








Downloaded on February 27, 2021. - Published by https://plantphysiol.org
Copyright (c) 2020 American Society of Plant Biologists. All rights reserved.



Extracellular Guard Cell ABA Receptor 1181

12
§ 101 ™ pHes
: 1 pH 6.15 + ABA
5 8'- [ pHe
‘5 6 @ pH8+ABA
o
“ e
| 47
©
£ 2
2 d
w 0-

0 2
Time (hr)

Figure 5. External ABA at pH 6.15 and 8.0 inhibits stomatal opening.
Epidermal strips were incubated at pH 6.15 or 8.0 in the presence
and absence of 10 um external ABA. Apertures of mapped stomata
{n = 40 for each bar) were measured before the addition of ABA
and after 2 h of exposure to extracellular ABA and incubation under
white light. Data are from one representative experiment of five,
Error bars denote sE.

fects of microinjected ABA on the time course of stomatal
opening at an extracellular pH of 8.0. Guard cells were
injected with ABA and incubated for 135 min under white
light at an external pH of 8.0. Stomata with guard cells that
were microinjected with ABA opened at a rate and to an
extent that was similar to uninjected control stomata (Fig. 6).
These data may indicate that the decreased effectiveness of
external ABA in the inhibition of stomatal opening at pH 8.0
(Fig. 5) was not solely due to a decrease in ABA uptake and
a lack of intracellular ABA receptor activation. Although a
possibility of functional intracellular receptors for ABA was
not excluded, the presented data demonstrate a requirement
for extracellular ABA in the inhibition of stomatal opening.

DISCUSSION

Phytohormones such as auxin, GAs, and ABA have im-
portant functions in the control of plant growth, develop-
ment, and responses to the environment. Functional recep-
tion sites at the extracellular side of the plasma membrane
have been implicated for the hormones auxin (Venis et al.,
1990; Barbjer-Brygoo et al., 1991; Marten et al., 1991; Jones
and Herman, 1993) and GAs (Hooley et al., 1991). However,
the cellular location of ABA receptors has remained equivo-
cal. Stomatal guard cells provide a well-suited system to
study ABA receptor location.

ABA Reception by Guard Cells

Under drought stress conditions, ABA accumulates rapidly
in leaves (for review, see Walton, 1980) and can decrease
transpirational water loss by triggering stomatal closure. The
physiological response of stomatal guard cells to exogenously
applied ABA is well characterized. Studies have shown that
an extracellular concentration of 1 um ABA is sufficient to

induce maximum stomatal closure in Commelina (McAinsh et
al., 1990). Although externally applied ABA triggers stomatal
closure in excised epidermal strips, it has remained unclear if
binding to an extracellular receptor contributes to this re-
sponse. High-affinity ABA-binding sites have been indicated
in the plasma membrane of V. faba guard cells (Hornberg
and Weiler, 1984; Curvetto and Delmastro, 1986). However,
it is not clear if these binding sites represent ABA uptake
transporters or ABA receptors. Several distinct mechanisms
for ABA reception are therefore possible, including: (a) intra-
cellular ABA receptors requiring ABA uptake into guard cells
and cytosolic ABA accumulation, (b) ABA receptors at the
extracellular side of the plasma membrane that trigger intra-
cellular signaling events, and (c) extracellular ABA receptors
acting in paralle] with intracellular receptors, resulting in a
requirement for both extracellular and cytosolic ABA. To gain
insight into which of these ABA reception mechanisms can
be excluded and which mechanisms function in the inhibition
of stomatal opening, we utilized the technique of microinjec-
tion of ABA into the cytosol of guard cells and the physio-
logical assay of stomatal aperture measurement.

Extracellular Location of Guard Cell ABA Receptors

As reported here, stomata with one or both guard cells
microinjected cytosolically with ABA consistently opened at
a similar rate and to a similar maximum aperture as unin-
jected stomata (Figs. 2, 3, and 6). These data indicate that
intracellular ABA alone was not sufficient to inhibit stomatal
opening. Externally applied ABA (10 uM) inhibited stomatal
opening (Figs. 4 and 5). Taken together, these data demon-
strate that extracellular ABA was required to inhibit stomatal
opening under the conditions imposed here. However, the
possibility that, following external application, ABA uptake
had an additional role in the inhibition of opening could not
be ruled out by these observations (Fig. 5). The experimental
approach presented here focuses on whether extracellular
ABA is required. Data using co-injection of ABA and car-
boxyfluorescein have indicated a contribution of intracellular
ABA to stomatal regulation using a complementary approach

10

—0— Uninjected
—&— ABA Injocted

Aperture (um)
<

0+ r T
0 50 100 150
Time (min)

Figure 6. Microinjected ABA does not inhibit stomatal opening at
an extracellular pH of 8.0. Guard cells were microinjected with
ABA and abaxial epidermal strips were incubated as described in
the legend to Figure 2. O, Uninjected guard cells (n = 20); &,
stomata with one guard cell injected with ABA (50-200 um; n =
10). Data are from one representative experiment of seven. Error
bars denote sk.
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that focuses on a requirement for intracellular ABA (Schwartz
et al, 1993).

In the present study inhibition of stomatal opening by ABA
was analyzed rather than ABA-mediated stomatal closing to
ensure viability of guard cells after microinjection. In calibra-
tion experiments, high levels of microinjected carboxyflu-
orescein inhibited stomatal opening and reduced cell viability
as judged by neutral red staining (n > 40, see “Materials and
Methods”). Further experiments would therefore be required
to determine if the presented results also apply to ABA-
induced stomatal closing.

Dependence of ABA Effectiveness on Extracellular pH

At an extracellular pH of 8.0, a condition that eliminates
ABA uptake (Kaiser and Hartung, 1981; Baier and Hartung,
1991), externally applied ABA consistently inhibited stomatal
opening (Fig. 5), although to a lesser extent than at pH 6.15.
Furthermore, stomata with guard cells microinjected with
ABA and incubated at pH 8.0 opened at a rate similar to
uninjected control stomata (Fig. 6). These data further support
a requirement for an ABA receptor at the extracellular side
of the plasma membrane that functions in the regulation of
stomatal aperture.

However, the data reported here do not completely exclude
the presence of an additional intracellular ABA receptor.
Alternate explanations for the decreased inhibition of sto-
matal opening at pH 8.0 are pH effects on plasma membrane
ion channels and pumps that control stomatal movements or
a direct pH dependence of ABA binding to receptors at the
plasma membrane. Previous studies have suggested that a
decreased effectiveness of extracellular ABA to induce sto-
matal closure at alkaline pH is correlated with a decreased
rate of ABA binding to high-affinity sites at the plasma
membrane of guard cells (Hornberg and Weiler, 1984).

Studies of the Arabidopis thaliana ABA-insensitive mutants
abil and abi2 have shown that early ABA-induced signaling
events are shared in different physiological responses of
different cell types (Finkelstein and Somerville, 1990). Recent
studies using different techniques to those used here, specif-
ically of a-amylase secretion in barley aleurone cells (Gilroy
and Jones, 1994) and ABA-induced expression of the wheat
Em gene in a transient assay (R. Quatrano, personal com-
munication), also suggest an extracellular reception site for
ABA.

Stability of Microinjected ABA

The possibilities that microinjected ABA was either rapidly
degraded in guard cells, leaked out of guard cells, or was
microinjected at concentrations too high to be effective in
this study need to be considered. Stomatal opening was
observed in response to ABA injection, which requires guard
cell viability. Additional experiments, in which ABA was
injected at approximately 100-fold lower concentrations (1
uM), also did not show an inhibition of stomatal opening.
Furthermore, there is no evidence for reduced ABA effective-
ness on stomatal regulation or other responses at high ABA
concentrations (Walton, 1980). For example, induction of 8-
glucuronidase activity from ABA-inducible promoter-3-glu-
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curonidase constructs in transformed rice protoplasts was
proportional to ABA concentrations from 1 to 100 um (Mar-
cotte et al., 1988). The stability of ABA in guard cells is
demonstrated by its accumulation for up to 8 h in V. faba
guard cells to concentrations of 7 to 13 um following dehy-
dration stress of leaves (Harris et al., 1988; Harris and Out-
law, 1991). Therefore, it is unlikely that ABA was microin-
jected at concentrations that were too high to inhibit stomatal
opening.

ABA is metabolized slowly to phaseic acid and 4’-dihydro-
phaseic acid with a half-time of 6 to 8 h in leaf discs of V.
faba (Mertens et al., 1982). Upon the removal of dehydration
stress, the ABA concentration of V. faba guard cells returned
to prestress levels with a half-time of 2 h (Harris and Outlaw,
1991). However, responses of guard cells to ABA have been
reported to occur more rapidly. Recent data show that a brief
(2 min) exposure to extracellular ABA is sufficient to trigger
the signaling cascade leading to long-term K* efflux from
guard cells and a resulting decrease in stomatal aperture
(MacRobbie, 1990). Furthermore, the initial rates of stomatal
opening were not measurably affected by ABA microinjection
(Figs. 3 and 6). Therefore, the possibility that rapid degrada-
tion of ABA resulted in the complete lack of effectiveness of
microinjected ABA in this study is unlikely. Since guard cells
remained viable throughout the duration of the experiments
reported here, significant leakage of ABA from guard cells,
within several minutes, was unlikely. In addition, any leakage
of injected ABA may contribute to an inhibition of stomatal
opening that was never observed in this study.

In conclusion, this report provides strong evidence for the
requirement of an ABA receptor at the extracellular side of
the plasma membrane of guard cells which functions in the
regulation of stomatal aperture. Furthermore, data show that
intracellular ABA alone does not suffice to inhibit stomatal
opening under the imposed conditions. The identification of
ABA receptors and components of ABA-induced. signaling
pathways using cell biological, molecular biological, and ge-
netic approaches should provide further insight into the
mechanism of ABA reception.
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