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Abstract. Fresh-water plants generate extraordinarily
high electric potential differences at the plasma mem-
brane. For a deeper understanding of the underlying
transport processes a mathematical model of the electro-
genic plasmalemma ion transport was developed based
on experimental data mainly obtained fromEgeria
densa.The model uses a general nonlinear network ap-
proach and assumes coupling of the transportersvia
membrane potential. A proton pump, an outward-
rectifying K+ channel, an inward-rectifying K+ channel,
a Cl− channel and a (2H-Cl)+ symporter are considered to
be elements of the system. The model takes into consid-
eration the effects of light, external pH and ionic content
of the bath medium on ion transport. As a result it does
not only satisfactorily describe the membrane potential
as a function of these external physiological factors but
also succeeds in simulating the effects of specific inhibi-
tors as well asI-V-curves obtained with the patch-clamp
technique in the whole cell mode. The quality of the
model was checked by stability and sensitivity analyses.
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Introduction

Egeria densaPlanchon, formerlyElodea densaCaspary,
is a higher aquatic plant belonging to theHydrocharita-
ceae. It has been a preferred material for different stud-
ies in plant physiology such as cyclosis, oxygen evolu-

tion or ion transport for a long time. Electrophysiolo-
gists have taken advantage of the thin leaves consisting
of two layers of cells only and allowing studies at the
whole undamaged organ in a natural environment. They
also esteemEgeriaas one of the model organisms of the
plant kingdom because of remarkable phenomena related
to ion transport such as leaf polarity [24, 57, 58, 76] and
values of the electric potential difference at the plasma-
lemma of up to ca. −300 mV in the light. On the other
hand, they had to accept the disadvantage that due to
very close cell-cell contactsvia plasmodesmata [28, 66]
informativeI-V-curves could not be obtained from single
cells. In the last decade detailed experimental data re-
lated to plasmalemma ion transport have been accumu-
lated (e.g. [17, 20, 23, 41, 46, 49, 54, 69]). In this con-
text, the desire to integrate these data into an overall
picture of cellular transport to compensate for the lacking
I-V curves emerged. For developing a transport model
for Egeria leaf cells we used the following prominent
features observed in this plant:

(i) The membrane potential is very sensitive to
changes in light intensity at acid or neutral medium pH.
In contrast to theCharaceae[32] in Egeria leaf cells,
dark/light transitions always cause a hyperpolarization of
the membrane potential. The kinetics of these transitions
can be divided into three phases: A short depolarization
of a few millivolts is followed by a steep hyperpolariza-
tion. Before reaching the light-adapted steady state usu-
ally a slight depolarization occurs (Fig. 1). Under lin-
earizing conditions, the kinetics can be described by a
sum of exponentials [37]. A time constantti for each of
the three phases could be determined (t1 4 29.5 sec,t2
4 264 sec,t3 4 307 sec) [14] and was then used in the
model (Eqs. 11). At high medium pH (>8) the light sen-
sitivity of the membrane potential disappeared [19].

(ii) Another remarkable feature ofEgeria leaf cells
is the disappearance of the dependence of the membrane
potential on external KCl concentration and light condi-
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tions at strong alkaline external pH (Fig. 2). Between pH
values of 5.5 to 7.5 there is a clear KCl dependence of the
membrane potential according to the Goldman-Hodgkin-
Katz equation [39]. For pH >8 this dependence is van-
ishing together with the light reaction (hyperpolariza-
tion) of the membrane potential. The importance of this
phenomenon is enhanced by experimental findings that
under strong illuminationEgeria leaf cells acidify the
medium on the abaxial side of the leaf and alkalize the
adaxial side of the leaf.

These and other data give evidence for a complex
regulation of plasmalemma ion transport and membrane
potential in response to environmental conditions. After
giving a condensed description of our model, for details
see [14], we here present results of simulations and im-
plications for ion transport inEgeria leaf cells.

Materials and Methods

CULTURE CONDITIONS AND EXPERIMENTAL SETUP

Egeria plants were grown in an aquarium with a soil-covered ground
filled with tap-water under artificial illumination (7 W/m2, neon tube)
in a light/dark regime of 12 hr. Temperature was held constant at 18°C.
Prior to microelectrode impalements fully differentiated leaves were
isolated and mounted in a plexiglass chamber adapted to a Zeiss Jenalu-
mar microscope. Membrane potential measurements were performed
as described elsewhere [18] with the following modifications: The
signal was amplified using a WyeSciencemP amplification system.
The data were recorded on IBM-PC microcomputer, equipped with an
A/D interface (AT M/O-16-9L, National Instruments).

The kinetic analysis of the light effect was performed by using the
so-called 1X-solution (1 mol/m3 KCl, 1 mol/m3 Ca[NO3]2, 0.25 mol/
m3 MgSO4, 1 mol/m3 Na2HPO4/NaH2PO4 buffer, pH 5.9). For the
experiments with variation of external pH (5.5–9.5) and KCl concen-
tration (10/1/0.1 mol/m3 KCl) under dark and light conditions the fol-
lowing bath medium was used: 1 mol/m3 NaCl, 1 mol/m3 CaCl2, 0.25
mol/m3 MgCl2, 10.0 mol/m3 1,3-bis[tris(hydroxymethyl)methyl-
amino]propane buffer for pH adjustment.

KINETIC ANALYSIS OF THE LIGHT EFFECT ON

MEMBRANE POTENTIAL

Under linearizing conditions the response of the membrane potential
h(t) to a stepwise change in light intensity can be described by a sum
of exponentials [37]

h~t! 4 Ao + (
i41

n

Ai · ~1 − exp~−t/ti!!. (1)

Curve-fitting of measured datay(t) to the functionh(t), which means
minimizing the sums of squares

M~Ai , ti! 4 (
j41

m

~y~t! − h~t!!2, (2)

is a notoriously ill-conditioned problem [1]. Furthermore, we have to
take into consideration that most algorithms find only local minima. To
overcome this problem we used a hybrid algorithm [27], which com-
bines an evolutionary strategy [64] with a simplex method [53]. The
fitting procedure was started with the evolutionary strategy. Once the
range of the global minimum was found, the optimal parameter values
were extracted by the simplex method. Additionally, advantage was
taken of the linear occurrence of the amplitude factorsAi in Eq. 1. So
it was possible to adjust the parametersAi by solving the linear system

­ M~Ai, ti!

­ Ai
4 0 (3)

under temporary fixing of the time constantsti. Using sets of test data
it has been verified that the hybrid algorithm is able to calculate the
optimal parameters with satisfactory precision [14].

The time constants and amplitude factors achieved by this pro-
cedure are shown in Appendix 2; Table A4. The time constants were
used in the modeling of the light-dependent transient kinetics of the
membrane potential (seeEq. 11). The metabolite amplitude factorsKi
(Appendix 2; TableA2) were assumed to be proportional to the voltage
amplitude factors.Ai (Appendix 2, TableA4).

THE MODEL

Because of the lack of convincingI-V curves and the including of
transient processes it was not possible to use some kind of state models
[10, 26, 33, 62].

Fig. 1. Effect of a dark/light transition on the measured membrane
potential of a dark-adaptedEgeria leaf cell. Light was switched on at
t 4 0.

Fig. 2. Measured dependence of the membrane potential on external
pH (5.5–9.5) and KCl concentration (10/1/0.1 mol/m3 KCl) under dark
(D) and light (L) conditions.

110 P. Buschmann et al.: Modeling Ion Transport ofEgeria densa



The description of our model is divided into three parts:
1. Scope of the model
2. Basic model
3. Extensions and modifications of the basic model

Scope of the Model

In view of the numerous plasmalemma ion transporters it was neces-
sary to confine the number of elements in the model to a few essential
processes. According to our experimental results and to data from the
literature, we assumed that a minimal configuration must consist of a
proton pump, a K+-inward rectifier, a K+-outward rectifier, a (2H-Cl)+

symporter, and a Cl− channel (Fig. 3). We will call all these elements
transporters in the following. Current knowledge suggests them to be
the basic equipment of fresh-water plant cells.

Whereas there is general agreement on the existence of the plas-
malemma proton pump and the channels there is no direct evidence for
a (2H-Cl)+ symporter inEgeria leaf cells until now. However, the
relatively high cytoplasmic Cl− concentration ([17]: 46 mM) requires
some anion uptake system. Due to the outwardly directed thermody-
namic driving force for chloride ions such an uptake can not be man-
aged in a passive way. In addition, an anion uptake under illumination
even at external concentrations of 0.1 mM Cl− was reported [40, 75],
which can be accomplished only by an electrogenic cotransport system.
Therefore, we included in our model a (2H-Cl)+ symporter as described
for Characeae[3, 59, 60]. The lack of data may be explained by the
fact that the small changes due to this symport are difficult to detect
against the background of the proton pump and the assembly of chan-
nels [3, 17]. A detailed discussion of gradient-coupled chloride trans-
port in plant cells can be found in [61].

Basic Model

For an appropriate description of ion transport we used an approach
which was developed by Gradmann and successfully applied to the
description of phenomena like action potentials and nonlinear oscilla-
tions [29, 30, 51, 70]. Accordingly, the model transporters are char-

acterized by open probabilities (Pi) which are dependent on the mem-
brane potential. The dynamic change of an open probability reflects
the transition between the active and inactive state, which takes place
over a symmetric Eyring barrier with the transition probabilitieski

(inactivation) andka (activation):

dPi/dt = −kii z Pi + ki
a z (1 − Pi) (4)

with

ki
a = k̂ i

a z exp(di
a z FEM/(RT)) (5)

and

ki
i = k̂ i

i z exp(dki
i z FEM/(RT). (6)

The parameterd contains the portion of the membrane potential which
is effective, the charge number of the gating particle and a geometric
factor for the shape of the energy barrier [30]. The range ofd was
restricted to ±0.5 due to the assumptions of unity ‘gating-charges’ and
symmetry of the energy barriers. The sign ofd determines the direction
of activation of a transporter. If a positive-going membrane potential
activates a transporter, then in the modelda 4 0.5 has to be chosen.
Correspondingly, if a negative-going membrane potential activates a
transporter,da 4 −0.5 is required.kˆ i are the transition probabilities at
zero voltage.F, R andT have their usual thermodynamic meanings.
By applying Eq. 4 to each of the five transporters we obtain a system
of differential equations which can be solved with appropriate numeri-
cal methods. The conductance of each transporter is the product of its
maximum conductance and the actual open probability:

gi = gi
max z Pi. (7)

If the equilibrium voltagesEi and the membrane capacitanceCM (1
mF/cm2) are known, the current densities and the membrane potential
can be obtained:

ii = gi z (EM − Ei) (8)

dEM/dt = 1/CM z Sii. (9)

This general approach was modified to include the effect of environ-
mental factors in the simulation of the membrane transport.

Extensions and Modifications of the Basic Model

Modeling the Plasmalemma Proton Pump.In plants the activity of the
plasmalemma H+-ATPase is directly or indirectly influenced by a huge
number of factors [47, 48, 65]. In the case ofEgeria leaf cells this
proton pump is mainly effected by light [17, 45, 69]. This experimental
finding was taken into account in the model by the assumption of a
proportional relation between steady-state activity of the proton pump
PsP and an activation parameter+! reflecting light intensity

PsP = K z +!. (10)

For the simulation of the transient kinetics of membrane potential
(Fig. 1) caused by a stepwise change of light intensity it was assumed
that light acts on the proton pumpvia three generalized pathways (Fig.
4). By measurements with pH-sensitive microelectrodes it could be
shown that forEgeria leaf cells [54] like for other photosynthetic plant
cells the first depolarizing phase of the kinetics is connected with a
short increase in cytosolic pH. These findings were analyzed in detail
by Hansen and coworkers [36, 37, 72, 74]. They found that this tran-
sient alkalinization of the cytosol (caused by photosynthetic uptake of

Fig. 3. A simplified equivalent circuit model of the plasma membrane.
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protons into the thylakoid lumen) is slowing down the ATP-driven
plasmalemma proton pump and as a result the membrane potential is
depolarized. The second phase of the kinetics which is responsible for
the hyperpolarizing net effect of the light reaction is also mediated by
the plasmalemma H+ pump. This could be verified by application of
specific inhibitors and measurements of H+ extrusion [17, 46] as well
as by kinetic analysis [37]. The third phase of the kinetics is not well
examined yet. At present a further effect from photosynthesis to the
proton pump seems to be most likely. An alternative would be an
influencing of a potassium channel [73]. However, the time constantt3
of the third phase of the kinetics is considerably greater than compa-
rable data [37]. Besides this, preliminary experiments with potassium
channel blockers indicate no significant effect on the kinetics.

In the model the three pathways introduced (Fig. 4) were de-
scribed by a parallel arrangement of proportional elements with time
delay

dMi/dt = −1/ti z Mi(t) + Ki/ti z +!, i 4 1, 3 (11)

M1 is essentially an abstraction of pHcyt. Increasing cytosolic pH
can cause an inactivating effect on the proton pump in several ways.
Firstly, the equilibrium potential of the protons (EH) is changed and
hence also the thermodynamic driving force of the proton pump (EM −
EP) (Eq. 30). Secondly, it has to be considered that maximal activity of
the proton pump can be found at a cytosolic pH of 6.5 [31]. This means
that an increased cytosolic pH gives rise to a reduced activity of the
pump. Thirdly, also the pHcyt dependence of the free energy of ATP-
hydrolysisDGATP has to be taken into account. The nature ofM2 is
under discussion. ForEgeria the NADPH/NADP+-ratio seems to play
an essential role [23, 48]. The identity ofM3 is still unknown.

In the case of the proton pump, Eq. 11 replaces the rate Eq. 4 of
the basic model. This means that a stepwise change in light intensity
causes a proportional increase of the generalized metabolite concen-
trationsMi. In addition, a proportional relation between the activity of
the proton pump and the generalized metabolite concentrations was
assumed

PP(t) 4 K z SMi(t), i 4 1, 3 (12)

Influence of External Ion Concentration.For the simulation of
varying external ion concentrations not only resulting changes of the
reversal potentials of the ion transporters but also changes of the cor-
responding conductances have to be considered. These conductances
may be influenced by external KCl concentration as well as by external
pH. Therefore the maximum conductancesgi

max were calculated as

products of the basic maximum conductancesgi
0 and the corresponding

pH-dependent conductance factorsgi

gi
max 4 gi

0 z gi. (13)

The basic maximum conductancesgi
0 were assumed to be 1 S/m2

for the H+ transporters. Estimations for the basic maximum conduc-
tances of the K+ and Cl− transporters, which are influenced by the
potassium and chloride concentrations of the external solution, respec-
tively, were calculated according to the constant field theory [63]

gi 4 −
Pizi

2 F2ji
RT

·
~ci
ext− ci

cyteji!

~1 − eji! · ~ji − ln~ci
ext/ci

cyt!!
with ji 4 ziF EM/RT.

(14)

The dependence of the membrane transport on extracellular pH
was taken into consideration by conductance factorsgi. Following the
model of Miedema and Prins [50] it was assumed that the H+ trans-
porter is working in pump mode at low pH and in channel mode at high
pH. The pH-dependent ration of proton channel and pump conduc-
tances was calculated as

a1 4 b · 10n·~pH−pK1! (15)

with b 4 10 (ratio of channel and pump conductances on a micro-
scopic scale),n 4 2 (number of protonation steps) [50]. Then it was
used for determination of the maximum conductances of the H+ trans-
porter in pump modegP

maxand in channel modegH
max (see alsoFig. 5)

gP 4
1

a1 + 1
, gH 4 1 − gP. (16)

In addition, the variable H+/ATP stoichiometrys of the proton pump
was adopted from Miedema and Prins [50]. The stoichiometry shifts
from a value froms 4 1 at pH4 5.5 tos 4 2 at pH4 10.5.

Because of the experimental observation that forpH > 8 the
membrane potential is insensitive to KCl concentration (Fig. 2) we
assumed an inactivation of the K+ and Cl− transporters under these
conditions

a2 4 b · 10n·~pH−pK2! (17)

gi 4
1

a2 + 1
, i ∈ $Ki, Ko, Cl, SP%. (18)

The subscripti indicates the corresponding plasmalemma ion trans-
porter (see Fig. 3).

The main model equations and model parameters are summarized
in Appendix 1 and 2, respectively. Further details of theEgeriamodel
can be found elsewhere [14].

Results

The simulation of different transport situations confirms
that the model is able to reproduce the experimental data
fairly well. In Figs. 6–8 the simulated effects of light,
medium pH and ionic content of bath medium on mem-
brane transport are shown.

Figure 6 compares measured and calculated steady-
state membrane potential values in dependence on light
intensity + and the activation parameter+!, respec-
tively. For a better understanding of the figure it has to
be mentioned that in darkness two different steady states
could be observed experimentally. In the case of a pre-

Fig. 4. Diagram for the light effect on the proton pumpvia three
generalized pathways. An increase in light intensity (simulated by an
increased activation parameter+!) results in a proportional rise in the
concentrations of the generalized metabolitesMi with a time delay
which is characterized by the time constantsti. As a net effect of this
increase, a hyperpolarization of the membrane potentialEM caused by
an activation of the plasmalemma proton pump occurs (PP: open prob-
ability of the pump).
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treatment with high light intensity (>10 W/m2), steady-
state values of the membrane potential more positive
than the equilibrium potential of the potassium ions,EK,
were measured in the dark (denoted byD1). If, however,
a lower light intensity (3 W/m2) was applied before dark-
ness, a steady state considerably more negative thanEK
was obtained (denoted by D2). In theD1 state the mem-
brane potential usually repolarizes spontaneously to the
D2 state after 30 to 60 min under continuing darkness.
This transition is ascribed to an increase of the proton
pump rate due to respiration. For the modeling we had
furthermore to take into consideration that the proton
pump in darkness is not completely inactivated [16, 45,
50]. So the parameter+! was set to 0.5 for theD1 state
and to 2.0 for theD2 state. For the light states the+!

values were increased parallel to light intensity.
The model can also be used to simulate the transient

membrane potential kinetics caused by a stepwise
change in light intensity (Fig. 7). In Fig 7B the simulated
current densities are shown. In correspondence with ex-

perimental data [46, 75] the simulation yields an en-
hanced proton pumping and thereby a higher uptake of
potassium and chloride ions with increasing light inten-
sity.

The simulated pH and KCl dependences of the
membrane potential under dark and light conditions are
presented in Fig. 8. In accordance with the experimental
data (Fig. 2), for pH > 8 a convergency of the steady-
state potential values can be seen. In the case of a further
increase of the pH above 9.5 the calculated membrane
potential values follow the values ofEH as it was ob-
served onCharaceae[5].

Recently, it was possible to measureI-V-curves
from Egeria protoplasts by means of the patch-clamp
technique in the whole cell mode (Fig. 9A) [52]. These
data gave rise to an examination of the model under
voltage-clamp conditions. The simulation (Fig. 9B)
showed in accordance with the experimental values a
significant decrease in the membrane current.

Every biological system must be able to cope with
disturbances for surviving. This is valid also for ion

Fig. 5. Regulation of the operation mode of the plasmalemma H+

transporter by the external pH according to Eqs. 15 and 16 withpK 4

9.1. The active (pump) mode dominates for pH < 8, while the passive
(channel) mode becomes significant for pH > 9.

Fig. 6. Comparison of measured and calculated steady-state membrane
potential values in dependence on light intensity+ [W/m2] (experi-
mental) and the activation parameter+! (model) respectively.

Fig. 7. Experimental and simulated effect of a dark/light transition on
membrane potential under linearizing conditions (A) and on the corre-
sponding simulated current densities (B). Light intensity was changed
at t 4 0 from+ 4 2 W/m2 to + 4 4 W/m2. In correspondence with
experimental data the simulation yields an enhanced proton pumping
and thereby a higher uptake of potassium and chloride ions with in-
creasing light intensity.iKo, iCl and iH are zero.
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transport processes. So we had to verify whether the
proposed model satisfies stability requirements. From a
mathematical point of view, stability analysis can be
done by linearization of the system at the steady state and
calculation of the eigenvalues of the linearized system

[21]. In this way the stability of the steady states in Figs.
6–10 was checked. The stable behavior of the model can
be illustrated by various examples. In Fig. 10 a simu-
lated disturbance (depolarization) of the membrane po-
tential in darkness is shown. It could be caused by a
short injury of the membrane or by an electrogenic up-
take of organic moleculesvia a proton-driven symporter
[55]. After the disturbance the system relaxes into the
initial state. In a similar manner, a partial blocking of the
K+-channels can be simulated. In accordance with ex-
perimental data obtained fromEgeria leaf cells [13]
blocking of the K+-inward rectifier and of the K+-
outward rectifier results in a hyperpolarization and a de-
polarization, respectively.

Besides stability, which characterizes the ability of a
system to compensate small disturbances of the vari-
ables, also the sensitivity to small changes of the param-
eter values is an important feature of a model [15]. For
our model it was found that the steady states in darkness
were more parameter-sensitive than the steady states in
the light. The reason for this are the feedback features of
the ion transporters. Except for the proton pump they are
voltage-dependent (Eqs. 5 and 6) and influence for their
part the membrane voltage (Eq. 9). We can distinguish

Fig. 8. Simulated medium pH- (5.5–9.5) and KCl-dependence (10/1/
0.1 mol/m3 KCl) of the membrane potential under dark (D) and light
(L) conditions. In comparison with the experimental data (Fig. 2) a
satisfactory correspondence is achieved. The following parameter val-
ues were used: D:+! 4 0.5, pK1 4 9.1, pK2 4 7.6, L: +! 4 6.0,
pK1 4 8.6, pK2 4 7.6.

Fig. 9. Experimentally determinedI-V-curves from anEgeria proto-
plast measured by means of the patch-clamp technique in whole cell
modus [52] (A) in comparison with simulatedI-V-curves according to
the model (B).

Fig. 10. Simulated response of the membrane potential (A) and the
current densities (B) on a disturbance (depolarization) caused by an
additional leak current (not shown) in darkness.
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two cases: Either activation of an ion transporter shifts
the membrane potential in such a way that the transporter
is inactivated (negative feedback) or the change of the
membrane potential results in a further activation of the
transporter (positive feedback). Negative feedback
mechanisms have a stabilizing effect and positive feed-
back mechanisms a destabilizing effect on the overall
system. In our model, all the transporters except the an-
ion channel realize negative feedback mechanisms lead-
ing to a stable behavior of the overall system. However,
in darkness especially atEM nearEK, the anion currents
can reach a relatively high influence. In this situation the
sensitivity of the model towards parameter changes is
enhanced because of the destabilizing properties of the
anion channel. As a result of the sensitivity analysis it
may be speculated that the anion channel has a third state
as it was found in other plants [29, 51, 70]. This addi-
tional state would inactivate the channel in the case of
positive-going membrane potential, turning this trans-
porter into a stabilizing element.

Discussion

Simulations using the model presented here confirm and
explain electrophysiological results obtained fromEge-
ria leaf cells: The high electrogenicity of the plasma-
lemma H+ ATPase is crucial for the electrophysiological
phenomena inEgeria. In the light, this proton pump
hyperpolarizes the cell membrane (Fig. 7) and acidifies
the medium at the lower leaf side, thereby providing the
driving force for electrogenic membrane transport. At
alkaline pH, the pump is deactivated despite illumina-
tion. Due to numerous plasmodesmata, the membrane
potential of all leaf cells is clamped at the same value.
The main antagonist of the plasmalemma proton pump is
the inward-rectifying K+ channel. It opens at hyperpo-
larizing membrane potentials allowing potassium uptake.
In principle, H+/X symporters are also antagonists of the
proton pump though of less influence on the membrane
potential (Fig. 7B). In darkness, the plasmalemma
ATPase pumps protons out of the cell at a low rate. This
leads to a depolarized state in comparison to the cell
potential in the light. In the case of a depolarization to
values more positive than in theD1 state (caused, e.g., by
temporary membrane damage or energy depletion) the
K+-outward rectifier is activated (Fig. 10). This mecha-
nism can be regarded as a kind of buffering of the plas-
malemma potential difference, which is necessary for
many cell processes. Critical potassium loss in theD1

state will be limited for two reasons: (i) The conductance
of the other ion transporters is very low in this state [49].
(ii) TheD1 state will spontaneously turn into theD2 state
under continuing darkness. In this wayEgeriaseems to
accomplish balanced osmotic relations.

The effect of light on the membrane potential in

plants was examined by Hansen and coworkers in detail
[36, 37, 72, 74]. They found at least four different path-
ways for the action of photosynthetic processes on plas-
malemma ion transport. Both of the corresponding time
constants concerning the action on the plasmalemma
proton pump were also found inEgeria leaf cells (Ap-
pendix 2; TableA4). The difference in the other time
constants may be due to different experimental condi-
tions or the variability of the ion transporters (e.g., dif-
ferent kind of K+ channels).

In addition to the influence of light, plasmalemma
ion transport is regulated by medium pH [11, 38, 71].
In our model, both K+ channels are activated by hyper-
polarizing (inward-rectifying K+ channel) or depolariz-
ing voltage (outward-rectifying K+ channel) at acid or
neutral extracellular pH, respectively. As a consequence
there is a significant influence of the K+ concentration of
the bath medium on the membrane potential in the light
as well as in darkness. With increasing external pH first
the K+ and Cl− transporting devices (Eqs. 17 and 18)
inactivate and then the plasmalemma proton pump turns
into the channel mode (Eqs. 15 and 16). So the proton
pump most strongly predominates at pH 7.5 resulting in
a hyperpolarized membrane potential. Between pH 8.5
and 9.5 the membrane potential remains nearly un-
changed due to the opposite-directed processes of inac-
tivation of the proton pump and activation of the passive
H+ conductance (EH becomes more negative with in-
creasing pH). For strong alkaline pH, the membrane po-
tential is approaching the reversal potential of the passive
H+ transporter. These dependencies can be seen in simu-
lations using our transport model (Fig. 8); they reflect
electrophysiological results where the experimentor de-
termines the medium pH.

The question arises as to how and for what purpose
Egeria leaves develop leaf polarity including an acid pH
at the lower leaf side and an alkaline pH at the upper
side. The purpose seems clear since the uptake of inor-
ganic carbon has been investigated inCharaceaeand
Hydrocharitaceae(reviews: [42, 44, 57]). In both cases
a bicarbonate utilization was found. At high light inten-
sities and low dissolved carbon concentration these
fresh-water plants generate a low pH at certain regions
(alkaline bands in theCharaceae[8], the adaxial leaf
side in Hydrocharitaceae) [24] for CO2 uptake. The
acidification shifts the equilibrium of the carbon dioxide
system towards CO2, which then enters the cell by pas-
sive diffusion [56, 67]. Another proposed mechanism
for bicarbonate utilization is an H+/HCO3

− symporter lo-
cated in the plasmalemma [25, 43].

The pH polarity ofEgeria leaf cells is mainly estab-
lished by the H+ transporters, which are working in the
pump mode or in the channel mode in dependence on the
external pH [50]. The pivotal question is how the mode
of the H+ transporter is switched, i.e., how a change of
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the medium pH is triggered. Elzenga and Prins [22] pro-
posed a model for the generation of pH polarity forHy-
drocharitaceaeassuming a positive feedback system:
with rising pH at the leaf surface the proton transporter
switches from the pump to the channel mode resulting in
a further rise of the pH value. To make this feedback
system work, an initial trigger impulse must be provided.
The nature of this impulse is still in discussion, but there
are at least three possibilities: (i) A small imbalance in
the proton fluxes was proposed due to the asymmetric
distribution of the plasmalemma ATPase [22]. (ii) A
transient activation of the K+-inward rectifier caused by
the initial depolarization after switching on the light
would be possible. (iii) A transient uptake of anions by
means of a proton symporter, which is energized by the
light-induced hyperpolarization could be imagined. The
first hypothesis is difficult to set in accordance with acid-
base theory [68] which states that the pH cannot be
changed by a net proton flux but only by an accompa-
nying net flux of strong ions (e.g., K+ or Cl−). All
proposals require a heterogeneous distribution of the cor-
responding transporters, preferentially located in the
plasmalemma of the lower (ATPase) or upper (inward-
rectifying K+ channel and proton-driven anion sym-
porter) leaf side. Nevertheless, the pH polarity enables
the cell to ensure an optimum supply with inorganic
carbon and the homeostasis of cytoplasmic pH.

To sum up, the model is able to describe the plas-
malemma ion transport ofEgerialeaf cells as determined
by a framework of H+, K+, and Cl− transporters. The
proton pump, which is controlled by photosynthesis, es-
tablishes an H+ electrochemical gradient. This gradient
provides the driving force for gradient-coupled transport
systems. The ion channels considered catalyze dissipa-
tive transport for ion uptake or maintenance of the mem-
brane potential. The membrane potential is dominated
by the proton pump (pump state) in the light at acid or
neutral medium pH, under strong depolarized condi-
tions by the K+-outward rectifier (K+ state) and at high
medium pH by the passive H+ conductance (H+ state).
These states, which were first described forCharaceae
[4, 6, 9], can be simulated by means of our model. They
are suggested as general patterns of ion transport across
the plasmalemma of fresh-water plants for adaptation to
changing environmental conditions.
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Appendix 1

SUMMARY OF THE MAIN MODEL EQUATIONS

1. Open Probabilities

PP~t! = K ·(Mi with (19)

dMi/dt = −1/ti ·Mi~t! + Ki/ti · LA, i = 1,3 (20)

dPi/dt = −ki
i ·Pi + ki

a · ~1 − Pi!, i e {Ki,Ko,Cl,SP,H} with (21)

ki
a = k̂i

a · exp~di
a ·FEM/~RT!! (22)

ki
i = k̂i

i · exp~di
i ·FEM/~RT!! (23)

2. Membrane Potential

dEM/dt = 1/CM ·(ii (24)

3. Current Densities

ii = gi · ~EM − Ei! (25)

4. Conductances

gi = gi
max ·Pi with (26)

gi
max= gi

0 · gi (27)

5. Reversal Potentials

Ei = −
RT

ziF
ln
ci
cyt

ci
ext
, i e {K,Cl,H} (28)

ESP= 2EH − ECl (29)

EP = EATP+ EH with EATP=
−DGATP

s ·F
. (30)

Appendix 2

MODEL PARAMETERS

Table A1. General model parameter

Parameter Symbol Value Reference

Cytosolic pH pHcyt 7.3 [2, 54]
Cytosolic K+ concentration cK

cyt 200 mM [17]
Cytosolic Cl− concentration cCl

cyt 46 mM [17]
Free energy of ATP hydrolysis DGATP −50 kJ/mol [7, 12]
Specific membrane capacitanceCM 1 mF/cm2 [34]

Table A2. Parameter of the model transporter

K K1 K2 K3

Proton pump 0.01 0.03 −0.7 0.66

di
a di

i k̂i
a [s−1] k̂i

i [s−1]

H+ channel −0.5 0.5 0.0050 29.00
K+-inward rectifier −0.5 0.5 0.0012 22.00
K+-outward rectifier 0.5 −0.5 0.1000 0.03
Cl− channel 0.5 −0.5 1.0000 0.09
(2H-Cl)+ symporter −0.5 0.5 0.0180 10.00

Table A3. Basic maximum conductancesgi
o of K+- and Cl−-

transporters

cK
ext

[mol/m3]
cCl
ext

[mol/m3]
goKi 4 goKo
[S/m2]

goCl
[S/m2]

goSP
[S/m2]

A 1.0 1.0 1.0 0.100 0.020
B 0.1 3.6 0.5 0.120 0.024
B 1.0 4.5 1.0 0.125 0.025
B 10.0 13.5 3.0 0.150 0.030

A: Simulation of the light effect on membrane potential; B: Simulation
of medium pH- and KCl-dependence of the membrane potential.

Table A4. Time constantsti and amplitude factorsAi achieved by
curve-fitting of the response of the membrane potential to a stepwise
change in light intensity on Eq. 1

ti [s] Ai [mV] t̆i [s]

1 29.43 ± 6.61 18.07 ± 6.95 5..40
2 263.95 ± 21.74 −344.33 ± 48.10 180..600
3 307.19 ± 22.67 316.47 ± 50.46

In the last column corresponding time constantst̆i from other plants
[37] are shown.
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