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Chapter 3: Zn2+-HCO3
- colimitation of Emiliania huxleyi

(Prymnesiophyceae).

Erik T. Buitenhuis, Klaas R. Timmermans, Hein J. W. de Baar.

Abstract
In analogy to the iron-hypothesis, the Zn-hypothesis has been put forward, which states

that Zn may limit primary production and therefore influence the global carbon cycle. The
proposed mechanism is that photosynthesis would be carbon limited due to a lack of the
cofactor Zn in carbonic anhydrase. We have determined the K½ for growth of Emiliania huxleyi
at 19 ± 8 pM Zn2+ and a minimum requirement of 9 ± 3 pM. The lowest Zn2+ concentration in
the North Pacific is about 2 pM, showing that Zn-limitation may indeed occur. From our results
with additions of both EDTA and ZnCl2 we conclude that EDTA is not detrimental for E.
huxleyi up to a concentration of 200 µM.

In the current model for inorganic carbon use by E. huxleyi carbonic anhydrase is present
in the chloroplast to generate CO2 from HCO3

- at the site where it is fixed by Rubisco (Ribulose
bisphosphate carboxylase oxygenase). The H+ that is required in this reaction is produced in
calcification. From this it can be expected that carbonic anhydrase affects the use of HCO3

- in
photosynthesis. We have tested this by growing E. huxleyi under Zn2+-HCO3

- colimitation. The
results are partly inconsistent with the model. The experiment was conducted at a constant high
concentration of CO2, but at low Zn2+ the efficiency with which CO2 was used also decreases.
This shows that Zn2+ and possibly carbonic anhydrase activity are needed for CO2 fixation also.
In accordance with the model, it was found that Zn2+ affects the efficiency of HCO3

--use by E.
huxleyi.

Key words: calcification to photosynthesis coupling; coccolithophorid; EDTA; Emiliania
huxleyi; Haptophyta, HCO3

- (bicarbonate); Zinc limitation.

Abbreviations: CA, carbonic anhydrase; EDTA, ethyline-diamine-tetra-acetic-acid; µ, specific
growth rate; POC, particulate organic carbon.

Introduction
Emiliania huxleyi is an interesting alga for studying use of inorganic carbon, since it

produces both particulate organic carbon (POC) in photosynthesis and particulate inorganic
carbon as CaCO3 in calcification. Moreover, it is a cosmopolitan algae, that has been suggested
to be the most productive coccolithophorid (Westbroek et al. 1985). Paasche (1962) suggested
that calcification and photosynthesis are coupled in a manner equivalent to the symbiosis of
corals and their associated algae. Later, it was confirmed that there is a direct link between
calcification and photosynthesis. Due to this link HCO3

-, which is about 100-fold more
abundant than CO2, can be used as a substrate for photosynthesis (Nimer et al. 1995, Buitenhuis
et al. 1999).

It was found that the efficiency with which calcification stimulates the part of
photosynthesis that is supported by HCO3

- is 0.97 ± 0.08 (Buitenhuis et al. 1999). In the results
section we calculate that the uncatalized conversion rate of HCO3

- to CO2 is not fast enough to
support this coupling between calcification and photosynthesis. Indeed, it has previously been
shown that during logarithmic growth E. huxleyi synthesizes carbonic anhydrase in the
chloroplast only (Nimer 1994a).

Since Zn2+ is the cofactor of carbonic anhydrase it can be expected that under Zn2+

limitation the coupling between calcification and photosynthesis, which permits the direct use
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of HCO3
- in photosynthesis, becomes less efficient. Zn2+ plays a role in a great number of

cellular processes (Faústro da Silva & Williams 1991), thus there is potential for ascribing
effects of Zn2+ limitation to the lack of carbonic anhydrase while in fact another cellular process
is responsible for this effect. We consider that the risk of such a misinterpretation is limited,
firstly because it was found that in a diatom most of the cellular Zn2+ was contained in carbonic
anhydrase (Morel et al. 1994), and secondly, and more importantly, we have attempted to
specifically address the role of carbonic anhydrase by growing E. huxleyi under Zn2+-HCO3

-

colimitation, in order to distinguish between general effects of Zn2+-limitation and those effects
that are linked to inorganic carbon use.

When carbonic anhydrase is present in the chloroplast, where it can facilitate the use of
HCO3

- in photosynthesis (Nimer et al. 1995), but not as a cell membrane associated enzyme,
where it has been reported to facilitate the uptake of CO2 in other microalgae (Price & Badger
1989), then the effect of Zn2+ on the use of dissolved inorganic carbon (DIC) could be limited to
the efficiency with which HCO3

- is used in photosynthesis. Therefore we varied the
concentration of HCO3

- at a constant CO2 concentration in the Zn-C colimitation experiments.
Given the speciation of DIC in sea water this choice resulted in the increase of pH and CO3

2- in
the medium concomitant with the increase of HCO3

-. It was previously shown that over the
range we have used there was no measurable effect of these two parameters on carbon fixation
in E. huxleyi (Buitenhuis et al. 1999).

Zn2+ concentrations can get as low as 2 pM in the North Pacific Ocean (Bruland 1989).
Since optimum Zn2+ concentrations for oceanic microalgae are often higher than that, Morel et
al. (1994) have proposed that Zn2+ may limit carbon fixation in the open ocean, and thus affect
the efficiency of the biological carbon pump.

In this study we have only measured the effect of Zn2+ and Zn2+-HCO3
- colimitation on

the specific growth rate. Thus we were not able to reach detailed conclusions about the function
of carbonic anhydrase, but have reviewed to what extent our results are consistent with the
current model of inorganic carbon use by E. huxleyi.

Materials & methods
Medium was prepared from low nutrient seawater. The concentration of trace metals was

further reduced by addition of 50 µM MnO2. After 24 h. with stirring the water was filtered over
two connected filters of 0.2 µm and 0.07 µm pore size. To this we added 250 µM NO3

-, 25 µM
PO4

3-, vitamins according to Paasche (1964) and 50 nM FeCl2. The concentration of Zn2+ at
which E. huxleyi becomes Zn-limited was found to lie in the low pM range (Figure 3.1). Since it
was impossible to directly produce medium with such low concentrations, the availability of Zn
was reduced by the addition of the metal ion chelator EDTA. Since the Zn-EDTA complex is
not available to the algae, the available concentration of Zn2+ can be reduced to concentrations
in the low pM range with the total Zn concentration (ZnT) in the low nM range by addition of
up to 200 µM EDTA. All handling was done in a laminar flow hood.

In order to test for the possible detrimental effect of EDTA on growth, the concentration
of Zn2+ was controlled by addition of EDTA and in some cases also ZnCl2. The concentration of
EDTA was between 6 and 300 µM. The total concentration of Zn (ZnT) was between 4 and 200
nM. No Co was added to the cultures. Co was not measured, but in medium that was prepared
in the same way CoT was 4 to 7 nM (A. Daniel, U. of Liverpool, pers. comm.). Since Co is
complexed by EDTA 40 times more efficiently than Zn, there was little Co2+ available relative
to Zn2+. Cells were grown in 30 to 1000 ml acid cleaned (1 M HCl) polycarbonate square
bottles. The final dilution of the inoculum was at least 10,000 fold from a culture with high
trace metal concentrations (~600 nM ZnT). The C speciation was not controlled in the
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Table 3.1 HCO3
- to CO2 conversion in the chloroplast. Rate of uncatalized

conversion from HCO3
- to CO2. and minimum Zn2+ concentration as cofactor in

carbonic anhydrase (CA) required for catalized conversion.
Uncatalized CA catalized

H+
I [M] α 1.3E-8A pHI 7.9A

HCO3
- [M] β 5.0E-4B kcat (pH) [s-1] η 3.6E+4E

k-1 [s
-1] γ 1.2E+4C Km [M] θ 3.0E-2F

Vchloroplast [l•cell-1] δ 1.4E-14D calcification rate
[mol•cell-1•day-1] ι

1.8E-12G

Light period [s•(16h.)-1] ε 5.8E4 cells [l-1] κ 1.0E+8H

HCO3
- → CO2 α*β*γ

[M s-1] ζ
7.4E-8 CA required

ι*(β+θ)(θ*β)-1*ε-1

[mol•cell-1] λ

5.3E-20

CO2 generation δ*ε*ζ
[mol•cell-1•day-1]

6.0E-17 Zn2+ in CA κ*λ [M] 5.3E-12

A Anning et al. 1996, B Brownlee et al. 1995, determined in whole cells, C Wolf-
Gladrow & Riebesell 1997, D estimated from van der Wal et al. 1985, E Graham et
al. 1984, F Pocker & Bjorkquist 1977, G Buitenhuis et al. 1999, H this study.

Zn2+ limitation experiment, but at an alkalinity of about 2540 µeq/kg and a typical fCO2 in the
laboratory of around 500 µatm. concentrations of 2161 µM HCO3

- and 19 µM CO2 can be
calculated.

In the experiment with varying HCO3
- concentrations at constant CO2 the alkalinity was

lowered by addition of 10 M HCl (quartz distilled, ZnT undetectable) or increased by addition of
1 M NaHCO3 (129 nM ZnT, no significant change in ZnT). The CO2 concentration was
manipulated by bubbling overnight at 15 °C with air from a gas cylinder with a slightly elevated
CO2 content corresponding to an fCO2 of 444.6 µatm before the start of the experiment. The
alkalinity of the medium was calculated from DIC and fCO2 with the dissociation constants of
Roy et al. (1993), using a program by Lewis & Wallace
(http://cdiac.esd.ornl.gov/oceans/co2rprt.html). DIC was determined according to DOE (1994),
fCO2 in the gas cylinder was calculated from the gas mixing ratio xCO2 according to Weiss
(1974). xCO2 was determined as described in Buitenhuis et al. (1996).

Cells were counted as described in Buitenhuis et al. (1999) starting after 3 days of
adaptation to the medium over a 4 to 12 day period.

Specific growth rates (µ) were calculated as the slope of ln(cell counts) against time (in
days).

Curve fitting of the growth rates to Eqs. 3.1 and 3.2 was done as described in Buitenhuis
et al. (1999).

Results
Conversion of HCO3

- → CO2

In the second column of Table 3.1 we have calculated the rate of uncatalyzed conversion
of HCO3

- into CO2 in the chloroplast. This is small relative to the calcification rate (Table 3.1).
As calcification was found to be tightly coupled to photosynthetic use of HCO3

- (Buitenhuis et
al. 1999), this must mean that the conversion is catalyzed by carbonic anhydrase (CA). In the
fourth column of Table 3.1 we have calculated the amount of CA that is needed for enzyme
catalyzed conversion. Since CA contains one atom of Zn2+ as a cofactor this directly gives the
minimum cellular Zn2+ requirement in carbonic anhydrase, which at a maximum cell density in
our experiments of ∼ 108 cells ml-1 gives a minimum concentration in the medium of 5 pM,
disregarding other cellular requirements for Zn2+.
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Figure 3.1 Growth rate as a function
of Zn2+. Circles represent
measurements made at a constant ZnT

concentration (either 3.7 or 10.0 nM),
crosses represent measurements at a
constant EDTA concentration (200
µM). See text for fitted equation
(Equation 3.1) and parameter values.

Zn2+ limitation
The Zn2+ requirement of Emiliania huxleyi was determined. At the highest EDTA

concentration (300 µM) growth rates increased after addition of either ZnCl2 or CoCl2 (data not
shown). This confirmed that the cells were limited by Zn2+, and that Zn2+ can be replaced by
Co2+ (cf. Sunda & Huntsman 1995). In Figure 3.1 it can be seen that the growth rate as a
function of Zn2+ can be described by the modified Michaelis-Menten equation:

 ( [Zn2+] - [Zn2+
min] ) * µmax

µ =  [Zn2+] - [Zn2+
min] + Km

(3.1).

Fitting the data to this function gives [Zn2+
min] = 9 ± 3 pM, µmax = 1.03 ± 0.07 d-1 and K½ = Km

+ [Zn2+
min] = 19 ± 8 pM. There is no systematic difference between growth rates obtained at low

ZnT and low EDTA concentrations and the same Zn2+ concentrations at high ZnT and high
EDTA. This showed that EDTA was not poisonous to the cells up to a concentration of 200
µM. 6 pM Co2+ gave a half-maximum growth rate (0.51 d-1) when Zn2+ was below the minimum
required by E. huxleyi.

Zn2+-HCO3
- colimitation

We first tested whether Zn2+ and HCO3
- were dependent nutrients, for which colimitation

occurs, or whether they are independent, in which case the law of the minimum would apply. At
two Zn2+ concentrations the growth rate was determined as a function of the HCO3

-

concentration. Figure 3.2 clearly shows that the Zn2+ concentration affects the ability of the
cells to use HCO3

-, and thus that these are dependent nutrients.
To quantify this colimitation we have determined the growth rate as a function of both

Zn2+ and HCO3
- (Figure 3.3). The positive growth rates were fitted to the function:

Figure 3.2 Growth rate as a function
of HCO3

- at 10 (×) and 50 (• ) pM
Zn2+. Zn2+ decreases 5% with the
increasing HCO3

-, due to a change in
Zn speciation with pH. Curve 1 from
Buitenhuis et al. (1999) at saturated
Zn2+. Curves 2 & 3 predicted by the
law of the minimum, adjusted to the
maximum growth rates measured at
the two Zn2+ concentrations.
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Figure 3.3 Growth rate as a
function of HCO3

- and
Zn2+. Filled circles
represent experimental data
points. Open circles
represent the corresponding
calculated photosynthetic
rates, calculated from Eq.
3.2. See text for equation
and parameter values.

 [HCO3
-] * µmax

µ =  [HCO3
-] + ([Zn2+] + Km) / [Zn2+] (3.2).

Our choice of this equation to fit the results is presented in the discussion. The parameter values
for Equation 3.2 are: µmax = 0.46 ± 0.03 d-1 and Km = 27761 ± 12940.

Discussion
In order to test for the possible detrimental effect of EDTA (Muggli & Harrison, 1996),

the Zn2+ concentration was manipulated either by addition of EDTA or by addition of ZnCl2 at a
high EDTA concentration (200 µM). In Figure 3.1 it can be seen that there is no significant
difference between growth rates measured at high EDTA concentrations and high ZnT

concentrations and at low EDTA concentrations and low ZnT concentrations, corresponding to
the same Zn2+. We therefore conclude that the reduced growth rates measured by Muggli &
Harrison (1996) was caused by limitation of growth by the availability of Zn2+, which varied in
their experiments. In fact, they measured a growth rate at 16 pM Zn2+ which was 47% of that at
251 pM Zn2+, which is almost in perfect agreement with our K½ of 19 pM Zn2+. Their
interpretation of the detrimental effect of EDTA was possibly suggested by the results of Sunda
& Huntsman (1992) that the Zn2+ requirement of Emiliania huxleyi is extremely low. This was
subsequently shown to be due to the presence of Co2+ in the medium, which can replace Zn2+

(Sunda & Huntsman 1995). Both Muggli & Harrison (1996) and we used low Co2+

concentrations (see Materials & Methods). Given our finding that EDTA has no direct
poisonous effect on E. huxleyi the advantage of using EDTA is that it buffers the Zn2+

concentration, so that it remains constant in solution as the algae grow and use Zn2+. This made
it possible to simplify the experimental approach to a batch culture and still get cells that were
adapted to a specific Zn2+ concentration (see Materials & Methods).

We discuss our results in relation to Zn2+, although it is possible that the cells react to Zn'
(inorganically complexed Zn). However, we find good agreement between the experimentally
determined minimum requirement of 9 pM dissolved Zn2+ in the modified Michaelis-Menten
kinetics (Equation 3.1) and the calculated 5 pM particulate Zn2+ required in carbonic anhydrase
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(Table 3.1). This is in agreement with the finding of Morel et al. (1994) that most of the cellular
Zn is present in carbonic anhydrase.

According to the model of C use by E. huxleyi Zn2+ is directly involved in the C
metabolism, that is, in its ability to use HCO3

- in photosynthesis. This led us to suspect that,
unlike all other tested combinations of nutrient limitations (Droop 1983, Zonneveld 1996), Zn
and C might be dependent nutrients where the law of the minimum would not apply, but rather
some form of synergy would occur. In Figure 3.2 it is shown that this is indeed the case. Curves
1-3 in Figure 3.2 show the theoretical growth curves that are predicted by the law of the
minimum. Curve 1 represents Zn-saturated growth. At low Zn2+ concentrations the law of the
minimum predicts that the growth rate would be C limited at the low HCO3

- concentrations,
which would give the same results for the two Zn2+ concentrations. Then at higher HCO3

-

concentrations the cells would become Zn limited. At 10 pM Zn2+ the changeover from C to Zn
limitation should have occured at a lower HCO3

- concentration than at 50 pM Zn2+. After that
the growth rate would remain constant at the Zn limited rate. This theoretical case is illustrated
by curves 2 and 3 in Figure 3.2. The data in Figure 3.2 show no such abrupt change. Instead the
affinity for HCO3

- is affected by Zn2+ with a Michaelis-Menten type saturation curve for both
Zn2+ concentrations. Moreover, the growth rates become negative at low HCO3

- concentrations
in both cases, which was not observed for C limitation at Zn saturated conditions (Buitenhuis et
al. 1999).

Colimitation of two nutrients may be expressed in several ways. We have compared four
possibilities:
a) multiplication of two Michaelis-Menten type saturation curves:

[HCO3
-] [Zn2+]

µ =
[HCO3

-] + Km, HCO3
- * [Zn2+] + Km,Zn

2+ * µmax (3.3),

b) the minimum of two Michaelis-Menten type saturation curves:

[HCO3
-] * µmax [Zn2+] * µmax

µ = MIN (
[HCO3

-] + Km, HCO3
-

,
[Zn2+] + Km,Zn

2+
) (3.4),

c) µmax depends on Zn2+ at a constant affinity (α) for HCO3
- (α = µmax/Km):

[HCO3
-] * [Zn2+] * µmax / ([Zn2+] + Km,Zn

2+)
µ =

[HCO3
-] + [Zn2+] * µmax / ([Zn2+] + Km,Zn

2+)/ αHCO3
-

(3.5),

d) affinity for HCO3
- depends on Zn2+:

 [HCO3
-] * µmax

µ =  [HCO3
-] + ([Zn2+] + Km) / [Zn2+]

(3.2).

From Figure 3.4 it can be seen that a µ-S1-S2 curve is not a good way to decide between these
options, especially between a) to c). With a modelling approach, using measured cell quota for
nutrients, it has been shown that for those cases where data are available option b) describes the
data better than option a) (Zonneveld 1996). We expect the situation to be different from these
reviewed cases for Zn2+-HCO3

- colimitation. This is because in the current hypothesis on the
carbon use of E. huxleyi, Zn2+ is directly involved in carbon acquisition as a cofactor of
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Figure 3.4 Four possible
ways to express the
dependence of growth rate
on two nutrients.
a) Multiplication of
limitations. b) Law of the
minimum. c) Variable
µmax, constant affinity.
d) Variable affinity,
constant µmax. See text for
a description of these
cases.

carbonic anhydrase (Figure 3.5). Therefore, we expect Zn2+ to affect the affinity for HCO3
-, and

we have chosen to fit our data to Equation 3.2 (option d). More data are needed to decide
whether this provisional conclusion is correct.

From the hypothesis of carbon use by E. huxleyi shown in Figure 3.5 it is expected that:
1) the efficiency of HCO3

- use in photosynthesis declines with Zn2+, whereas
2) the use of CO2 in photosynthesis should be unaffected.

To 1) Figure 3.3 shows that at a high Zn2+ concentration the specific growth rate
decreases with HCO3

-, and this decrease is more pronounced at a low Zn2+ concentration. We
suggest three possible explanations for this effect of Zn2+:
a) The simplest explanation is that Zn2+ is involved in the use of HCO3

-. This is consistent with
the hypothesis presented in Figure 3.5, in which Zn2+ acts as the cofactor of carbonic
anhydrase. In this case Zn2+ increases the efficiency with which HCO3

- is converted to CO2,
which is the substrate for Rubisco.

b) Zn2+ and HCO3
- can partly replace each other in maintaining intracellular pH within the

range needed for cell survival. It has been shown that HCO3
- affects the cytoplasmatic pH,

from which it was concluded that the intracellular speciation of DIC acts as a pH buffer
(Nimer et al. 1994b). Carbonic anhydrase would be needed to keep this pH buffer
functioning at low HCO3

- concentrations if the flux of HCO3
- into the cell is much higher

than the uncatalysed equilibration of intracellular DIC. The rate of uncatalyzed equilibration
would be 10 times faster in the more acidic cytosol (pH 6.9, Anning et al. 1996) This would
still mean that this rate is slow compared to the rate of HCO3

- use. However, since no
carbonic anhydrase was found in the cytosol (Nimer et al. 1994a) this doesn´t appear to be a
good explanation.

c) The cells produce more carbonic anhydrase at low concentrations of HCO3
-, and the Zn2+ in

this enzyme competes with the other sites where Zn2+ is used in the cell, and thus leads to an
indirect Zn2+ limitation at low HCO3

-. This explanation seems to be directed against survival
of the cell when they could grow on CO2 only, but since HCO3

- never becomes low enough
in the sea for this problem to occur it might still be functional.

To 2) In Figure 3.3 it can be seen that at low Zn2+ and low HCO3
- the cells die (negative

µ), even though the CO2 concentration is constantly high at 17 µM. This shows that Zn2+ is
needed for use of CO2. This seems surprising since CO2 is the direct substrate for Rubisco. This
lends some credibility to explanations b) and c) above, in which there are other effects of Zn2+

limitation in addition to the reduced efficiency of HCO3
- use. It is important to note that the

negative growth rates cannot be explained by just Zn2+ limitation, since they only become
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apparent at low HCO3
- concentrations. Neither is it just a lack of HCO3

-, since cells can perform
photosynthesis using CO2 at HCO3

- concentrations where calcification stops (Buitenhuis et al.
1999). An alternative explanation from b) and c) that accounts for this colimitation, and
inability to use CO2, would be conversion of CO2 into HCO3 at the cell membrane,
transportation of HCO3

- to the chloroplast, and conversion of HCO3
- into CO2 at the site of

fixation by Rubisco. This relatively convoluted mechanism could possibly function to prevent
diffusive loss of inorganic carbon, since the charged HCO3

- ion can be retained in the cell, while
CO2 diffuses through the cell membrane. Again, with carbonic anhydrase measured only in the
chloroplast under normal conditions (Nimer et al. 1994a) the experimental evidence for this
mechanism is lacking.

In summary, we have shown that there is a variable cellular requirement for Zn2+ that is a
function of the HCO3

- concentration, and thus any explanation that is forwarded concerning the
Zn requirement must focus on the C physiology, including pH regulation. We conclude that
while the presented results are in large part in agreement with the current model for C use by E.
huxleyi (Figure 3.5), the picture is not complete, and more experimental evidence (such as rates
of photosynthesis and calcification and discrimination against 13C in the organic and inorganic
fractions both at constant CO2 and at constant HCO3

-) will be needed to resolve the problem we
have outlined here.
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