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ABSTRACT

Leaves of the submerged aquatic Elodea canadensis Michx.
exhibit a light induced polar pH reaction. In this study, the effects
of light intensity and dissolved inorganic carbon concentration on
this polar reaction were examined. At a light intensity of 100 watts
per square meter the leaf showed a polar pH response when the
dissolved inorganic carbon concentration was less than about 1
millimolar. The polar reaction was suppressed at a higher dis-
solved inorganic carbon concentration. This suppression was not
due to the buffering capacity of bicarbonate. Because another
weak acid, acetate, did not inhibit the polarity, but even had a
small stimulatory effect, the effect of bicarbonate is also not due
to acidification of the cytoplasm. The suppression of the polar
reaction by CO./HCO;™ was relieved when the light intensity was
increased. Apparently there is competition for product(s) of the
photosynthetic light reactions between processes generating the
polar reaction and the carbon fixation reactions. The possibility
that the redox state of the cell regulates the generation of the
polar reaction is discussed.

Leaves of submerged aquatic plants like Elodea canadensis,
E. nuttallii, Egeria densa, and Potamogeton lucens exhibit a
polar reaction in light (10). Upon illumination the medium
on the lower leaf surface is acidified while the upper surface
becomes more alkaline. Concurrently, an electric potential
difference of a few millivolts between the upper and lower
sides, the lower side positive, is established and a net cation
flux from lower to upper side occurs. These polar reactions
are thought to be associated with the ability of these species
to use bicarbonate as a carbon source for photosynthesis. The
acidification of the medium on the lower side of the leaf is
due to an active proton efflux while the release of hydroxyl
ions on the upper side of the leaf is a passive process (18).
The polar reaction facilitates the use of bicarbonate in pho-
tosynthesis by shifting the bicarbonate-CO, equilibrium in
the unstirred layer on the lower side of the leaf, thereby
increasing the CO, concentration of the unstirred layer and
increasing diffusion of CO; into the leaf (19-22). The secreted
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protons may also drive a H*-HCO;™ cotransport mechanism
(13). To compensate for the loss of H*, hydroxyl ions are
released at the upper side. The polar reaction is light depend-
ent and reversibly inhibited by low concentrations of DCMU
(5). Inhibitors of plasma-membrane ATPase, DES,?> and
DCCD, inhibit the pH changes in the light (5), showing that
ATPase activity is essential in the generation of the polar
reaction. In aquatic plants, several light-dependent membrane
transport processes are inhibited by CO., e.g. the light-stim-
ulated CI™ influx in leaves of E. densa (12). CO, also inhibited
Rb* and CI™ influx in Vallisneria leaves (17). Spanswick and
Miller (23) found that 1 mM CO,/HCO;™ inhibited the CI~
influx and induced a depolarization of the membrane poten-
tial in Nitella translucens. As the photosynthetic use of
HCO;™, and thus the polar reaction, will be especially relevant
under conditions of limiting DIC supply, we investigated the
influence of changes in carbon concentration and light inten-
sity on the polar reaction.

MATERIALS AND METHODS
Culturing Conditions

Elodea canadensis Michx. plants used in the '*C fixation
experiments were grown inside in concrete tanks on a clay
substrate covered with 2 cm of washed sand to prevent
perturbation of the clay particles. The tanks were filled with
demineralized water. This resulted in low nutrient levels in
the water and a pH between 7.5 and 8.2. The light regime
was 12 h light/12 h dark. The light intensity was 40 W.m™2,
For the pH measurement experiments the plants were grown
in 250 mL Erlenmeyer flasks in a 5% strength Hoagland
solution (11) changed twice a week. The light regime was 14
h light/10 h dark. Light intensity was 50 W.m™2 and the
temperature was kept at 20°C.

pH Measurements

The leaf surface pH measurements were performed as
described earlier (20). DIC concentrations were determined
at the end of each experiment by titrating the solution with
0.1 N HCl to pH 4.2 (7).

2 Abbreviations: DES, diethyistilbestrol; APW, artificial pond
water; DCCD, N,N’-dicyclohexylcarbodi-imide; DIC, dissolved in-
organic carbon; DMO, 5,5-dimethyloxazolidine-2,4-dione; NEM, N-
ethylmaleimide; PCMBS, p-chloromercuriphenylsulfonic acid.
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C Fixation

The 'C fixation rate was determined in duplicate on whole
leaves, detached from the stem, in 1.5 mL Eppendorf reaction
vessels fixed to a rotation device in a thermostated water bath
(25). The light intensity was measured at the surface of the
water bath. The effective light intensity in the reaction vessels
was somewhat lower than the indicated values and therefore
shows a slight deviation from the light intensities used in the
pH measurements. The leaves were incubated in the experi-
mental solution containing 2.5 or 0.25 mM KHCOs in APW
(5 mM CaCl,, 1.5 mM KCl, and 1 mM NaCl) buffered at pH
7.5 with 3 mm Tris/Mes and were kept in the dark for at least
30 min. The leaves were then illuminated for 15 min at the
indicated light intensity and after this period 10 L. KH'*CO;
(7.4 10° Bq) was added and the leaves were illuminated for
another 15 min. To stop the reaction the medium was quickly
removed and the leaves were frozen, inside the cups, in liquid
nitrogen. One mL 80% acetone was added and after overnight
extraction the Chl content was determined according to
Bruinsma (2). Four N H,SO, (200 uL) was added and the
extract was incubated for 2 h at 70°C to remove the acetone
and any unfixed '“CO,. The volume of the remaining extract
was determined by weighing. Fixed '*C was determined by
counting 100 uL. samples of the extract in a scintillation
counter with Picofluor as the scintillation fluid.

ATP Measurements

The ATP measurements were performed using the lucifer-
ine-luceferase luminescence method according to Spanswick
and Miller (23). The light intensity used was 40 W-m™2, The
medium, buffered with 1 mM Mes (pH 7.0), contained 0.6
mM DIC.

RESULTS
Effect of DIC Concentration

Figure 1A shows an experiment in which the pH changes
on the upper and lower side of the leaf were simultaneously
measured upon illumination. The light-induced polar pH
changes in a medium with low (0.9 mm) DIC concentration
are shown. In the dark the pH on both sides of the leaf was
0.2 to 0.5 pH units lower than that of the medium. Upon
illumination the pH on the lower side initially increased,
probably due to the uptake of CO, (19) and then dropped to
a final value about 2 pH units lower than the pH of the
medium. The pH on the upper side also showed an initial rise
during the first 6 min which was then followed by a further
increase to a final pH value 3 units higher than the pH of the
medium. When the light was turned off the pH on upper and
lower side returned to the original dark value in about
30 min.

Figure 1B shows the reaction of the leaf in a medium with
a high DIC concentration (3.8 mM). In this medium, the
initial slow rise in pH upon the onset of illumination, again
was present. However, the leaf did not exhibit a polar pH
reaction; the initial rise in pH was not followed by a strong
alkalinization on the upper side and an acidification on the
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Figure 1. A, pH changes near the leaf of E. canadensis in a medium
with low (0.9 mm) total carbon concentration. Upper curve, pH on the
upper side of the leaf; lower curve, pH changes near the lower side
of the leaf. The light (100 W-m™2) and dark periods are indicated at
the lower side of the figure. B, pH changes in a medium with high
(3.8 mm) total carbon concentration.

lower side. When the lights were turned off, the pH on both
the upper and lower sides returned to the original dark value.
In Figure 2 the results of experiments in media with differ-
ent carbon concentrations and pH performed at a light inten-
sity of 100 W-m™2 are compiled. Obviously, there was no
influence of the pH of the medium in the range measured on
the light-induced polar pH changes. The total carbon concen-
tration seems to determine whether a polar pH reaction was
induced or not. When the carbon concentration was lower
than about 1.15 mM light-induced leaf pH changes became
polar, above this concentration the polarity was inhibited. As
the proportion of CO; in the total carbon depends upon the
pH of the medium and since changes in pH did not influence
the polar leaf pH changes, it seems that it is not the free CO,
concentration in the bulk medium that controls the polar leaf
reaction, but rather the DIC concentration of the medium.
To test whether the effect of increasing DIC concentration
was due to increased buffering capacity of the medium, we
determined the pH change near the leaf surface after adding
Mes (with a pK, of 6.15, pK, of carbonic acid is 6.1) buffer
to the medium (Fig 3). The Mes-induced changes of the leaf
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Figure 2. Reaction of leaves, polar (A) (as in Fig. 1A) or nonpolar (®)
(as in Fig. 1B), in media with different carbon concentrations and
initial pH. The line drawn, dividing the polar and nonpolar reactions,
is 1.15 mm total C. In the inset the same reactions are plotted against
the pH and the free CO. concentration of the medium. The line drawn
is the calculated free CO. concentration in a medium with 1.15 mm
total C. Note that at one CO, concentration both polar and nonpolar
reactions can occur.

pH were quantitatively less than the changes induced by
increasing DIC (changes induced by Mes: pH upper side: —1.3
+ 0.2 pH units, pH lower side +0.4 £ 0.1 [# = 3]; induced
by DIC: pH upper side: —3.1 + 0.6, pH lower side +2.0 + 0.2
[n = 3]); upon addition of Mes the leaf pH stabilized within
minutes, whereas the changes induced by DIC took at least
20 min to reach a steady state.

Influence of Light Intensity

The experiments described so far were all conducted at a
light intensity of 100 W-m™2. Figure 4 shows the results of an
experiment in which the light intensity was varied. It is
apparent that suppression of the light-induced polar leaf pH
reaction by high carbon concentrations could be relieved by
increasing the light intensity. Lowering the light intensity
resulted in suppression of the polarity.

As CO; can act as a membrane-permeable weak acid, its
effect on the polar reaction could be the result of acidification
of the cytoplasm. Therefore, we tested the effect of acetic acid
and DMO, two other membrane permeable weak acids, on
the polarity.

Potassiumacetate up to 2 mM did not inhibit the light-
induced polar leaf pH reaction and even had a small stimu-
latory effect (Fig. 5) (changes induced by 1 mM potassium-
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Figure 3. Influence of 2.5 mm Mes on the pH near the leaf surface
of E. canadensis.

acetate: pH upper side +0.7 + 0.3 pH units, pH lower side
+0.1 £ 0.3 [# = 3]). Contrary to this result, DMO at relatively
low concentrations (1 mum) inhibited the polarity strongly
(results not shown). The inhibition by DMO could only
partially be counteracted by increased light intensity.

To get an indication whether there was a direct correlation
between the degree of the polar leaf pH reaction and carbon
limitation of photosynthetic carbon fixation, carbon fixation
was measured in relation to the light intensity at high and low
carbon concentrations. From Figure 6 it can be seen that at a
light intensity of 100 W-m™2 the photosynthesis with 2.5 mM
DIC is much higher than with 0.25 mM DIC. With 0.25 mm
DIC, photosynthesis rates must have been limited by the
carbon supply to some extent. Under these conditions a polar
leaf pH reaction was usually induced (Fig. 2). In the medium
with a carbon concentration of 2.5 mM DIC, around 100 W.
m~2 photosynthesis is linearly dependent on the light intensity
and probably not limited by carbon. At this higher DIC
concentration the leaf pH polarity was usually suppressed.

To check whether the polarity is directly controlled by the
availability of ATP to the proton pumping ATPase, we deter-
mined the ATP concentration in light and in dark. In Elodea
nuttalli, a species closely related to E. canadensis and showing
the same pH polarity and the same response to increased DIC
(data not shown), the ATP concentration did not change
upon light/dark transitions (Fig. 7).

DISCUSSION

The DIC concentration of the ambient medium influenced
the light dependent polar pH changes near the leaf surface in
Elodea canadensis. At high DIC concentration the polarity
was suppressed. A higher DIC concentration increases the
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Figure 4. Effect of carbon concentration and light in-
tensity on pH near the leaf. At the points indicated by
the arrows the medium was replaced by medium with
the indicated carbon concentration. Light intensity and
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Figure 6. Influence of the light intensity on '*C-fixation in media
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Also, if the difference between polar and nonpolar reactions
4 was caused by increased buffering alone, the acidification
i would be reduced but not completely suppressed. Instead, we
L observed that under certain conditions (low light, high DIC
1 concentration) acidification was entirely absent.
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Figure 5. Different effects of (A) 1 mm KHCO; and of (B) 1 mm
potassium acetate on the pH near the leaf surface of E. canadensis.

buffering capacity of the medium. However, the effect of
increased DIC concentration on the pH near the leaf surface
could not be attributed to the increased buffering capacity.
The effect of added buffering capacity could only partially
explain the reduced pH changes. Using the equations given
by Price and Badger (16), we calculated the effect of such an
increase in buffering capacity. The change in buffering capac-
ity by the increase in DIC concentration shown in Figure 4
could only account for a pH change of approximately 1 pH
unit instead of the observed 2 pH units. Also the slow time
course of the pH change on the lower side of the leaf upon
increasing the DIC concentration is not in agreement with
the rapid response of pH to buffering (¢f Fig. 3).

The results thus indicate that the DIC concentration in the
medium and the light intensity used had a physiological effect
on the light-induced polarity change of the leaf pH. If the
light intensity was relatively low and the carbon concentration
relatively high, no polar reaction was observed. In contrast,
when high light intensities and relatively low carbon concen-
trations were used, the polar reaction did occur. It seems clear
that this mechanism has ecological significance: if the capacity
of carbon fixation is high, at high light intensities, and the
supply of carbon limited, the leaf reacts by acidifying the
lower side of the leaf, a reaction thought to be beneficial in
the uptake of bicarbonate.

Figure 6 shows that at a light intensity of 100 W.m™2 and
a DIC concentration of 0.25 mm photosynthesis is carbon
limited. As described in “Materials and Methods,” the effec-
tive light intensities during carbon fixation were somewhat
lower than the indicated values. This means that carbon
limitation occurs at even lower light intensities.
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Figure 7. Effect of dark-light transitions on the ATP
concentration in E. nuttallii.

As CO, is a membrane permeable weak acid, increasing the
inorganic carbon concentration could have an acidifying ef-
fect on the cytoplasm. One could assume that this acidifica-
tion caused the inhibition of the polar leaf pH reaction.
Although there is no general agreement on the effect on the
pH of the cytoplasm of illuminating photosynthesizing tissue
(3, 6, 14, 15, 24, 26, 28), most studies indicate that illumina-
tion results in alkalinization of the cytoplasm (24). Illumina-
tion could thus counteract an acidification induced by a weak
acid. Such a mechanism could be in agreement with the
results described. Since the induction of pH polarity by light
and the effect of increased light intensity when the polarity
was inhibited by a high carbon concentration were similar, it
is likely that they depend on the same mechanism. This would
mean that in the dark, pH polarity was suppressed by the low
pH of the cytoplasm. The cytoplasmic pH of plant cells in
the dark is found to be about 7.0 (24). We demonstrated that
the polarity is ATPase dependent (5). As the cytoplasmic pH
value is higher than the optimum pH for plasmalemma bound
ATPase activity (27; JTM Elzenga, M Staal, HBA Prins,
unpublished data) it is unlikely that the stimulation of polar
pH changes is dependent on an alkalinization of the cyto-
plasm; illumination would lead to less favorable cytoplasmic
pH values. Although the effect of DMO supports the hypoth-
esis that the polarity was influenced by acidification of the
cytoplasm, acetic acid, which normally invokes the same
reaction as DMO, did not suppress, but rather stimulated, the
pH polarity. In Vallisneria spiralis, also a submerged aquatic
member of the Hydrocharitaceae, acetate stimulated the light-
dependent proton pump as judged from the hyperpolarization
of the membrane potential (18). From these considerations,
we conclude that the stimulating effect of light and the inhib-
iting effect of CO, (DIC) are not caused by a change in
cytoplasmic pH.

An alternative mechanism could be competition for prod-
ucts of the photosynthetic light reaction between carbon
fixation processes and the reactions involved in the generation
of the polar reaction. Spanswick and Miller (23) postulated
that the effect of CO, on the membrane pump reflects the
operation of a control system. The simplest model for a
control system would be regulation of the proton pumps by

B 20
min. light

the products of photosynthesis. We did not find any indication
that the pump was directly controlled by the availability of
ATP (Fig. 7). Hampp et al. (9) showed that the energy state
of the cytosol is kept at a constant value in dark and light by
an effective collaboration of photosynthetic and oxidative
phosphorylation. Intermediates of the reductive pentose phos-
phate cycle are not likely candidates since the signal for the
onset of the polar reaction would be a reduced concentration
of such an intermediate (caused by reduced carbon fixation),
a situation that would also occur in the dark. A number of
observations indicate that the mechanism(s) involved in reg-
ulating carbon fixation cycle enzymes by light are redox
reactions, mediated by thioredoxin or ferredoxin systems and
possibly by NADPH (1). Possibly the regulation of the polarity
in Elodea is also mediated by changes in the concentration of
reducing equivalents produced in the light reaction. DCMU,
an inhibitor of the photosynthetic electron transport chain,
preventing the reduction of NADP* inhibits the polar reaction
(5). For tonoplast ATPase, Hager and Biber (8) showed that
light mediated oxidation of —SH groups influenced the activ-
ity. Using the SH blocking reagents NEM and PCMBS, we
demonstrated that in Elodea —SH groups are also essential
for the polar reaction (5). And we demonstrated that reductase
activity in the plasmalemma is associated with the polar
reaction (4).

Whether the ATPase activity is directly regulated by reduc-
tion-oxidation by a membrane bound reductase is subject of
further study.
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