac-
tivity of Arabidopsis PM vesicles of Col-0 and aha2-6 plants
after incubation with recombinant BAK1-KD or GST (as a
negative control) for 30 min at room temperature. After the
addition of ATP, PM H™-ATPases hydrolyze ATP, the

The experiments were conducted as in Figure 2D. Data are means of three replicates (30 stomata from two rosette leaves per replicate) from one
experiment; error bars represent sb. Three independent experiments were performed with similar results. Significant differences compared to Col-
0 under the same treatment, as determined by Student’s t test: ***P < 0.001. |, Effects of ABA on light-induced stomatal opening in Col-0, aha2-6,
and ost2-2D plants. The 4-week-old plants kept in the dark for 24 h to close their stomata were soaked in MES-KOH buffer with different concen-
trations of ABA (5 or 10 uM) followed by 2-h illumination to promote stomatal opening. Stomatal apertures were measured using images acquired
with a 40 X objective light microscope. Data are shown as means of three replicates (30 stomata from two rosette leaves per replicate) from one
representative experiment, error bars represent so. Three independent experiments were performed with similar results. Significant differences
compared to Col-0 under the same treatment, as determined by Student’s t test: ***P < 0.001.
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Figure 4 BAK1 phosphorylates the C-terminus of AHA2. A, ABA enhances the phosphorylation of the AHA2-C-terminus by BAK1. BAK1-Flag was
immunoprecipitated from bak1-4 or a super promoter driving BAKT:BAK1-Flag/bak1-4 transgenic plants treated or not with 50-uM ABA for
30 min using anti-Flag antibodies. Immunoprecipitates and recombinant GST-AHA2-Cy, purified from E. coli were incubated in kinase reaction
buffer with 1 uCi [y-**P] ATP for 30 min at 30°C and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Top,
Autoradiograph; middle, Coomassie Brilliant Blue (CBB) staining; bottom, BAK1-Flag as equal loading control, as detected by anti-Flag antibodies.
Numbers represent the relative phosphorylation intensity. B, Statistical analyses of phosphorylation band intensity in (A). Data are means of band
intensities from four independent experiments as determined by Image) software. Significant differences compared to without ABA treatment in
BAK1-Flag/bak1-4 plants as determined by Student’s t test: *P < 0.05. C, BAK1 phosphorylates several sites of the AHA2-C-terminus. Recombinant
BAK1-KD-His protein was incubated with various recombinant AHA?2 proteins in kinase reaction buffer at 30°C for 30 min and separated by SDS—
PAGE. Top, Autoradiograph; bottom, CBB staining. Numbers represent relative phosphorylation intensity. D, Statistical analyses of phosphoryla-
tion band intensity in (C). Data are means of band intensities from three independent experiments as determined using Image) software.
Significant differences compared to AHA2 as determined by Student’s t test: *P < 0.05; **P < 0.01. E, BAK1 phosphorylates AHA2*°* in vitro.
Recombinant proteins were incubated in kinase reaction buffer in the presence of ATP and separated by SDS-PAGE. AHA2 phosphorylation sta-
tus was determined with an anti-pAHA2*** antibody (top). Bottom, CBB staining. Numbers represent relative phosphorylation intensity. F,
Statistical analyses of phosphorylation band intensity in (E). Data are means of band intensities from three independent experiments as deter-
mined by Image) software. Significant differences compared to BAK1+ AHA2 as determined by Student’s t test: *P < 0.05. G, BAK1 phosphorylates
AHA2** in vivo during ABA treatment at different timepoints. Col-0 and bak1-4 seedlings were treated with 50-uM ABA for 0, 15, 30, or 60 min,
respectively. Total proteins were separated by SDS—PAGE, followed by immunoblotting with anti-pAHA2*** antibody to determine the AHA2
phosphorylation status (top). Bottom, PM H*-ATPase as equal loading control, as detected by anti-ATPase antibody. Numbers represent relative
phosphorylation intensity. H, Statistical analyses of phosphorylation band intensity in (G). Data are means of band intensities from three indepen-
dent experiments as determined by Image] software. Significant differences compared to the wild-type Col-0 without ABA treatment as deter-
mined by Student’s t test: *P < 0.05. |, Comparison of AHA2°”* phosphorylation level among the wild-type, bak1-4 and aha2-6. The seedlings
were treated with 50-uM ABA for 30 min. The proteins were used for immunoblotting with anti-pAHA2°*% antibody. Bottom, PM H*-ATPase as
equal loading control, as detected by anti-ATPase antibody. Numbers represent relative phosphorylation intensity. J, Statistical analyses of phos-
phorylation band intensity in (I). Data are means of band intensities from three independent experiments as determined by Image] software.
Significant differences compared to the wild-type Col-0 without ABA treatment as determined by Student’s t test: *P < 0.05.
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resulting H™ efflux can be quantified with the pH-sensitive
fluorescent probe quinacrine, and the activity of PM H™-
ATPases can be measured based on the quinacrine fluores-
cence signal (Yang et al, 2010). When recombinant BAK1-
KD was added to Col-0 PM vesicles, H " -ATPase activity in-
creased by about 20% within 40s compared to the GST con-
trol, which was higher than that of recombinant BAK1-KD
or GST in aha2-6 PM vesicles (Figure 5, A and B), suggesting
that BAK1-KD activates H*-ATPase activity in vitro.

AHA2 functions with or downstream of BAK1 in
ABA-induced stomatal closure in Arabidopsis

To further explore the biological function of BAK1-mediated
phosphorylation and activation of AHA2 in ABA-induced
stomatal closure, we generated transgenic lines in the aha2-
6 mutant background by introducing the sequence encoding
the C-terminally mutated AHA2 versions AHA2**“® (phos-
phorylation mimetic) and AHA2***** (nonphosphorylatable)
under the control of the AHA2 promoter. Transgenic expres-
sion of AHA2**P in the aha2-6 background (ie. in
ProAHA2:AHA2***Pjaha2-6 plants) fully rescued the aha2-6
mutant phenotypes of water loss in the detached leaf assay
and ABA-induced stomatal closure, whereas transgenic ex-
pression of AHA2** (in  ProAHA2:AHA2****/aha2-6
plants) did not (Figure 6, A and C). Considering that the
ProAHA2:AHA?2 transgene only partially complemented the
aha2-6 mutant, these results indicate that AHA2** is criti-
cal for AHA2 function in ABA-induced stomatal closure and
drought stress.

To determine where AHA?2 acts relative to BAK1, we also
introduced the ProAHA2:AHA2***® and ProAHA2:AHA2>**4
transgene into the bak1-4 mutant, respectively, and mea-
sured the water loss and ABA-mediated stomatal movement
in the resulting transgenic lines. ProAHA2:AHA2*** expres-
sion did not have any effect on bak1-4 in either the
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Figure 5 BAKT1 positively regulates AHA2 activity. A, BAK1 enhances
PM H ™ -ATPase activity in vitro. Fifty nanograms of PM vesicles from
Col-0 and aha2-6 plants were incubated with 10 pug of recombinant
BAK1-KD protein or GST (as control) for 30 min at room temperature
to measure ATPase activity. B, Comparison of PM H " -ATPase activity
from (A). Error bars represent sp. Statistical significance is indicated by
different lowercase letters and was determined by Student’s t test
(P < 0.05). One representative experiment with three technical repli-
cates is shown, and three independent experiments were performed
with similar results.
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detached leaf water loss or ABA-induced stomatal closure
assays (Figure 6, B and C). However, ProAHA2:AHA2*?*P ex-
pression largely rescued the greater water loss normally seen
in bak1-4 in the detached leaf assay, as well as ABA-induced
stomatal closure (Figure 6, B and C). These results suggest
that AHA?2 acts at the same level in the signaling cascade as
BAK1, or downstream of BAK1, in regulating ABA-mediated
drought stress responses and that the phosphorylation of
Ser-944 is required for AHA2 activation. Nevertheless, these
results also suggest that the phosphorylation mimetic form
AHA2*%¥P is not sufficient for promoting stomatal closure
under normal growth conditions, but needs some additional
component(s) in ABA-promoting stomatal closure when
BAK1 is absent.

AHA2 and BAKT1 are involved in ABA-mediated
cytoplasmic alkalinization

Stomatal closure requires anions and cations to be trans-
ported out of guard cells across the PM. To investigate the
role of AHA2 and its activation by BAK1 in ABA-induced
transmembrane ion efflux in the PM of guard cells, we com-
pared H* transport in the guard cells of Col-0, aha2-6,
bak1-4, and ost2-2D plants. To measure H* flux, we used a
self-referencing microelectrode technique, named noninva-
sive micro-test technique (NMT), which allows the continu-
ous measurement of H flux for 720s from single guard cell
based on Fick’s first law of diffusion (Yan et al, 2015). The
instantaneous application of 30 UM ABA to the bath after
180s caused an apparent transmembrane H™ efflux in Col-0
and ost2-2D guard cells, with 0st2-2D experiencing a stronger
efflux and a faster decline than Col-0, although ost2-2D is
characterized by its constitutive PM H™-ATPase activity
(Figure 7A). After ABA treatment, H™ efflux from the peak
rapidly returned to near baseline levels (Figure 7A). The
quantification of H™ efflux before exposure to ABA, at the
peak response and end-exposure showed that a large
amount of H* was pumped from the cytosol to the apo-
plast during the peak response period in Col-0 and ost2-2D
guard cells (Figure 7B). In sharp contrast, transmembrane
H™* flux showed no response to ABA in aha2-6 and bak1-4
guard cells (Figure 7, A and B). These results suggest that
ABA can quickly induce a transient H™ efflux in guard cells,
which requires both BAK1 and AHA2.

ABA induces cytoplasmic alkalinization, which precedes
ROS production and leads to stomatal closure (Suhita et al,
2004). Based on the H* efflux measured above, we wished
to assess whether this transient H™ efflux across the PM
would cause a change in cytoplasmic pH. We first generated
a standard curve for a range of pH values from pH 5.5 to
pH 7.5 using confocal pH mapping with the ratiometric
probe carboxy-seminaphthorhodafluor-1-acetoxymethylester
(carboxy-SNARF-1-AM; Figure 7C). With the aid of this stan-
dard curve, we then measured pH in Col-0 and our various
mutants and transgenic lines. Cytoplasmic pH was lower in
both the aha2-6 and bak1-4 mutants relative to Col-0 under
normal conditions; among them, bak1-4 showed the lowest
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Figure 6 The phosphorylation mimetic AHA2**“® fully or largely complements the water loss phenotypes of aha2-6 or bak1-4, respectively. A,
Comparison of water loss from detached leaves of Col-0, aha2-6, two transgenic ProAHA2:AHA2***®/aha2-6 lines, and two ProAHA2:AHA2%%*/
aha2-6 lines. The experiment is as described in Figure 2C. Error bars represent sp. Significant difference compared to Col-0, as determined by
Student’s t test: *P < 0.05, **P < 0.01, **P < 0.001. B, Comparison of water loss from detached leaves of Col-0, bak1-4, two transgenic
ProAHA2:AHA2***P/bak1-4 lines, and two ProAHA2:AHA2%%/bak1-4 lines. Error bars represent sb. Significant difference compared to Col-0, as
determined by Student’s t test: *P < 0.05, **P < 0.01, ***P < 0.001. C, Comparison of ABA-induced stomatal closure in Col-0, aha2-6, bak1-4, and
transgenic lines as in (A) and (B). The experiment is described in Figure 2D. Error bars represent so. Significant difference compared to Col-0 under
the same treatment, as determined by Student’s t test: *P < 0.05, **P < 0.01, ***P < 0.001.

pH. Treatment with ABA caused a rise in cytoplasmic pH
within a few minutes, but to a lesser extent in the aha2-6
and bak1-4 mutants compared to the Col-0 (Figure 7, D
and E). In contrast, cytoplasmic pH was higher in ost2-2D,
ProAHA2:AHA2**“P |aha2-6, and ProAHA2:AHA2***P [bak1-4
transgenic plants than in Col-0 before ABA treatment. ABA
treatment further increased the cytoplasmic pH in the wild-
type, ProAHA2:AHA2°**Paha2-6, and ProAHA2:AHA2***/
bak1-4 transgenic plants, reaching a comparable level as in
ost2-2D, which did not exhibit a difference in pH before and
after ABA treatment (Figure 7, D and E). The cytoplasmic
pH in ProAHA2:AHA2***]aha2-6 did not change after ABA
treatment, while the cytoplasmic pH in ProAHA2:AHA2***/
bak1-4 plants after ABA treatment reached a similar level as
Col-0 before ABA treatment (Figure 7, D and E). It should
be noted that the measured value for each pair of guard
cells varies widely; the statistical analysis basically reflects the
cytoplasmic pH change in different genotypes. These results

suggest that AHA2 and BAK1 participate in ABA-induced
cytoplasmic alkalinization.

AHA2 and BAKT1 act upstream of ABA-induced ROS
production and Ca’>”* in guard cells

Since AHA2 affects cytoplasmic pH, we wondered whether
it would also influence ROS accumulation. We first con-
ducted stomatal conductance assays under ozone (Oj)
treatment, which increases cellular ROS levels (Horak et al,
2016). A high concentration of O; (400 ppb) reduced stoma-
tal conductance in both aha2-6 and Col-0 to a similar ex-
tent (Supplemental Figure S4A). Similarly, stomatal closure
of aha2-6 and aha2-4 responded normally (as observed in
Col-0 plants) to H,O, (Figure S4B). However, only ost2-2D
largely abolished H,O,-mediated stomatal closure, as previ-
ously reported (Merlot et al, 2007). These results suggest
that PM H ™ -ATPases act upstream of ROS to induce stoma-
tal closure.
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Figure 7 AHA2 and BAK1 participate in ABA-mediated cytoplasmic alkalinization. A, Effects of ABA addition on H™ flux in the guard cells of Col-
0, aha2-6, bak1-4, and ost2-2D plants. A continuous H™ flux recording over 720's was conducted for each guard cell in test medium, and 30-uM
ABA was added after 180s. Each point represents the mean of six individual guard cells from one experiment and error bars represent sp.
Significant difference compared to bak1-4 as determined by Student’s t test: *P < 0.05, **P < 0.01, **P < 0.001. Two independent experiments
with six guard cells and one experiment with three guard cells were performed with similar results. B, H™ flux in (A) from one experiment with six
guard cells. Preexposure, 0-180's; Peak-exposure, 181-486 s; End-exposure, 487—720s. Error bars represent so. Significant difference compared to
Col-0 at the same stage, as determined by Student’s t test: *P < 0.05, **P < 0.01, ***P < 0.001. C, Calibration curve of pH-dependent fluorescence
for carboxy-SNARF-1-AM dye. This dye was added to buffer containing epidermal strips. Fluorescence intensity ratios were averaged from at least
five values, each representing the mean intensity ratio of an area over the entire guard cell tested. Error bars represent sp. D, Representative images
of fluorescence intensity of cytosolic pH in guard cells of Col-0, aha2-6, bak1-4, and ost2-2D, one transgenic line expressing ProAHA2:AHA2*%*P in
the aha2-6 or bak1-4 backgrounds and one transgenic line expressing ProAHA2: AHA2**A in the aha2-6 or bak1-4 backgrounds treated with or
without 10-uM ABA for 10 min. Ch1 (channel 1, Emission 580 nm); Ch2 (channel 2, Emission > 600 nm); Ch1/Ch2 (ratio of channel 1/channel 2).
The pseudocolor bar represents a pH range from about 5.5-7.5 in the cytoplasmic area. Bar = 10 um (for all panels). E, Intracellular pH from 20
guard cells shown in (D). Error bars represent sp. Significant differences represented by different lowercase letters as determined by Student’s t test
(P < 0.05). Three independent experiments were performed with similar results.

To test this hypothesis, we measured ABA-induced ROS  treatment (Figure 8, A-D) and is consistent with the higher
accumulation in seedlings using 3’3-diaminobenzidine  H™ efflux after ABA treatment observed in this mutant
(DAB) staining for H,O, levels and Nitro blue tetrazolium (Figure 7A). We further detected the change of ROS in
(NBT) staining for superoxide (O") levels in all genotypes.  guard cells by a fluorochrome DCFH-DA (Hua et al,, 2012).
Col-0 and ProAHA2:AHA2/aha2-6 seedlings produced more  Treatment with 30-pM ABA for 2 h induced ROS accumula-
H,O, and O after ABA treatment, unlike aha2-6 and tion, but to a lower level in the aha2-6 and bak1-4 mutants
bak1-4 (Figure 8, A-D). In contrast to aha2-6, ost2-2D accu- compared to the Col-0 (Figure 8, E and F). In contrast, ROS
mulated more H,O, and O} even without ABA treatment in guard cells accumulated to higher levels in ost2-2D,
compared to Col-0, which was further enhanced after ABA  ProAHA2:AHA2°°**®/aha2-6, and ProAHA2:AHA2*°**® [bak1-4
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Figure 8 AHA2 and BAKT are involved in ABA-induced ROS production. A, DAB staining for H,O, in 10-day-old seedlings of Col-0, aha2-6,
ProAHA2:AHA2/aha2-6 (lines #2, #4), ost2-2D, and bak1-4 lines treated or not with 50 WM ABA for 5h. A representative leaf staining pattern is
shown. Bar = 1mm. B, DAB staining intensity, as determined with Image] software. Three independent experiments were performed with similar
results, each experiment with nine seedlings. Error bars represent sb. Significant difference compared to Col-0 under the same treatment, as deter-
mined by Student’s t test: *P < 0.05, ***P < 0.001. C, NBT staining for superoxide in 10-day-old seedlings of Col-0, aha2-6, ProAHA2:AHA2/aha2-6
(lines #2, #4), ost2-2D, and bak1-4 lines treated or not with 50 UM ABA for 5h. A representative leaf staining pattern is shown. Bar = 1Tmm. D,
NBT staining intensity, as determined with Image) software. Three independent experiments were done with similar results, each experiment with
five seedlings. Error bars represent sp. Significant difference compared to Col-0 under the same treatment, as determined by Student’s t test:
**P < 0.01. E, Representative images of DCFH-DA fluorescence intensity in guard cells of Col-0, aha2-6, bak1-4, ost2-2D, one transgenic line
expressing ProAHA2:AHA2***P in the aha2-6 or bak1-4 background and one transgenic line expressing ProAHA2: AHA2**** in the aha2-6 or
bak1-4 background treated or not with 30-uM ABA for 2 h. Emission = 488 nm. The pseudocolor bar represents the fluorescence intensity (for all
panels). Bar = 5 um (for all panels). F, DCFH-DA fluorescence intensity from 20 guard cells shown in (E). Error bars represent sp. Significant differ-
ences represented by different lowercase letters as determined by Student’s t test (P < 0.05). Three independent experiments were performed
with similar results. G, Proposed model of BAK1-mediated AHA2 activation during ABA-induced stomatal closure. Under drought stress, ABA
activates BAK1, which phosphorylates and activates the PM H* -ATPase AHA2, which itself induces cytoplasmic alkalinization, produces ROS, and
activates Ca®* influx, leading to an increased concentration of cytosolic Ca>*, and finally leads to stomatal closure. The three arrows from ABA
to cytoplasmic alkalization represent the main results of this study. The dotted line arrows represent the suspected outcomes. Some known key
components in ABA signaling involved in this process were not analyzed in this study. PYR1/PYLs: PYR1/ PYL ABA receptors; PP2C: the clade A
protein phosphatase 2C; GORK, Guard cell Outward Rectifying Shaker channel.

plants than in Col-0 plants before ABA treatment, and ROS
levels increased in all of these plants after ABA treatment.
The ROS levels in ProAHA2AHA2****/aha2-6 and
ProAHA2.AHA2***#[bak1-4 plants after ABA treatment

reached a similar level as in Col-0 before ABA treatment
(Figure 8, E and F). These results suggest that BAKT and PM
H*-ATPases are required for ABA-induced ROS accumula-
tion, with ost2-2D constitutively accumulating more ROS.
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In guard cells, cytoplasmic alkalinization induced by ABA
precedes ROS production, which in turn activates Ca’*
channels at the PM (Pei et al, 2000; Murata et al, 2007;
Suhita et al, 2004), leading to stomatal closure. Thus, we
tested whether PM H*-ATPases and BAK1 act upstream of
Ca’" signaling. Exogenous application of Ca’* resulted in
stomatal closure to the same degree in Col-0, bak1-4, aha2-6
bak1-4, aha2-4, and aha2-6 plants but appeared to have no
effect on ost2-2D plants, as previously reported
(Supplemental Figure S4C) (Merlot et al, 2007). The above
results suggest that BAKT and PM H™-ATPases are involved
in mediating ABA-induced elevation in Ca’* levels. Under
drought stress, ABA-activated BAK1 phosphorylates and
activates AHA?2, resulting in a transient H™ efflux from the
cytoplasm that leads to cytoplasmic alkalinization and ROS
production. These accumulated ROS may activate Ca’*
channels and finally close stomata (Chen et al, 20213
Figure 8G).

Discussion

Stomatal closure and opening are typically considered to be
regulated by two independent processes: (1) light-induced
stomatal opening relies on the activation of PM H¥-
ATPases that hydrolyze ATP to pump H™ from the cytosol
to the apoplasm, thereby generating a proton electrochemi-
cal gradient that drives other cations such as K™ into guard
cells, partly coupled to H™ influx (Wegner and Shabala,
2020; Wegner et al,, 2021) and (2) ABA and other factors in-
duce stomatal closure initially by activating SLACT and
QUACT channels to mediate anion efflux and PM depolari-
zation, which activates K™ channels for K™ efflux (Chen
et al, 2020, 2021a). bak1 mutants are susceptible to drought,
with rapid water loss, and their stomatal movement is in-
sensitive to ABA (Shang et al,, 2016). However, similar to the
role of activated PM H™-ATPases in promoting stomatal
opening, we discovered here that activated AHA2 is also re-
quired for ABA-induced stomatal closure. Our results sug-
gest that AHA2 is involved in regulating stomatal
movement, not because of compensatory transcriptional
changes of other AHA genes in the absence of AHA2.
Genetic analyses indicate that the loss-of-function mutants
aha2-6 and bak1-4 and the aha2-6 bak1-4 double mutant
are all similarly insensitive to ABA-mediated stomatal clo-
sure. These mutants all suffered from water loss to the same
extent (Figure 2). These results suggest that BAK1 works in
the same pathway as AHA2 for ABA-induced stomatal clo-
sure (Figure 8G).

Cytosolic alkalinization is an early and common event
that precedes ROS production during stomatal closure in re-
sponse to ABA, methyl jasmonate (MeJA) or chitosan
(Irving et al, 1992; Suhita et al, 2004 Gonugunta et al,
2009; Islam et al, 2010). During this process, PM H™-
ATPases are activated by protein kinase(s), because their ac-
tivation can be blocked by pretreatment with the common
protein kinase inhibitor K252a (Suhita et al, 2004). The
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addition of the weak acid butyrate can also reduce ABA-
and MeJA-triggered ROS production by lowering cytosolic
pH (Suhita et al, 2004). These results suggest that both cy-
tosolic alkalinization and PM H*-ATPases are required for
stomatal closure and require protein kinase(s). The rise in
cytoplasmic pH induced by ABA was impaired in both
aha2-6 and bak1-4 mutants, suggesting that both AHA2 and
BAK1 are involved in controlling cytoplasmic pH. Consistent
with the concept that cytosolic alkalinization precedes ROS
production (lrving et al, 1992; Suhita et al, 2004
Gonugunta et al,, 2009; Islam et al, 2010), both aha2-6 and
bak1-4 mutants accumulate less ROS than Col-0, and H,0O,
treatment induced stomatal closure equally in aha2-6, bak1-
4, and Col-0 plants. A recent study indicated that ABI1
interacts with and inhibits BAK1 (Deng et al., 2022). BAK1 is
activated in response to ABA treatment likely through re-
leasing the ABI1 inhibition on BAK1 by ABA-abound PYLs
(Deng et al, 2022). Our results suggest that BAK1 is a key
component in the positive regulation of the early signal
transduction pathway upstream of PM H™-ATPase-
mediated cytoplasmic alkalinization during ABA-induced
stomatal closure. Given that BAK1 generally works as a co-
receptor, we speculate that other receptor-like protein kin-
ase(s) may cooperate with BAK1 to mediate the activation
of PM H™-ATPases (Figure 8G), an idea that needs to be
further explored.

We demonstrated here that BAK1 interacts with AHA2
and that the BAK1-KD can phosphorylate and activate
AHA?2 in vitro. The LRR-RLK PSY1R phosphorylates AHA1
and AHAZ2 at the Thr-881 residue, which is conserved in all
AHA members except AHA10, and activates PM H " -ATPase
activity (Niittyld et al, 2007; Rudashevskaya et al, 2012
Fuglsang et al, 2014). However, which protein kinases target
the identified phosphorylation sites are not well known
(Nihse et al, 2007; Rudashevskaya et al, 2012). Recently,
two studies reported that auxin-activated TMK1 and/or
TMK4 directly phosphorylate the AHA2 (T947) or AHA1
(T498) penultimate Thr residue and activate these PM H™ -
ATPases (Li et al, 2021; Lin et al, 2021a). In this study, we
determined that AHA2**** can be phosphorylated by BAK1
both in vitro and in vivo. However, Ser-944 is only present
in AHA2 and AHA7 (Ser-956; Rudashevskaya et al, 2012).
These results suggest that BAK1 regulates AHA2 phosphory-
lation in ABA-induced stomatal closure. It seems that AHA2
Ser-944 is sufficient for its activation by ABA, as Ser-944-Ala
mutation could not, but the phosphorylation mimic form
Ser-944-Asp could largely complement the stomatal pheno-
types responding to ABA in either aha2-6 or baki-4.
However, we cannot exclude the importance of the other
phosphorylation sites of AHA2 by BAK1, and this possibility
merits further exploration.

In this study, we observed that H™ ions are pumped from
the cytosol into the apoplasm within 10 min after ABA
treatment in Col-0 but not aha2-6 or bak1-4 plants, as de-
termined by NMT (Figure 7A), which is similar to previous
observations for guard cell responses to MeJA (Munemasa
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et al, 2007; Yan et al, 2015). This result contradicts previous
reports of the negative regulation of PM H*-ATPase activity
by ABA (Merlot et al, 2007; Xue et al., 2018). As mentioned
above, the biological role of PM H™-ATPases is well known
for light-induced stomatal opening. We also determined
that aha2 mutants respond normally to inhibition of light-
induced stomatal opening by ABA, suggesting that light-
induced stomatal opening is not affected by the loss of
AHAZ2. In contrast, the gpal mutation in the G protein o
subunit impairs only the inhibition of light-induced stomatal
opening by ABA but not ABA-induced stomatal closure,
which is independent of pH (Wang et al, 2001), while ABA-
induced stomatal closure is dependent on pH in the aha2-6
mutant. Given that ABA not only activates PM H ™ -ATPases
that pump H™ into the apoplasm to hyperpolarize the PM
and activate inwardly rectifying K™ channels for K* uptake,
but also activates SLAC1 and QUAC1 channels to depolarize
the PM and activate outward K* channels for K™ efflux,
the results obtained in this study are consistent with previ-
ous data that mutants in early ABA signaling events such as
abi1-1, ost1, and ghr1 are impaired in both ABA-induced
stomatal closure and inhibition of light-induced stomatal
opening by ABA (Leung et al, 1994, Meyer et al, 1994;
Mustilli et al, 2002; Hua et al, 2012). However, ABA signal-
ing seems not to be directly involved in inhibiting PM H*-
ATPases during light-induced stomatal opening as we found
in aha2 mutants in this study. These results indicate that
ABA signaling plays dominant roles in promoting stomatal
closure during light-induced stomatal opening (Chen et al,
2020, 2021a). The main genetic evidence supporting the
possible role of ABA-inhibited PM H™ -ATPases comes from
the gain-of-function mutants ost2-1/2D, which have consti-
tutive PM HT-ATPase activity (Merlot et al, 2007).
However, in this study, we established that ost2-2D accumu-
lates more ROS and has a more basic cytoplasmic pH than
Col-0. One explanation for the observed resistance of the
ost2-2D mutant to ABA-induced stomatal closure is likely
that this mutant highly hyperpolarizes the PM, which can-
not be depolarized by ABA-activated SLAC1 and QUACT, or
other factors such as ROS, and Ca’*. Thus, the overly strong
phenotypes of ost2-2D may mask the real roles of PM H*-
ATPases in ABA-induced stomatal closure.

ABA-mediated ROS production can occur in different
parts of a cell (Qi et al,, 2018). A major source of ROS is the
PM-localized NADPH oxidases that can be phosphorylated
and activated by ABA-activated OST1 (Sirichandra et al,
2009). In the plant disease response, after the bacterial flagel-
lin epitope flag 22 activates the FLS2-BAK1 module, the
activated-BAK1 can directly phosphorylate and activate
BOTRYTIS-INDUCED KINASE1(BIK1) kinase that then phos-
phorylates and activates RbohD to trigger ROS production
(Li et al, 2014). ABA can also inhibit the transcription of
ABO6/8, two genes encoding proteins involved in regulating
splicing of RNAs in mitochondrial complex |, and increase
ROS production in mitochondria (He et al, 2012, Yang
et al, 2014), or promote ROS production in chloroplasts (Qi
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et al, 2018). As we found that ABA can activate BAK1, it is
possible that BAK1 promotes ROS production through BIK1
or its homologs PBLs to activate NADPH oxidases. However,
the previous studies suggested that ROS production occurs
after cytoplasmic alkalinization by ABA (Pei et al, 2000;
Murata et al,, 20071; Suhita et al.,, 2004). We also noticed that
the ost2-2D mutant accumulates more ROS under normal
conditions and even further increases ROS levels under ABA
treatment compared with the wild-type. Nevertheless, aha2-
6 accumulates less ROS under ABA treatment than the
wild-type. Thus, whether pH could trigger ROS production
such as through directly influencing the activities of NADPH
oxidases, and/or whether pH and the ROS pathway are par-
allel in ABA signaling, and/or whether BAK1 and OST1 inde-
pendently regulate NADPH oxidase activity need further
study.

In summary, our study provides important evidence for
the dual roles of PM H*-ATPases not only in light-induced
stomatal opening but also in ABA-induced stomatal closure,
emphasizing the importance of H* in PM cation and anion
influx and efflux (Wegner and Shabala, 2020; Wegner et al,
2021).

Materials and methods

Plant materials and growth conditions
In this study, A. thaliana wild-type (Col-0), and the
T-DNA insertion lines bak1-4 (SALK_116202), aha2-6
(SALK_062371), and aha2-4 (SALK_082786) were used. The
mutant ost2-2D was described previously (Merlot et al,
2007). The complementary plants (ProAHA2:AHA2;
ProAHA2AHA2* A ProAHA2:AHA2***P) in  aha2-6 or
bak1-4 and the complementary plants (a Super promoter
driving BAKT-Flag) in bak1-4 were generated through
Agrobacterium tumefaciens GV3101-mediated transforma-
tion. All transgenic A. thaliana lines and T-DNA insertion
mutants used in this study are in the Col-0 ecotype back-
ground. The primers used for constructing vectors and iden-
tifying these mutants are listed in Supplemental Data Set 1.

The seeds were surface-sterilized in a solution containing
20% (v/v) sodium hypochlorite (NaClO) and 0.1% (v/v)
Triton X-100 for 15min, washed 6 times with sterilized dis-
tilled 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, St. Louis, MO, USA),
and grown in a growth chamber (22-h light/2-h dark; under
LED light with 60 uEm™ s™' at 23°C) after being kept at
4°C for 3days in darkness. After 7-10days, seedlings were
planted and grown on soil (16-h light/8-h dark; under LED
light with 60 HEm™ 57" at 20°C+1°C; and 65% relative hu-
midity). For physiological experiments, the seedlings were
planted and grown on soil in short-day greenhouse condi-
tions with 12-h white light/12-h dark (under LED light with
60 LEm™ s™" at 20°C+1°C; and 60% relative humidity).

For the primary root growth assays, 4-day-old seedlings
grown on MS medium were transferred to MS medium
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supplemented with different concentrations of ABA and
vertically cultured for 4 days in a growth chamber.

Split-luciferase complementation assay

The assay was performed as previously described (Chen
et al, 2021b). The CDS of BAK1 was cloned into the 35S
promoter driving pCAMBIA1300-nLUC and that of AHA2
and was cloned into the 355 promoter driving
pCAMBIA1300-cLUC. GUS fused with nLUC or cLUC was
used as a negative control. The constructs were transformed
into Agrobacterium GV3101 and co-injected into N. ben-
thamiana leaves and cultivated for 48-72h. The images
were captured using a CCD camera (NightSHADE, LB985,
Berthold, Germany) after spraying 1mM of d-luciferin on
the leaves. Primer sequences are listed in Supplemental Data
Set 1.

Co-IP assay

Co-IP assay was performed as described previously (Kong
et al, 2015). The cDNA of Arabidopsis BAKT or SERK4 was
cloned into the super promoter driving pCAMBIA1300-Flag,
and AHA2 was cloned into the super promoter driving
pCAMBIA1300-MYC. AHA2-MYC and BAK1-Flag or SERK4-
Flag were co-transformed into Col-0 protoplasts, respec-
tively. After being cultivated for 16 h under weak light, total
proteins were extracted with IP buffer (50 mM Tris—HCI, pH
7.5, 150-mM NaCl, 02% Triton X-100, 5-mM dithiothreitol
(DTT), 1x PMSF and 1 X protease inhibitor cocktail), and
then incubated with Myc beads (Sigma-Aldrich) for 2 h. The
immunoprecipitated samples were washed 3 times with IP
buffer, separated on 8% SDS-PAGE gels and subjected to im-
munoblot analysis with anti-Myc (dilution of 1:5,000,
Cat#HT101-02, TRANSGEN) and anti-Flag antibodies (dilu-
tion of 1:5,000; Cat#F3165; Sigma-Aldrich).

Y2H assay

The cDNA of Arabidopsis BAKT-KD or SERK4-KD was cloned
into pGBDT7, respectively, and the cDNA of Arabidopsis
AHA2-Cy9 was cloned into pGADT7. Pair vectors of
BAK1-KD-BD and AHA2-Coo-AD, or SERK4-KD-BD and
AHA2-Cy9-AD, or empty vector pGADT7 and pGBDT7 were
co-transformed into yeast strain Y2HGold (Clontech,
Mountain View, CA, USA), respectively. The yeast cells were
grown on -2 SD (-Leu -Trp) or =4 SD (-His —Ade -Leu
~Trp) selective medium for 3 days.

Dual membrane system Y2H assay

Vectors of AHA2-pPR3-STE, PKS5-pBT3-N, BAK1-pBT3-SUC,
and GHR1-pBT3-STE were constructed according to the
DUAL membrane system manufacturer’s protocols
(Clontech, Mountain View, CA, USA), and then co-
transformed pairwise into the yeast strain NMY51. Yeast
cells were spread on -2 SD (-Leu -Trp) or -3 SD (-His —
Leu -Trp) with 3mM 3 AT selective medium, and cultivated
at 30°C for 3days. AHA2-pPR3-STE and PKS5-pBT3-N were
used as a positive control.
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Physiological experiments

All physiological experiments were performed as described
previously with some modifications (Hua et al, 2012; Zhu
et al, 2020). In the water loss assay of detached leaves, every
fifth rosette leaf of 4-week plants grown in a short-day
greenhouse conditions (12-h light/12-h dark; under LED light
with 60 iEm 2 s ~ at 20°C+1°C and 60% relative humid-
ity) was cut and placed on a piece of weighing paper. The
rosette leaves were periodically weighed every half hour for
2h, and every hour for a subsequent 4h. Water loss was
shown as a percentage of the original fresh weight. At least
three independent experiments were performed.

For the drought assay on soil, every nine 7-day-old seed-
lings were transferred onto one pot filled with an equal
amount of soil, and grown for another 7 days in short-day
greenhouse conditions (12-h light/12-h dark; under LED light
with 60 iEm™2 s™" at 20°C£1°C; and 60% relative humid-
ity). After the soil in each pot had fully absorbed water, pots
were put on a rotating plate board with one round per 80s
so that each plant was uniformly illuminated, and water was
withheld from these pots for about 16 days. The plants were
photographed when the soil moisture was reduced to 58%-
55%. Photographs were taken 3 days after fully and equally
rewatering the plants.

The water loss assay on soil was performed as described
previously (Hua et al, 2012). Every five seedlings of one
pot were grown for 4weeks under short-day greenhouse
conditions (12-h light/12-h dark; under LED light with
60 LEM™ 57" at 20°C+1°C; and 60% relative humidity). The
water loss of plants growing on soil was measured by weigh-
ing each pot with an electronic balance every 5min for
3 days. The data were recorded by a computer that was con-
nected to the balance. The data from three individual pots
for 1 day were analyzed.

For the stomatal aperture or number assays, epidermal
strips were peeled from the fourth rosette leaf of a 4-week-
old plant in soil, and then incubated in MES buffer (10-mM
MES-KOH, pH 6.15, 10-mM KCl, and 50-uM CaCl,) in an il-
lumination incubator (22-h light/2-h dark; under LED light
with 60 .Em™ s™" at 23°C) for 4h to ensure that the sto-
mata were fully opened. The epidermal strips were trans-
ferred to MES buffer containing 10-uM ABA, 0.2-mM H,0,,
or 0.5-mM CaCl,, respectively, for 2 h at 23°C. To study the
inhibition of light-induced stomatal opening by ABA, the
plants were put in darkness for 24h to close the stomata
before epidermal strips were peeled and incubated with
MES buffer containing 10-pM ABA for 2 h in an illumination
incubator (22-h light/2-h dark; under LED light with
60 UEm™ s~ at 23°C). The stomatal aperture or stomatal
number were examined double-blind under a 40 X objective
with a light microscope and measured using Image) software.

For the Infrared thermal imaging assay, every nine 10-day
soil-grown seedlings in one pot under short-day greenhouse
conditions (12-h light/12-h dark; under LED light with
60EM™ s7' at 20°C+1°C and 60% relative humidity),
were photographed using an Infrared thermal imager when
soil moisture was 80%—75%.
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Stomatal conductance in response to the ABA or O3 was
determined as described previously (Kollist et al,, 2007). A 3-
to 4-week-old whole plant in a pot was used for sustaining
recording stomatal conductance for 30 min. Then the stimu-
lus (5-uM ABA or 400 ppb O; for 5min) was applied and
stomatal conductance was recorded for another 70 min.

For recording photosynthetic rate, a previously described
method was used (Wang and Kinoshita, 2017). The soil-
grown whole plants were grown in short-day greenhouse
conditions (12-h light/12-h dark; under LED light with
60 LEm™> 57" at 21°C£1°C; and 60% relative humidity) for
14 days. The first measurement by the LI-6400XT photosyn-
thesis measuring system (Licor, USA) was performed when
the soil moisture was 95%—-90%. After withholding water un-
til the soil moisture reached 80%—75%, the second measure-
ment was taken for the same plants.

Kinase activity assay

The CDS of BAK1-KD was cloned into the pET28a vector
and the CDS of AHA2-Cy9 was cloned into the pGEX-4T-1
vector. Recombinant proteins HIS-BAK1-KD and GST-AHA2-
Cyoo and the mutant proteins of GST-AHA2-Cyy (T858A,
T881A, S944A, Y946A, T858A/S944A/Y946A, and T8B81A/
T858A/S944A/Y946A) were purified from BL21 E. coli and
subjected to an in vitro phosphorylation assay. About 3-ug
HIS-BAK1-KD, 2 ng GST-AHA2-Cyo, and the mutant proteins
were incubated in kinase buffer (2-mM Tris—HCl, pH 7.5,
1-uM CaCl,, 02-mM DTT, 0.5-mM MgCl,, 0.1-mM MnCl,)
with 50-uM cold ATP and 1uCi [y->>P] ATP at 30°C for
30 min. Proteins were separated by 10% SDS-PAGE. After
Coomassie blue staining, the radioactivity was detected us-
ing a Typhoon 9410 imager (Amersham, USA).

For the in vitro phosphorylation assay from plants, total
proteins were isolated with IP buffer from the bak1-4 and
bak1-4 complemented seedlings (Super promoter driving
BAK1:BAK1-Flag/bak1-4) treated with 50-uM ABA for
30min, and immunoprecipitated with Flag-beads (Sigma-
Aldrich). Then the immunoprecipitated proteins were incu-
bated with 2-ug GST-AHA2-Cyy protein in kinase buffer
with 50-uM cold ATP and 1-uCi [y-**P] ATP at 30°C for
30 min, and separated by 10% SDS-PAGE. After Coomassie
blue staining, the gels were put into the phosphor screen.
Finally, radioactivity was detected using a Typhoon 9410 im-
ager. The proteins from bak1-4 seedlings were used as a neg-
ative control.

For the in vivo phosphorylation assay from plants, 10-day-
old Col-0, bak1-4, or aha2-6 seedlings were treated with 50-
PM ABA or 1/2 MS for 30 min before total PM proteins
were isolated. The PM isolation assay was performed as de-
scribed previously (Qiu et al, 2002; Yang et al, 2010) with
some modifications. About 1g of seedlings was ground with
liquid nitrogen and suspended in isolation buffer (0.33 M
Suc, 0.2% [w/v] bovine serum albumin, 10% [w/v] glycerol,
5-mM DTT, 5-mM EDTA, 5-mM ascorbate, 0.6% [w/V]
polyvinylpyr-rolidone, 0.2% [w/v] casein, 1-mM phenylme-
thylsulfonyl fluoride, and 50-mM HEPES-KOH, pH 7.5). The
homogenate was centrifuged at 10,000g for 10min, and
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then the supernatant was filtered through two layers of
Miracloth. Subsequently, the sediment was obtained by cen-
trifugation for 1h at 100,000g from the supernatant. The
sediment was then resuspended in buffer | (0.33-M Suc, 3-
mM KCl, 1-mM DTT, 1-mM phenylmethylsulfonyl fluoride,
2-mM EDTA, 5-mM K™ phosphate with pH 7.8, and 1x
protease inhibitor, pH 7.5). The PM (upper phase) was
obtained using precold two-phase mixture (6.2% [w/w]
Dextran T-500, 0.33 M Suc, 0.1-mM EDTA, 1-mM DTT, 6.2%
[w/w] polyethylene glycol 3350, and 5-mM K™ phosphate
with pH 7.8) by standing on the ice 15min or centrifuging
the tubes at 1,000g for 5min. Buffer Il (0.33-M Suc, 2-mM
DTT, 0.1-mM EDTA, 1-mM phenylmethylsulfonyl fluoride,
20-mM HEPES-KOH, and 1x protease inhibitor, pH 7.5)
was added to dilute the PMs, and samples were then centri-
fuged for 1h at 100,000g. The sediment was resuspended
with buffer Il containing 1-mM EDTA to obtain the PM.
The PM proteins were divided in half and separated by 8%
SDS-PAGE. One half was subjected to immunoblot analysis
with anti-AHA2*** (BPI, China) antibodies and the other
was subjected to immunoblot analysis with anti-ATPase (di-
lution of 1:2,000, Cat#AS07260, Agrisera) antibodies as the
loading control. The synthetic peptide CKGHVESVVKL with
S phosphorylation was used for making anti-AHA2%% anti-
bodies in rabbits (dilution of 1:500, BPI, China).

HIS-BAK1-KD (3 pg) and GST-AHA2-Cyy (2 pg) recombi-
nant proteins purified from E. coli were incubated in kinase
buffer (2-mM Tris—HCl, pH 7.5, 11uM CaCl,, 0.2-mM DTT,
0.5-mM MgCl,, 0.TmM MnCl,) with 50-uM cold ATP at
30°C for 30 min. The proteins were divided in half, and sepa-
rated by 10% SDS-PAGE. One half was for Coomassie blue
staining and the other was subjected to immunoblot analy-
sis with anti-AHA2%%% (BPI, China) antibody.

PM H *-ATPase activity assays

Four-week-old Arabidopsis plants grown under short-day
greenhouse conditions (12-h light/12-h dark; under LED
light with 60 iEm™ s™' at 21°C+1°C; and 60% relative hu-
midity) were treated with 250-mM NaCl for 3 days. About
50 g rosette leaves were cut and ground with liquid nitrogen
for the PM isolation assay as described above. The isolated
PM vesicles were used to measure H™-transport activity.
The H™ -transport activity of PM H ™ -ATPase was measured
as described previously (Qiu et al, 2002; Yang et al, 2010).
The H* produced by PM H*-ATPase formed an inside-acid
pH gradient (ApH) in the vesicles, and it was measured as a
decrease (quench) in the fluorescence by a pH-sensitive fluo-
rescence probe (quinacrine).

Fifty nanograms of PM vesicles from wild-type plants were
incubated with 10pug of BAK1-KD protein at 25°C for
30 min, and then 1-mL measurement buffer (3-mM MgSO,,
100-mM KCl, and 25-mM 1, 3-Bis [Tris (hydroxylmethyl)
methylamino] propane-HEPES, 250-mM mannitol, and 5-mM
quinacrine, pH 6.5) was added to the mixtures. The samples
were then transferred into a cuvette and placed in a fluores-
cence spectrophotometer (Hitachi F-7000) with 430-nm exci-
tation and 500 nm emission wavelength. After the mixtures
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were stirred in the dark for 2 min, fluorescence was recorded
for 5min with the addition of the final concentration of 3-
mM ATP. About 20-mM Carbonyl cyanide m-chlorophenyl
hydrazone (a protonophore) was supplied to dissipate the
remaining pH gradient and stop the reaction.

Measurement of net fluxes of H * in guard cells

Net fluxes of H™ were measured using NMT as described
(Yan et al, 2015). A change of hydrogen ion flow rate near
guard cells detected by NMT is thought to indicate the
activity of PM H™-ATPase (Yan et al, 2015). The H™ -micro-
sensor was prepared as follows: A backfilling solution
(40-mM KH, PO, and 15-mM NaCl, pH 7.0) was first filled
into a prepulled and silanized microsensor (®1.5+0.5 pm,
XY-CGQ-02, YoungerUSA) by an injector with a length of
10 mm. The tip of the microsensor was filled selective liquid
ion-exchange cocktails (H * LIX, XY-S)-H, YoungerUSA) to a
length of 40 um under the microscope. The microsensor
was connected to an Ag/AgCl wire microsensor holder
(YG003-Y11, wused as the reference microsensor,
YoungerUSA) to make electrical contact with the electrolyte
solution. The reference microsensor was balanced in 5mL of
guard cell measuring buffer (0.2-mM Na,SO,, 0.1-mM CaCl,,
0.1-mM MgCl,, 0.1-mM KCl, 0.5-mM NaCl and 0.3-mM
MES, pH 6.5) for 30 min before being calibrated in calibrat-
ing buffer (0.1-mM CaCl,, 0.1-mM KCl, and 0.3-mM MES),
with different concentrations of H *: pH 555 and pH 6.5,
respectively. Only a microsensor with a Nernstian slope
>50mV/decade was used in this study. The same micro-
sensors were calibrated again according to the same proce-
dure and standards after each test.

For the measurement steps, the epidermal strip was
peeled from the fourth rosette leaf of a 4-week-old plant,
and was incubated in 5-mL guard cell measuring buffer for
45min. Replaced a new 5mL of the guard cell measuring
buffer into the cultural media and putted the cultural media
into the control console under the microscope. Before meas-
urements were taken, the distance between the calibrated
microsensor and the guard cell was adjusted under the mi-
croscope until the calibrated microsensor was ~5-10 mm
above the guard cells. A phase-sensitive operational amplifier
was used to obtain real-time (~6s) measurements of trans-
membrane H* flux. Measurements were taken continuously
for 3min. Then, 30-uM ABA was added and measurements
were continued for 9 min and stopped finally. The effect of
ABA on H™ flux in guard cells was calculated based on the
proton flow rate.

Measurement of cytosolic pH

Changes in cytosolic pH in guard cells were measured via
confocal microscopy using the pH-sensitive dye SNARF-1-AM
(Zhang et al., 2001). Epidermal strips were peeled from the
fourth rosette leaf of a 4-week-old plant, and then incu-
bated in MES buffer (10-mM MES-KOH, pH 6.15, 10-mM
KCl, and 50-uM CaCl,) in an illumination incubator for 4 h
to ensure the stomata were fully opened. After this incuba-
tion, 20-uM SNARF-1-AM was added from a 3-mM stock
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solution in DMSO, along with 0.05% pluronic F-127, and
samples were incubated for 30 min in the dark at 25°C-
27°C. For ABA treatment, the seedlings were incubated
with 10-uM ABA for 10 min. Samples were then washed
several times with the incubation buffer to clear excess dye
prior to imaging. Dye-loaded guard cells were examined us-
ing a laser-scanning confocal microscope (Bio-Rad
MicroRadiance) with the following wavelength settings:
Excitation = 488 nm; Emission = 580 nm (channel) and
Emission > 600 nm (channel 2). The Nikon TE300 inverted
microscope (objective 40/0.60 Plan Fluor) was used for im-
age analyses. Signals from selected frames were scanned si-
multaneously in both channels and the intensity ratio
(channel 1: channel 2) was calculated for each pixel. Each
data point was obtained from at least 20 guard cells.

To convert the measured intensity ratios to pH, a ratio-
versus-pH curve calibration graph was obtained as follows:
SNARF-preloaded epidermal strips were incubated in MES
buffers, pH 5.5-7.5 (adjusted with Tris), containing 50-mM
KCl, 10-mM MES, 10-mM nigericin (a K*/H * exchanger,
which equilibrates the external and internal pH), for another
20 min. Fluorescence ratios were obtained by scanning guard
cells of defined pH values. Changes in intracellular pH can
be calculated as a linear relationship between pH and fluo-
rescence intensity ratios over the pH ranges 5.5-7.5.

ROS measurement in plants

ROS was measured in seedlings as described previously
(Yang et al, 2014) with some modifications. Ten-day-old
seedlings were treated in liquid MS with or without 50-pM
ABA for 5h. For DAB staining to detect H,0O,, the seedlings
were incubated in 0.3 mg/mL DAB (Sigma-Aldrich) dissolved
in 50-mM Tris—HCI (pH 5.0) for 8 h. For NBT staining to de-
tect superoxides, the seedlings were incubated in an NBT
(Sigma-Aldrich) reaction buffer (1-mM NBT, 20-mM K-phos-
phate, 0.1-M NaCl, pH 6.2) for 15 min. Dye-loaded seedlings
were then washed 3 times with water. The seedlings were
incubated in acidified methanol buffer (10-mL methanol,
2-mL HCI, 38-mL ddH,0) at 57°C for 15 min (until transpar-
ent), and then soaked in a basic solution containing 7%
NaOH in 60% ethanol for 15min at room temperature. The
seedlings were incubated 10 min at each step in the follow-
ing series: 40% ethanol, 20% ethanol, 10% ethanol, 5% etha-
nol, and 25% glycerol, and finally were examined in 50%
glycerol with an Olympus BX53 microscope.

For the DCFH-DA (2, 7’-dichlorodihydrofluorescin diace-
tate) assay, epidermal strips were peeled from the rosette
leaves of 4-week-old plants, and then incubated in MES
buffer (10-mM MES-KOH, pH 6.15, 10-mM KCl, and 50-uM
CaCly) in an illumination incubator for 4h to ensure the
stomata were fully opened. After this incubation, 50-pM
DCFH-DA was added from a 0.5-mM stock solution in
KPHO, (pH 6.0), and the samples were incubated for 30 min
in the dark at 25°C-27°C. For ABA treatment, the seedlings
were incubated in MES buffer for 4h and with 30-uM ABA
for 2 h before being incubated with DCFH-DA. Samples were
then washed several times with the incubation buffer to



2726 I THE PLANT CELL 2022: 34; 2708-272934; 2708-2729

clear excess dye prior to imaging. Dye-loaded guard cells
were examined using a laser-scanning confocal microscope
(Bio-Rad MicroRadiance) with the following wavelength set-
tings: Excitation = 488 nm; Emission = 505-530nm. The
Nikon TE300 inverted microscope (objective 40/0.60 Plan
Fluor) was used for image analyses. Each data point was
obtained from 20 guard cells.

RT-gPCR

Total RNAs of 10-day-old seedlings were extracted using a
HiPure Plant RNA Mini Kit (Magen, R4151). First-strand
cDNA synthesis of 4ug RNAs was performed using a
Maxima H Minus First Strand cDNA Synthesis Kit (Thermo
Scientific, K1682). RT-gPCR was performed using a StepOne
Plus PCR system with SYBR Green Mix (TaKaRa, Shiga,
Japan). The primers used for RT-qPCR are listed in
Supplemental Data Set 1.

Statistical analysis

All statistical analyses were performed by using two-tailed
Student’s t tests in Microsoft Excel. Different letters repre-
sent statistical significance, while the same letters mean no
significant difference. The statistical results are shown in
Supplemental Data Set 2.

Accession numbers

Sequence data in this article can be found in The
Arabidopsis Information Resource under the following acces-
sion numbers: AHA2 (AT4G30190), BAK1 (AT4G33430),
SERK4 (AT2G13790), PKS5 (AT2G30360), and GHR1
(AT4G20940).
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