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Stomata open in response to a beam of weak blue light under strong red light illumination. A blue light signal
is perceived by phototropins and transmitted to the plasma membrane H'-ATPase that drives stomatal opening.
To identify the components in this pathway, we screened for mutants impaired in blue light-dependent stomatal
opening. We analyzed one such mutant, provisionally named blus2 (blue light signaling?), and found that stomatal
opening in leaves was impaired by 65%, although the magnitude of red light-induced opening was not affected.
Blue light-dependent stomatal opening in the epidermis and H" pumping in guard cell protoplasts were inhibited by
70% in blus2. Whole-genome resequencing identified a mutation in the AHAI gene of the mutant at Gly-602. T-DNA
insertion mutants of AHA1 exhibited a similar phenotype to blus2; this phenotype was complemented by the AHA1
gene. We renamed blus2 as ahal-10. T-DNA insertion mutants of AHA2 and AHA5 did not show any impairment
in stomatal response, although the transcript levels of AHA2 and AHA5 were higher than those of AHAT in wild-
type guard cells. Stomata in o0st2, a constitutively active AHA1 mutant, did not respond to blue light. A decreased
amount of H"-ATPase in ahal-10 accounted for the reduced stomatal blue light responses and the decrease was
likely caused by proteolysis of misfolded AHAL. From these results, we conclude that AHA1 plays a major role in
blue light-dependent stomatal opening in Arabidopsis and that the mutation made the AHA1 protein unstable in

guard cells.

Stomata regulate gas exchange between plants and the
atmosphere and allow CO, provision for photosynthesis
and transpiration. These latter processes facilitate the
transport of minerals to plant tissues through the xylem
system, resulting in plant growth under ever-changing
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environments (Hetherington and Woodward, 2003;
Roelfsema and Hedrich, 2005; Vavasseur and Raghavendra,
2005; Shimazaki et al., 2007). Stomatal aperture is
finely regulated by light, water status, the phytohor-
mone abscisic acid, and other environmental factors
(Pandey et al., 2007; Kim et al., 2010). Blue light (390-
550 nm) is one of the most effective stimuli for sto-
matal opening; blue light responses of stomata are
almost ubiquitous in land plants from lycophytes to
euphyllophytes, but not in Polypodiopsida (Doi et al.,
2006, 2015). Some plant species require blue light
for both stomatal opening and photosynthetic CO,
fixation (Doi et al., 2015). Blue light is perceived
by phototropins (photl and phot2), which are plant-
specific light-activated protein kinases associated
with the plasma membrane (Kinoshita et al., 2001;
Briggs and Christie, 2002). Phototropins contain two
domains called LOV1 (light, oxygen, or voltage) and
LOV2 close to the N terminus as photoreaction sites
and a C-terminal Ser/Thr kinase (Christie, 2007;
Tokutomi et al., 2008; Inoue et al., 2011). [llumination
of plants with blue light results in the activation of
phototropins by autophosphorylation and induces
various responses, including phototropism, chloro-
plast movements, leaf flattening, and stomatal opening
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Figure 1. Impaired response of stomata to blue light in the blus2 mutant. A, Thermal images of blue light responses of Arabidopsis
wild-type, phot1-5 phot2-1, and blus2 mutants. Plants were illuminated with red light (80 umol m~?s™") for 50 min, followed by
blue light (5 umol m~2s~") for 15 min. The leaf temperature image was visualized by subtraction of thermal images created before
and after 15 min illumination of blue light. Bar = 1 cm. B, Quantification of leaf temperature decrease in response to blue light.
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(Inoue et al., 2008, 2010). In guard cells, signals from
activated phototropins are transmitted to the plasma
membrane H™-ATPases and induce phosphorylation-
dependent activation and subsequent binding of
14-3-3 proteins (Kinoshita and Shimazaki, 1999;
Svennelid et al., 1999). The activated H-ATPases drive
K" uptake through the hyperpolarization-activated
inwardly rectifying K* (K*;,)) channels in the plasma
membranes, and the resulting K*salt accumulation in
guard cells elicits stomatal opening (Assmann, 1993;
Roelfsema and Hedrich, 2005; Shimazaki et al., 2007;
Kim et al., 2010). The signals from activated photo-
tropins are likely transmitted to SLAC1-type anion
channels for inhibition (Marten et al., 2007; Negi et al.,
2008; Vahisalu et al., 2008) and K*,, channels for acti-
vation (Zhao et al., 2012), both of which facilitate stomatal
opening, although the exact nature of the events is not
understood. A protein phosphatase 1 and its regulator
PRSL1 mediate the signaling between phototropins and
the H™-ATPase (Takemiya et al.,, 2006, 2013a), and an
unidentified protein kinase(s) may catalyze the phos-
phorylation of H™-ATPase for its activation.

Previously, we developed a screening strategy using
infrared thermography to isolate Arabidopsis (Arabi-
dopsis thaliana) mutants impaired in stomatal opening
specific to blue light (Takemiya et al., 2013b). Using
this screen, we obtained several mutants and demon-
strated that a novel Ser/Thr protein kinase BLUS1
undergoes phosphorylation as a phototropin substrate
and functions as an initial step in phototropin signal-
ing in response to blue light. However, the signaling
mechanisms by which phototropins transduce the
light signal into downstream responses are not fully
understood.

The plasma membrane H™-ATPase acts as a primary
transporter in fungi and plants, and drives a large
number of secondary transporters by enhancing the
membrane potential and pH gradient across the plasma
membrane (Palmgren, 2001). The H"™-ATPase is acti-
vated in response to various signals such as blue light,
osmotic shock, Suc, and the phytohormone auxin
(Kinoshita and Shimazaki, 1999; Kerkeb et al., 2002;
Niittyld et al., 2007; Takahashi et al., 2012; Okumura
et al., 2016). There are 11 isoforms of H*-ATPase in
Arabidopsis. Several isoforms have been shown to ex-
hibit organ and development specific functions in
Arabidopsis, such as salt tolerance (AHA4; Vitart et al.,
2001), seed coat endothelium (AHA10; Baxter et al.,
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2005), pollen development (AHAZ3; Robertson et al., 2004),
and embryo formation (AHA1 and AHA2; Haruta et al,,
2010). However, functional specificity of H'-ATPase
isoforms has not been reported for Arabidopsis stomatal
guard cells. The isoforms are thought to function re-
dundantly in stomatal opening, and the 11 isoforms are
all expressed in guard cells with high expression levels
for AHA1, AHA2, and AHA5 (Ueno et al., 2005). The
isoforms AHA1, AHA2, AHA3, and AHAS belong to the
same H'™-ATPase subfamily in Arabidopsis (Arango
et al, 2003). By contrast, constitutive activation of
AHA1 keeps stomata open (Merlot et al., 2007), and
overexpression of AHA2 in guard cells promotes light-
induced stomatal opening that results in the enhance-
ment of plant growth (Wang et al., 2014), suggesting the
functional importance of specific isoforms in guard cells.
In mesophyll cells, only four isoforms are expressed
(Ueno et al., 2005).

In this study, we performed genome resequencing of
a mutant that was demonstrated by thermography to
be impaired in blue light-dependent stomatal opening
and found that AHAI was the responsible gene. We
also showed that AHAI has a major role in stomatal
opening in response to blue light, while other AHA
genes that are highly expressed in guard cells, such as
AHA2? and AHA5, do not play an essential role in this
response.

RESULTS

Blue Light Response of Stomata Is Impaired in the
blus2 Mutant

We used infrared thermography to screen an M2
population from ethyl methanesulfonate-mutagenized
Arabidopsis (Col-gl1) for mutants that showed impaired
stomatal opening specific to blue light. We identified a
mutant that showed only a small leaf temperature de-
crease in response to blue light under moderate red light
(80 wmol m 2 s7%; Fig. 1, A and B). Wild-type control
plants showed a clear temperature decrease, while the
double mutant phot1-5 phot2-1, which is unresponsive to
blue light, did not show a temperature decrease. Stomatal
conductance in wild-type plants increased under strong
red light (600 umol m 2s7') to reach a steady state; it
was further increased by weak blue light (20 wmol m 2s7))
superimposed on the red light (Fig. 1C). In the mutant,
stomatal conductance was increased by the red light to

Figure 1. (Continued.)

Leaf temperature was quantified using PE Professional software (NEC Avio Infrared Technologies). Bars represent *se (n=5; *P <
0.01) C, Light-dependent stomatal opening, as measured by stomatal conductance, in intact leaves of wild-type Arabidopsis and
blus2. Red light (600 umol m~2s™ " andblue light (20 wmol m~2s™") were switched on/off as indicated. Bars represent st (n=4).
D, Absolute increase of stomatal conductance in response to red light and blue light. Bar represents *st (n=4; *P < 0.05). E, Half-
time of stomatal opening in response to red light of the wild type and blus2. We obtained the maximum stomatal conductance and
the time required for reaching this point after red light illumination and the conductance just before the illumination. We drew an
approximate straight line using these parameters and calculated half-time required to reach the maximum conductance in the
wild type and blus2. Bar represents = st (n=4; *P < 0.05). F, Light-dependent stomatal opening in epidermal peels from wild-type
Arabidopsis and mutants. Epidermis peels from dark-adapted plants were illuminated by red light (60 wmol m™2s™") or red light
(50 umol m™s7") and blue light (10 wmol m™? s7") for 2 h. Bars represent +sb (n = 75 stomata; *P < 0.01).
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Figure 2. Decrease of H*-ATPase in guard cell of blus2 mutant. A, Blue light-dependent H* pumping of guard cell protoplasts
from the wild type and blus2. Protoplasts were incubated with red light (600 umol m~? s™") illumination for 2 h, and a pulse of
blue light (100 umol m~2s™": 30 s) was applied as indicated (n = 3). B, Relative quantification of maximum rate of H* pumping
and H* efflux from guard cell protoplasts (n = 3 independent experiments; *P < 0.01). C, Phosphorylation of H*-ATPase in re-
sponse to blue light. Guard cell protoplasts were incubated under red light (600 wmol m~?s™") for 30 min, then a pulse of blue
light (100 wmol m™2s™": 30 s) was applied for 3 min. Phosphorylation was quantified by protein blot using 14-3-3 protein. Upper
panel shows H*-ATPase phosphorylation. Lower panel shows immunoblot using H*-ATPase-specific antibodies. Each lane
contains 2.5 ug (protein blot) or 5 ug (immunoblot) of protein (n=9; *P < 0.01). D, Relative phosphorylation in response to blue
light. Phosphorylation was quantified using Image). Bars represent =st (n=9; *P < 0.01). E, Relative quantification of H*-ATPase
in guard cell protoplasts. The H*-ATPase was reacted with specific antibodies and the band images were quantified using
Image). Bars represent xse (n=9 independent experiments; *P < 0.01). F, Phosphorylation of phototropins and BLUS1. Guard cell
protoplasts were incubated as described in A. Reaction was terminated after 2 min of blue light illumination. Immunodetection
was performed using phot1, phot2, BLUS1, and BLUST pSer 348 antibodies. Each lane contains 8 ug of proteins (n = 3).

the same magnitude as in wild-type plants, but the rate
of conductance increase was slightly lower (Fig. 1, C-E).
The half-time required for the maximum magnitude
was 14 min for wild-type plants and 18 min for the
mutant in response to red light. The blue light response
was inhibited by about 60% in both rate and magnitude
(Fig. 1, C and D). In epidermal peels, the red light-
induced opening response was very small in both
wild-type and mutant plants, and stomatal opening by
blue light was almost completely inhibited in the mu-
tant (Fig. 1F). No difference was found in stomatal ap-
erture among the plants under dark conditions. These
results suggest that blue light-dependent stomatal

2734

opening is impaired in the mutant. We provisionally
named the mutant blus2 (blue light signaling?2).

Amount of the Plasma Membrane H*-ATPase Is Decreased
in Guard Cells of blus2

Since stomatal opening in response to blue light is
driven by H" pumping in guard cells, we examined H*
pumping in guard cell protoplasts from blus2 and
found that it was inhibited by 70% (Fig. 2, A and B). We
indirectly determined the phosphorylation status of
the plasma membrane H'-ATPase by a 14-3-3 protein

Plant Physiol. Vol. 171, 2016
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binding to the H'-ATPase in guard cell protoplasts. The
H"-ATPase in wild-type plants was phosphorylated in
response to blue light, while it was only 30% phos-
phorylated in the mutant (Fig. 2, C and D). Interest-
ingly, the amount of H*-ATPase was reduced to 35% in
the mutant (Fig. 2E). Next, we performed immunolog-
ical analysis to determine whether other components in
this signaling pathway in guard cells, such as photo-
tropins (photl and phot2) and BLUSI1 kinase, were af-
fected. The analysis indicated that the amounts of phot1
and phot2 were not altered and that photl and phot2
were normally phosphorylated in the blus2 mutant (Fig.
2F). The amount of BLUS1 was not reduced and it was
phosphorylated at the physiological site Ser-348, in
agreement with previous work (Takemiya et al., 2013b;
Fig. 2F). The results indicate that the impairment of
stomatal opening in response to blue light was due to a
reduction in the amount of H™-ATPase in guard cells.

Plant Physiol. Vol. 171, 2016

Stomatal Opening by Fusicoccin Is Impaired in the
blus2 Mutant

As reduction in the amount of H™-ATPase in guard
cells appeared to be responsible for the impairment of
stomatal responses, we postulated that fusicoccin-
induced stomatal opening might also be suppressed
because fusicoccin directly activates H'-ATPase. As
shown in Figure 3A, the rate of stomatal opening after
fusicoccin treatment was reduced in the mutant com-
pared to wild-type plants. The rate of H" pumping in
guard cell protoplasts by fusicoccin was decreased to
50% (Fig. 3, B and C), with an accompanying decrease
in phosphorylation levels of H-ATPase in the blus2
mutant (Fig. 3, D and E). However, the reductions in
rate of H" pumping and level of phosphorylation were
less in the fusicoccin-induced responses compared to
blue light responses in the blus2 mutant. This difference
is probably due to the reversible dephosphorylation of
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Table 1. Identification of the gene responsible for blus2 by next-generation sequencing

Total reads from blus2 genome by GAllx and percentage of reads aligned to reference wild-type genome.

blus2 Numbers of Reads Percentage of Aligned Reads
Aligned to reference 35,568,396 85.98
Unaligned to reference 5,800,492 14.02
Unknown reads 0 0

the H™-ATPase that deactivates H" pumping activity;
dephosphorylation proceeds in blue light-dependent
responses, but the reactions are arrested in fusicoccin-
induced events. The amount of H™-ATPase was not
changed by fusicoccin treatment (Fig. 3F).

AHA1 Gene Is Mutated in blus2

To identify the gene responsible for the blus2 phe-
notype, we performed whole-genome resequencing
using F2 plants of a backcross population. An 86%
read was aligned to the wild-type genome sequence
(Table I). We focused on four candidate genes (Table
IT) and identified a base pair change in H"-ATPase
isoform AHA1 (Arabidopsis H-ATPasel). The AHA1
gene of At2¢18960 in blus2 mutant has a G-to-A point
mutation at nucleotide 3705, which results in a Gly-
to-Asp amino acid substitution at position 602 (Fig.
4A). We transformed the blus2 mutant with AHA1
and infrared thermographic analysis showed com-
plementation of the stomatal phenotype (Fig. 4, B and
C). The results indicate that the impairment of sto-
matal opening by blue light is due to a lesion of the
AHA1 gene, which resulted in a reduction in the
production of H"-ATPase.

We obtained the SAIL_1285_D12 mutant line in
which T-DNA was inserted in the third exon of AHA1
(ahal-9; Fig. 4A). RT-PCR analysis of AHAI ex-
pression revealed that the mutant is a null allele
(Supplemental Fig. S1). The ahal-9 mutant exhibited
impairment in blue light-dependent stomatal opening
in both intact leaves (Fig. 4, D-F) and the epidermis
(Fig. 4G) and showed essentially the same pheno-
type as the blus?2 mutant (Fig. 1). The ahal-9 mutant
showed similar phenotypes as the blus2 mutant in H*
pumping and phosphorylation of the H"-ATPase in
response to blue light and fusicoccin (Supplemental
Fig.S2, A-C). The amount of H™-ATPase in ahal-9 was
reduced to 35%, similar to the reduction in blus2
(Supplemental Fig. S2D). Furthermore, the rate of red
light-induced stomatal opening was decreased in

ahal-9 as in blus2; the half-times for maximum mag-
nitude were 13 min for the wild type and 17 min for
ahal-9. The results indicate that impairment of sto-
matal opening in blus2 is brought about by the mu-
tation of the AHA1 gene.

F1 backcrosses showed that blus2 and ahal-9 muta-
tions are recessive alleles (Supplemental Fig. S3A).
Crosses between single blus2 and ahal-9 mutants
revealed the same impairment in leaf temperature
change in response to blue light as the single mutants
(Supplemental Fig. S3B), confirming that AHA1 is the
gene responsible gene for the blus2 phenotype. We
therefore renamed blus2 as ahal-10.

Stomatal Blue Light Response in the o0st2 Mutant

Merlot et al. (2007) identified the constitutively ac-
tive AHAI mutants 0st2-1D and o0st2-2D. We therefore
expected that stomata in the constitutive active AHA1
mutants hardly respond to blue light. In the mutant
screen performed here, we identified a mutant whose
stomata opened in the dark and found that this mu-
tation affected amino acid residue P68S, just as in
o0st2-1D. Since the 0st2-1D mutant is derived from the
Ler background, we named our mutant as ost2-3D.
Wild-type and phot1-5 phot2-1 double mutant plants
showed leaf temperatures of 21°C, whereas 0st2-3D
had a temperature of 18.5°C due to wide stomatal
opening in the dark (Fig. 5A, upper panel). These
three plant types were then illuminated with red light
at 80 umol m~*s™! for 50 min and exposed to weak
blue light at 5 umol m~*s™* for 15 min. Subtraction
images before and after blue light application (Fig.
5B, lower panel) revealed that leaf temperatures de-
creased by 0.25°C in wild-type plants, but not in the
phot1-5 phot2-1. 0st2-3D mutants exhibited only a slight
leaf temperature decrease in response to blue light
(Fig. 5C). Epidermal peels of 0st2-3D showed that
stomata opened widely in the dark and that no fur-
ther actual opening occurred in response to blue light
(Fig. 5D). The results further support our conclusion

Table Il. Candidate genes of blus2

Reference Variant Allele Gene Gene Symbol Exon Number Position in Protein Amino Acid Change
G A AT2G18240 AT2G18240 2 191 S—N
G A AT2G18960 AHA1 9 602 G-D
G A AT2G36790 UGT73C6 1 252 P—L
G A AT2G38823 AT2G38823 2 70 A-T
2736 Plant Physiol. Vol. 171, 2016
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of stomatal conductance in response to red light and blue light of the wild type and aha7-9. Bar represents st (n=4; *P < 0.05).
F, Half-time of stomatal opening in response to red light. The half-times were determined as in Fig. 1E. Bar represents *se (n = 4;
*P < 0.05). G, Light-dependent stomatal opening in epidermal peels from wild-type Arabidopsis and mutants. Epidermis
peels from dark-adapted plants were illuminated by red light (50 umol m~? s™") and blue light (10 wmol m~?s™") for 2 h. Bars

represent =sp (n = 75 stomata; *P < 0.01).

that AHA1 plays a major role in blue light-dependent
stomatal opening in Arabidopsis.

Role of AHA2 and AHAS in Blue Light-Dependent
Stomatal Opening

Eleven H'-ATPase isoforms are expressed in Arabi-
dopsis guard cells, with high expression of the AHAI,
AHA2, and AHAS5 genes (Ueno et al.,, 2005); this sug-
gests that some isoforms may function redundantly in
the regulation of stomatal opening. To investigate the
role of the AHA2 and AHADS isoforms in the stomatal
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response, we obtained a knockdown allele of aha2-4 and
a knockout allele of aha5-2 (Supplemental Fig. S4, A and
B). Infrared thermal images showed that the mutants
of both aha2-4 and aha5-2 exhibited decreased leaf
temperatures as observed in wild-type plants (Fig. 6A;
Supplemental Fig. S4C). Likewise, aha2-4 and aha5-2
exhibited the typical blue light-dependent stomatal
opening in epidermal peels (Fig. 6B) and both mutants
showed normal blue light-dependent H" pumping in
guard cell protoplasts (Fig. 6, C and D). Immunological
analysis showed that the amount of H*-ATPase was not
reduced in either aha2-4 or aha5-2 (Fig. 6, E and F). Since
the H™-ATPase antibodies used in this study were
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Figure 5. ost2 mutation affects blue light- A
dependent stomatal opening. A, Thermal im-
ages of dark conditions and blue light responses
of Arabidopsis wild-type, phot1-5 phot2-1, and
ost2-3D mutants. Upper panel: thermal image
of dark conditions. Plants were kept overnight
in the dark and leaf temperature was mea-
sured by infrared thermography. Lower
panel: subtracted images of blue light re-
sponses. Plants were illuminated with red
light (80 wmol m™ s™") for 50 min, followed by
blue light (5 wmol m~2 s for 15 min. The leaf
temperature image was visualized by subtraction
of thermal images created before and after
15 min illumination of blue light. Bar =1 cm. c

B, Leaf temperature of the wild type, phot1-5 0.00
phot2-1, and ost2-3D in dark conditions. Bars
represent sk (n = 10; *P < 0.01). C, Quanti-
fication of leaf temperature decrease in re-
sponse to blue light. Bars represent st (n=10;
*P < 0.01). D, Blue light-dependent stomatal
opening in the epidermal peels of the wild
type and ost2-3D mutant. Bars represent =sp
(n =75 stomata).
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raised against the catalytic domain of VHA?2 (Vicia faba
H'-ATPase2; Kinoshita and Shimazaki, 1999), it is
possible that the antibodies exclusively recognized
AHAL1 and did not recognize AHA2 or AHAS5. To
eliminate this possibility, we produced recombinant
GST fusions of the catalytic region of AHA1, AHA2,
and AHADS that corresponded to the VHA?2 catalytic
region. Immunoblot analysis showed that the anti-
bodies utilized here recognized all these recombinant
proteins (Supplemental Fig. S5), therefore excluding
the potential problem raised above. Our results indi-
cate that AHA1 is expressed at higher protein levels
than AHA2 and AHAS in guard cells and that AHA1
has a major function in blue light-dependent stomatal
opening in Arabidopsis.

Expression of AHA1 Transcript in Guard Cells of
Wild-Type and Mutant Plants

The immunological analysis of AHA isoforms de-
scribed above indicated that the transcript levels of
AHA1 were likely to be higher than those of AHA2 and
AHAS) in guard cells. To confirm this, we used quanti-
tative real-time PCR of cDNAs produced from total
RNAs of guard cell protoplasts of wild-type and mu-
tant plants (Supplemental Fig. S6). Unexpectedly,
however, AHAT expression was the lowest of the tested
AHAs: AHA2 and AHAS transcript levels were 1.7- and
3.5-fold higher than that of AHAI. This result suggests
AHAI is not the major isogene at the transcript level.
We also determined the amount of AHA1 transcript in
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Wild-type ost2-3D

guard cell protoplasts from ahal-10 and found that this
was comparable to the wild-type plants (Supplemental
Fig. 57).

AHAL1 Is Degraded in ahal-10 in a Proteasome-
Dependent Pathway

The ahal-10 mutation caused a reduction in the
amount of H*-ATPase to a level similar to that in ahal-9,
an AHAT null allele mutant (Fig. 2E; Supplemental Fig.
S3D). Since the AHA1 transcript was not reduced in
the ahal-10 mutant (Supplemental Fig. 57), it is likely
that misfolded AHA1 proteins were formed and then
degraded in the mutant. Misfolded proteins are usually
degraded by proteasome-dependent or -independent
systems in the cytoplasm of eukaryotic cells (Schmitz
and Herzog, 2004; Piper and Luzio, 2007). To examine
whether degradation of misfolded AHA1 proteins oc-
curred in ahal-10, we treated guard cell protoplasts
with the proteasome inhibitor MG132. We found that
the level of H'-ATPase increased in the mutant to the
same level as in wild-type plants; wild-type plants
showed no response in terms of H-ATPase to MG132
(Fig. 7, A and B). The analysis suggests that misfolded
AHAI1 proteins were degraded in the ubiquitin-
proteasome pathway. We next treated guard cell pro-
toplasts with the protease inhibitors apronitin (10 um),
N“tosyl-lys chloromethyl ketone (TLCK; 1 mm), or a
1% cocktail of protease inhibitors. The level of H*-
ATPase did not change significantly in wild-type
plants, but the treatments did increase the level

Plant Physiol. Vol. 171, 2016


http://www.plantphysiol.org/cgi/content/full/pp.16.01581/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01581/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01581/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01581/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01581/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01581/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01581/DC1

Blue Light Response of Stomata Requires AHA1

A B 2.0 mDark
c oRL+BL
Wild-type ahat-9 aha2-4 aha5-2 08 T 40}
i E e = T . 1 =
5 =
2
S 30F
y=
@
o
©
I 20 f
w©
§
»n 107t
0.0 . L
Wild-type aha2-4 ahab-2
C
% D 140
g Wild-type aha2-4 Wild-type ahab-2 120 | _]_
g BL BL BL BL K100 }
I 1 ' + Y ! + :
o T E é 80 |
o ° 2 % 60}
£ E c T
g o~ 40
= 3 min 3 min 20
& 0 ’ ’
T Wild-type aha2-4 aha5-2
F 140
Wild-type aha2-4  Wild-type ahas-2 £ 120
RL BL RL BL RL BL RL BL 2 100
: i Protein blot =
N (S T-14-3-3) s &
] 'mmunoblot B P
- - (Anti-H*-ATPase) 3 40
E
< 20

Wild-type aha2-4 ahab-2

Figure 6. aha2-4 and aha5-2 mutants are not affected in blue light-dependent stomatal opening. A, Thermal images of the wild
type, aha1-9, aha2-4, and aha5-2 mutant responses to blue light. Plants were illuminated with red light (80 umol m~2s™") for
50 min, followed by blue light (5 umol m~2 s~") for 15 min. The leaf temperature image was visualized by subtraction of
thermal images created before and after 15 min illumination of blue light. Bar = 1 cm. B, Blue light-dependent stomatal
opening in the epidermal peels of the wild type, aha2-4, and aha5-2 mutants. Bars represent =sp (n = 75 stomata). C, Blue
light-dependent H" pumping in protoplasts of the wild type, aha2-4, and aha5-2 mutants. Blue light illumination was
applied as indicated (n = 3). D, Relative quantification of maximum rate of H* pumping and H* efflux from guard cell
protoplasts (n = 3 independent experiments). E, Blue light-dependent phosphorylation of H*-ATPase in aha2-4 and aha5-2.
Upper panel shows H*-ATPase phosphorylation. Lower panel shows immunoblot using H"-ATPase specific antibodies. Each
lane contains 2.5 ug (protein blot) or 5 ug (immunoblot) of proteins (n = 3). F, Relative quantification of H+-ATPase in guard

cell protoplasts (n = 3 independent experiments).

in the ahal-10 mutant up to that of the wild type
(Supplemental Fig. S8, A and B). Since chymotrypsin-
like proteins and/or trypsin-like proteins, which
function in the proteasome, are sensitive to the
protease inhibitors used. It is likely that protease
inhibitors are also effective to prevent protein deg-
radation in proteasome pathway (Lorenzo et al.,
2002). Overall, we conclude that misfolded AHA1
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proteins were formed and then degraded through
the proteasome system.

DISCUSSION

The identification of a mutation in AHAI as respon-
sible for the phenotype was a surprise as all 11 Arabi-
dopsis H-ATPase isoforms are expressed in guard cells
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Figure 7. Effect of proteasome inhibitor on the amount of H*-ATPase in
guard cell protoplasts. A, Immunoblot of H*-ATPase after treatment of guard
cell protoplasts with MG132. Guard cell protoplasts from wild-type and
ahat-10 plants were incubated with 50 um MG132 for 30 min at 24°C.
Upper panel shows immunoblot using the H*-ATPase antibodies. Lower
panel shows Ponceau S staining as loading controls. Each lane contains 5 ug
proteins of guard cell protoplasts (n = 3). B, Quantification of the amount of
H*-ATPase. Amount was quantified using ImageJ, and the relative values to
the controls are expressed. Bars represent st (n = 3; *P < 0.01).

(Ueno et al., 2005), with high expression levels of AHA2
and AHAS, and the isoforms are thought to function
redundantly in stomatal opening. We tested the roles of
AHA?2 and AHAS in stomatal responses and found that
the blue light responses of stomata were not altered in
aha2 and aha5 single mutants. These observations were
in agreement with the conclusion that AHAI plays a
major role in blue light-dependent stomatal opening
(Fig. 6). The importance of AHA1 or AHA?2 for stomatal
opening has been demonstrated by induction of dom-
inant mutations or overexpression of individual AHA
genes in guard cells of Arabidopsis (Merlot et al., 2007;
Wang et al.,, 2014). Analyses of loss-of-function AHA1
genes with respect to stomatal opening together with
those of aha2 and aha5 mutants provided genetic evi-
dence for the important role of AHA1 in blue light-
dependent stomatal opening. We note here that the
blue light response of stomata in the ahal-10 mutant
was not completely inhibited in intact leaves, with 30 to
40% of the responsiveness being retained. The remain-
ing activities are probably driven by other isoforms of
H"-ATPases in the guard cells.

Why does the AHA1 isoform in guard cells play a
major role for blue light-dependent stomatal opening in
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Arabidopsis? One possibility is that only AHA1 is
activated by blue light in guard cells. However, the
available evidence suggests this is not the case because
blue light can elicit H* pumping and induce phos-
phorylation of H™-ATPases in guard cells of ahal mu-
tants, although the magnitudes of these responses are
small (Fig. 2). We suggest that since the level of AHA1
protein is greater than those of other isoforms in guard
cells, then mutation of AHA1 greatly decreases the
total amount of H'-ATPases. This proposal is consis-
tent with our observation of a greatly reduced level of
H"-ATPase in both ahal-9 and ahal-10 mutants (Fig.
2E; Supplemental Fig. S3D), although not in the aha2
and aha5 mutants (Fig. 6F). In agreement with these
results, a proteomics analysis indicated that only AHA1
and AHA9 isoforms are found in guard cell protoplasts
(Zhao et al., 2008).

The mutation of AHA1 in ahal-10 resulted in a Gly-
to-Asp substitution at position 602, which is in the
P domain of H*-ATPase of Arabidopsis (Fig. 4). This
amino acid is highly conserved in the H'-ATPase
isoforms of both Arabidopsis and other plant species
(Supplemental Fig. S9). The mutation in ahal-10 might
produce an aberrant H-ATPase structure, such as a
misfolded protein, which is likely degraded in the
proteasome pathway (Fig. 7).

We showed that the AHA1 protein was the most
abundant of all AHA isoforms in guard cell protoplasts
and expected this to be reflected at the mRNA level.
However, the transcript level of AHA1 was the lowest
among AHA1, AHA2, and AHA5 in protoplasts from
wild-type plants (Supplemental Fig. 56). Such discrep-
ancy between the amounts of transcript and protein
was also reported in AHA? in leaf tissues, in which
AHAZ2 protein was present although AHA? transcript
was not detected (Alsterfjord et al., 2004). Our results
accord with a recent transcriptome analysis, which in-
dicated that the transcripts of AHA5 were higher than
those of AHA1 in intact guard cells (Bauer et al., 2013).
Other work reported that the transcripts of AHAI,
AHA2, and AHAS were equally expressed in guard cells
(Bates et al., 2012). Growth conditions and age of the
plants might affect the amount of the H"-ATPase pro-
teins present; seasonal changes have been demon-
strated to affect pump activity by H"-ATPase in guard
cells (Lohse and Hedrich, 1992). The presence of a large
amount of AHAIL proteins in guard cells might be
regulated by posttranscriptional processes; further in-
vestigation will be necessary to determine the cause of
this effect.

The mechanisms of red light-induced stomatal
opening in plants are a matter of debate. It has been
suggested that the opening is mediated by reduction in
intercellular CO, concentration via photosynthesis in
mesophyll chloroplasts and/or action of unidentified
substances derived from mesophyll cells (Roelfsema
et al., 2006; Lawson et al., 2008; Fujita et al., 2013; Mott
et al., 2014), by the action of products generated by
guard cell chloroplasts (Schwartz and Zeiger, 1984; Doi
and Shimazaki, 2008; Suetsugu et al., 2014), or by
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membrane hyperpolarization of guard cells (Serrano
et al., 1988). Our results indicate that red light-induced
stomatal opening in the AHAI mutants ahal-10 and
ahal-9 was decreased in rate but was not in magnitude.
These results imply that the reduced activity of H'-
ATPase in mutant guard cells was related to the de-
creased rate of opening. Since H*-ATPase maintains the
highly hyperpolarized state of guard cells by a steady-
state current (Taylor and Assmann, 2001; Roelfsema
et al., 2002), the reduction of the H*-ATPase activity
might result a higher likeliness of guard cells to shift toa
more depolarized state in the mutant, in comparison to
the wild type. The hyperpolarized membrane potential
supports the high turgor pressure in guard cells and is
likely to be in a prepared state for opening stomata
quickly in response to red light. Red light may reduce
the CO, concentration and cause the inactivation of
anion channels; the basal current of H-ATPase in
guard cells may favor stomatal opening in collabora-
tion with the inactivation of anion channels. Further
investigations will be needed to clarify this mechanism.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotypes Col-0 and Col-gl1 were used
in all experiments as wild-type plants. M2 seeds from ethyl methanesulfonate-
mutagenized plants were obtained from the Nisshoku Group. The photl-5
phot2-1 double mutant plant was used as a control showing nonresponsiveness
to blue light (Kinoshita et al., 2001). ahal-9 (At2¢18960: SAIL_1285_D12), aha2-4
(At4g30190: SALK_082786; Haruta et al., 2010), and aha5-2 (At2924520:
SALK_010589) were obtained from the Nottingham Arabidopsis Stock Center
(NASC). The Col-gl1 background ost2-3D mutant was previously isolated in a
mutant screen using infrared thermography (Takemiya et al., 2013b). For mutant
screening, the mutagenized plants were grown in 0.8% agarose plates containing
2.3 mm MES-NaOH (pH 5.7), 1% (w/v) Suc, and half-strength Murashige-Skoog
salts for 10 d under continuous white light (60 pmol m 2571 at 23°C. The plants
were then transferred to 1:1 soil and vermiculite mixture and grown for 8 d under
white light (60 wmol m s ) with 13-h/11-h light/dark cycle. The plants used for
other experiments were grown in 1:1 soil and vermiculite mixture for 4 weeks
under white light (60 wmol m 2 s™!) with 14-h/10-h light/dark cycle.

Determination of Changes in Leaf Temperature by
Infrared Thermography

Leaf temperature was determined by infrared thermography as previously
described (Takemiya et al., 2013b). Briefly, plants were kept in the dark at 21 to
24°C and 40 to 50% relative humidity and illuminated with red light (80 wmol
m2s™!) for 50 min, and then a continuous weak blue light (5 umol m2s ) was
superimposed on the red light. The temperature decrease was visualized by
subtraction of thermal images created before and after 15 min illumination with
blue light using PE Professional software (NEC Avio Infrared Technologies).

Stomatal Aperture and Gas Exchange

The dark-adapted epidermal peels were floated on 1 mL of basal reaction
mixture and illuminated with red light (60 umol m~2s Y orred light (50 umol
m 2s7!) and blue light (10 wmol m ™25 1 or treated with fusicoccin at 10 um in
the dark for 2 h. Basal reaction mixtures contained 5 mm MES-BTP (Bis-Tris
propane), pH 6.5, 50 mm KCI, and 0.1 mm CaCl,. Stomatal apertures of abaxial
epidermis were measured using a microscope (Eclipse TS100; Nikon).

Stomatal conductance was determined using a portable gas exchange system
(Li6400; Li-Cor) equipped with an Arabidopsis leaf chamber (6400-15; Li-Cor).
The measurements were performed with an airflow of 200 L h™!, 350 ppm CO,,
relative humidity of 40 to 60%, and 24°C. The leaf was illuminated with red light
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(600 wmol m ™25 ?) for 50 min and then with superimposed blue light (20 wmol
m 25! for 20 min. Data were recorded at 10-s intervals.

Isolation of Guard Cell Protoplasts

Guard cell protoplasts were isolated enzymatically from 4- to 5-week-old
leaves of Arabidopsis as described previously (Ueno et al., 2005; Takemiya et al.,
2013b). The typical yield of guard cell protoplasts was 4.3 X 107 cells per 5,000
leaves with a purity of 98%.

Blue Light- and Fusicoccin-Dependent H* Pumping

Blue light- and fusicoccin-dependent H pumping was determined using a
glass pH electrode as described previously (Ueno et al., 2005). The reaction
mixture (0.8 mL) contained 0.125 mm MES-NaOH (pH 6.0), 1 mm CaCl,, 10 mm
KCl, 0.4 M mannitol, and 50 ug proteins.

Effect of Protease Inhibitors on the Amount of H*-ATPase

Guard cell protoplasts were treated with 26S proteasome inhibitors MG132
(50 um; Sigma-Aldrich) and Ser protease inhibitor apronitin (10 um; Calbio-
chem) with 2 mm DTT (Nacalai Tesque), 1 mm N“-tosyl-lys chloromethyl ketone
(TLCK; Calbiochem), and 1% protease inhibitor cocktail Set IIT (Calbiochem) by
incubation of the protoplasts with each chemical for 30 min at 24°C. Guard cell
protoplasts were also treated with 5 mm PMSF (Nacalai Tesque) for 30 min at
24°C in the same manner. The reaction suspensions contained 0.125 mm MES-
NaOH (pH 6.0), 1 mm CaCl,, 10 mm KCl, 0.4 M mannitol, 1% DMSO, and 5 ug
proteins from guard cell protoplasts. Reactions were stopped with trichloro-
acetic acid (Nacalai Tesque) at the indicated times. The mixtures were kept on
ice for 10 min followed by centrifugation for 10 min at 14,000 rpm, 4°C. The
pellets were washed with 50 mm Tris-HCl (pH 8.0) and used for SDS-PAGE.

Analyses of Protein Blots and Immunoblots

Guard cell protoplasts were incubated in a reaction mixture (0.7 mL) con-
taining 0.125 mm MES-NaOH (pH 6.0), 1 mm CaCl,, 10 mm KCl, and 0.4 m
mannitol. Guard cell protoplasts were illuminated with red light (600 wmol m s ")
for 30 min and then a pulse of blue light (100 umol m 2 s™") was applied for
30 s. Phosphorylation of the penultimate Thr in H*-ATPase was determined by
a protein blot using GST-14-3-3¢ with slight modifications of the described
method (Kinoshita and Shimazaki, 1999; Svennelid et al., 1999). The amount of
H*-ATPase was determined by immunoblotting (Takemiya et al., 2013a). phot1,
phot2, and BLUS1 were identified by immunodetection with polyclonal anti-
bodies as described (Kinoshita et al., 2001; Takemiya et al., 2013b). Phospho-
rylation of BLUSI at Ser-348 was determined by antibodies that recognize blue
light-specific phosphorylation in BLUS1 (Takemiya et al., 2013b).

Resequencing and Detection of Single-
Nucleotide Polymorphisms

Genomic DNAs from Col-gl1, F2 population of back crossed with blus2, and
Landsberg erecta, were extracted with Plant DNeasy mini kit (Qiagen). Libraries
were prepared using NEBNext DNA Library Prep Reagent Set for Illumina
(NEB) after sonication with Covaris S2. For adaptors and primers, NEB Next
Singleplex Oligos for Illumina were used. Sequencing was conducted on a
GAIIx (Illumina). Sequence data were imported into Strand NGS software
(Agilent), and alignment of 75-nucleotide reads to reference Arabidopsis Col-0
genome was performed using the COBweb algorithm using the following pa-
rameters: minimum alignment score, 95; number of gaps allowed, 5; number of
matches to be output for each read, 1; ignore reads with alignment length <25;
trim 3" end with average base quality less than 10. After filtering the mapped
read with Tile Quality filter in Strand NGS, Bayesian-based single-nucleotide
polymorphisms were extracted in Strand NGS using the following parameters:
ignore reference locations with coverage below 10; ignore reference locations
with variants below 6; confidence score cutoff, 30. Effects by single-nucleotide
polymorphisms were detected on annotated genes and then further analyzed
with Microsoft Excel. Raw sequence data were deposited in DDBJ Sequence
Read Archive (DNA Data Bank of Japan: accession number DRA003952). The
analyses of blus2 and other mutants were carried out simultaneously. Reads of
the other mutants will be published elsewhere.
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Vector Construction and Generation of Transgenic Plants

We constructed the AHAT genomic region —4,188bp to +6,843bp from the start
ATG. The 5,106-bp region from —4,188 bp to +918 bp was amplified using the
following primers: 5'-GGCCAGTGCCAAGCTTCTACTACACATACATGAGTC-3'
and 5-GTAGCAATCAGAATTCACAAGTTGCTTCTACTGATAG-3'. The product
was purified and ligated into pRI101-AN (Takara), digested with HindIII
and EcoRI using the infusion HD cloning kit (Clontech). The 5,602-bp region
including +918 bp to +6,843 bp was amplified using the following primers: 5'-
AGCAACTTGTGAATTCCTCTATTGTAATTGATTTTG-3" and 5-GTAGCAAT-
CAGAATTCCATCCATATCTTTGGACGTG-3'. The product was purified and
ligated into the vector with a genomic fragment cut with EcoRI using the infusion HD
cloning kit. The construct was transformed into blus2 using Agrobacterium tumefaciens-
mediated transformation.

RT-PCR and Real-Time PCR Analysis

Total RNAs were extracted from leaves and guard cell protoplasts using
RNeasy (Qiagen). First-strand cDNA was synthesized from 500 ng of total RNA
using the Superscript III First-strand Synthesis System (Invitrogen). The primer
sets for RT-PCR were 5'-GGAATTCATGTCAGGTCTCGAAGATATCAA-
GAACG-3' and 5'-CGGGATCCCTACACAGTGTAGTGATGTCCTG-3' for
AHAT; 5'-GGAATTCATGTCGAGTCTCGAAGATATCAAGAACG-3' and 5'-
CGGGATCCCTACACAGTGTAGTGACTGGGAG-3' for AHA2; 5'-GGAATT-
CATGGAGGAAGTGTTCGAGGAGC-3" and 5'-CGGGATCCTTAAACGGTG-
TAATGTGCTGAATCGIG3' for AHA5; and 5'-ACTTTACGCCAGTGGTCGTACAAC-
3" and 5'-AAGGACTTCTGGGCACCTGAATCT-3' for ACTS.

Real-time PCR was performed using the Brilliant IIT Ultra-Fast SYBR Green
QPCR Master Mix (Agilent) and MxP3000 QPCR system (Stratagene). The primer
sets for gene specific amplification were 5'-GCTATGGCTTCTAGGGTGG-3" and
5'-GCCAGTTACCATCAGAGTCG-3' for AHAT; 5'-TGAACGTCCTGGAGCA-
TTG-3" and 5'-TTCCCAGTTGGCGTAAACC-3' for AHA2; and 5'-GAAGAAA-
GATGCTCCTGGTG-3' and 5'-CCTGATTGTCTCGGCACTGT-3' for AHA5. The
AHA?2 primers were described previously (Haruta et al., 2010). A standard linear
curve for absolute quantification was created using pBluescript Il KS+ (Stratagene)
containing AHA1, AHA2, or AHA5 CDS with serial dilution from 0 to 10° copies.

Preparation and Immunodetection of GST Fusion Protein

The catalytic regions of AHA1l, AHA2, and AHA5 from cDNA were
subcloned into the pGEX-2T vector (Pharmacia Biotech) and introduced into
Escherichia coli strain Rosetta-gami B (Merck) using the following primer sets: 5'-
TGGTTCCGCGTGCTAGGTTGTCTGTGACTATGGCTATC-3" and 5'-GATG-
AATTCCCGCTAGAAATTCCCATATCAAAGCAATAAGC-3" for AHAI;
5'-TGGTTCCGCGTGCTAGGGTCTTGTCCGTGACCATGGC-3" and 5'-GATG-
AATTCCCGCTAGAAATTCCCATATCAAAGCAATAAGC-3" for AHA2; and
5'-TGGTTCCGCGTGCTAGGTTATCTGTTACAATGGCGACTG-3' and 5'-GA-
TGAATTCCCGCTAGGAACTGCCATATGAGGGCAATG-3' for AHAS.

E. coli cells were grown as described previously with slight modification
(Takemiya et al., 2013a). GST-AHAs were purified using glutathione-sepharose
(GE Healthcare). Recombinant proteins were detected by immunoblotting us-
ing anti-H*-ATPase antibodies (Kinoshita and Shimazaki, 1999).

Statistical Analysis

Significant differences were identified using Student ¢ tests. Student ¢ tests
were performed using Microsoft Excel. Two-sided tests were carried out for
homoscedastic matrices.

Accession Numbers
Sequence data from this article can be found in the DNA Data Bank of Japan
Sequence Read Archive under accession number DRA003952.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Reverse transcription-PCR analysis of AHAI in
guard cells of blus2.

Supplemental Figure S2. Identification of ahal-9 allele.
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Supplemental Figure S3. ahal-9 allele phenotype in guard cells.
Supplemental Figure S4. Genetic analysis of blus2 and ahal-9.
Supplemental Figure S5. Identification and analyses of aha2-4 and aha5-2.

Supplemental Figure S6. Immunoblot analysis of recombinant AHAIT,
AHA?2, and AHAS.

Supplemental Figure S7. Absolute quantification of AHA1, AHA2, and
AHADb by real-time PCR.

Supplemental Figure S8. Effects of protease inhibitors on the amount of
H*-ATPase in guard cell protoplasts.

Supplemental Figure S9. Amino acid sequence alignment of H'-ATPase
isoforms and orthologs.
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