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Fluence rate dependence of red light-induced phosphorylation of
plasma membrane H+-ATPase in stomatal guard cells
Stomatal opening is induced by red light as well as blue light. Recently, we
established an immunohistochemical technique using whole leaves to study plasma
membrane (PM) H+-ATPase in guard cells, which is an important enzyme driving
stomatal opening. Our technique revealed that red light illuminated to whole leaves
induces photosynthesis-dependent phosphorylation of C-terminal penultimate
residue of PM H+-ATPase, threonine, in guard cells, which has been considered to
be important for activation of PM H+-ATPase, and we proposed that red light
promotes stomatal opening via activation of PM H+-ATPase in guard cells in whole
leaves. Here, using our new immunohistochemical technique, we investigated
fluence rate dependence of red light-induced phosphorylation of PM H+-ATPase.
We found that illumination of red light at 50 µmol m–2 s–1, which was suggested to
initiate photosynthesis, saturates phosphorylation of PM H+-ATPase. Furthermore,
we immunohistochemically confirmed decrease in amount of PM H+-ATPase
protein in a knock-out mutant of AHA1, an isogene encoding the major isoform of
PM H+-ATPase in guard cells, implying the importance of AHA1 as the major PM
H+-ATPase protein in guard cells for light-induced stomatal opening.
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The effect of red-light fluence rate on phosphorylation of plasma membrane
H+-ATPase in guard cells
Stomata consist of pairs of guard cells in the plant epidermis and control gas-exchange in
response to various stimuli such as light, namely, red- and blue-light.1,2 Blue light
activates plasma membrane (PM) H+-ATPase in guard cells via phosphorylation of its Cterminal penultimate residue, threonine, which provides driving force for stomatal
opening.2–7 Thus, disruption of the process of phosphorylation of PM H+-ATPase results
in suppression of stomatal opening.8–12 Blue light-induced phosphorylation of PM H+ATPase is detectable by biochemical analyses using guard cell protoplasts (GCPs)3,4,13 or

immunohistochemistry using isolated epidermis14, indicating that it is a guard cellautonomous reaction. Red light-induced stomatal opening is considered to depend on
photosynthesis.15–18
Recently, we have established immunohistochemical technique for guard cells
using whole leaves of Arabidopsis (Arabidopsis thaliana) instead of the isolated
epidermis, and this technique allowed us to find red light-induced phosphorylation of the
penultimate residue, threonine, of PM H+-ATPase in guard cells. Our analyses revealed
that red light-induced phosphorylation of PM H+-ATPase correlates with stomatal
opening in whole leaves and both are inhibited by photosynthetic electron transport
inhibitor DCMU, suggesting that red light promotes stomatal opening in whole leaves via
photosynthesis-dependent phosphorylation of PM H+-ATPase in guard cells.19
Here, we applied our new immunohistochemical technique to investigating the
effect of red-light fluence rate on phosphorylation of PM H+-ATPase in guard cells. To
this end, whole leaves were kept in the dark or illuminated with red light at 10, 50, 100,
300, and 600 µmol m–2 s–1 for 30 min and the phosphorylation levels were examined. As
a positive control, leaves illuminated with red light (600 µmol m–2 s–1) for 30 min and
then blue light (5 µmol m–2 s–1) superimposed on red light for 2.5 min were also examined.
Consistent with our previous study,19 illumination of red light at 600 µmol m–2 s–1 and
the superimposition of blue light on red light successfully increased the phosphorylation
level of PM H+-ATPase in guard cells by 85% and 248%, respectively, compared to that
of leaves kept in the dark (Fig. 1). We found that dim red light (10 µmol m–2 s–1) was
insufficient to induce phosphorylation of PM H+-ATPase, and that red light-induced
phosphorylation of PM H+-ATPase was saturated even at 50 µmol m–2 s–1, in which the
phosphorylation level was comparable to those in leaves illuminated with red light at 100,
300, and 600 µmol m–2 s–1 (Fig. 1).

Given that almost similar fluence rate of red light appeared to induce
photosynthesis and increase in stomatal conductance in the previous gas-exchange
measurement,18 it is suggested that signal(s) mediating red light-induced phosphorylation
of PM H+-ATPase in guard cells can be produced by initiation of photosynthesis in whole
leaves. Previous our study suggested that neither sucrose, a primary photosynthetic
product synthesized in guard cells and/or translocated from mesophyll to guard cells,20
nor low CO2 condition mimicking the reduction of intercellular CO2 concentration (Ci)
in whole leaves caused by photosynthesis induces phosphorylation of PM H+-ATPase.19
Therefore, the signal(s) might be other photosynthetic product(s). Alternatively, both
reduced Ci and other signal(s) might be involved in red light-induced phosphorylation of
PM H+-ATPase, as CO2 was indicated to have inhibitory effect on PM H+-ATPase.21
Further investigations would be required to verify these possibilities.

The major isoform of PM H+-ATPase in guard cells
Arabidopsis have 11 isogenes coding PM H+-ATPase, AHA1–AHA11, and the previous
analysis using GCPs indicated that all isogenes are transcribed in guard cells.13 A recent
study revealed that aha1 mutants show suppressed blue light-induced stomatal opening
and delayed red light-dependent increase in stomatal conductance, and biochemical
analysis using GCPs from aha1 mutants suggested that AHA1 may be the major isoform
of PM H+-ATPase in guard cells.6 Previous our study confirmed that red light-induced
stomatal opening is delayed in aha1-9, a knock-out allele of AHA1, indicating that AHA1
is responsible for red light- as well as blue light-induced stomatal opening.19 For further
confirmation of the accumulation of AHA1 in guard cells, we immunohistochemically
compared amount of PM H+-ATPase between wild-type Col-0 and aha1-9. The results
showed that the detection level of PM H+-ATPase in guard cells of aha1-9 decreased to

approximately 1/3 of that of Col-0 (Fig. 2), consistent with the previous study.6 Taken
together with our previous study,19 these results suggest again that our technique
appropriately works and reinforce the idea that AHA1 makes up the majority of PM H+ATPase in guard cells, which contributes to light-induced stomatal opening. A remaining
question is how AHA1 becomes a major isoform of PM H+-ATPase in guard cells.
Posttranscriptional regulation is suggested to accumulate AHA1 protein in guard cells, as
the transcript levels of other isogenes are suggested to be higher than that of AHA1.6 The
stability of mRNA of each isogene and/or lifetime of each isoform in guard cells would
be future topics to elucidate the mechanism for AHA1 accumulation in guard cells.
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Figure 1. Fluence rate dependence of red light-induced phosphorylation of PM H+ATPase in guard cells. Mature leaves were harvested from dark-adapted plants and kept
in the dark (Dk) or illuminated with red light at 10, 50, 100, 300, and 600 µmol m–2 s–1
(R10, R50, R100, R300, and R600, respectively) for 30 min. As a positive control, leaves
illuminated with red light (600 µmol m–2 s–1) for 30 min followed by blue light (5 µmol
m–2 s–1) superimposed on red light for 2.5 min (R600 B5) were examined. (A) Typical
fluorescent (upper panel) and bright field (lower panel) images are shown. Arrowheads
indicate guard cells. Scale bars represent 50 µm. (B) Quantification of the fluorescence
intensities were calculated as previously described19. Data represent means of relative
fluorescence intensities obtained from three biologically independent measurements with
standard deviations (SDs). Daggers indicate that the mean is statistically significantly
higher than Dk set to 1.0. N.S., not significant (one-tailed one-sample t test; †P < 0.05,
††

P < 0.01, N.S., P = 0.72). Asterisk indicates that blue light-induced increase in the

phosphorylation level of PM H+-ATPase is statistically significant (one-tailed Student’s
t test; *P < 0.05).
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Figure 2. Immunohistochemical detection of guard-cell PM H+-ATPase in wild-type Col0 and aha1-9. (A) Typical fluorescent images are shown. Arrowheads indicate guard cells.
Scale bar represents 50 µm. (B) Quantification of the fluorescence intensities were
calculated as previously described.19 Data represent a mean of relative fluorescence
intensity obtained from three biologically independent measurements with SD. Dagger
indicates that the mean is statistically significantly lower than Col-0 set to 1.0. (one-tailed
one-sample t test; †P < 0.05).

