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Zinc-bicarbonate colimitation of Emiliania huxleyi

Erik T. Buitenhuis,1 Klaas R. Timmermans, and Hein J. W. de Baar
Netherlands Institute for Sea Research, P.O. Box 59, 1790 AB Texel, The Netherlands

Abstract

In analogy to the Fe hypothesis, the Zn hypothesis states that Zn may limit primary production in some regions
of the world oceans and therefore influence the global carbon cycle. The proposed mechanism is via carbon limi-
tation due to a lack of the cofactor Zn in carbonic anhydrase. In the current conceptual model for the use of
inorganic carbon by E. huxleyi, carbonic anhydrase in the chloroplast generates CO2 from HCO at the site where2

3

CO2 is fixed by ribulose bisphosphate carboxylase oxygenase (Rubisco). The H1 that is required in this reaction
comes from calcification. From this it can be expected that carbonic anhydrase affects the use of HCO in photo-2

3

synthesis. First, we grew E. huxleyi under Zn21 limitation. The K1/2 for growth of E. huxleyi is 19 6 8 pmol L21

Zn21 with a minimum requirement of 9 6 3 pmol L21. Additions of both ethylenediaminetetraacetic acid (EDTA)
and ZnCl2 show that EDTA is not detrimental to E. huxleyi up to a concentration of 200 mmol L21. Then we grew
E. huxleyi under Zn21-HCO colimitation to test the conceptual model outlined above. The results were partly2

3

inconsistent with the model. Contrary to what was expected from the conceptual model, the efficiency of CO2 use
decreased when both Zn21 and HCO concentrations were low, even though the experiment was conducted at a2

3

constant high concentration of CO2. This shows that Zn21, and possibly carbonic anhydrase activity, are needed for
CO2 fixation also. In accordance with the model, we found that Zn21 affects the efficiency of HCO use by E.2

3

huxleyi. Since the lowest Zn21 concentration in the Northeast Pacific is ;0.4 pmol L21, Zn limitation of E. huxleyi
growth may indeed occur.

Emiliania huxleyi is an interesting alga for studying the
use of inorganic carbon because it produces both particulate
organic carbon (POC) in photosynthesis and particulate in-
organic carbon as CaCO3 in calcification and, thus, has an
impact on the oceanic cycles of both dissolved inorganic
carbon (DIC) and alkalinity. Moreover, E. huxleyi occurs
over most of the ocean outside the polar regions. Except in
tropical and polar regions, it constitutes about 50%–100%
of the coccolithophorids by number (McIntyre and Bé 1967).
However, coccoliths of E. huxleyi are relatively small and
fragile. Thus, it is not the dominant contributor to coccolith-
ophorid CaCO3 precipitation (Broerse 2000).

Paasche (1962) suggested that calcification and photosyn-
thesis in E. huxleyi 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. The substrate for calcification is HCO2

3

(Paasche 1964), which produces a proton (Eq. 1). This pro-
ton can then be used with a second HCO molecule to pro-2

3

duce CO2 (Eq. 2). The CO2 can then be fixed in photosyn-
thesis by the enzyme ribulose bisphosphate carboxylase
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Gerringa, and two anonymous reviewers for helpful comments on
the manuscript. K.R.T. and H.J.W.d.B. acknowledge the support
from the European Commission’s Marine Science and Technology
Program (MAST III) under contract MAS3-CT95-0005 (MERLIM).
This is NIOZ publication 3407.

oxygenase (Rubisco) (Eq. 3). Since HCO is ;100-fold2
3

more abundant than CO2 in seawater, calcification may con-
stitute a viable mechanism for supplying Rubisco with CO2.
The tight coupling between calcification and photosynthesis
supports this hypothesis (Buitenhuis et al. 1999).

2 21 1HCO 1 Ca → CaCO 1 H (1)3 3

2 1HCO 1 H ↔ CO 1 H O (2)3 2 2

CO 1 H O → (CH ) 1 O (3)2 2 2 organic 2

The uncatalyzed conversion rate of HCO to CO2 is very2
3

slow (Stumm and Morgan 1981). Thus, to maintain a tight
coupling between calcification and photosynthesis, the cells
might need the enzyme carbonic anhydrase to catalyze this
conversion. Indeed, it has been shown that during exponen-
tial growth E. huxleyi synthesizes carbonic anhydrase in the
chloroplast only (Nimer et al. 1994b). Carbonic anhydrase
catalyzes the conversion between HCO and CO2 in both2

3

directions. As an example of the conversion of HCO into2
3

CO2, carbonic anhydrase is found in the chloroplast of aquat-
ic microorganisms, where it produces CO2 that is fixed in
photosynthesis by Rubisco (see Fig. 1). As an example of
the conversion of CO2 into HCO , it has been suggested that2

3

extracellular carbonic anhydrase can supply HCO to an ac-2
3

tive uptake transport protein, and in cyanobacteria a putative
new type of carbonic anhydrase that is directly linked to such
a transporter could have this function (Sültemeyer et al.
1993; Price et al. 2002, and references in these).

Since Zn21 is the cofactor of carbonic anhydrase, we hy-
pothesize that under Zn21 limitation the coupling between
calcification and photosynthesis becomes less efficient. More
specifically, we hypothesize that under Zn21 limitation (1)
the efficiency with which HCO is used in photosynthesis2

3

would be lowered (Eq. 2, Fig. 1), while (2) the efficiency
with which CO2 is used in photosynthesis would be unaf-
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Fig. 1. Uptake of inorganic carbon by Emiliania huxleyi. Adapted after Buitenhuis et al. (1999).

fected (Eq. 3, CO in Fig. 1). To test this hypothesis weex
2

measured the effect of Zn21 limitation and Zn21-HCO co-2
3

limitation on the specific growth rate. In the Zn21 limitation
experiment the growth rate was measured both at a constant
ZnT concentration and at a constant ethylenediaminetetra-
acetic acid (EDTA) concentration to prove unequivocally
that the decrease in growth rate is due to a change in the
availability of Zn ion and not to direct toxicity of EDTA. To
exclude the effect of CO2 on the photosynthetic rate, we have
performed the Zn21-HCO colimitation experiments at con-2

3

stant CO2. We review to what extent our results are consis-
tent with the current conceptual model of inorganic carbon
use by E. huxleyi.

Materials and methods

The growth medium was prepared from low-nutrient sea-
water. The concentration of Zn was reduced by the addition
of 50 mmol L21 particulate MnO2. After stirring for 24 h the
water was filtered over two connected filters of 0.2-mm and
0.07-mm pore size to remove the particulate MnO2. We then
added 250 mmol L21 NO , 25 mmol L21 PO , vitamins2 32

3 4

according to Paasche (1964), and 50 nmol L21 FeCl2. All
handling was done in a trace metal clean laminar flow hood.
Emiliania huxleyi strain Ch24–90 (morphotype A, van Ble-
ijswijk et al. 1991, 1994), a normally calcifying strain with
a typical calcification/photosynthesis ratio of 0.6 (Buitenhuis
et al. 1999), was grown in acid-cleaned (1 mol L21 HCl)
polycarbonate square bottles, in a suite of volumes from 30
to 1,000 ml to generate a dilution series with relatively con-
stant biomass concentrations. The dilution of the inoculum
in the first bottle of the dilution series was at least 10,000
fold from a culture with high trace metal concentrations
(;600 nmol L21 total Zn). Bottles were incubated at 158C
on a rotating bench (120 rpm) at saturating light (300 mmol
quanta m22 s21).

The cells were counted with a Coulter XL flowcytometer
(Buitenhuis et al. 1999), starting after 3 d of adaptation to
the medium over a 4- to 12-d period. Specific growth rates
(m) were calculated as the slope of ln(cell counts) against
time (in days). Calculation of Km, mmax, and Zn was done21

min

by curve fitting of the growth rates to Eqs. 5 to 8 (Buitenhuis
et al. 1999).

We performed three sets of growth experiments: one Zn21-
limitation experiment and two Zn21-HCO colimitation ex-2

3

periments. In all three experiments the availability of Zn was
decreased by the addition of the metal ion chelator EDTA.
Since the Zn-EDTA complex is not available to the algae,
the available concentration of Zn21 can be reduced to con-
centrations in the low pmol L21 range while the total Zn
concentration (ZnT) is in the low nmol L21 range by addition
of 6 to 300 mmol L21 EDTA.

In the Zn21-limitation experiment, in order to make sure
that the cells were limited by Zn21, we added either Zn21 or
Co21 to the bottles with the highest EDTA concentrations.
We tested for the conceivable detrimental effect of EDTA
itself on growth by performing additional incubations with
a constant EDTA concentration of 200 mmol L21 in which
Zn21 was varied by additions of ZnCl2. The total concentra-
tion of Zn (ZnT) was between 4 and 200 nmol L21. The DIC
speciation was not controlled or measured in the Zn21 lim-
itation experiment, but at an alkalinity of ;2,540 meq kg21

and a typical fCO2 in the laboratory of ;500 matm, concen-
trations of 2,161 mmol L21 HCO and 19 mmol L21 CO2 can2

3

be calculated.
In the two Zn21-HCO colimitation experiments the2

3

HCO concentrations were varied at a constant CO2 concen-2
3

tration of 16.7 mmol L21. This was done by first manipulat-
ing the alkalinity and then fixing the CO2 concentration. The
alkalinity was lowered by addition of 10 mol L21 HCl
(quartz distilled, ZnT undetectable) or increased by addition
of 1 mol L21 NaHCO3 (129 nmol L21 ZnT in stock solution,
no significant change of ZnT in growth medium). The CO2

concentration was fixed by bubbling overnight at 158C with
air from a gas cylinder. This gas cylinder had a slightly el-
evated CO2 content relative to atmospheric air corresponding
to an fCO2 of 444.6 matm. The alkalinity of the medium was
calculated from DIC and fCO2 with the dissociation con-
stants of Roy et al. (1993), using a program by Lewis and
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 ac-
cording to Weiss (1974). xCO2 was determined by infrared
gas analysis (IRGA, LICOR 6252) as described in Buiten-
huis et al. (1996).

Total Zn (ZnT) was measured by flow injection analysis
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Table 1. Conversion of to CO2 in the chloroplast (Eq. 2).2HCO3

(A) Rate of uncatalyzed conversion from to CO2
2HCO3

(mol L21)1Hchloroplast 1.331028 Anning et al. (1996)
(mol L21)2HCO3 5.031024 Brownlee et al. (1995) determined in whole cells

k1 (s21) 1.23104 Wolf-Gladrow and Riebesell (1997)
Vchloroplast (L cell21) 1.4310214 estimated from van der Wal et al. (1985)
Light period (s (16 h)21) 5.83104 this study

→ CO2 (mol L21 s21)2HCO3 7.431028 d[CO2]/dt 5 3 3 k1
1 2H HCOchloroplast 3

CO2 generation (mol cell21 d21) 6.0310217 Vchloroplast 3 light period 3 d[CO2]/dt

(B) Minimum concentration of Zn21 as cofactor in carbonic anhydrase (CA) required for catalyzed conversion at given calcification rate
pHchloroplast 7.9 Anning et al. (1996)
kcat(pHchloroplast) (s21) 1.03106 Pocker and Ng (1973), Pocker and Miksch (1978)
Km (mol L21) 3.431022 Pocker and Miksch (1978)
Calcification rate (mol cell21 d21) 2.1310212 Buitenhuis et al. (1999) (at fCO2 5 444.6 matm, and pH

5 8)
Cell concentration (L21) 1.03108 this study
CA required (mol cell21) 2.5310220 calcification rate 3 ( 1 Km)(kcat 3 )21 32 2HCO HCO3 3

light period21

Zn21 in CA (mol L21) 2.5310212 CA required 3 cell concentration

Fig. 2. Growth rate of Emiliania huxleyi as a function of Zn21.
Circles represent measurements made at a constant ZnT concentra-
tion (either 3.7 or 10.0 nmol L21); crosses represent measurements
at a constant EDTA concentration (200 mmol L21). See text for fitted
equation (Eq. 5) and parameter values.

followed by fluorometric detection (Nolting et al. 2000). The
Zn21 concentration was calculated with the MINEQL pro-
gram, in which the DIC dissociation constants were changed
to those determined by Roy et al. (1993).

Results

Conversion of HCO to CO2—We calculated the uncata-2
3

lyzed rate of dehydration of HCO to CO2 and the amount2
3

of carbonic anhydrase (CA) that is needed to catalyze this
dehydration from literature values and our culture conditions
(Table 1). The k of carbonic anhydrase was extrapolated2HCO3

cat

from pH 7.62 (Pocker and Miksch 1978) to pH 7.9 by using
the Haldane relationship:

2CO HCO2 3k K Kcat m 15 (4)2HCO CO 13 2k K [H ]cat m

The value of K1 was calculated for those values for which
both k /K (Pocker and Miksch 1978) and k /K2 2HCO HCO CO CO3 3 2 2

cat m cat m

(Pocker and Ng 1973) were available. While the average
value of pK1 was 6.05, compared to a value of 6.03 calcu-
lated from Roy et al. (1993, at 258C and 1 psu), the value
of pK1 decreased by 0.4 per pH unit. We used this correlation
with pH to get a smooth transition from the measured points
of k /K to the extrapolated value using k /K and2 2HCO HCO CO CO3 3 2 2

cat m cat m

K1 in Eq. 4, which we have deemed justifiable for the small
extrapolation range (from pH 7.62 to 7.9).

From these calculations (Table 1), it can be seen that the
uncatalyzed CO2 generation is 4.5 orders of magnitude too
small to support the use of the protons that are generated at
the measured calcification rate. The minimum cellular re-
quirement of Zn in carbonic anhydrase can then be calcu-
lated to be 2.5 pmol L21 at our experimental cell concentra-
tion.

Zn21 limitation experiment—In the first experiment, the
Zn21 requirement of Emiliania huxleyi was determined. The
growth rate as a function of Zn21 clearly follows a saturation
curve (Fig. 2). At the highest EDTA concentration (300
mmol L21, 8 pmol L21 Zn21 ), the growth rate was negative
(not shown) and increased after addition of either ZnCl2

(data not shown) or CoCl2. Addition of Co to a concentration
of 6 pmol L21 Co21 gave a half-maximum growth rate (0.51
d21). The response of the growth rate was the same when
ZnT was varied at a constant EDTA concentration (crosses
in Fig. 2). Since it was obvious that the growth curve did
not go through the origin, the results were fitted to a mod-
ified Michaelis–Menten equation (Michaelis and Menten
1913) with a minimum Zn21 concentration

21 21([Zn ] 2 [Zn ])mmin maxm 5 (5)
21 21[Zn ] 2 [Zn ] 1 Kmin m
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Fig. 3. Growth rate of Emiliania huxleyi as a function of
HCO at 10 and 50 pmol L21 Zn21, and a constant CO2 concentra-2

3

tion of 16.7 mmol L21. Zn21 decreases by 5% with the increasing
HCO due to a change in Zn speciation with pH. For reference, the2

3

growth rates at constant CO2 (13.8 mmol L21) and ;80 nmol L21

Zn21 are included (Buitenhuis et al. 1999).

The best fit through all the positive growth rates gives a
minimum Zn21 concentration [Zn ] 5 9 6 3 pmol L21, a21

min

maximum growth rate mmax 5 1.03 6 0.07 d21, and a half-
saturation constant K1/2 5 Km 1 [Zn ] 5 19 6 8 pmol L21.21

min

The maximum growth rate is not significantly different from
the maximum growth rate of 1.1 6 0.1 d21 determined by
Buitenhuis et al. (1999) on the same strain of E. huxleyi. The
half-saturation constant is the same order of magnitude as
the calculated minimum cell quota of Zn in carbonic anhy-
drase.

Zn21-HCO colimitation experiments—In the second ex-2
3

periment, E. huxleyi was grown in a range of HCO con-2
3

centrations at two Zn21 concentrations (10 and 50 pmol L21).
At both Zn21 concentrations the cells were dying at low
HCO concentrations (Fig. 3), even though the CO2 concen-2

3

tration was uniformly high (17 mmol L21) in all cultures.
The cells were dying even at a concentration of 50 pmol L21

Zn21, a concentration at which growth rate was almost max-
imal at a higher HCO concentration in the Zn21 limitation2

3

experiment (Fig. 2). This shows that Zn21 was needed to use
the abundant supply of CO2. This fact is not accounted for
in the currently accepted conceptual model of inorganic car-
bon use by E. huxleyi (Fig. 1). The higher HCO concen-2

3

tration that is needed for cells to grow at the lower Zn21

concentration of 10 pmol L21 shows that Zn21 also affects
the efficiency with which HCO is used, as is expected if2

3

carbonic anhydrase converts HCO to CO2 for fixation in2
3

photosynthesis.
To quantify this interconnection, in the third experiment

E. huxleyi was grown at a range of HCO and Zn21 con-2
3

centrations. At low HCO concentrations and intermediate2
3

Zn21 concentrations (;150 pmol L21), the growth rate of E.
huxleyi was reduced. At high HCO concentrations and in-2

3

termediate Zn21 concentrations, the growth rate was unaf-
fected (Fig. 4). This shows that we do not observe a simple
Zn21 limitation but that we observe a Zn21-HCO colimi-2

3

tation. While this does not prove that the observed reduction
in growth rate is caused by a lowered efficiency of the car-

bonic anhydrase as it is shown in Fig. 1, it does show that
Zn21 affected the efficiency with which HCO is used.2

3

We considered three equations expressing growth rate as
a function of two nutrient concentrations. We used the max-
imum growth rate as determined from the Zn21 limitation
experiment, mmax 5 1.03 d21, because the maximum growth
rate was poorly constrained by the data and to minimize the
number of parameters to be fitted. The positive growth rates
(n 5 61) were fitted to the following functions:

● Multiplication of two Michaelis–Menten type saturation
curves (Eq. 6, Fig. 4A)

2 21[HCO ] [Zn ]3m 5 3 3 m (6)max2 21[HCO ] 1 K [Zn ] 1 K2 213 m,HCO m,Zn3

This is mathematically the simplest functional equation in
which the two nutrients act independently on growth rate.
Minimizing the sum of the residual squares gives 5K 2m,HCO3

1,189 6 331 mmol L21 and 5 38 6 12 pmol L21.K 21m,Zn

The mean residual on m is 0.018 d21 (where the mean resid-
ual is Ï 2/n 5 Ï(sum of squared residuals)/n).ŝ

● The minimum of two Michaelis–Menten type saturation
curves (Eq. 7, Fig. 4B)

2 21[HCO ]m [Zn ]m3 max maxm 5 MIN , (7)
2 211 2[HCO ] 1 K [Zn ] 1 K2 213 m,HCO m,Zn3

For independent nutrients, this has been shown to be the best
representation (Zonneveld 1996), whereby the most limiting
nutrient controls growth rate, while the supply of the non-
limiting nutrient is adequate at this lower growth rate. Min-
imizing the sum of the residual squares gives 5K 2m,HCO3

2,458 mmol L21 and 5 62 pmol L21. No error esti-K 21m,Zn

mates for the parameter values were derived. The mean re-
sidual on m is 0.020 d21.

● Affinity for HCO depends on Zn21 (Eq. 8, Fig. 4C)2
3

2[HCO ]m3 maxm 5 (8)
2 21 21[HCO ] 1 ([Zn ] 1 K )m /([Zn ]a )23 m max max,HCO3

This equation has been derived from a simple Michaelis–
Menten equation, by substituting 5 mmax/a andK 2 2m,HCO HCO3 3

assuming that the affinity for HCO (a ) is a saturating2
23 HCO3

function of the Zn21 concentration a 5 Zn21 3 a /2 2HCO max,HCO3 3

(Zn21 1 Km,Zn). Minimizing the sum of the residual squares
gives a 5 0.00165 6 0.00002 L (mmol d)21 (that is,2max,HCO3

5 606 mmol d L21), and 5 317 6 45 pmol21a K2 21max,HCO m,Zn3

L21. The mean residual on m is 0.020 d21.

Discussion

Conversion of HCO to CO2—It is possible to calculate2
3

whether Emiliania huxleyi needs carbonic anhydrase by
comparing the rate at which protons are generated in calci-
fication with the rate of the uncatalyzed conversion of
HCO into CO2. Most of the values in Table 1 have consid-2

3

erable uncertainties. The pH in the chloroplast was measured
as 7.9 6 0.6 (Anning et al. 1996). At present it is unclear
whether E. huxleyi has a carbon concentrating mechanism
(Sekino and Shiraiwa 1994) or not (Nimer et al. 1994b),
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Fig. 4. Growth rate of Emiliania huxleyi as a function of
HCO and Zn21 at a constant CO2 concentration of 16.7 mmol L21.2

3

Filled circles represent experimental data points and are identical in
the three panels. The data points of Fig. 3 are included. The data
point at 406 pmol L21 Zn21, 698 mmol L21 HCO , m 5 0.59 d212

3

is not shown. The data have been fitted to Eqs. 6–8, and these have
been plotted in the form of a mesh. Open circles have been calcu-

←

lated from the equations at the points where growth rates were mea-
sured. Thus, the open circles lie on the mesh and indicate whether
the measured rates lie above or under the calculated mesh. See text
for equations and parameter values. (A) Multiplication of limita-
tions, Eq. 6. (B) Law of the minimum, Eq. 7. (C) Affinity for
HCO is a saturating function of Zn21, Eq. 8.2

3

which results in a 40-fold uncertainty in the intracellular
HCO concentration. The value k would be three times22 HCO3

3 cat

higher if we used the K1 of Roy et al. (1993), rather than
the variable K1 calculated from the Haldane relationship (Eq.
4). The kinetic parameters were measured on CA from spin-
ach at 258C (Pocker and Miksch 1978). However, in Table
1 we calculate the rate of uncatalyzed hydration of HCO2

3

to be more than four orders of magnitude smaller than the
calcification rate at ambient conditions (fCO2 5 444.6 matm,
pH 5 8). Therefore, since calcification was found to be tight-
ly coupled to the photosynthetic use of HCO (Buitenhuis2

3

et al. 1999), it still seems to be justified to conclude that the
conversion of HCO to CO2 is catalyzed by CA. From the2

3

catalytic rate of CA and the conditions in the chloroplast,
the amount of CA that is needed for enzyme catalyzed con-
version can be calculated to be 2.5 3 10220 mol cell21 (Table
1). Since we used the k for monomeric CA, which con-2HCO3

cat

tains one atom of Zn21 as a cofactor, this directly gives the
minimum cellular Zn21 requirement in carbonic anhydrase:
at a maximum cell density in our experiments of ;108 cells
ml21, a minimum concentration of 2.5 pmol L21 Zn21 is
required. This 2.5 pmol L21 was calculated from the cellular
Zn21 requirement at a steady state calcification rate and thus
constitutes a biomass or yield approach. This minimum yield
for Zn21 sufficient growth is of the same order of magnitude
as the half-saturation constant of 19 pmol L21 that was mea-
sured with the kinetic approach of measuring growth rates
as a function of Zn21 concentration.

Zn21-Co21 interreplacement—As was shown before (e.g.,
Timmermans et al. 2001) Co21 can replace the Zn21 require-
ment of E. huxleyi in our experiments. Co was not measured,
but in medium that was prepared in the same way CoT was
4 to 7 nmol L21 (A. Daniel, Univ. Liverpool, pers. comm.).
Since Co is complexed by EDTA 40 times more efficiently
than Zn, there was little Co21 available relative to Zn21.

Effect of EDTA—In order to test for the possible detri-
mental effect of EDTA (Muggli and Harrison 1996), the
Zn21 concentration was manipulated either by the addition
of EDTA or by the addition of ZnCl2 at a high EDTA con-
centration (200 mmol L21). In Fig. 2 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 concentra-
tions, corresponding to the same Zn21. Muggli and Harrison
(1996) measured reduced growth rates of E. huxleyi at 100
mmol L21 EDTA. However, the Zn21 concentration varied in
their experiments. In fact, they measured a growth rate at 16
pmol L21 Zn21, which was 47% of that at 251 pmol L21

Zn21, which is almost in perfect agreement with our K1/2 of
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19 pmol L21 Zn21. Their interpretation of the detrimental
effect of EDTA was possibly suggested by the results of
Sunda and Huntsman (1992) that the Zn21 requirement of E.
huxleyi is extremely low. This was subsequently shown to
be due to the presence of Co21 in the medium, which can
replace Zn21 (Sunda and Huntsman 1995). Both Muggli and
Harrison (1996) and we used low Co21 concentrations (see
materials and methods). Given our finding that EDTA has
no direct poisonous effect on E. huxleyi, the advantage of
using EDTA is that it buffers the Zn21 concentration so that
it remains constant in solution as the algae grow and use
Zn21. This made it possible to simplify the experimental ap-
proach to a batch culture and still get cells that were adapted
to a specific Zn21 concentration (see materials and methods).

Zn21 limitation—Zn21 plays a role in a great number of
cellular processes (Fraústo da Silva and Williams 1991); thus
there is a conceivable risk of ascribing effects of Zn21 lim-
itation 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, first be-
cause it was found that in a diatom most of the cellular Zn21

was contained in carbonic anhydrase (Morel et al. 1994),
and second, and more importantly, we have specifically ad-
dressed the role of carbonic anhydrase by growing E. huxleyi
under Zn21-HCO colimitation in order to distinguish be-2

3

tween general effects of Zn21 limitation and those effects
that are linked to inorganic carbon use. The fact that at in-
termediate Zn21 concentrations of ;150 pmol L21 a reduc-
tion of growth rate is only observed at low HCO concen-2

3

trations (Fig. 4) shows that Zn21-HCO colimitation does2
3

indeed occur.

Zn21-HCO colimitation—Previous investigations of co-2
3

limitations have shown that applying the law of the mini-
mum is in better agreement with the data than multiplying
limitations of independent nutrients (Droop 1983; Zonneveld
1996). There is compelling circumstantial evidence that for
dependent nutrients (where one nutrient is involved in the
use of the second nutrient) it would be more appropriate to
describe colimitation as the influence of the first nutrient on
the affinity for the second (e.g., Fe-NO colimitation, Tim-2

3

mermans et al. 1994). According to the conceptual model,
Zn21 is involved in the C metabolism of E. huxleyi as a
cofactor in carbonic anhydrase. This would enable the cells
to use HCO in photosynthesis (Fig. 1). From this it is ex-2

3

pected that the efficiency of HCO use in photosynthesis2
3

declines with decreasing Zn21, whereas the use of CO2 in
photosynthesis should be unaffected.

We suggest three possible explanations for the decline in
efficiency of HCO use with decreasing Zn21 as seen in Figs.2

3

3 and 4.

a. The simplest explanation is that Zn21 is involved in the
use of HCO . This is consistent with the conceptual2

3

model in Fig. 1, in which Zn21 acts as the cofactor of
carbonic anhydrase. In this case Zn21 increases the ef-
ficiency with which HCO is converted to CO2, which2

3

is the substrate for Rubisco.
b. Zn21 and HCO can partly replace each other in main-2

3

taining intracellular pH within the range needed for cell
survival. It has been shown that HCO affects the cy-2

3

toplasmatic pH, from which it was concluded that the
intracellular speciation of DIC acts as a pH buffer (Ni-
mer et al. 1994a). Carbonic anhydrase would be needed
to keep this pH buffer functioning at low HCO con-2

3

centrations if the flux of HCO into the cell is much2
3

higher than the uncatalyzed equilibration of intracellular
DIC. The rate of uncatalyzed equilibration would be 10
times faster in the more acidic cytoplasm (pH 6.9, An-
ning et al. 1996) than in the chloroplast. This would still
mean that this rate is slow compared to the rate of
HCO use (cf. Table 1). Although no carbonic anhydrase2

3

was found in the cytoplasm (Nimer et al. 1994b), it has
been found that a carbon concentrating mechanism can
have carbonic anhydrase-like properties, and a putative
new type of carbonic anhydrase in Synechococcus that
is directly linked to a HCO transporter has been iden-2

3

tified (Price et al. 2002). Since the presence of either of
these functions is still uncertain in E. huxleyi, this ques-
tion should be considered open.

c. The cells produce more carbonic anhydrase at low con-
centrations of HCO , and the Zn21 in this enzyme com-2

3

petes with the other sites where Zn21 is used in the cell
and thus leads to an indirect Zn21 limitation at low
HCO . This explanation seems to be directed against2

3

survival of the cell when they could grow on CO2 only,
but since HCO never becomes low enough in the sea2

3

for this problem to occur it might still be functional.

In addition to the effect of Zn21 on HCO use, Zn21 was2
3

seen to have an effect on CO2 use, since at low Zn21 and
low HCO E. huxleyi died (negative m), even though the2

3

CO2 concentration was constantly high at 17 mmol L21. This
is in contradiction with our conceptual model, in which CO2

is the direct substrate for Rubisco (Fig. 1). It is important to
note that the negative growth rates cannot be explained by
just Zn21 limitation, since they only become apparent at low
HCO concentrations. Neither is it just a lack of HCO ,2 2

3 3

since cells can perform photosynthesis using CO2 at HCO2
3

concentrations where calcification stops (Buitenhuis et al.
1999). It is also not due to a decreasing CO2 in the medium.
In the cultures with active growth the CO2 concentration will
have decreased due to algal use of inorganic carbon. The
maximum influence would be to reduce the CO2 concentra-
tion by 22% to 13.1 mmol L21. The maximum influence will
have occurred at the second HCO concentration of 9582

3

mmol L21, at which growth rates were appreciable but not
maximum, the buffering effect of the seawater was low, and
calcification was reduced (in the calculation we assumed that
calcification rate was zero to calculate the maximum effect,
although under Zn21 sufficient growth calcification still oc-
curred at this HCO concentration [Buitenhuis et al. 1999]2

3

and the Zn21-limited cells were still calcified). While this
22% reduction of CO2 concentration is by no means negli-
gible, this would still be saturating under Zn21 sufficient con-
ditions (Buitenhuis et al. 1999). Thus we can conclude that
there is at least some support for explanations (b) and (c)
above, in which there are other effects of Zn21 limitation in
addition to the decline in efficiency of HCO use. A mech-2

3
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anism that would account for the Zn21-CO2 colimitation, in-
dependent of the mechanisms of Zn21-HCO colimitation2

3

suggested above, would be conversion of CO2 into HCO3 at
the cell membrane, transportation of HCO to the chloro-2

3

plast, and conversion of HCO into CO2 at the site of fixa-2
3

tion by Rubisco. This relatively convoluted mechanism
could possibly function to prevent diffusive loss of inorganic
carbon, since the charged HCO ion can be retained in the2

3

cell, while CO2 diffuses through the cell membrane (cf. Price
et al. 2002). As mentioned under explanation (b) above, car-
bonic anhydrase has been measured only in the chloroplast
under normal conditions, but alternate mechanisms have
been identified that could have the same effects, such as CO2

recycling (Price et al. 2002, and references therein). While
these recent advances in detecting alternate mechanisms of
inorganic carbon use have complicated matters, it would still
have been useful to know the changes of carbonic anhydrase
in our experiments. Unfortunately, our measurement of car-
bonic anhydrase enzyme by chemoluminescent detection on
Western blots was not sensitive enough to detect carbonic
anhydrase in E. huxleyi (data not shown). Therefore we can
conclude from our results that while the current conceptual
model of inorganic carbon use by E. huxleyi (Fig. 1, expla-
nation a) can account for Zn21-HCO colimitation (Fig. 4),2

3

it does not account for the Zn21-CO2 colimitation. We cannot
distinguish between a direct effect of carbonic anhydrase
deficiency to account for Zn21-CO2 colimitation (explanation
b, as suggested by the fact that this colimitation is only mea-
sured when both Zn21 and HCO are low, and by the close2

3

correspondence between the calculated cellular Zn require-
ment in carbonic anhydrase and the half-saturation constant
for Zn21 use) or a much more indirect effect of Zn on the
efficiency of CO2 use (explanation c).

It is noteworthy that the abilities of the cells to use
HCO and CO2 from the medium seem to be independent.2

3

In Fig. 3 it was shown that E. huxleyi was unable to use the
high concentration of CO2, even at a Zn21 concentration of
50 pmol L21, but that they were able to use HCO , albeit2

3

with a reduced efficiency. Thus, the supply of CO andex
2

CO to Rubisco in Fig. 1 is apparently independent within
2

respect to the effect of Zn21 limitation.
Since we have insufficient data to decide about the mech-

anisms involved in the Zn21-HCO colimitation, we will ap-2
3

ply a mathematical criterion to compare the three equations
that express growth rate as a function of two nutrient con-
centrations. We have applied Akaike’s information criterion
(AIC 5 n log( ) 1 2K, where K is the total number of2ŝ
estimated parameters, Burnham and Anderson 1998) to cal-
culate the significance in the differences in mean residuals
for Eqs. 6–8. The AIC for Eq. 6 is lowest, while for Eq. 7
DAIC 5 4.1 and for Eq. 8 DAIC 5 5.8. This indicates that there
is considerably more support for Eq. 6 (Burnham and An-
derson 1998). This would indicate that Zn21 and HCO are2

3

independent nutrients. However, there are two caveats to this
result. First, the results of the second experiment gave rise
to the opposite conclusion: that Zn21 and HCO are depen-2

3

dent nutrients. Second, the inability to express negative
growth rates in any of the three equations and the exclusion
of these data in the comparison using the AIC indicates that
the real conclusion should be that we have reason to say that

the current model of inorganic carbon use by E. huxleyi (Fig.
1) is incomplete but that we cannot propose a better one at
present.

Significance in the ocean—There are very few assess-
ments of Zn21 concentrations in the open ocean (data com-
pilation of Town and Filella, cf. Town and Filella 2000).
These data are in agreement with the trend found for other
metal ions, with low values in the open ocean where the
concentration of organic ligands can get higher than the total
Zn concentration. Zn21 concentrations can get as low as 0.4
pmol L21 in the Northeast Pacific Ocean (Donat and Bruland
1990), while in the coastal region, where total Zn concen-
trations are higher than the ligand concentration, the Zn21

concentrations can get into the nmol L21 range. The open
ocean values are much lower than our measured half-satu-
ration constant of 19 6 8 pmol L21 Zn21 for E. huxleyi.
Thus, Zn21 may limit carbon fixation by E. huxleyi in the
open ocean and thus affect the efficiency of the biological
carbon pump, as proposed by Morel et al. (1994). In contrast
to Zn21, the concentration of HCO varies only over the2

3

range of about 1.7 to 2.3 mmol L21 in surface waters. Thus,
little effect of HCO is to be expected under Zn21 limitation.2

3

We have shown that there is a variable cellular require-
ment for Zn21 that is a function of the HCO concentration.2

3

While the Zn21-HCO colimitation is in agreement with our2
3

present understanding of the inorganic carbon use of E. hux-
leyi, the inability of Zn21-limited cells to grow on an abun-
dant supply of CO2 indicates that our understanding is in-
complete. The ability of cells to grow on high HCO2

3

concentrations at low Zn21 indicates that any explanation
that is put forward concerning the Zn requirement must fo-
cus on the carbon physiology, including pH regulation. The
finding that carbonic anhydrase forms the major cellular pool
of Zn in the diatom Thalassiosira weissflogii (Morel et al.
1994) suggests that carbonic anhydrase is the factor medi-
ating Zn21-HCO colimitation. However, since we were un-2

3

able to detect carbonic anhydrase even with the sensitive
chemoluminescent technique, the mechanism behind the
Zn21-CO2 colimitation should be considered unresolved and
could be an indirect effect on other cellular processes. More
experimental evidence, such as Zn21-limited rates of pho-
tosynthesis and calcification, Zn uptake rates, carbonic an-
hydrase content, and discrimination against 13C in the organ-
ic and inorganic fractions (at constant CO2 and at constant
HCO ) will be needed to resolve the problem we have pre-2

3

sented here.

References

ANNING, T., N. NIMER, M. J. MERRETT, AND C. BROWNLEE. 1996.
Costs and benefits of calcification in coccolithophorids. J. Mar.
Syst. 9: 45–56.

BROERSE, A. 2000. Coccolithophore export production in selected
ocean environments: Seasonality, biogeography and carbonate
production. Ph.D. thesis, Vrije Universiteit Amsterdam, The
Netherlands.

BROWNLEE, C., M. DAVIES, N. NIMER, L. F. DONG, AND M. J. MER-
RETT. 1995. Calcification, photosynthesis and intracellular reg-
ulation in Emiliania huxleyi. Bull. Inst. Oceanogr. (Monaco)
14: 19–35.



1582 Buitenhuis et al.

BUITENHUIS, E. T., H. J. W. DE BAAR, AND M. J. W. VELDHUIS.
1999. Photosynthesis and calcification by Emiliania huxleyi
(Prymnesiophyceae) as a function of inorganic carbon species.
J. Phycol. 35: 949–959.

, J. VAN BLEIJSWIJK, D. BAKKER, AND M. VELDHUIS. 1996.
Trends in inorganic and organic carbon in a bloom of Emiliania
huxleyi in the North Sea. Mar. Ecol. Prog. Ser. 143: 271–282.

BURNHAM, K. P., AND D. R. ANDERSON. 1998. Model selection and
inference, a practical information-theoretic approach. Springer.

DEPARTMENT OF ENERGY (DOE). 1994. Handbook of methods for
the analysis of the various parameters of the carbon dioxide
system in sea water, A. G. Dickson and C. Goyet [eds.], version
2. DOE.

DONAT, J. R., AND K. W. BRULAND. 1990. A comparison of two
voltammetric techniques for determining zinc speciation in
Northeast Pacific Ocean waters. Mar. Chem. 28: 301–323.

DROOP, M. R. 1983. 25 Years of algal growth kinetics. Bot. Mar.
26: 99–112.
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SÜLTEMEYER, D., C. SCHMIDT, AND H. P. FOCK. 1993. Carbonic
anhydrases in higher plants and aquatic microorganisms. Phy-
siol. Plant. 88: 179–190.

SUNDA, W. G., AND S. A. HUNTSMAN. 1992. Feedback interactions
between zinc and phytoplankton in seawater. Limnol. Ocean-
ogr. 37: 25–40.

, AND . 1995. Co and Zn interreplacement in marine
phytoplankton: Evolutionary and ecological implications. Lim-
nol. Oceanogr. 40: 1404–1417.

TIMMERMANS, K. R., J. SNOEK, L. J. A. GERRINGA, I. ZONDERVAN,
AND H. J. W. DE BAAR. 2001. Not all eukaryotic algae can
interreplace cobalt and zinc: Chaetoceros calcitrans (Bacillar-
iophyceae) versus Emiliania huxleyi (Haptophyceae). Limnol.
Oceanogr. 46: 699–703.

, W. STOLTE, AND H. J. W. DE BAAR. 1994. Iron-mediated
effects on nitrate reductase in marine phytoplankton. Mar. Biol.
121: 389–396.

TOWN, R. M., AND M. FILELLA. 2000. A comprehensive systematic
compilation of complexation parameters reported for trace met-
als in natural waters. Aquat. Sci. 62: 252–295.

VAN BLEIJSWIJK, J., R. S. KEMPERS, AND M. J. VELDHUIS. 1994.
Cell and growth characteristics of types A and B of Emiliania
huxleyi (Prymnesiophyceae) as determined by flow cytometry
and chemical analyses. J. Phycol. 30: 230–241.

, P. VAN DER WAL, R. KEMPERS, AND M. VELDHUIS. 1991.
Distribution of two types of Emiliania huxleyi (Prymnesiophy-
ceae) in the northeast Atlantic region as determined by im-
munofluorescence and coccolith morphology. J. Phycol. 27:
566–570.

VAN DER WAL, P., W. C. DE BRUIJN, AND P. WESTBROEK. 1985.
Cytochemical and X-ray microanalysis of intracellular calcium
pools in scale-bearing cells of the coccolithophorid Emiliania
huxleyi. Protoplasma 124: 1–9.

WEISS, R. F. 1974. Carbon dioxide in water and seawater: The sol-
ubility of a non-ideal gas. Mar. Chem. 2: 203–215.

WOLF-GLADROW, D. A., AND U. RIEBESELL. 1997. Diffusion and
reactions in the vicinity of plankton: A refined model for in-
organic carbon transport. Mar. Chem. 59: 17–34.

ZONNEVELD, C. 1996. Modelling the kinetics of non-limiting nutri-
ents in microalgae. J. Mar. Syst. 9: 121–136.

Received: 16 July 2002
Accepted: 12 March 2003
Amended: 24 March 2003

http://www.aslo.org/lo/pdf/vol_37/issue_1/0025.pdf
http://www.aslo.org/lo/pdf/vol_40/issue_8/1404.pdf
http://www.aslo.org/lo/pdf/vol_46/issue_3/0699.pdf

