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Abstract 

The calculation procedure has been developed to determine the dynamic condition of the ion composition in cell 
walls during proton extrusion, known as the Weak Acid Donnan Manning (WADM) model for fluxes. In this model, 
the walls of plant cells are considered as a system containing weak acid polymers where the interaction of ions 
obeys the Manning condensation theory and the Donnan theory. When protons are transported across the walls 
during proton fluxes, the transported proton will interact with the wall ions and alter the ion composition. This 
depends on the wall parameters such as the concentration of ionisable sites, the pK of the wall weak acid, and the 
wall linear charge density parameter. When the linear charge density parameter is still higher than the reciprocal of 
the highest valence of the involve cations, the transported protons during proton fluxes will decrease the wall pH, 
alter the ion composition in the wall Donnan free space and water free space, and release the condensed cations. 
Therefore some of the proton fluxes are represented by the flux of the condensed cations outside the walls. However 
when the linear charge density parameter is less than the reciprocal of the highest valence of the involve cations, 
there is no condensed cations in the walls so that the transported protons only alter the ion composition in the wall 
Donnan free space and water free space.  
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1. Introduction 

The walls of plant cells modify the ionic 
composition at the surface of the plasmalemma from 
its surrounding medium. The walls that contain weak 
acid polymers have fixed negative charges. Therefore 
cations from the surrounding medium tend to gather in 
the walls1). Sentenac and Grignon had proposed a 
model for predicting the ionic equilibrium 
concentration in cell walls of Horse been roots2). 
Furthermore, to study the ion behavior in plant cell 
walls, the weak acid Donnan-Manning (WADM) 
model that employs the Manning condensation 
theory3) and the Donnan theory has been proposed by 
Richter and Dainty for Sphagnum russowii cell  
walls4-7). This WADM model has been used by Ryan 
et al. to explain rapid calcium exchange for protons 
and potassium in Chara cell walls8). In the study, the 
model was used to calculate the wall parameters for 
the treatment condition of the external medium used in 
their experiment. In this case, the calculation was 
carried out by assuming that the equilibrium condition 
between the walls and the external medium has been 
established. Therefore the calculation process could be 
done almost straightly forward.  

In the case that the equilibrium condition 
between the walls and the external medium has not 
been established such as in the case that the wall pH is 
continuously altered by proton efflux, the calculation 
needs further investigation. In such dynamic situation, 
the ion composition in the walls is also continuously 
altered when proton are transported across the walls 
during proton fluxes. This is due to the interaction of 

the transported proton ions with the wall weak acids 
and other ions in the surrounding medium. In plant 
cells, proton ions are transported across the 
palsmalemma to or from the cell walls. Therefore it is 
useful to describe the effect of transported proton ions 
during proton fluxes on the ion composition in the 
cells walls and the fluxes of ions outside the walls 
using the WADM model. This calculation model is 
introduced as the WADM model for fluxes. Arif and 
Newman have described this model very brief in 
relation to explain the observed calcium efflux due to 
proton extrusion from oat coleoptile cells during 
fusicoccin action9). This calcium-proton exchange 
during proton extrusion from plant cell walls is 
important and must be considered when the ion fluxes 
are observed outside plant cell walls such as in the 
measurement of fluxes using ion selective 
microelectrodes. Due to the importance of this issue, 
the calculation procedure of the WADM model for 
fluxes will be presented in more details in this study. 
This study describes every time step of changes of 
wall parameters as the results of proton fluxes through 
plant cell walls. This model will also provide the 
estimated fluxes of related ions outside the cell walls 
due to the proton fluxes as function of time.  

2. Calculation Procedure 

2.1 Initial conditions 

To start with the WADM model for fluxes, we 
consider plant cells bathed with a medium containing 
[Ko] mole m-3 of potassium, [Cao] mole m-3 of 
calcium, [Nao] mole m-3 of sodium, and [Clo] mole m-3 
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of chloride, at pHo. At t=0, it is assumed that the flux 
of every ion across the plasmalemma and the cell 
walls is zero and the equilibrium between the walls 
and the bathing medium has been established. In this 
situation, the concentration of ions in the water free 
space (WFS) of the walls is the same as in the bathing 
medium. Therefore the initial concentration of the ions 
of interest in the WFS  can be expressed as [Ko](0), 
[Cao](0), [Nao](0), and [Clo](0), and [Ho](0). When the 
concentration of ionisable sites in the Donnan free 
space (DFS) of the wall [Asites], the pK of the wall 
weak acids (assumed to be single), and the intrinsic 
linear charge density parameter of the walls ξ* are 
given, using the WADM model analysis, the 
concetration of all ions in the DFS can be estimated 
based on their concentration in the WFS8). These 
concentration are then considered as the initial 
concentration of the ions in the DFS and they can be 
expressed as [Kw](0), [Caw](0), [Naw](0), and [Clw](0), 
and [Hw](0). The WADM model analysis also 
provides other quantities such as the activity of each 
ion (γ), the ionic strength (I), the linear charge density 
parameter (ξ), the concentration of condensed calcium 
in the wall weak acids ([Cacond]) since calcium is the 
highest valency cation available in the walls, the 
concentration of dissociated ionisable sites in the DFS 
([Adiss]), the concentration of the fixed negative 
charges available for the Donnan equilibrium 
([ADonn]), the Donnan partition coeficient (σ), and the 
Donnan potential of the DFS in respect to the WFS 
(Ewo). 

2.2 Effects of Proton Efflux 

At time 0<t<tm where tm is the length of the 
time under consideration, it is supposed that there is a 
proton efflux from the cell to the cell walls and the 
bathing medium that varies with time (JH

cell(t) in mole 
m-2 s-1). Based on the neutrality principles for the ion 
transport, it is assumed that the proton efflux is 
balanced by the efflux of anion N- of valence -1 wih 
the same magnitude (JN

cell(t)=JH
cell(t)). The flux of 

other ions during this time are assumed to  be zero. 
When proton are extruded to the walls and the 

bathing medium, some of the extruded protons 
function to increase the concentration of protons in the 
DFS (∆[Hw]) and in the WFS (∆[Ho]) so that the pH of 
the DFS and the WFS decreases. Some of the extruded 
protons also protonate the wall weak acids so that the 
concentration of the dissociated ionisable sites 
decreases (∆[Adiss]), and release some of the 
condensed calcium so that the concentration of the 
condensed calcium decreases (∆[Cacond]). The rest of 
the extruded diffuse to the external medium (∆TH

ext in 
mole m-3). In this analysis, all of these quantities are 
calculated at every small and equal time interval 
during the time under consideration (∆t=tm/n where n 
is the number of interval). 

At time t=i∆t where i=1 to n, the change of the 
ionic composition of the walls from their initial ionic 
composition is due to all ion fluxes from t=0 to t=i∆t. 

Therefore the calculation is started from the initial 
ionic composition of the walls, and then the effect of 
the kth ion fluxes, where k=1 to i, on the ionic 
composition of the walls is analyzed one by one.  

2.3 Protons 

The  amount of  extruded protons from the cell 
due to proton efflux JH

cell(k) during ∆t in mole m-2 is 

tkJkT cell
H

cell
H ∆=∆ )()(  (1) 

In this case the thickness of the walls is h in m 
and it is assumed that the proportion of the DFS in the 
walls is λ and the rest (1- λ) is the WFS. Therefore, 
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To approach the mechanism of the fluxes, it is 
assumed that all amounts of the extruded ions 
during the time interval first fill the walls, and 
then it is followed by the diffusion of ions to the 
bathing medium. By applying the Henderson-
Hasselbalch equation and the Donnan theory, 
Equation 2 becomes 
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In the DFS, the activity coefficient of ions with 
valence z is defined as (Richter and Dainty, 1990b; 
Ryan et al., 1992), 
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where the effective linear charge density parameter is 
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and the ionic strength in the DFS is 
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In the WFS, the activity coefficient of ions with 
valence z is determined using the Debye-Hückel 
expression, 
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where the ionic strength in the WFS is 
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When Equations 1, 4, 5, 6, and 7 are 
substituted into Equation 3, a quadratic equation for 
the proton concentration in the DFS ([Hw](k)) is 
obtained. To solve this equation to obtain the proton 
concentration in the DFS ([Hw](k)), the values of the 
activity coefficient of monovalent ions in the DFS and 
in the WFS (γ1w(k) and γ1o(k)) and the related Donnan 
partition coefficient (σ(k)) are required. In this case, 
the previous values of these quantities (γ1w(k-1) and 
γ1o(k-1), σ(k-1)) are used for the starting values. After 
the proton concentration in the DFS ([Hw](k)) is 
obtained, the proton concentration in the WFS 
([Ho](k)) is determined using the Donnan relation. 
Furthermore, the increase of the proton concentration 
in the DFS (∆[Hw](k)) and in WFS (∆[Ho](k)) can be 
determined, and  the concentration reduction of the 
dissociated ionisable sites due to the proton efflux 
during ∆t (∆[Adiss](k)) can be obtained using Equation 
3. 

2.4 Condensation 

The total concentration reduction of the 
dissociated ionisable sites is obtained from its 
previous values based on the following equation, 
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Therefore the concentration of the dissociated 
ionisable sites can be determined from its initial 
concentration using 

).]([)0]([)]([ kAAkA T
dissdissdiss ∆−=  (14) 

The linear charge density parameter then can be 
determined using 
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The total concentration reduction of the condensed 
calcium is obtained from 
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The concentration reduction of the condensed calcium 
due to JH

cell(k) during ∆t is obtained using 
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The concentration of the condensed calcium can be 
determined from its previous value using the 
following equation. 

)]([)1]([)]([ kCakCakCa condcondcond ∆−−= (18) 

The concentration of the fixed anions in the DFS of 
the walls usable for the Donnan equilibrium is 
determined by subtracting the concentration of the 
dissociated ionisable sites with the concentration of 
the sites occupied by the condensed calcium. 
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2.5 Calcium 

The calcium from the cells and the calcium 
released from the walls due to JH

cell(k) during ∆t are 
the source of calcium entering the DFS, the WFS and 
the bathing medium. Therefore, similar with equations 
for protons, for calcium at t=i∆t, it is obtained 
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Using the previous values of the activity 
coefficient of divalent ions in the DFS and in the WFS 
(γ2w(k-1) and γ2o(k-1)) for the starting values of the 
activity coefficient of divalent ions in the DFS and in 
the WFS (γ2w(k1) and γ2o(k1)),  as for protons, the 
equation obtained from the substitution of Equations 
17, 20, 22, 23, and 24 into Equation 21, is solved to 
determine the calcium concentration in the DFS 
([Caw](k)). After that, the calcium concentration in the 
WFS ([Cao](k)) is determined using the Donnan 
relation. Furthermore, the increase of the calcium 
concentration in the DFS (∆[Caw](k)) and in the WFS 
(∆[Cao](k)) can be determined. 

2.6 Other monovalent ions 

For potassium, sodium, chloride ions and the 
negative ion transported to balance the transport of 
protons, the similar method is employed to obtain their 
concentration in the DFS and in the WFS, and finally 
the increase of their concentration in the DFS and in 
the WFS. 
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2.7 Donnan Considerations 

In the DFS, electric neutrality must be satisfied. 
Therefore, 
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The concentration of each ion in the DFS can be 
expressed in term of the increase of the ion 
concentration and the previous ion concentration in 
the DFS and in the WFS, that is: 
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Here, N is either proton, calcium, potassium, sodium, 
chloride or N- ion and z is the valence of the ions. 
When Equation 26 is applied on all of these ions and 
the results are substituted into Equation 25, a 
polynomial of degree 4 to solve for the Donnan 
partition coefficient (σ(k)) is obtained. Using a 
standard routine, the roots of the polynomial can be 
found and the positive root of the polynomial is 
selected for σ(k). This value is then used to determine 
all other parameters in the DFS and in the WFS. This 
calculation is carried out iteratively until the values of 
all parameters approach a steady state. At this state, 
the iteration to obtain the ionic composition of the 
walls for kth ion fluxes at t=i∆t, where k=1 to i, has 
been completed. 

After k=i, the Donnan potential, the potential 
of the DFS in respect to the WFS, at this state is 
determined using 
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R, T and F have their usual definitions. 
The flux of ions from the walls to the bathing 

medium at t=i∆t is defined as the difference between 
the total amount of the ions that diffuse from the walls 
to the external medium at t=(i-1)∆t and at t=i∆t 
divided by the time difference, 
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N is either proton, calcium, potassium, sodium, 
chloride or N- ion. r is according to Equation 7 or 24 
for cations, however λh is substituted with (λ-1)h for 
anion. In the equation for r, D is the diffusion 
coefficient of the DFS for cations, however for anions 
it is the diffusion coefficient of the WFS.   

 

3. Simulation Process 

For the analysis of the effect of proton fluxes to 
the ionic composition in the walls, it is considered a 
plant tissue which has 10 cells in its thickness. It is 
necessary to mention the number of cells in tissue 
thickness since it is supposed that the calculation 
model will be used to estimate the fluxes of ions 
outside the plant tissue surface during proton extrusion 
from all of the cells to their walls. Therefore, it needs 
to encounter all wall thickness in the direction of the 
fluxes. When the calculation model is used to estimate 
the fluxes of ions outside a single plant cell, the 
calculation process is similar. The concentration of the 
ionisable sites of the cells walls ([Asites]) is 800 moles 
m-3 as reported and used for Chara in the work of 
Dainty8,10). The pK of the wall weak acids is 3.0 and 
the intrinsic linear charge density parameter (ξ*) is 
0.71 as found in Sphagnum russowii6). The wall 
thickness of each cell (λ) is 1.0 µm and the portion of 
the DFS in the walls is 0.5 as reported for Chara11) . 
The diffusion coefficient of ions in the WFS is 
assumed to be the same as in open water, that are 
9.17x10-9 m2 s-1 for protons, 1.99x10-9 m2 s-1 for 
calcium, 1.9x10-9 m2 s-1 for potassium, 1.28x10-9 m2  
s-1 for sodium, and 1.93x10-9 m2 s-1 for chloride. The 
diffusion coefficient of ions in the DFS is assumed to 
be 1/5 of that in open water. The bathing medium 
contains 0.1 mole m-3 potassium, 0.1 mole m-3 
calcium, 0.02 mole m-3 sodium, and 0.3 mole m-3 
chloride at pH 6. 

It is assumed that there is proton efflux at the 
plasmalemma described by the following equation in 
nmol. m-2 s-1 (influx positive).  

)1(300)( / Stcell
H etJ −−−=  (30) 

This assumption is made since in general the response 
of plant cells to a certain treatment usually is 
exponentially and asymptotically increase to a certain 
value. To satisfy electric neutrality principle, the 
proton efflux is balanced by the efflux of N-. The 
fluxes of calcium, potassium, sodium and chloride at 
the plasmalemma are assumed to be zero. 

4. Results 

When the calculation model of the effect of 
proton fluxes to the ionic composition in the walls 
using WADM model is applied, it is found that due to 
the asymptotically increased proton efflux at the 
plasmalemma, the estimated proton and calcium 
effluxes from the walls to the external medium also 
increase (Figure 1). This describes that there is 
calcium release from the condensed phase in the walls 
by some of the extruded protons. In the beginning, the 
increase of calcium efflux is faster than the proton 
efflux. After the proton efflux at the plasmalemma 
levels off, the estimated calcium efflux starts to 
decrease. 
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Figure 1. The proton efflux at the plasmalemma (○), 
and the proton (□) and calcium (∆) effluxes outside 
the walls estimated using the WADM model for 
fluxes. The wall parameters are described as in the 
Experiments. 
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Figure 2. The pH of the DFS (∆) and the WFS 
(□) estimated using the WADM model for fluxes 
during the proton efflux at the plasmalemma used 
in Figure 1. 

During the proton efflux at the plasmalemma, 
the pH of the DFS also decreases from about 4.4 to 3.7 
and the pH of the WFS decreases from 6.0 to about 
4.9 (Figure 2). This describes that during proton 
efflux, the acidification of the walls also happens.  
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Figure 3. The Donnan partition coefficient σ (∆) 
and the Donnan potential Ewo (□) estimated using 
the WADM model for fluxes during the proton 
efflux at the plasmalemma used in Figure 1. 

For the representatives of wall parameters that 
change during the proton efflux at the plasmalemma, 
the Donnan partition coefficient and the Donnan 
potential during the proton extrusion is shown in 
Figure 3. The Donnan partition coefficient decreases 
from about 43 to about 15. Meanwhile the Donnan 
potential depolarizes from about -95 mV to about -69 
mV. The change of these two parameters indicates that 
the ionic composition in the walls during the proton 
efflux at the plasmalemma is continuously altered. 

5. Discussion 

According to the WADM model 4-8), when the 
pH of the DFS is decreased to approach the pK of the 
wall weak acids, the same pH decrease causes more 
calcium release. Therefore the decrease of the 
estimated calcium efflux, when the proton efflux at the 
plasmalemma levels off, indicates that a constant 
proton efflux at the plasmalemma does not decrease 
the pH of the DFS linearly. In this case the rate of the 
decrease becomes smaller. This is shown in Figure 2. 

In Figure 1, calcium efflux from the walls does 
not drop to zero during this time. This indicates that 
some condensed calcium in the walls is still available 
after 40 minutes. In this condition, the concentration 
of the dissociated ionisable sites useable for the 
Donnan equilibrium has not been altered. Meanwhile, 
some of the extruded protons, the extruded N- ions and 
the released calcium increase the ionic strength of the 
DFS and the WFS in the walls. Therefore the Donnan 
partition coefficient decreases and the Donnan 
potential becomes more positive (Figure 3). For 
potassium, sodium and chloride that do not have any 
source in the walls, the decrease of the Donnan 
partition coefficient relates to the decrease of the ion 
concentration in the DFS and the increase of the ion 
concentration in the WFS. In this case, the decrease of 
the ion quantity in the DFS is the same as the increase 
of the ion quantity in the WFS. Therefore there are no 
fluxes of those ions from the walls to the bathing 
medium. 

In the absence of calcium flux in at the 
plasmalemma, the source of calcium entering the DFS, 
the WFS and the bathing medium is the calcium 
released from the condensed phase of the walls during 
proton extrusion. However, if Manning condensation 
is not considered in this model of the walls so that 
condensed calcium in the walls does not exist, there 
would be not calcium release during proton extrusion. 
In this case, as with other ions that do not have any 
sources in the walls, changes of Donnan equilibrium 
during proton extrusion only cause exchange of 
calcium between the DFS and the WFS within the 
walls. Therefore, there would be not calcium efflux 
from the walls to the bathing medium. Manning 
condensation must be included in the model of walls 
in order to allow calcium efflux from the walls to the 
bathing medium during proton extrusion. 

When the concentration of ionisable sites is 
increased, the patterns of the estimated proton and 
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calcium effluxes from the walls to the bathing medium 
are the same. The higher concentration of the ionisable 
sites causes bigger calcium efflux and smaller proton 
efflux. The effect is not linear as expected from the 
Henderson-Hasselbalch equation. 

When the pK of the wall weak acids is altered, 
the position of the working pH of the DFS relative to 
the pK is also changed. Therefore, when the pK is 
increased so that it becomes closer to the working pH, 
the same pH decrease due to proton extrusion causes a 
larger calcium release. As the results, the estimated 
calcium efflux from the walls to the bathing medium 
is bigger and the estimated proton efflux is smaller. 
When the pK is increased further, the available initial 
condensed calcium in the walls is less. If this 
condition happens, after some time the extruded 
protons may release all of the condensed calcium so 
the calcium efflux becomes absent. In this case, the 
proton extrusion only causes an exchange of calcium 
between the DFS and the WFS. 

When the intrinsic linear charge density 
parameter ξ* is altered, it does not affect the estimated 
proton and calcium effluxes from the walls to the 
bathing medium as long as the linear charge density 
parameter ξ still does not drop below 0.5 during 
proton extrusion. When ξ drops below 0.5, there is not 
any condensed calcium in the walls to be released and 
the calcium efflux becomes absent. When ξ* ≤ 0.5, the 
initial concentration of condensed calcium in the walls 
is zero and the wall can be considered as a classic 
Donnan system only. 

To examine the WADM model for fluxes, it is 
necessary to have the observed data of simultaneous 
flux measurement of related ions, which are proton 
and calcium, close to the tissue surface. The observed 
proton and calcium fluxes must of course be related to 
a certain treatment that is expected to cause proton 
extrusion from inside the cell to the cell walls. The 
simultaneous flux observation may be carried out 
using ion selective microelectrode 12-13). In this case, 
as the input of the WADM model for fluxes, the 
proton efflux is first generated from the observed 
proton and calcium fluxes using their total transported 
electric charges. Using the generated proton efflux as 
the input, the WADM model for fluxes is then used to 
regenerate the proton and calcium fluxes outside the 
cell walls. Arif and Newman have used this model for 
the observed proton and calcium fluxes during 
fusicoccin action on oat coleoptiles9). The result 
showed that the calculated proton and calcium fluxes 
are matched well to the observed data. Therefore, this 
WADM model for fluxes is successful to describe the 
proton-calcium exchange during proton extrusion 
induced by fusicoccin action in oat coleoptiles9). On 
pea epicotyl segments 14), 10-2 mol m-3 fusicoccin (FC) 
is also observed to cause proton and calcium effluxes 
outside the cell walls. The aplication of the WADM 
model for fluxes on these data also shows that the 
calculated data as the output of the WADM model for 
fluxes are matched with the observed proton and 

calcium effluxes. This indicates that the WADM 
model for fluxes is adequate to describe the exchange 
of wall calcium with the proton extruded from the cell 
during proton extrusion. 

Exchange of wall calcium by extruded protons 
from the cells must be considered in studying proton 
efflux as the results of some treatments. Wall calcium 
involves in determining the structural rigidity of the 
cell walls so that the calcium release from the wall 
will contribute to the growth of plant cells 15). This 
analysis is also in agreement to the reports that the 
increase of the external salinity will decrease the 
extracellular water space pH as the result of the 
exchange between sodium ions from the external 
solution with protons of carboxyl groups of the cell 
walls of Spinacia oleracea L. roots 16). It is also shown 
that cell wall acidic properties are enhanced for all 
types of cation exchangeable groups by increasing 
salinity concentration of the external solution in 
halophyte plant roots 17). The resulting calcium release 
from the walls may also increase its chemical potential 
gradient between the cell walls to the cytoplast so that 
any calcium channel opening in such situation may 
produce communication signal for cellular      
responses 13,18). Calcium is known to have a role in 
signaling system of plant19-21). These reports suggest 
that the calcium release from cell walls by extruded 
protons may contribute to the signaling process. 

6. Conclusion 

The WADM model for fluxes provides a 
quantitative analysis to estimate wall quantities such 
as wall ionic composition and the ion fluxes from the 
walls to the bathing medium during proton extrusion 
at the plasmalemma. It shows that the proton extrusion 
causes effluxes of both proton and calcium from the 
walls. This calcium-proton exchange during proton 
extrusion from plant cell walls must be considered 
when ion fluxes are observed outside plant cell walls 
such as in the measurement of fluxes using ion 
selective microelectrodes. The WADM model for 
fluxes is successful to describe the proton-calcium 
exchange in the walls expected during proton 
extrusion. Besides the ion composition of the bathing 
medium, the results of the WADM model for fluxes 
also depend on the wall parameter such as the 
ionisable site concentration and the pK of the wall 
weak acid.  
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