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The cytoplasmic pH value o f guard cells o f Valerianella locusta was determined from the
distribution o f the weak acid [l4C]ABA between the medium and the cell, which was shown to
be 8.1 ± 0.1. Treatment o f guard cells in media with low pH (pH 5.0) and different concentra
tions o f sodium acetate ( 0 - 5 m o lm '3) caused a considerable acidification o f the cytoplasm
(6 .6 -7 .7 ). Using the compartmental analysis we determined also the fluxes o f ABA at the plas
ma membrane o f guard cells (<I>co) and at the tonoplast o f guard cells (<t>cv) under steady state
conditions. The flux o f ABA from the cytoplasm into the vacuoles (tonoplast flux) was de
pendent upon the cytoplasmic pH. The data give evidence that A B A “ is transported across the
tonoplast by a saturable transport com ponent. The A BA flux at the plasma membrane seemed
to be independent o f the cytoplasmic pH.

Introduction

ABA passes the guard cell plasma membrane by
diffusion as the lipophilic undissociated molecule
ABAH [1]. After its diffusion AB AH dissociates
to the hydrophilic membrane impermeant anion
ABA” [1]. Transport of ABA across the guard cell
tonoplast could not be explained exclusively by the
anion trap concept. An additional saturable trans
port mechanism was dem onstrated (A^M =
0.21 m olrrT3; Fmax = 85.8 amol ABA c e lL 'h -1),
which accounts for 75% of the total ABA trans
port into the vacuole at cytoplasmic ABA concen
tration of 1 m olm “3 [1], We studied the pH de
pendence of this transport com ponent in an intact
system by incubating the guard cell preparation
with salts of weak acids in media of low external
pH. Under these conditions the weak acids are
taken up by the cells, according to the anion trap
mechanism. They dissociate in the more alkaline
cytoplasm and reduce the intracellular pH [2].
When we perform ABA efflux com partm ental ex
periments as described earlier [1, 3] under these
conditions, we obtain the ABA fluxes at the plas
ma membrane (<I>C0) and at the tonoplast (<J>CV) as
well as the cytoplasmic and vacuolar ABA concenAbbreviations: A BA, abscisic acid; A B A - , anion o f
ABA; A BA H , undissociated ABA molecule; N aA c, so
dium acetate; <I>co = <1)^, influx and efflux o f A BA at the
plasma membrane o f guard cells; Ocv = <E>VC, influx and
efflux at the tonoplast o f guard cells.
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trations, under the assum ption that the volume of
cytosol/vacuole is 1/9. The ABA distribution be
tween the medium and the cytosol can be used to
calculate the cytosolic pH (pHcyt). The correlation
between cytosolic pH and <J>CVof guard cells can be
shown.
Materials and Methods
Preparation o f “isolated” guard cells

Plants o f Valerianella locusta were cultivated in
the greenhouse under short day conditions (11 h
light period). Leaf disks of 9 mm in diameter were
punched out on both sides of the midrib. The low
er epidermis was stripped off the disks and floated
on the surface of a buffering medium (20 m olm -3
MES, 10 m olm -3 KCl, 1 m olm -3 CaCl2, pH 3.0/
HC1) for 1 h. This treatm ent kills all epidermal and
adhering mesophyll cells. Only the more stable
guard cells stay alive [1, 4]. There are about 10,000
stom ata per disk, the total guard cell volume is
3.5 x 10“ 15 m3 and we assume that the cytoplasm
accounts for 10% and the vacuole for 90% of the
total guard cell volume [3],
Examination o f the viability o f the guard cells

For the investigation of the influence of the cyto
plasmic pH value on the transm em brane fluxes of
ABA, the intracellular pH values must be altered.
The intracellular pH values of plant cells can be re
duced, when the cells are incubated with weak
acids at low external pH [2, 5]. A prerequisite for
the use of the weak acids (N aN O : or sodium ace-
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täte) is that the viability of the guard cells is not af
fected by these acids. Therefore we incubated epi
dermal disks over a period up to 24 h in a buffer
ing medium (10 m olm “3 KCl, 20 m olm “3 MES,
1 m o lm “3 CaCl2, pH 5.0, adjusted with NaOH) in
the presence of different concentrations of sodium
nitrite (0 .5 -2 m olm “3) and sodium acetate
(2 - 6 m o lm -3). At regular time intervals two disks
were taken out and rinsed for 20 s with an identical
buffering medium, but without the weak acid. The
viability o f the guard cell complexes was examined
by their ability to show stomatal movement (open
ing with fusicoccin) and to accumulate a vital stain
in their vacuoles. To test whether the stom ata are
still functioning, the epidermal disk was placed on
the surface o f 2 ml buffering medium (10 m olm “3
KC1, 20 m o ltr r3 MES, 1 m olm “3 CaCl2 and 15
m m olm “3 fusicoccin, pH 5.8/NaOH), with addi
tional halogen light (500 (imol photons x m “2s“ ').
These are conditions which prom ote the stomatal
opening. After 20 min incubation time the aper
ture o f 50 stomatal complexes was measured
microscopically.
F or a second test of the viability neutral red was
used as vital stain. Only living cells are able to ac
cum ulate neutral red in their vacuoles. The disks
were incubated over a period of 30 min in a medi
um containing 10 m olm “3 KC1, 20 m olm ”3 MES,
1 m o lm “3 CaCl2 and 0.01% neutral red, pH 5.8.
The staining of 100 guard cells per disk was deter
mined under a light microscope.
A BA compartmentation and membrane fluxes by
different internal p H values

The com partm ental analysis allows the calcula
tion o f the fluxes of ABA at the plasma membrane
(<1>C0) and at the tonoplast (<I>CV), and to determine
the cytoplasmic and vacuolar ABA concentra
tions. Epidermal disks with “isolated” guard cells
were placed on the surface of 2 ml of a medium,
containing 20 m olm “3 MES, 10 m olm ”3 KC1,
1 m o lm “3 CaCl2, 0.37 kBq [l4C]ABA (6 x 10“3
m o lm “3) and different concentrations of sodium
acetate (0 - 5 m olm “3). The pH values were adjust
ed to 5.0, 5.5 and 5.8 with NaOH. To establish an
equilibrium between the external medium, the
cytoplasm and the vacuole, disks were incubated
over a period of 16 h [1, 3], After incubation disks
were washed for 30 s and eluted for 8 h with identi
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cal, but non-radioactive buffering medium. The
first three samples were taken in 5 min intervals,
followed by three 15 min, and six 30 min intervals.
The last four samples were taken in 1 h intervals.
The remaining radioactivity in the epidermal disks
was extracted with 4 ml scintillation cocktail
(Rotiscint, 2211) over night and counted in a
ß-scintillation counter. The medium in the samples
was dried at 60 °C, resolved in 4 ml scintillation
cocktail and counted. The graphical and m athe
matical analysis was performed as described
before [3, 4, 6].
Determination o f the cytoplasmic p H value

The pH value o f the cytoplasm was calculated
by the weak acid distribution method. For this
method of pH determ ination following conditions
must be fulfilled [7]: only the uncharged form of
the probe permeates the membrane passively, that
the probe is not significantly metabolized and that
equilibrium between the external medium and the
com partm ent can be reached. ABA is applicable
for the time period of analysis [1, 3]. The cytoplasmatic concentration of ABA was determined by
the com partm ental analysis. The pH values were
calculated according the following equation [8]:
pH, = pK + log[(A BAi/A B A o)x(l + 10f,H°-PK) - l ]
ABAj, ABA concentration in the cytosol; ABA0,
ABA concentration in the medium; pH 0, pH value
of the medium; p H ;, pH value of the cytosol; pK,
pK value of ABA (4.75).
All other technical details were described earlier
[ 11 -

Results
The viability o f guard cells

It is essential to know whether the weak acids,
used in the com partm ental analysis to alter the in
tracellular pH values, are harmful for the cells.
Therefore we examined the viability of the guard
cells pretreated for increasing periods in media
containing weak acids.
Treatm ent of epidermal disks with nitrite (1.0 —
2.0 mol m ”3) for 3 h, reduced the mobility of sto
m ata (opening with fusicoccin) by 70%, whereas
incubation o f acetate (4 .0 -6 .0 mol m “3) did not
have any effect. Even after 24 h, stom ata were able
to open as effectively as the control cells (Table I).
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Table I. Stomatal aperture in percent o f control stomata
(= 100%) in dependence o f incubation time and concen
trations o fN a N O , and sodium acetate in the incubation
media. After incubation disks were treated under condi
tions which promote the opening o f stomata for 20 min
(lO m ol m~3 KC1, 20 mol ir r 3 M ES, 1 mol m -3 CaCU,
15 mmol m “3 fusicoccin, additional light).
Incubation time [h]

3.5

5.5

7.5

18.0

23.5

N a N O ^ m o lm 3]
1.0
2.0

33%
19%

63%
37%

27%
8%

20%
15%

45%
62%

N aA c [mol m 3]
4
6

88%
88%

109%
83%

104%
100%

105%
117%

118%
104%

The experiments with neutral red as vital staining
show the identical results (not shown). Over the
whole period of incubation and for all sodium ace
tate concentrations tested, guard cells were able to
accumulate the stain and there was no difference
to the control cells. In contrast the cells, incubated
for more than 3 h in a buffering medium contain
ing sodium nitrite, did not accum ulate neutral red.
Sodium acetate was therefore used to acidify the
cytoplasm of Valerianella guard cells.

Fig. 1. The effect o f decreasing cytoplasmic pH on the
ABA tonoplast flux (<1>CV) o f guard cells. The cytoplasmic
pH was calculated by the distribution o f the weak acid
A BA. The tonoplast fluxes were computed by com part
ment analyses. Mean values within the range o f 0.1 pH
units were calculated from 41 efflux experiments. ( A :
N aA c treated epidermal disks; A: untreated epidermal
disks). The regression coefficient is 0.89.

ABA jlu x es across the membranes in dependence o f
the cytoplasmic p H value

From the distribution of the weak acid ABA be
tween medium and cytoplasm, the cytoplasmic pH
values of the guard cells were calculated. At ap
proximately “natural” external pH values o f 5.5/
5.8 [9] of the incubation media, the cytoplasm of
control cells exhibited a pH cyt o f 8.1 ± 0.1. Acetate
and low external pH (5.0) decreased the cyto
plasmic pH, which resulted in pH values ranging
from pH 7.7 to 6.6. The control cells (closed sym
bols) exhibited an ABA flux across the tonoplast
of 118 ± 4 3 [amol cell-1 h -1] (Fig. 1). W ith rising
cytoplasmic acidification the tonoplast fluxes
decline steadily (open symbols).
Plotting cpcv against the cytoplasmic A B A -co n centration (calculated from cytoplasmic ABA con
centration and pH cyt using the Hendersson Hasselbalch equation) results in a typical saturation
kinetic (Fig. 2). D ata points of Fig. 2 were trans
formed in a Line Weaver Burk diagram (not
shown) which resulted in a Fmax-value of 82 [amol
ABA cell-1 h -1] and a Ä^M-value o f 0.21 [mol n r 3].

A BA 'cyt

[mol m'3]

Fig. 2. Effect o f increasing cytoplasmic ABA" concen
tration on the tonoplast fluxes (<!>,.v). Mean values over a
concentration range o f 0.2 units were calculated.

ABA fluxes across the plasma membrane (d^o)
were not influenced by the cytoplasmic pH values.
Oco of control cells and cells with acidified cyto
plasm was 352 ±17.5 [amol cell-1 h -1] and
321 ± 164.5 [amol cell-1 h " 1] respectively.
Discussion
ABA transport across the plasma membrane oc
curs by diffusion of the protonated, lipophilic m o
lecule ABAH [1]. As a consequence of the alkaline
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cytoplasm ABA is trapped in this com partm ent as
the lipophobic anion A B A - [1]. At the tonoplast of
guard cells diffusion o f ABAH accounts for only
25% o f the total ABA transport, at physiological
ABA concentrations. Additionally to diffusion a
saturable transport com ponent o f ABA exists at
the tonoplast [1]. The aim of our investigations
was to characterize this additional transport com 
ponent more in detail. In com m on, transport sys
tems exhibit pH dependencies. Therefore we de
creased cytoplasmic pH and calculated ABA flux
es at the plasma m em brane and tonoplast. The
acidification of the cytoplasm, due to the acetate
treatm ent and the low external pH, occurs at the
beginning of the incubation period. It was shown
that a cytoplasmic acidification, due to osmotic
stress, results in a transient loss o f ABA, which is
completed within 10—20 min [3]. We started elu
tion o f the epidermal disks after a equilibration
period o f 16 h, when steady state conditions in the
acidified guard cells are established. Therefore
ABAH concentration is the same in all com part
ments (external medium, cytoplasm and vacuole).
The results are shown in Fig. 1, which bases on 41
individual experiments. PH cyt was reduced by
treatm ent with sodium acetate (2 - 5 mol m 3) and
low external pH (5.0), which was shown not to
damage the cells (Table I). W ith reducing cyto
plasmic pH there is a concom itant decrease of the
ABA fluxes across the tonoplast. In consequence
of equilibrium conditions, the cytoplasmic concen
tration o f ABAH is unchanged, but there is an in
crease o f cytoplasmic ABA". W hen the tonoplast
flux (<1>CV) was plotted against the cytoplasmic
ABA" concentration (Fig. 2), a saturable uptake
com ponent became evident. The lipophobic ABA"
ion is not or at least only extrem poorly membrane
permeable [10]. Therefore, ABA“ transport shown
in Fig. 2 must be caused by a mechanism different
from diffusion. An obvious explanation for this
observed anion translocation is an additional
transport facility, which prom otes the transport of
ABA“ from the cytoplasm to the vacuole. The ex

109

istence of a saturable transport com ponent has
been dem onstrated previously [1, 11]. Transform 
ing the data of Fig. 2 in a Line Weaver Burk dia
gram, we calculated a VmdX of 82 [amol ABA c e ll'1
h '] and a
value of 0.21 [mol m “3]. These values
are nearly identical to those determined earlier for
the additional transport com ponent (F max = 86
[amol cell-1 h “1], K M = 0.21 [mol itT 3] [1], These re
sults support the assum ption, that A BA“ is trans
ported across the guard cell tonoplast by a satura
ble transport system, which is identical to that one,
demonstrated previously [1].
The kinetics of ABA transport at the tonoplast
(Fig. 1) suggests that pH 8.2, which is identical
with the mean pH of the cytoplasm of untreated
guard cells [1], is the optimal pH for the faciliated
ABA“ transport.
Under conditions of reduced pH cyt, such as
stress [3, 12], or presence of potential acid air pol
lutants (S 0 2, N O x), which reduce cytosolic pH of
guard cells [13], ABA com partm entation is affect
ed not only by flattened pH gradients and altered
anion trap properties (distribution between apoplast and cytoplasm), but also distribution be
tween cytosol and vacuole. In this case the effectivity of the ABA" carrier at the tonoplast would
be clearly reduced. This becomes evident also
when data o f the experiments o f Fig. 1 are used to
plot pH cyt against vacuolar ABA concentration
(not shown). This plot shows a clear reduction of
vacuolar ABA when pH cyt is reduced.
No relation between pH cyt and <I>C0 could be ob
served. This agrees completly with the transport
mechanism of ABA at the plasma membrane, as
discussed above.
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