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Abstract. Pattern formation mechanisms in developing 
organisms determine cellular differentiation and func- 
tion. However, the components that interact during the 
manifestation of a spatial pattern are in general unknown. 
Characean algae represent a model system to study pat- 
tern formation. These algae develop alternating acid and 
alkaline transport domains that influence the pattern of 
growth. In the present study, it will be demonstrated that 
a diffusion mechanism is implicated in acid and alkaline 
domain formation and this growth pattern. Experiments 
on the characean growth pattern were performed that 
resulted in pronounced, however, unpredictable modifi- 
cations in the original pattern. A major component in- 
volved in this pattern-forming mechanism emerged from 
the nonlinear kinetics of the H+-ATPase that is located in 
the plasma membrane of these algae. Based on these 
kinetics, a mathematical model was developed and nu- 
merically analyzed. As a result, the contribution of a 
diffusional component to the characean acid/alkaline pat- 
tern appeared most likely. 
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Introduction 

During cell growth, characean cells develop alternating 
acid and alkaline membrane transport domains when ex- 
posed to light (Spear, Barr & Barr, 1969; Smith & 
Walker, 1976; Lucas, 1982, 1983; Fisahn & Lucas, 
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1992). This segmentation provides the basis for a cellu- 
lar elongation mechanism that is limited to the acid re- 
gions (Metraux, Richmond & Taiz, 1980). The differen- 
tiation into acid and alkaline transport domains is gen- 
erated by transport proteins which are located in the 
plasma membrane of these algal cells. While H + export 
mediated by the H+-ATPase dominates the acid areas, H + 
import is observed in the alkaline regions (Spanswick, 
1981). Recent studies indicated that a common transport 
protein facilitates the currents associated with these acid 
and alkaline transport domains (Fisahn, Hansen & Lucas, 
1992). 

Little is known about the processes and signals in- 
volved in the generation of a spatial biological pattern 
such as the acid and alkaline regions of Chara  (Quatrano, 
1978, 1990; Fisahn & Lucas, 1990b; Green, 1992; Wag- 
ner, Brian & Quatrano, 1992; Goodner & Quatrano, 
1993). Genes themselves are not capable of generating a 
spatial growth pattern. However, the products of some 
genes might function in spatial domain organization. 
Several mechanisms have been analyzed in terms of their 
capability to induce a defined cellular polarity. One of 
these hypotheses implies the effect of transport proteins 
in pattern formation around the zygotes of the marine 
brown alga F u c u s  (Jaffe, 1977, 1981; Jaffe & Nuccitelli, 
1977). In particular, an asymmetric distribution of Ca 2+ 
channels is assumed to give rise to Ca 2+ currents between 
the apical and rhizoidal pole of these embryos. How- 
ever, the mechanisms that induce these asymmetric dis- 
tributions of Ca 2+ channels have not been identified. 
Similar to the acid and alkaline regions of Chara, light is 
a prerequisite to pattern formation in these marine algae 
(Jaffe, 1981; Goodner & Quatrano, 1993). 

Often morphogens are thought to be involved in the 
generation of spatial information. In particular, morpho- 
gen distributions have been investigated in the fresh wa- 
ter alga A c e t a b u l a r i a  and they are thought to induce a 
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defined orientation of the hairs within a whorl (Harrison, 
1992). As a mechanism underlying this spatial pattern, a 
reaction diffusion system was suggested by Harrison 
(1992). 

Many of the described pattern-forming mechanisms 
either affect transport proteins or are a direct conse- 
quence of the transport kinetics per se (Goodner & Qua- 
trano, 1993). Therefore, the analysis of the spatial orga- 
nization of transport proteins provides valuable informa- 
tion on the origins of pattern-forming mechanisms. This 
analysis is of particular importance when the kinetics of 
the transport proteins enable the development of a cel- 
lular polarity that might subsequently be interpreted by 
transcription factors which are involved in cellular ex- 
pansion or differentiation. 

In the present study, we report on experiments that 
were performed on isolated segments of a single Chara 
internodal cell. In particular, single illuminated acid 
transport domains were established and the extracellular 
current profile that developed within these segments was 
analyzed by a vibrating probe. A mathematical model 
was developed that simulated the acid and alkaline trans- 
port domains of Chara in terms of the transport kinetics 
associated with the H § transport protein. This model 
predicted the involvement of a reaction diffusion com- 
ponent that plays an essential role in establishing spatial 
control over H § transport along the Chara plasma mem- 
brane. 

Materials and Methods 

CULTURE MATERIAL 

Culture material of Chara corallina Klein ex. Willd., em.R.D.W. (= C. 
australis R.Br.) was grown in the laboratory in 120-liter containers in 
solutions containing (rnM): 3.0 Na +, 0.3 K +, 0.2 Ca z+, 1.5 CI- and 
approximately 2.0 HCO 3 (pH 9.0). Light from fluorescent lamps (cool 
white, Lifeline: Sylvania, Seneca Falls, NY) was employed (Fisahn & 
Lucas, 1992). The irradiance at the solution surface was 20 Wm -2 
(measured using a silicon solar cell, Type No SO51OE7PL, Interna- 
tional Rectifier, Los Angeles, CA). 

EXTRACELLULAR CURRENT MEASUREMENTS 

Extracellular currents near the cell wall of internodal cells of C. cor- 

allina were measured by an improved vibrating probe system (Nucci- 
telli, 1986; Fisahn & Lucas, 1992). The protocol for the vibrating 
probe experiments has been described by Fisahn, McConnanghey & 
Lucas (t989). The tip of the voltage-sensing electrode was generally 
10 gm in diameter, and this electrode was vibrated at a frequency of 
294 Hz. The reference electrode was simply a large stationary Pt probe 
(100 gm in diam.) located 3 mm away from the point of current de- 
tection. 

Cells were cut at noon and transferred to an artificial Chara pond 
water (CPW/B) containing (mM): 1.0 NaC1, 0.2 KC1, 0.2 CaSO 4, 1.0 
NaHCO 3 (pH 8.2). For vibrating probe experiments, cells were pre- 
treated overnight in CPW/B in 2-cm-deep Petri dishes. 

For vibrating probe measurements, Chara internodal cells were 
mounted in Plexiglas chambers and placed on the stage of a Zeiss IM 
405 inverted microscope (see Lucas, 1982). A fiber optic light source 
(KL 1500; Schott, Southbridge, MA) was used (lamp: EFR 150W-15V, 
GTE Products, Winchester, KY) to illuminate Chara cells during vi- 
brating probe experiments. The fluence rate amounted to 20 W m  2. 
All experiments were conducted in temperature-controlled rooms at 
25~ + I~ 

Subsequent to the recording of the current density profile along a 
single internodal cell, defined segments of this cell were covered with 
a metal sleeve (steel). This metal sleeve consisted of a hollow cylin- 
drical tube with an inner diameter of 1.2 ram. After positioning of this 
tube, we were able to analyze the transport dynamics within a single 
illuminated acid transport domain. 

MATHEMATICAL MODELING 

Standard methods of numerical analysis were applied to analyze the 
Chara pattern-forming mechanism (Press et al., 1990). To solve the 
nonlinear differential equation used to model the pattern-forming 
mechanism of characean algal cells a shooting algorithm was applied 
(Acton, 1970). The set of differential equations that was developed to 
model the characean banding pattern is presented in the results section. 
A two-pdint boundary value problem emerged by the assumption of 
acidi ty  (pH < 7) at both ends of  a s ingle  Chara in ter-  
nodal cell (H > 0 in the transformed coordinate system that was used; 
see Appendix). This assumption has been validated in the majority of 
measured extracellular current profiles. The shooting method imple- 
ments a multidimensional Newton-Raphson algorithm to improve the 
initial random guess of the model solution (Keller, 1968). For inte- 
grating the initial value problem a fourth-order Runge Ktuta algorithm 
was incorporated into the numerical evaluation (Gear, 1971). The en- 
tire mathematical analysis was performed on a VAX computer at the 
University of Los Angeles, CA. Solutions of the iteration procedure 
were immediately plotted on the computer monitor and could be sent to 
a plotter. 

Results 

The specific mode that evolves into the steady-state pat- 
tern of acid and alkaline regions is influenced by the 
boundary conditions (Fisahn & Lucas, 1991) and by the 
length of the individual Chara cell. Since this spatial 
specialization of Chara membrane function is formed 
exclusively in the light, a reduction in the functional 
surface area was obtained by dark-adapting defined seg- 
ments of the Chara internodal cells. Pronounced modi- 
fications in the extracellular current profile emerged 
when only a single acid domain was illuminated. A typ- 
ical acid region that develops on the surface of Chara 
internodal cell is illustrated in Fig. 1A. This region of 
outwardly directed H § currents was obtained by dark 
adapting the adjacent acid and alkaline domains with a 
metal sleeve. Under these conditions, three alternative 
modes evolved inside this previously acid region (Fig. 
1). These modes developed with equal probability and 
reflected adaptational mechanisms likely due to a diffu- 
sional process. However, the mode that developed in 
any particular experiment could not be predicted at the 
time of mounting the light barrier. 
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Fig. 1. (A) Before dark-adapting a defined segment of a Chara internodal cell, the extracellular current profile was measured. Only a portion of 
the profile is presented illustrating an acid region (continuous line); currents associated with the neighboring alkaline region are also depicted 
(negative current densities). Subsequently, a major part of the Chara ceil was dark-adapted. The light screen that covered the Chara cell extended 
slightly into the original acid region. The vertical broken line indicates the position of the light barrier. The entire sector that is located to the left 
of this line was darkened while the segment to the right was exposed to an irradiance of 20 W/m a. In this situation, a new alkaline region evolved 
inside of this previously acid segment. The final extracellular current profile obtained after 10 rain remained stable for several hours. During 
adaption to the partial illumination of a single acid region various intermediate profiles emerged, which reflected the deactivation of the H + currents 
in the dark-adapted segments of the Chara cell (times indicate measurements taken after dark adaptation of defined Chara cell segments. (B) In this 
experiment, the light screen covered the left node and centrally located alkaline band of a Chara cell; an acid region located from 6-12 mm remained 
illuminated. Under these conditions, a second alkaline band evolved inside the original acid region (continuous line). As a consequence, the initial 
acid region was split into two acid and one alkaline domains. Similar to the previous situation, this new extracellular current profile remained stable 
for several hours. (C) After dark adapting the neighboring compartments, the extracellular current profile inside an initial acid region exhibited two 
alkaline and three acid domains. However, the current density inside the acid and alkaline regions was strongly reduced compared to the initial 
current densities (the uncovered initial acid region had a current density of 20 gA/cm2). 

The least complex mode that evolved inside an ini- 
tial acid region was characterized by the formation of 
one novel alkaline domain (Fig. 1A) whose location re- 
sided directly adjacent to the dark-adapted cell section 
(number of repeats 20). During the formation of the 
steady-state current profile within the illuminated sec- 
tion, various intermediate states emanated. Most likely, 
this transitional phase reflected the deactivation associ- 
ated with the transport proteins in the dark-adapted cell 
segment. Simultaneous to this dark-induced deactivation 
within the darkened cell segment, the extracellular cur- 
rent density along the illuminated region initially de- 
clined. However, this decrease only continued inside a 
limited sector close to the border of the barrier, giving 
rise to a new alkaline domain (Fig. 1A). In all experi- 

ments, the current densities associated with the acid do- 
mains that were investigated ranged between 10 gA/cm 2 
and 40 gA/cm 2 (Fig. 1). No correlation between the ab- 
solute current density within an acid region and the pat- 
tern that evolved within this isolated region was ob- 
served. 

Although identical experimental conditions were ap- 
plied to other cells, a second and third mode evolved 
within the illuminated acid region. Whereas the first 
mode exhibited one acid region exclusively, the second 
mode displayed two acid- and one alkaline domain (Fig. 
1B;  number of repeats 20). A novel alkaline region de- 
veloped in close proximity to the C h a r a  nodal complex, 
in order to compensate for the outwardly directed H § 
currents associated with the acid regions. However, the 
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node itself faced an acid region. During the transition to 
a steady-state profile, a transient pattern occurred which 
resembled the first mode (cf Fig. 1A). 

With equal probability a third mode evolved inside 
the previously acid domain (Fig. 1 C; number of repeats 
20). However, this mode was characterized by a pro- 
nounced reduction in the magnitude of the extracellular 
current density. Although a steady-state pattern resulted, 
a significant asymmetry emerged that was not observed 
in measurements performed on completely illuminated 
Chara cells. A major acid domain, which developed 
close to the light-barrier, was not enclosed by an alkaline 
region. On the contrary, a minor acid region evolved in 
front of the neighboring alkaline domain (Fig. 1C). 

Various mechanism have been analyzed in an at- 
tempt to explain the formation of biological patterns 
(Murray, 1989; Green, 1992). One class of these models 
focuses on a specific type of interaction between a dif- 
fusional and a reaction kinetic component that could give 
rise to a spatial pattern (Murray, 1989). Since various 
independent current profiles evolved within an illumi- 
nated acid region of Chara, it seems appropriate to as- 
sume that the pattern-forming mechanism of Chara is of 
a dynamic rather than of static origin. Our assumptions 
that will be used in the modeling imply that the kinetics 
of the H § transport protein associated with the acid and 
alkaline regions are of major importance for the pattern- 
generating mechanism. 

The class of models that is used in the present ap- 
proach is derived from the general conservation equation 
(Jackson, 1993). 

(o/ot) Iv H(x,O av = -SJ ds + ~vf av (1) 

This equation says that the rate of change of the proton 
concentration (H(x,t), with x spatial and t time variable) 
within the volume V is a function of the flow of protons 
(9) through the surface (S) of this volume. The variable 
frepresents a possible proton source or a sink that is due 
to chemical reactions within the volume V. In our 
model, the volume V represents the inside of the Chara 
cell, S the plasma membrane, whereas the proton fluxes 
across the plasma membrane are described by the surface 
integral. Equation (1) is transformed by the application 
of the divergence theorem to the surface integral and the 
assumption of continuity for II(x,t) 

~v [(3/Ot)H + V J -  f(H,x,t)] dv = 0. (2) 

The conservation of H in an arbitrary volume requires 
that 

(O/Ot)H + VJ  = f(H,x,t). (3) 

Since we want to consider diffusion of protons within the 
Chara cell wall 

J = - D  VII, (4) 

where D represents a diffusional coefficient. Introducing 
this Eq. (4) for classical diffusion (Jackson, 1993) into 
Eq. (3) results in 

(O/Ot)H = f + V(D VH). (5) 

This type of differential equation has often been used to 
model distributions of chemicals (Turing, 1952). 

One simplification of this equation arises by consid- 
ering the steady state ((O/Ot)H = 0). A second simplifi- 
cation emerges from considering one dimension only. 
The reaction kinetic component (r of our model then has 
to reflect the nonlinear kinetic characteristics for the H + 
currents mediated by the H+-transporter that has been 
analyzed in a previous study (Fisahn, Hansen & Lucas, 
1992). The mathematical expression describing this re- 
action kinetic component was earlier derived based on 
experimental data obtained using a vibrating probe tech- 
nique (Fisahn et al., 1992). When the extracellular pH 
value was lowered, a decline in the inwardly directed H § 
currents within the alkaline regions resulted. This in- 
verse relation between H § inward current and the extra- 
cellular pH gave rise to a specific nonlinearity and prob- 
ably to the spatial organization of acid and alkaline do- 
mains. 

In addition to this experimentally derived mathemat- 
ical expression for the H § current (Fisahn et al., 1992) the 
diffusional component completed the mathematical 
model (as seen in Eqs. 1-5). Thus H § diffusion in the 
extracellular matrix controls the directionality associated 
with inwardly and outwardly directed H + currents within 
the alkaline and acid regions, respectively. In mathemat- 
ical terms, these assumptions establish a nonlinear dif- 
ferential equation. 

dZH/dx 2 = -I, for all pH < 7 (6) 

d2H/dx 2 = I, for all pH > 7 (7) 

(H: proton concentration at the surface of a Chara cell; 
x: length along the Chara cell surface, spatial variable, 
I(= const) reaction kinetic component that describes the 
proton sinks and sources which are generated by the H + 
transport protein; in Eq. (5) this component is repre- 
sented by the general function j). 

Together with the two-point boundary conditions 
that impaired acidity at both nodal ends a complete math- 
ematical problem was established (pH < 7 at x = 0 and x 
= L; L: length of the Chara internodal cell; see Appen- 
dix). This reaction diffusion system was analyzed using 
numerical analysis (Keller, 1968; Acton, 1970). Numer- 
ical solutions resulted in a pH profile identical to that 
obtained experimentally (Fig. 2). Obviously, the two- 
point boundary problem provided a solution that re- 
flected the pH banding pattern previously measured 
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Fig. 2. To establish the diffusional component of the Chara growth 
pattern, a reaction diffusion model of this system was simulated on the 
computer. The solutions obtained (continuous line) reflect the Chara 
banding pattern and exhibit alternating acid and alkaline domains. Lu- 
cas and Nuccitelli (1980) have demonstrated that the acid regions ex- 
actly reflect the regions of outwardly directed currents. A similar cor- 
relation holds for the alkaline regions and the inwardly directed cur- 
rents. Further computer simulations focused on the acid region that 
resides on the right side of the broken vertical line. Inside this acid 
region, various secondary pH-profiles evolved as a function of the 
boundary conditions used in the computer simulation (insets). These 
modes resembled the measured profiles evolving from partially illumi- 
nated Chara cells. 

along a single Chara cell (Lucas, 1982; Fig. 2). Further- 
more, the solution completely met the imposed require- 
ments of acidity at both nodal ends (two-point boundary 
condition). 

In the mathematical model, we simulated the light 
barrier situation as a shift in the boundary conditions 
(Fig. 2). Therefore, we reduced the length of the Chara 
cell within the model. The actual boundary conditions 
that were used are illustrated in the various solutions 
(Fig. 2). The reaction diffusion system thus generated 
secondary pH profiles within the remaining illuminated 
acid region in response to such a change in the Chara 
spatial domain. Depending on the initial conditions, the 
model demonstrated that various modes could evolve 
inside this acid domain. As indicated in Fig. 2, adjust- 
ments in the boundary conditions used in the model 
yielded several modes within the previously acidic trans- 
port domain. 

Discussion 

When a defined amount of  a Chara cell was dark 
adapted, new alkaline regions were formed inside what 
were previously acid regions (Figs. 1A-C, and 2). Since 
a single isolated acid region was illuminated and, thus an 
unstable configuration was established, the Chara cell 
was forced to accommodate to this imposed constraint. 
The underlying mechanism responsible for the emer- 

gence of  the new pattern cannot result from structural 
differences within a previously acid region, since several 
modes evolved inside such an acid domain. Based on 
these results, spatial organization of transport proteins, 
involving a reaction-diffusion component, provides a 
simple but profound explanation for this phenomenon. 
Support for this hypothesis emerged from mathematical 
modeling, which enabled us to simulate the Chara cur- 
rent pattern (Fig. 2). The unique assumption required by 
the mathematical model involved a specific nonlinear 
transport characteristic that controls the transport prop- 
erties of  the H+-transport system across the Chara 
plasma membrane. 

The emergence of  spatial patterns by diffusing 
chemicals that are capable of interaction has already 
been suggested by Turing (1952). Such a development 
of spatially inhomogenous patterns involving diffusion 
and a reaction kinetic component seemed a completely 
novel concept at this time. However, from then on a 
great amount of work focused on these mechanisms and 
their implications on biological pattern formation (Swin- 
dale, 1980; Nagorcka, 1986, 1988; Murray, 1989; Wol- 
pert, 1969, 1971, 1981). Similar to the situation dis- 
cussed for the H + diffusion along the Chara surface, 
diffusion driven instabilities are involved in all of these 
pattern forming mechanisms (Levin & Segel, 1985). For 
Chara, this diffusion driven instability is absent in the 
dark and thus a stable steady-state is established that is 
insensitive to small perturbations in the H + distribution. 
However, upon illumination diffusion of  H + occurs in the 
extracellular space giving rise to diffusion driven insta- 
bilities in the transport of H + across the Chara plasma 
membrane (Lucas, 1982; Fisahn et al., 1992). This dif- 
fusion driven instability in the H § distribution enables the 
formation of  acid and alkaline regions along the Chara 
cell surface (Murray, 1989). 

The light barrier experiments provide ch'cumstantial 
evidence that diffusion of  H § along the Chara surface 
and transport of H § across the Chara plasma membrane 
interact in the specific manner described by the proposed 
mathematical model. Subsequent to the darkening of de- 
fined Chara segments, the diffusion profile along the 
Chara surface will be perturbed within the illuminated 
region (Fig. 1A-C). This perturbation in H § diffusion 
will affect the transport events inside the previously il- 
luminated acid region. Therefore, local perturbations in 
the H + distribution within the original acid region will be 
the consequence. These local perturbations in the H + 
concentration might easily amount to values close to or 
beyond the critical H + concentration that triggers a tran- 
sition from H + export to H + input (Fisahn et al., 1992). 
Thus, new alkaline domains will be established within 
the previously acid region. Since diffusion is a random 
process, it cannot be predicted at the onset of  an exper- 
iment at which locations within the illuminated acid re- 
gion these critical H § concentrations will be obtained. 
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For these reasons the emergence of several modes is in 
line with the predictions of our model (Fig. 2). 

The development of several modes inside an original 
acid region of Chara indicates that the spatial separation 
of acid and alkaline regions seems to be of self-organized 
origin (Murray, 1989). Obviously, this type of adapta- 
tion provides great advantage compared to a statically 
fixed structure (Benjacob et al., 1992). Moreover, this 
flexibility enables the Chara cell to establish acidic re- 
gions for cell expansion growth even under unfavorable 
conditions (Metraux, Richmond & Taiz, 1980). In terms 
of carbon partitioning the expanding cell wall provides a 
sink element that might be required to maintain an opti- 
mal carbon allocation pattern (Carpita & Gibeant, 1993). 
The allocation of carbon is linked to the uptake of carbon 
at the level of the plasma membrane. Adaptation of acid 
regions might thus function in regulating carbon uptake 
and therefore transport of HCO 3 and CO 2 across the 
Chara plasma membrane and adjusting these transport 
rates to the imposed constraints (Lucas, 1983). 

This work was supported by the Deutsche Forschungsgemeinschaft 
(grant #571 1/1) to JF. 
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Appendix  

The solution for either of the second order differential Eqs. (6) or (7) 
may be written in the form: 

H = (1/2) Ix 2 + bx + c, (AI) 

if we assume for simplicity that I is a constant. Setting the parameters 
b and c equal to zero this solution represents a parabola (Fig. A1A). 
Depending on the sign (+, - )  of the quadratic term (x2), this parabola 
is open to the positive or the negative H-direction (Fig. A1A). 
The observed modes of the Chara banding pattern might be a conse- 
quence of the absolute value of the parameter I in Eq. (A1) (Fig. A1B). 
Furthermore, the origin of the parabola can be shifted in the direction 
of positive or negative H values by allowing the parameter c to take 
positive or negative values (Fig. A1B). To further simplify the numer- 
ical analysis, we performed a transformation of the coordinate system 
by transforming neutral pH (7) to 0. Under these assumptions, it be- 
comes obvious that the alignment of parabolas with alternating positive 
and negative openings can be used to model the alternating acid and 
alkaline regions of the Chara banding pattern (Fig. A1C). Numerical 
solutions of the complete set of differential Eqs. (6) and (7) have been 
presented in the results section. 
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~ e > O  
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Fig. A1. Solutions of the differential Eqs. (6) and (7). Details are 
described in the appendix. 

In a previous study, we demonstrated that the transport protein 
that mediates the acid and alkaline regions of Chara can function in an 
H + input and an H + output mode (Fisahn, Hansen & Lncas, 1992). 
If this protein is activated in the H + import mode, the diffusion of H + 
along the Chara surface is described by Eq. 7 (Fig. A2A). By a mod- 
ification of the extracellular pH, the export mode could be switched 
into the input configuration (Fisahn & Lucas, 1990a). Therefore, a 
second diffusional equation is required that determines diffusion in this 
situation (i.e., Eq. (6)); Fig. A2B). The combined effect of these dif- 
fusional processes will then give rise to the spatial pattern along the 
Chara cell surface. 

H < 0  
H + 

d2H+/dx 2 = I 

H>O F-- i  
H+ ~ ]B 

d2H+/dx 2 = -I 

H + H + H + 

N o d e  N o d e  

Fig. A2. (A) Diffusion of H + into the cytoplasm gives rise to Eq. 7. (B) 
Diffusion out of the acid regions provides Eq. 6. (C) For the modeling, 
increased H + concentrations were assumed at the nodal ends. The 
shaded areas indicate the Chara plasma membrane. 

To analyze these diffusion equations numerically, boundary con- 
ditions are required. As indicated in Fig. A2C, we used the assumption 
of acidity at both nodal ends of a Chara cell. However, these boundary 
conditions are not essential in that every other set of boundary condi- 
tions would also have resulted in a spatial pattern. Since experiments 
very often showed that the nodal regions were acid we selected these 
conditions for our model. 


