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Summary. Although it is generally believed that Chara 
and some fresh-water angiosperms transport bicar- 
bonate ions inwards across their plasma membranes, 
there has been no direct demonstration of such trans- 
port in these plants. The (indirect) arguments for their 
transporting HC03  are arguments against the inward 
diffusion of CO2 at the observed rates. They rest 
on calculations of the equilibrium concentration of 
C02 or of the maximum rate at which C02 might 
be produced from HC03  at the pH of the medium 
outside the cells. Since Chara acidifies the medium 
over about half the cell surface during C assimilation, 
these calculations have been based on questionable 
premises. 

We propose a model for Chara in which the acidi- 
fication is attributed to active efflux of H +, and we 
calculate that both the equilibrium concentration of 
C02 and its rate of production outside the cell can 
be high enough to support the observed rates of C 
assimilation, without postulating transport of the spe- 
cies HC03  or H2CO 3. 

Calculations are presented also for alternative 
models in which there is membrane transport of 
HCO; .  The first includes symport of H + with HC03 ,  
again dependent on active H + efflux. In the second, 
there is active electrogenic transport of HC03 .  In 
this case the low pH in the medium outside the cell 
is caused by the dissociation of H2CO 3 produced 
by hydration of COg which leaks from the cell cyto- 
plasm. 

All three models are consistent with the observa- 
tions to date, but the first is more economical of 
postulates. It can also explain the apparent transport 
of HC03  by fresh-water angiosperms such as Egeria. 
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It is generally accepted that some charophyte plants, 
notably Chara, and some fresh-water angiosperms, 
e.g., Potamogeton and Egeria, can transport HCO3 
across their cell membranes during photosynthesis 

(Steemann-Nielsen, 1960; Raven, 1970). It has been 
shown that such transport must be thermodynami- 
cally uphill (Raven, 1970), but the reaction involved 
is still uncertain. Primary, electrogenic, active trans- 
port of t-ICO; (e. g., by an ATPase) has been suggest- 
ed (Hope, 1965; Lucas, 1977; Walker & Smith, 1977); 
but equally the mechanism might be the active efflux 
of H + combined with proton-bicarbonate symport 
(Walker & Smith, 1977) or with passive permeation 
of H2CO3 (Walker, 1980). These mechanisms have 
been invoked because it has generally been accepted 
that under alkaline conditions the permeant species 
CO2 cannot be sufficiently concentrated, and cannot 
be produced sufficiently rapidly, to explain the ob- 
served rates of assimilation. However, recently Prins 
and Helder (1980) suggested that Egeria (Elodea) and 
Potamogeton do acquire CO2 from alkaline media 
by acidifying the medium at the leaf surface. 

Therefore, we examine again the evidence against 
CO2 as the species transported, i.e., the arguments 
for HCO3 transport. We discuss Chara and draw 
the parallel between this plant and the fresh-water 
angiosperms. We do not consider HCO~ transport 
by microalgae or by marine macrophytes. 

Chemical Background 

Carbonic acid is a weak acid, which undergoes the 
following reactions of interest to us : 

2H + + CO3 ~,-~-H + + HCO~ ~ H  2C03~C02 -}- H20  

(1) (2) (3) 

HCO~ ~ C O z  + OH- .  (4) 
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Reaction (2) has a forward rate-constant of 5 x 
107 m 3 mol 1 sec- 1 (Bell, 1973) and (1) will have one 
of a similar order of magnitude; we can consider 
them to be so fast that only their equilibrium is impor- 
tant;  their equilibrium constants are 3.98x10 -8 
mol m -3 and 0.172 tool m -3, respectively. Reaction 
(3) has forward and backward rate constants of 
20 sec 1 and 9.39 x 10- 7 m 3 mol-  1 sec- 1, while (4) 
has rate constants of 2 x 10 -4 sec- 1 and 8.5 m ~ tool- ~ 
sec-z (Gutknecht, Bisson & Tosteson, 1977). For the 
present purpose we will be concerned with the reac- 
tion composed of (2) and (3) in series, with (4) in 
parallel. This overall reaction has a pH-dependent 
time-constant given by: 

tc 1 = 0.052 + 20/(1 + 0.172/[H + ]) 

+ 2 x 1 0  4+8.5[OH-].  (5) 

The values are: 

pH: 3 4 5 6 7 8 9 10 

tc(Sec):- 0.06 0.14 0.87 5.96 15.5 16.2 7.28 1.11 

The tabulated values illustrate the speeding of the 
reaction at low pH, caused by the increase in the 
equilibrium concentration of H2CO3, which will be 
the basis of this paper, and the speeding at high pH, 
where reaction (4) has a significant rate, which is 
not important in the present discussion. 

In their study of permeation of these species 
through lipid bilayers, Gutknecht et al. (1977) showed 
that CO2 was the permeant species, with a permeabili- 
ty coefficient of 3.5x 10 -3m sec -1. The permeabi- 
lity coefficient for H2CO3 was apparently too small 
to estimate, as was that of HCO~. 

The diffusion coefficients in aqueous solution are 
taken to be: CO2, 1.Sx 10 9 m 2 sec-1 ; H2CO3, 1.5• 
10-9m2sec  1; HCO~,  1 . 1 5 x l 0 - 9 m 2 s e c  -1. The 
first value comes from International Critical Tables, 
the second is from it using Stokes' Law, and the 
third is calculated from the electrophoretic mobility 
(Glasstone & Lewis, 1960). This gives the diffusion 
coefficient of the single ion, which is appropriate for 
this problem, not that of a neutral salt. 

The permeability of a lipid bilayer to CO2 is thus 
seen to be the same as that of a layer of water about 
0.5 gm thick; this is so high a permeability that its 
effect can be neglected in what follows (cf. Raven, 
1970). 

Cells in water are surrounded by unstirred layers 
of solution whose thickness may make them rate- 
limiting for the permeation of some solutes (Dainty, 
1963). In a study of the transport of amines into 
Chara, Walker, Beilby and Smith (1979) found the 

unstirred layer to be about 30 ~tm thick when medium 
flowed axially at 10mmsec  -1, and up to 150 gm 
thick at lower flow rates. Smith and Walker (1980b) 
have calculated unstirred layer thicknesses in photo- 
synthetic experiments as follows: 

40 ~tm, Nitella, well-stirred (Brown & Tregunna, 
1967) 

> 2 ram, Chara, stagnant (Lucas, 1975) 
60 gm Egeria, well-stirred (Browse, Dromgoole & 

Brown, 1979). 
In such unstirred layers the local pH may be very 

different from that in the bulk (stirred) medium, 
and chemical reactions may occur which affect appar- 
ent transport rates (Gutknecht & Tosteson, 1973). 
Here we reevaluate the role of reactions (1) to (4) 
in the transport of carbon species at high bulk pH. 

The Evidence for Bicarbonate Transport 

In the literature on HCO3 assimilation by macro- 
scopic fresh-water plants, there are two'arguments for 
the membrane transport of HCO3- that have been 
found convincing: 

(i) that in alkaline media the equilibrium concen- 
tration of CO2 is too low to support the observed 
rate of C assimilation. This is a strong argument only 
if the equilibrium concentration is too low to produce 
the observed rate even with no unstirred layer, since 
the production of CO2 from HCO3 in the unstirred 
layer can "short  circuit" its diffusion resistance 
(Gutknecht & Tosteson, 1973). 

(ii) that in alkaline media the maximum rate of 
conversion of HCO3 to CO2 is lower than the ob- 
served rate of C assimilation. 

Both these arguments were used by Lucas (1975) 
in his study of C assimilation by Chara, and he was 
led to conclude that HCO~ must be transported. Si- 
milarly Browse et al. (1979) used the strong form of 
(i), together with (ii), and concluded that in Egeria, 
too, HCO3 is transported. 

The calculations of equilibrium concentration of 
COz, and of its maximum rate of production by reac- 
tions (2) to (4), both directly involve the pH of the 
medium, since the concentration of HCO3 is a datum, 
and both the calculated quantities are proportional 
to the concentration of HzCO 3. In the calculations 
mentioned the workers have used the pH of the bulk 
medium. 

Local Deposition of CaCO 3, Local Alkalinity, 
and local Acidity 

In the light, the Chara internodal cell is surrounded 
normally by acid and alkaline bands or patches of 
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unstirred medium, which alternate alorg its length 
(Spear, Barr & Barr, 1969; Lucas & Smith, 1973). 
Under natural conditions there is often a deposition 
of CaCOa on the cell wall in the alkaline bands (Ar- 
ens, 1939). There are measurements indicating that 
the pH near the cell lies between 9.5 and 10.5 in 
the alkaline bands and between 6.0 and 7.5 in the 
acid bands (e. g., Lucas, 1977). However, these studies 
were all made with hemispherical pH electrodes of 
diameter 1.5 or 1.2 mm, so that they underestimate, 
perhaps seriously, the difference in pH between the 
cell surface and the bulk medium. 

In Chara, acid/alkaline banding is associated with 
C assimilation in alkaline media, and the influx of 
C species occurs in the membrane zone under the 
acid bands (Arens, 1939; Lucas, 1976a). A large elec- 
tric current circulates between neighboring acid and 
alkaline bands, positive charge flowing from acid to 
alkaline in the medium (Walker & Smith, 1977). The 
current densities are of the order of 0.1 A m- 2, equiv- 
alent to 1.0 gmol m- 2 sec- t of univalent ionsl The 
transport process that operates in the membrane 
under the alkaline bands is passive uniport of H + 
or OH- (Bisson & Walker, 1980a, b). The transport 
process producing the acid band is discussed below. 

The best measurements of C assimilation by Chara 
are those of Lucas (1975); they were obtained by 
putting batches of 10 cells into unstirred medium in 
20-ml test-tubes. With bulk pH values from 7.5 to 
9.5, the saturated rate of assimilation was 
0.5 ~tmolm -2 sec -1, about half the saturated rate 
below 7.5 (1.2 gmol m-2 s ec -1 ) .  The buffering used 
in these experiments was not strong: 3 mM HCO~ 
was used at up to 1.4 units below its second pKa. 
In more recent experiments HCO3- at only 0.5 mM 
was used (Lucas, 1977). Using thymol blue (Merck 
9:9142, range 8.0-9,6) as an indicator, we have ob- 
served acid and alkaline bands to occur in solutions 
containing 0.5-3.0 mM HCO3 at pH 8.7-9.2. Lucas 
(1975) also found that C assimilation was not affected 
by 5 mM TES 1 at up to 1.1 units above its pK, (i.e., 
up to pH 8.6) ; our own experiments with thymol blue 
again suggest that acid/alkaline banding is not sup- 
pressed. There is no reason therefore to accept that 
the pH at the cell surface was the same as that in 
the bulk medium: yet the conclusion that there was 
an influx of HCO~- rather than of COz rests entirely 
on this assumption, which was made in the calcula- 
tions of maximum rate of COz production (Lucas, 
1975, pp. 342-5). 

Models for C Assimilation in Alkaline Media 

L External Production of C02 

In this model the electric current emerging from the 
cell membrane under the acid band is taken to be 
produced by the efflux of H +. We assume that HCO3 
does not permeate; and for simplicity ignore the pos- 
sible permeation of H2CO3, although a high perme- 
ability for this species would "improve" the model. 
We assume that there is no diffusion barrier for CO2 
between the membrane and the site of the assimila- 
tion. Since an acid band will be modelled, we make 
the simplifying assumption that the species OH- and 
CO~ can be ignored; it turns out that reaction (4) 
can also be ignored, since interest centers on reaction 
rates at pH values of 7 and below, where its rate 
is negligible. 

The movement of charged species in the medium 
is determined by gradients of concentration and of 
electrical potential difference. For simplicity again we 
will ignore the electric potential gradient, which is 
of the order of 1-2 V m -1 (Walker & Smith, 1977), 
and calculate the effects of the concentration gra- 
dients and chemical reactions (this procedure was also 
used by Ferier & Lucas, 1979). 

The diffusion and chemical reaction of each spe- 
cies of solute means that each concentration obeys 
Poisson's equation in the steady state: 

Di" [72C i -~- Qi = 0 (6) 

where D~ is the diffusion coefficient of the species 
i, V is the operator (d/dx+d/dy+d/dz), ci is the con- 
centration of the species i and Q~ is its rate of produc- 
tion per unit volume. This equation is derived from 
the law of conservation of matter together with Fick's 
law of diffusion. As a further simplification we con- 
sider a model of an acid band surrounding a Chara 
cell with concentration gradients in the radial direc- 
tion only (Fig. 1), so that in cylindrical coordinates 
V 2 becomes {(d/dr) 2 + (l/r). (d/dr)} ; we can then rep- 
resent the model by the set of equations: 

Dc" V2[CO2]-}- R 3 = 0 ; (7) 

DA" V 2 [ H 2 C O 3 ]  - R 3 + R 2 = 0 ; (8) 

DB' V 2 [ H C 0 3  ] - R 2 = 0 ; (9) 

D/~. v~[H+]-R2=0; (10) 
[H/C03] = [H +]- [HC03 ]K2 ; (11) 

R a = k 3' [H2CO3]- k;[CO2]- [H20 ] (12) 

1 TES N-tris[hydroxymethyl]methyl-2-aminoethanesulphon- 
ate, pK~ 7.5. 

where R2 and R 3 are the net rates of the reactions 
(2) and (3), respectively, k3 and k; are the forward 
and backward rate-constants for reaction (3), K z is 
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Fig. 1. Diagram of space in which calculations of diffusion and 
chemical reaction are carried out, showing boundaries at r=ro,  
where flux or concentration of each species is given, and at r =  ro+ 
6, where concentration of each species is given 
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Fig. 2. Calculated COz flux into cell against rate of proton pump, 
for external conversion model L Conditions: bulk pH, 9; bulk 
[HCO~], 1 m~;  6, 1 mm 

the equilibrium constant for reaction (2), and r is 
the radial coordinate measured from the axis of the 
cell. The labels A, B, C and H refer, respectively, 
to H2CO3, HCO~, CO2 and H § It can be seen that 
reaction (2) is assumed to be very near equilibrium 
at all values of r, so that Eq. (11) is satisfied, and 
R 2 can have any value required by the other parame- 
ters: the rate of reaction (3) is specifically calculated 
in Eq. (12). 

The set of equations (7) to (12) can be simplified 
by elimination to give a set of three differential equa- 
tions in which the unknowns are [CO2], [H2CO3] and 
[HCO~-]. Corresponding finite-difference equations 
were setup,  giving the values of these three variables 
at equal intervals of r. These equations, though non- 
linear, were found to be soluble by Gaussian iteration. 

The solutions were generally satisfactory after 1500 
to 4000 iterations, using 25, 50, or 100 steps in r. 
The stopping criterion was that the calculated CO2 
flux into the cell changed by less than 0.1% in the 
last 100 iterations. The boundary conditions imposed 
were: 
(a) at the surface of the cell (r = 0.5 mm): 

either [H+]= constant, or q~=constant ,  

~c = vm-[co21/(/;~-[co2]); (13) 

qSA=0; 

q~,=0; 

where Oi is the flux of species i, and KM and Vm 
are the Michaelis-Menten parameters for photosyn- 
thetic fixation of CO2, taken to be 20 ~tM and 
1.0 pmol m-2 sec-1 (see Smith & Walker, 1980b); 
(b) at the boundary of the unstirred with the stirred 
medium (r=0.5 mm+ 6 ) :  

[HCO~] = constant; 

[H § ] = constant; 

[H2CO3] = value satisfying equilibrium for Eq. (2); 

[CO2] = value satisfying equilibrium for Eq. (3). 

In Fig. 2, the calculated CO2 influx (fixation rate) 
is shown as a function of H + efflux, for an unstirred 
layer 1 mm thick, a bulk pH of 9, and a bulk [HCO~] 
of 1 mM. If the ratio 4c/(~. is regarded as measuring 
the efficiency of the proton pumping in producing 
CO2 influx, it can be seen that in the case displayed 
the efficiency is rather high, falling only as the Vm 
for fixation is approached. Under these conditions, 
which resemble those used experimentally (Lucas, 
1975), the calculation indicates a sufficient rate of 
dehydration of H2COs in the unstirred medium near 
the membrane to produce C assimilation rates of the 
magnitudes actually observed - on the assumption 
that the low pH in the medium is the result of rapid 
proton efflux. A high efficiency, approaching 1.0, can 
be obtained because the diffusion resistance of the 
unstirred layer retains the CO2 that is produced near 
the cell surface, and the H + that flow out from the 
cell. Figure 3 shows the radial concentration profiles 
for this case, and the profile of the rate of reaction 
(3). It can be seen that the reaction occurs within 
the 50 pm nearest the membrane, most within the 
first 20 ~tm, and that there is a rapid drop in pH 
in the same region. There is also a peak in the CO2 
concentration, and an inward concentration gradient 
for HCOs,  which, of course, supplies the C input 
for reactions (2) and (3) and thus for assimilation. 

If the conditions are modified to include a repre- 
sentation of the cell wall (10 gm thick, with all diffu- 
sion coefficients reduced by a factor of 5), the results 
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Fig. 3. Calculated profiles of concentration, pH, and rate of reac- 
tion (3) against radial distance from cell membrane (r-to), for 
external conversion model I. Conditions: bulk pH, 9; bulk [HCO3], 
1 mM; 5, 1 mm;  H + pump rate, 1 txmol m 2 sec-1 
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are very similar to those shown in Fig. 3. The drop 
in pH is about 10 gm closer to the wall, and for 
the same H + efflux the pH near the membrane is 
reduced (from 5.9 to 5.65). Subsequent calculations 
are determined without the model wall. 

The thickness of the unstirred layer is less critical 
than might be supposed, although it does affect the 
efficiency. Figure 4 shows the efficiency as a function 
of thickness for the bulk conditions already used and 
a pump rate ( 1 . 0 g m o l m  -2 sec -1) equal to Vm: at 
c5 = 100 I~m, the efficiency is above 0.5, and at 30 gm 
above 0.25. Greater efficiency could be obtained at 
the expense of fixation rate by reducing the pump 
rate - the optimum H § pump rate would be a matter 
of the plant's "s t ra tegy" ,  an inviting topic for future 
study. 

Without a knowledge of the strategy actually 
adopted by Chara we cannot hope to model the real 
situation at all closely. It is interesting, however, that 
the simple assumption of a constant pump rate gives 
a dependence of assimilation rate on H C O ;  concen- 
tration that resembles that found experimentally 
(Fig. 5). This figure shows that an unstirred layer 
about 5 mm thick gives a curve of the same shape 
as the experimental one, with a " k n e e "  at about 
the same [HCO~]. The matching of the saturated 
rates has no significance, since in the real cell this 
depends on the fraction of the surface covered by 
acid band. Using the boundary condition that the 
pH next to the membrane is constant at 6, gives a 
result not very different (Fig. 6). If the pH near the 
surface is assumed to be higher, the model still works 
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Fig. 8. Calculated profiles of concentration of carbon species, pH 
and rate of  reaction (3) against radial distance from cell membrane  
( r - ro ) ,  for bicarbonate pump m o d e l H b .  Conditions:  bulk pH, 
9; bulk [HCO3], 1 m g ;  3, 1 m m ;  HC O 3 pump rate, 1 tlmol m -2  
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with reasonable efficiency. Indeed the pH next to 
the membrane can be fixed at 7, with only the effect 
that [HCO~-] must be raised to restore the value of 
the CO/influx (Fig. 6). 

H. Membrane Transport of HCO~ 

The simplest viable models are symport with a proton 
or protons, and primary, electrogenic transport. We 
will consider these in turn. 

(a) Proton Symport. In this model too the electric 
current crossing the membrane is taken to be an effiux 
of protons, which re-enter the cell with HCO~ in 
neutral symport. The addition of symport to the 
mechanism of model L which must operate in any 

case, gives a range of possible models, depending on 
the kinetic characteristics assumed for the symport. 
Figure 7 shows a concentration profile for one such 
model, which can be compared with that in Fig. 3; 
the drop in pH near the cell surface is much reduced. 

(b) Electrogenic Active Transport. In this model the 
electric current is produced by the transport system 
itself, and no proton effiux is assumed. It is assumed 
that in the cytoplasm the conversion of HCOj to 
CO2 is very rapid (carbonate dehydratase is supposed 
to be present), and in the steady state the concentra- 
tion of COz in the cytoplasm will be that at which 
the influx of HCO~- is equal to the rate of fixation 
given by Eq. (13) together with the rate of its diffusive 
effiux. The calculations, by the same method as be- 
fore, give, for example, the concentration profiles of 
Fig. 8. As suggested previously (Walker & Smith, 
1977), the hydration of the escaping CO2 results in 
a low pH in the unstirred layer, without the rapid 
drop in pH near the membrane, characteristic of mo- 
del L As expected, a thin unstirred layer results in 
greater loss of CO2 and in lower efficiency (defined 
as the ratio of fixation rate to HCO~ pump rate); 
see Fig. 4. A realistic model, as before, requires fur- 
ther information, here the relationship between ~bB 
and [HCO~]; at present there is no evidence on which 
to base a guess at this relation (Smith & Walker, 
1980b). 

Discussion 

In spite of much excellent experimentation in the past, 
there are few data which can be applied directly to 
distinguishing one of the present models from the 
others. This reflects perhaps some difficulty in appre- 
ciating the crucial role of the unstirred layer in C 
assimilation. Experiments do at least tell us that C 
is rapidly assimilated from media containing little free 
COz and that this is accompanied by the circulation 
of electric current from parts of the cell or leaf surface 
that acidify the medium to parts that make it more 
alkaline. These features, and their quantitative expres- 
sion, can be reproduced by each of the models dis- 
cussed here. 

It should be possible in principle to distinguish 
model / f rom the others by determining the pH profile 
near the cell membrane. The measurements so far 
published do not contain this information, since the 
electrodes used were so large 2 (Lucas & Smith, 1973; 

2 In the first reference a diameter of  1.5 m m  is quoted;  in the 
second is quoted a Microelectrodes Inc. type number ,  whose diam- 
eter is given by the makers  as 1.2 mm. 
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Ferrier & Lucas, 1979) that the drop in pH (Fig. 3) 
would have been entirely missed. If the large (0.6 mm 
radius) electrode did not distort the diffusion gra- 
dients, it is easy to calculate that the average pH 
seen by its surface when touching the cell surface 
would be 7.6 for the profile of pH in Fig. 3. This 
bears no relation to the actual pH of  5.9 at the cell 
surface. The concentration profiles presumably are 
distorted by the electrode, and the net result will be 
difficult to predict - meanwhile we cannot reject 
the external conversion model (/) on the grounds that 
the drop in pH near the surface has not been ob- 
served. 

If there is no observation already made that can 
distinguish between the models discussed here, we 
fall back on the requirement for economy of postu- 
late, for the time being. The external conversion mod- 
el requires less "hardware"  than the bicarbonate 
transport models, needing only a proton pump, for 
which there is already rather good evidence (Spans-- 
wick, 1972, 1974; Walker & Smith, 1975). M o d e l /  
does require that this pump run at up to 1.0 gmol m-  2 
sec- 1, which is a higher rate than has been postulated 
before, but this does not seem a very important objec- 
tion, since all the models require a pump (either H + 
out or HCO3 in) that can run at that rate. The eco- 
nomy of postulate in model I is connected with an 
economy in the demand on the evolutionary process, 
since the proton pump is probably of ancient origin 
(Raven & Smith, 1976). 

The external conversion model also provides neat 
explanations for two kinds of observation that are 
otherwise hard to explain without ad hoc arguments. 

The Effect of Buffers and CO~ 

model this is due to increased competition at the 
HCO3 transport site. The alternative explanation is 
that with a low HCO 3 concentration the H § concen- 
tration at the cell membrane needed for a constant 
reaction rate is greater, i.e., the pH must be lower, 
and there is increased sensitivity to buffering. 

The Effect of Low Ca ++ and of High K + 

In a study of the resting electrical properties of the 
Chara membrane, Hope and Walker (1961) found 
that the PD was reduced to the level determined by 
diffusion of K § and Na + if the cells were treated 
to remove Ca + § and measured in media without Ca § + 
It is now clear that the membrane PD is normally 
more negative than this level (e.g., Spanswick, Stola- 
rek & Williams, 1967); this hyperpolarization is as- 
cribed to the operation of a proton efflux pump. The 
inference is that the pump is inhibited by removal 
of Ca + +, although this has not been systematically 
studied. 

The effect of raising the (usually low) concentra- 
tion of K + in the medium is to produce a transition 
to the depolarized state in which, it is reasonable 
to postulate, the pump does not run (e.g., Walker, 
1980). 

Both of the above treatments inhibit HCO3 assim- 
ilation (Lucas, 1976b) and the explanation suggested 
for model I is simply that any treatment which inhib- 
its the proton pump will inhibit C assimilation. The 
alternatives are to postulate two electrogenic pumps 
in Chara, one for H + and one for HCO~, both sensi- 
tive to low Ca ++ and to high K +, or to postulate 
an HCO~ pump that is for no clear reason inhibited 
by depolarization. 

Lucas (1975, 1977) has shown that buffers tend to 
inhibit C assimilation at high pH ; this is true of TES, 
TAPS, Tris, tricine and borate. Smith and Walker 
(1980a) found methylamine and CAPS, whose pKa 
values are similar, to be equally effective in inhibiting 
C assimilation at high pH. The transport model re- 
quires specific reactions to be postulated at the trans- 
port site for a wide variety of structures. If C assimila- 
tion at high pH depends on the formation of a narrow 
acid region near the cell membrane, as the dehydra- 
tion model implies, the inhibition by buffers is ex- 
plained independently of their chemical structure. The 
inhibition by C O l  (Lucas, 1977) is explained in the 
same way: by removal of H + from the region near 
the membrane. Both models can account for Lucas' 
observations (1975, 1977) that the inhibition by 
buffers is greater when HCO3 is low (e.g., 0.5mM 
compared with 3.0 mM). According to the transport 

Conclusions 

It seems possible at the moment to suggest that in 
Chara there is a specific mechanism for C assimilation 
at high pH that does not involve the membrane trans- 
port of HCO3. Instead, H + is circulated between 
two different regions on the surface of the photosyn- 
thetic organ; the regions of H + re-entry are at high 
pH (10.5) and are put out of action for C uptake, 
while the regions of H + exit are at a sufficiently low 
local pH (6-6.5) to be supplied with CO2 by the 
external dehydration of H2CO 3. Whether this process 
is significantly assisted by either H/CO~ permeation 
or proton/bicarbonate symport is not known. This 
suggestion offers rational interpretations for the ef- 
fects of buffers, of high K § and of low Ca + +, and 
makes a testable prediction as to the pH profile near 
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the cell membrane. A similar mechanism could oper- 
ate in such fresh-water angiosperms as Egeria and 
Potamogeton in which C assimilation at high pH is 
associated with the development of differences in pH 
and electric potential between the lower and upper 
surfaces of the leaf (e.g., Helder, 1975; Helder & 
Zanstra, 1977 ; Prins & Helder, 1980). In ma~ine mac- 
rophytes the phenomena appear to be rather'different, 
and we have not attempted so far to extend the pres- 
ent thesis to C assimilation by these organisms; nor 
do we here consider the question of scale involved 
in asking whether the micro-algae transport HCO~ 
across their membranes by this mechanism. 

We thank Professor John Raven for his encouragement and 
helpful discussions; N.A.W. and F.A.S. are grateful to the Austra- 
lian Research Grants Committee for financial support for this 
work. 
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