
Biomineralization is one of the most important biological
processes in the living world. Nevertheless, calcification
processes and, more specifically, mechanisms of ion transport
largely remain a biological enigma. One of the major
calcifying groups of organisms is the scleractinian corals.
The rate of calcification of a coral reef is assumed to be
approximately 10 kg CaCO3m−2year−1 (Chave et al., 1975),
representing almost half the world’s CaCO3 precipitation
(Smith, 1978), which has encouraged the use of corals as
suitable models for biomineralization studies. Furthermore, the
importance of coral reefs in the global cycling of carbonates
(Smith, 1978) and their use as environmental archives (Barnes

and Lough, 1996; Druffel, 1997) have stimulated research on
the biology and physiology of scleractinian corals (for recent
reviews, see Gates and Edmunds, 1999; Gattuso et al., 1999).

Coral skeleton formation results from the delivery of Ca2+

and inorganic carbon to the site of calcification. Tambutté et
al. (1996) and Marshall (1996) have demonstrated that Ca2+ is
delivered to the site of calcification by a transcellular transport
process through the calicoblastic epithelium, pointing out the
key role of biological control of biomineralization. Ca2+ uptake
by this cell layer is mediated by L-type voltage-dependent Ca2+

channels (Zoccola et al., 1999) and Ca2+-ATPases (Ip et al.,
1991). This process is very rapid, Ca2+ transport from sea water
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The sources and mechanisms of inorganic carbon
transport for scleractinian coral calcification and
photosynthesis were studied using a double labelling
technique with H14CO3 and 45Ca. Clones of Stylophora
pistillata that had developed into microcolonies were
examined. Compartmental and pharmacological analyses
of the distribution of 45Ca and H14CO3 in the coelenteron,
tissues and skeleton were performed in dark or light
conditions or in the presence of various seawater HCO3−

concentrations.
For calcification, irrespective of the lighting conditions,

the major source of dissolved inorganic carbon (DIC) is
metabolic CO2 (70–75 % of total CaCO3 deposition), while
only 25–30 % originates from the external medium
(seawater carbon pool). These results are in agreement
with the observation that metabolic CO2 production in the
light is at least six times greater than is required for
calcification. This source is dependent on carbonic
anhydrase activity because it is sensitive to ethoxyzolamide.
Seawater DIC is transferred from the external medium to
the coral skeleton by two different pathways: from sea
water to the coelenteron, the passive paracellular pathway
is largely sufficient, while a DIDS-sensitive transcellular
pathway appears to mediate the flux across calicoblastic
cells. Irrespective of the source, an anion exchanger

performs the secretion of DIC at the site of calcification.
Furthermore, a fourfold light-enhanced calcification of
Stylophora pistillata microcolonies was measured. This
stimulation was only effective after a lag of 10 min. These
results are discussed in the context of light-enhanced
calcification.

Characterisation of the DIC supply for symbiotic
dinoflagellate photosynthesis demonstrated the presence of
a DIC pool within the tissues. The size of this pool was
dependent on the lighting conditions, since it increased 39-
fold after 3 h of illumination. Passive DIC equilibration
through oral tissues between sea water and the coelenteric
cavity is insufficient to supply this DIC pool, suggesting
that there is an active transepithelial absorption of
inorganic carbon sensitive to DIDS, ethoxyzolamide and
iodide. These results confirm the presence of CO2-
concentrating mechanisms in coral cells. The tissue pool is
not, however, used as a source for calcification since no
significant lag phase in the incorporation of external
seawater DIC was measured.

Key words: scleractinian, coral, Stylophora pistillata,
biomineralization, anion transport, anion exchanger, carbonic
anhydrase, compartment, carbon-concentrating mechanisms.
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to the skeleton occurring within 1–2 min (Tambutté et al.,
1996). However, there are few recent data describing the role
of inorganic carbon in the biomineralization of corals.

After the pioneering work of Goreau (1961), who suggested
that not all skeletal carbonate originates directly from dissolved
inorganic carbon (DIC) in sea water, Pearse (1970) established
that there are two different sources: (i) soluble carbonates from
sea water and (ii) CO2 produced by the metabolism of coral and
zooxanthella tissue. Later, Erez (1978), using 45Ca incorporation
to measure in situ calcification rates in the coral Stylophora
pistillata, found them to be 5–10 times higher than those
determined using H14CO3−, suggesting that metabolic CO2 may
represent up to 80% of the carbon source in the presence of light.
Moreover, Barnes and Crossland (1978) suggested that carbon
transport results from transcellular transport and involves at least
one intermediate compound. The scarcity of results reflects
the methodological problems associated with the use of
radioisotopes with corals (Barnes and Crossland, 1978). Most of
these problems were overcome by using coral microcolonies in
which the skeleton is entirely covered by tissues, thus avoiding
direct radioisotope exchange between the sea water and the
skeleton (Al-Moghrabi et al., 1993).

An understanding of DIC metabolism in relation to
photosynthesis and calcification is of prime importance since
DIC is a common substrate for both mechanisms. Furthermore,
paleoenvironmental interpretations based on the stable isotope
composition of coral skeleton have to take into account the
‘vital effect’ (Goreau, 1977), since both the chemical species
used (HCO3− or CO2) and the mode of transport (active versus
passive) affect the isotopic fractionation. The purpose of this
study was to determine the source(s) of carbon for
photosynthesis and calcification, the mechanisms involved in
its uptake, their kinetics and the characterization of the various
carbon compartments. We have used a double labelling
method (45Ca and H14CO3) and a compartmental and a
pharmacological approach derived from a protocol that we
described previously (Tambutté et al., 1996).

Materials and methods
Biological material

Microcolonies were propagated in the laboratory from small
fragments of Stylophora pistillata(Esper, 1797) collected at a
depth of 5m from the sea at the Marine Science Station, Gulf of
Aqaba, Jordan. Corals were stored in an aquarium (300 l)
supplied with sea water from the Mediterranean sea (exchange
rate 2%h−1) heated to 25±0.1°C and illuminated with a constant
irradiance of 125–150µmolphotonsm−2s−1 using metal halide
lamps (Philips HQI-TS, 400W) on a 12h:12h light:dark
photoperiod. Microcolony propagation has been described by
Al-Moghrabi et al. (1993). Briefly, terminal portions of branches
(6–10mm long) were cut from the parent colonies and placed
on a nylon net (1mm×1mm mesh) in the same conditions of
light and temperature as the parent colonies. After approximately
1 month, coral fragments became entirely covered with new
tissue.

Measurements of 45Ca2+ and H14CO3− uptake and deposition

Labelling procedure

Isotope uptake was measured using a protocol described
previously for 45Ca alone (Tambutté et al., 1996) into three
compartments: coelenteron, tissue and skeleton. Experiments
were either performed in the dark (after at least 12 h in the dark)
or in the light with an irradiance of 250µmol photons m−2s−1.
The composition of the solutions used for these studies is
described below. Microcolonies were placed in plastic holders
and incubated for 2–180 min in beakers with 10 ml of a labelled
incubation medium (IM) containing 45Ca and H14CO3−.
Magnetic stirring bars maintained water movement. A 100µl
sample of IM was removed before and after each incubation
for the determination of total specific radioactivity (45Ca
plus inorganic14C), while 1 ml samples were removed for
discrimination between the specific radioactivities of 45Ca and
inorganic14C (see below).

Measurement of the coelenteric compartment

At the end of the labelling period, each holder and its
microcolony were immersed for 20 s in a beaker containing
600 ml of unlabelled efflux medium (EM) to prevent further
isotope uptake and to reduce, by isotopic dilution, isotope
adsorption. Labelled microcolonies were then placed in a
beaker containing 30 ml of EM for 30 min. Upon completion
of the efflux, a 100µl sample of EM was collected for the
determination of total radioactivity (45Ca, organic 14C and
inorganic 14C) and 2 ml was removed for discrimination
between 45Ca, organic14C and inorganic14C (see below). The
radioactivity collected corresponds to the coelenteric
compartment (for further details, see Tambutté et al., 1996).

Measurement of tissue and skeletal compartments

To separate tissues from skeleton, the microcolonies were
heated at 90 °C for 20 min in 2 ml of 1 mol l−1 NaOH. Each
skeleton was then rinsed with 1 ml of distilled water, which
was collected and added to the dissolved tissues. A 100µl
sample of this solution, termed the ‘tissue pool’, was counted
(total radioactivity: 45Ca, organic14C and inorganic14C), a
500µl sample was collected for protein measurements and
1 ml was used for discrimination between 45Ca and inorganic
14C.

Skeletons were processed according to the method described
by Barnes and Crossland (1977). Briefly, clean skeletons were
dissolved in 2 ml of 12 mol l−1 HCl. The resulting 14CO2 was
trapped on 200µl of β-phenylethylamine absorbed onto two
discs of Whatman GF/C filter paper in a scintillation vial
connected to the test tube.

Sample processing

Measurement of the total radioactivity in the IM, EM and
tissue pool samples was performed using a liquid scintillation
counter (Tricarb, 1600 CA Packard) after the addition of 4 ml
of the scintillation medium (Luma-gel; Packard). Since it is
impossible to discriminate β emission from 45Ca and from 14C,
the counting of a sample of double-labelled solution containing
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both isotopes allows the total isotope content (45Ca, inorganic
14C and organic14C) to be measured.

To discriminate labelled inorganic carbon within IM, EM
and the tissue pool from 45Ca and from the organic 14C
fraction, we performed an acid titration of the samples
collected. For this purpose, 200µl of either 1 mol l−1 HCl (for
IM and EM) or 12 mol l−1 HCl (for the tissue pool) was added
to the reserved samples, resulting in the formation of 14CO2.
Active bubbling with air for 15 min induces the loss of all
inorganic14C from the medium. The radioactivity of 100µl of
the solution was then determined using a liquid scintillation
counter (Tricarb, 1600 CA Packard) after the addition of
the scintillation medium (4 ml of Luma-gel, Packard) and
neutralisation. This fraction represents 45Ca and 14C-labelled
organic carbon. The 14C-labelled inorganic carbon content was
then calculated by subtracting the 45Ca and 14C-labelled
organic carbon content from the total isotope content.

For skeletons, the HCl fraction (containing 45Ca) was
counted after the addition of 4 ml of Luma-gel (Packard) and
neutralisation, while the filters (containing inorganic14C) were
counted after the addition of 4 ml of scintillation medium
(Ultima-Gold XR, Packard).

Consequently, the results presented below concerning 14C
uptake relate only to inorganic carbon, whereas the results
concerning 45Ca include both 45Ca and 14C-labelled organic
compounds. This is particularly important in the tissue
compartment in the light, where 45Ca incorporation measures
both the absorption of calcium and the fixation of carbon by
photosynthesis. Since we cannot discriminate in the tissue
between radioactive calcium and organic carbon, we have
discarded results concerning 45Ca measurement in the tissue
pool in the light. However, preliminary experiments have
shown that the incorporation of 14C-labelled organic
compounds into the skeleton in the light was insignificant
compared with the incorporation of inorganic carbon and can,
therefore, be discounted. Similarly, secretion of 14C-labelled
organic compounds into the coelenteron is low compared with
the amount of 14C-labelled DIC.

Measurement of photosynthetic and respiration rates

The rates of photosynthesis and respiration were measured
as the net rate of O2 production or consumption according
to Bénazet-Tambutté et al. (1996b) using two micro-
respirometers (Strathkelvin Instruments 928) each consisting of
a double-walled cylindrical glass chamber (4ml volume) and a
Clark oxygen electrode (accurate to ±0.45nmolO2ml−1), with
data output to a computer. Temperature was maintained at
25.0±0.5 °C using a recirculating water bath (Lauda RM20),
and O2 stratification was avoided using a magnetic stirring bar.

Media and chemicals

IM and EM constituted either normal filtered sea water
(FSW) or sea water (SW) depleted of or enriched in HCO3−.
In some experiments, inhibitors or competitors were added to
the IM and EM. In each experiment, the IM and EM have the
same composition, except that IM is a labelled medium

containing 334–417 kBq of 45Ca (supplied as CaCl2,
1.38 MBq ml−1; New England Nuclear) and 334–417 kBq of
H14CO3− (supplied as NaHCO3, 37 MBq ml−1; New England
Nuclear) while EM is an unlabelled medium. FSW was
obtained by filtering Mediterranean sea water through a
0.45µm Millipore membrane. Bicarbonate-free FSW (0HCO3-
FSW) was prepared according to Yellowlees et al. (1993). The
pH of FSW was adjusted to 4.5 using 1 mol l−1 HCl to convert
all DIC to CO2. The CO2 was removed by bubbling nitrogen
through the FSW for approximately 1 h. The FSW was stirred
throughout this procedure. The pH was then adjusted to 8.2
using 1 mmol l−1 Tris and CO2-free NaOH prepared from a
saturated NaOH solution to precipitate any sodium carbonate
from solution. The buffer concentration did not interfere with
the measurements (results not shown). FSW containing
different concentrations of dissolved inorganic carbon was
obtained by adding various concentrations of NaHCO3 to
0HCO3-FSW before adjusting the pH and bubbling with air
(Goiran et al., 1996). In all cases, the bicarbonate concentration
was verified by calculation, according to the measured pH
and total alkalinity (determined by the end-point titration
acidometric technique using an alkalinity test; Merck).

4,4′-Diisothiocyanatostilbene-2,2′-disulfonic acid (DIDS),
an anion carrier inhibitor (Cabantchik and Greger, 1992),
was dissolved in dimethyl sulfoxide (DMSO) to obtain a
stock solution of 100 mmol l−1. The final concentration in
FSW was 400µmol l−1. Ethoxyzolamide (EZ), a carbonic
anhydrase inhibitor (Palmqvist et al., 1988), was dissolved in
DMSO to a concentration of 60 mmol l−1 and buffered with
1 mol l−1 Tris to pH 8.2. The final concentration in FSW
was 600µmol l−1. Although preliminary experiments
demonstrated that concentrations of DMSO or ethanol up to
1 % (v/v) had no significant effect on dissolved inorganic
carbon flux (results not shown), concentrations over 0.5 %
were not used in the present study. Sodium iodide was used
at a final concentration of 2 mmol l−1 as a competitor for
HCO3− at the anion exchanger (Smith, 1988; Drechsler and
Beer, 1991; Ilundain, 1992). All chemicals were obtained
from Sigma or Merck.

Presentation of results

Results are expressed as nmol mg−1protein in the NaOH-
soluble pool and represent the mean ±S.E.M. for at least three
replicates. Protein concentrations were measured in an
autoanalyzer (Alliance Instruments) using the method of
Lowry et al. (1951) and bovine serum albumin standards. One-
way analysis of variance (ANOVA) with Bonferroni–Dunn
post-hoc tests or Student’s t-tests were used to evaluate
differences between means (95 % confidence limits).

The half-time (t1/2) of compartment loading and the affinity
constant (Km) were calculated graphically according to
the curve-fitting program Mac-curve fit with exponential
[y=a(1−e−x/b)+c] or Michaelis–Menten [y=ax(x+b)+c]
equations. The flux into a given compartment was calculated
according to Borle (1990) using the equations: unidirectional
flux = k(compartment pool size) and k=loge2/t1/2.
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Results
Uptake and deposition of 45Ca and 14C in the dark

To determine the source of inorganic carbon for coral
calcification and the kinetics of Ca2+ and DIC incorporation,
we measured the rate of uptake of 45Ca and 14C into three
compartments (coelenteron, tissues and skeleton). We first
performed experiments in the dark to avoid any effects of
photosynthesis. The rates of 45Ca and 14C uptake over 3 h in
the dark by the coelenteric, tissue and skeletal compartments
are depicted in Fig. 1. Ca2+ and DIC uptakes by both
coelenteric and tissue compartments displayed saturable
kinetics (Fig. 1A,B). In the coelenteron, equilibrium was
reached for both isotopes after 15 min, but the t1/2 for DIC was
six times the t1/2 for Ca2+. In the tissue compartment, at least
3 h was necessary before equilibrium was attained for the two
isotopes. The equilibrium values in the coelenteron and in the
tissues for Ca2+ and DIC and the t1/2 are summarised in
Table 1. The equilibrium values represent the size of the
exchangeable compartment for the two isotopes.

The time course of Ca2+ and HCO3− deposition in the
skeletal compartment was linear for both isotopes for at least
3 h (Fig. 1C). No lag phase could be detected in the dark
under our experimental conditions. The rate of Ca2+

incorporation in the dark (dark calcification rate) was
12.31±1.45 nmol h−1mg−1protein (N=23), whereas the rate
of 14C incorporation was 3.3 times lower, i.e.
3.77±0.77 nmol h−1mg−1protein (N=23).

Pharmacology of 45Ca and 14C-labelled DIC transport in the
dark

To characterise the mechanisms of inorganic carbon

absorption for coral calcification, we used inhibitors of anion
transport (DIDS and iodide) and of carbonic anhydrase activity
(EZ). These inhibitors did not affect the general metabolic rate,
as indicated by the lack of any inhibitory action on the rate of
respiration of Stylophora pistillatamicrocolonies in the dark
(Table 2).

Fig. 2 shows the effect of DIDS, EZ and iodide on 45Ca and
14C incorporation into the tissue and skeletal compartments.
The inhibitors did not affect the incorporation of isotopes in
the coelenteric compartment (results not shown). 45Ca and 14C
deposition in the skeleton was almost totally inhibited by
400µmol l−1 DIDS, a blocker of anion transport (inhibition of
86±2 % and 89±2 % respectively; ANOVA, Bonferroni–Dunn
post-hoc test, P<0.0001). Moreover, 2 mmol l−1 iodide, a
competitor of HCO3− at anion exchangers, inhibited 45Ca and
14C skeletal incorporation equally (inhibition of 67±8 % and
65±7 % respectively; ANOVA, Bonferroni–Dunn post-hoc
test, P<0.0083). Finally, EZ (600µmol l−1), a carbonic
anhydrase inhibitor, potently blocked 45Ca incorporation (by
56.04±6.98 %; ANOVA, Bonferroni–Dunn post-hoc test,
P<0.0083), but had no effect on 14C incorporation. In the inset
of Fig. 2A, the ratio between 14C and 45Ca incorporation is
presented as percentage of 14C-labelled DIC versus 45Ca
incorporation. In control experiments, 14C incorporation
represented 25.56±4.11 % of calcification. No significant effect
on this ratio was found in response to the addition of DIDS or
iodide, while EZ induced an increase in the ratio (to
62.21±15.29 %; ANOVA, Bonferroni–Dunn post-hoc test
P<0.0083).

Fig. 2B shows the effect of the inhibitors on isotope
incorporation into the tissues. No significant effect of DIDS,

P. FURLA AND OTHERS

Table 1. Ca2+ and dissolved inorganic carbon pool sizes in the coelenteron and tissue compartments of Stylophora pistillata
microcolonies incubated in the dark

Ca2+ pool size Ca2+ pool t1/2 DIC pool size DIC pool t1/2 

Compartment (nmol mg−1protein) (min) (nmol mg−1protein) (min) N

Coelenteron 122.70±5.67 1 19.93±1.50 6.2 23
Tissue 39.35±2.01 53 5.83±0.75 72 19

N, the number of microcolonies analysed.
Values are means ±S.E.M.
t1/2, half-time of compartment loading.

Fig. 1. Time course of 45Ca (d) and 14C (s) incorporation into the coelenteron (A), tissues (B) and skeleton (C) of Stylophora pistillata
microcolonies measured in the dark. Values are expressed as means ±S.E.M. Four microcolonies were analysed for each point.
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iodide or EZ on the incorporation of 45Ca and 14C was
observed.

Uptake and deposition of 45Ca and 14C in light-adapted
microcolonies

A second set of experiments was performed in the light
(250µmolphotonsm−2s−1) to investigate the effects of
photosynthesis on the source of inorganic carbon for
calcification and on the mechanisms of carbon incorporation.
Fig. 3 shows the kinetics of 45Ca and 14C incorporation over 1h
in the light in the coelenteric and skeletal compartments. Ca2+

and HCO3− uptake by the coelenteron displayed saturable
kinetics (Fig. 3A). 45Ca uptake equilibrated within
approximately 2min, while H14CO3− equilibration was achieved
more slowly (8.6min). In the tissue compartment, the uptake of
14C-labelled DIC followed a sigmoidal time course, equilibrium
being reached only after 3h (Fig. 3B and inset). The equilibrium
values in the coelenteron and in the tissues for Ca2+ and HCO3−

and the kinetic constants are summarised in Table 3.
In the presence of light, the deposition of 45Ca and of 14C

into the skeletal compartment was linear (Fig. 3C) and this for
for at least 3 h (results not shown). No lag phase could be
detected under our experimental conditions. The rate of Ca2+

incorporation in the light (light calcification rate) was
49.25±3.71 nmol h−1mg−1protein (N=36). The rate of

Table 2.Rate of respiration in the dark of Stylophora pistillata
in presence of DIDS, ethoxyzolamide and iodide

Rate of respiration
Experimental conditions (nmol h−1mg−1protein) N

Control 193.92±13.04 13
DIDS (400µmol l−1) 240.25±23.69 4
Ethoxyzolamide (300µmol l−1) 200.50±20.98 4
Iodide (2 mmol l−1) 171.00±29.41 4

None of the values is significantly different from the control
(P>0.05). 

N, the number of microcolonies analysed.
Values are means ±S.E.M.
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Fig. 3. Time course of 45Ca (d) and 14C (s) incorporation into the coelenteron (A), tissues (B) and skeleton (C) of Stylophora pistillata
microcolonies measured in the presence of light (250µmol photons m−2s−1). In the inset, the kinetics of incorporation of 14C over 3 h is
presented. Values are expressed as means ±S.E.M. Four microcolonies were analysed for each point.
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14C incorporation was 2.9 times slower, i.e. 17.14±
1.82 nmol h−1mg−1protein (N=36).

Effect of HCO3− concentration in the light

Fig. 4 shows 45Ca and 14C uptakes at external
concentrations of HCO3− ranging from 0 to 3 mmol l−1. While
HCO3− uptake by the coelenteric compartment was linearly
correlated (r2=0.948, P=0.0002) with the external HCO3−

concentration, coelenteric Ca2+ incorporation was not
dependent (r2=0.042, P=0.6978) on external [HCO3−]
(Fig. 4A). In tissues, 14C-labelled DIC uptake showed typical
Michaelis–Menten saturable kinetics (Km=0.2 mmol l−1;
Fig. 4B). The plateau (22.03±2.85 nmol h−1mg−1protein) was
reached at an external HCO3− concentration of approximately
0.5 mmol l−1. Fig. 4C shows that the rate of 45Ca incorporation
into coral skeleton became saturated at an external HCO3−

concentration of approximately 1 mmol l−1, while the rate of
14C deposition into the skeleton was linear up to 3 mmol l−1

HCO3−.

Pharmacology of 45Ca and 14C-labelled DIC transport in the
presence of light

Previous studies have shown that DIDS and EZ inhibit coral
photosynthesis in the light (Al-Moghrabi et al., 1996), but no
data are available on the effects of iodide. We therefore
measured the rate of photosynthesis of microcolonies of

Stylophora pistillatain the presence of 2 mmol l−1 sodium
iodide. No difference in the rate of oxygen production in the
absence or presence of this competitor was detected
(179.71±23.08 and 172.47±8.51 nmol h−1mg−1protein,
respectively, Student’s t-test, P>0.05; result not shown).

Fig. 5 shows the effects of DIDS, EZ and iodide on 45Ca
and 14C incorporation (in the light) into the skeletal (Fig. 5A)
and tissue (Fig. 5B) compartments. As for experiments
performed in the dark, no effect of these inhibitors on the
uptake of isotopes was observed in the coelenteric
compartment (results not shown), consistent with previous
observations (Tambutté et al., 1996).

Fig. 5A shows that the deposition of 45Ca and of 14C into the
skeleton was almost totally inhibited by DIDS (inhibition of
85±4 % and 97±1 %, respectively; ANOVA, Bonferroni–Dunn
post-hoctest, P<0.0001). EZ also had an important inhibitory
effect on the deposition of both isotopes (inhibition of 67±4 %
and 62±6 %, respectively; ANOVA, Bonferroni–Dunn post-
hoc test, P<0.0001). In contrast, only a small non-significant
inhibition was observed in the presence of iodide. In the inset
of Fig. 5A, the ratio between 14C and 45Ca incorporation is
presented as the percentage of 14C-labelled DIC versus45Ca
incorporation. In control experiments, the incorporation of 14C
represented 36.6±3.2 % of the calcification. While no
significant effect on the ratio was observed after the addition
of iodide or EZ, exposure to DIDS induced a decrease in this

P. FURLA AND OTHERS

Table 3.Ca2+ and dissolved inorganic carbon pool sizes in the coelenteron and tissue compartments of Stylophora pistillata
microcolonies incubated in the light

Ca2+ pool size Ca2+ pool t1/2 DIC pool size DIC pool t1/2 

Compartment (nmol mg−1protein) (min) (nmol mg−1protein) (min) N

Coelenteron 93.86±2.42 2 12.87±1.28 8.6 29
Tissues 2069.25±81.48 13 229.46±42.73 106 32

N, the number of microcolonies analysed.
The light level was 250µmol photons m−2s−1.
DIC, dissolved inorganic carbon.
The value of Ca2+ pool size of the tissues takes into account both 45Ca and 14C-labelled organic carbon.
Values are means ±S.E.M.
t1/2, half-time of compartment loading.

Fig. 4. External [HCO3−]-dependence of 45Ca (d) and 14C (s) incorporation into the coelenteron (A), tissues (B) and skeleton (C) of
Stylophora pistillatamicrocolonies measured in the presence of light (250µmol photons m−2s−1). Values are expressed as means ±S.E.M. Four
microcolonies were analysed.
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ratio (to 9.2±2.3 %; ANOVA, Bonferroni–Dunn post-hoctest,
P<0.0083). The results presented in Fig. 5B show that uptake
of 14C-labelled DIC by the tissue was almost totally inhibited
by DIDS, iodide and EZ (by 100±1 %, 90±3 % and 80±2 %,
respectively; ANOVA, Bonferroni–Dunn post-hoc test,
P<0.0001).

Uptake and deposition of 45Ca and 14C in the presence of
light after a dark period

Fig. 6 shows the kinetics of the incorporation of 45Ca and
14C into the three compartments over 1 h when microcolonies
were placed in the light after having spent 12 h in the dark.
Both Ca2+ and DIC uptake by the coelenteron displayed
saturable kinetics (Fig. 6A,B), with equilibrium being reached

within 4–10 min for both isotopes (t1/2=1.8 min and 5.4 min,
respectively, for Ca2+ and DIC). Upon illumination of the
microcolonies, 14C-labelled DIC uptake by the tissues was
linear, whereas the incorporation of 45Ca displayed a slight lag
phase of approximately 4 min (Fig. 6C,D). Finally, Fig. 6E,F
shows that the deposition of 45Ca and 14C into the skeleton of
Stylophora pistillatafollows biphasic kinetics: the rates were
low during the first 10 min (0.55±0.06 nmol45Ca min−1mg−1

protein and 0.058±0.015 nmol14C min−1mg−1protein) but
subsequently increased (0.91±0.13 nmol45Ca min−1mg−1

protein and 0.11±0.01 nmol14C min−1mg−1protein).

Discussion
Sources of inorganic carbon for calcification

In the present study, sources of inorganic carbon for
calcification of Stylophora pistillatahave been characterised
and compared for microcolonies incubated in the dark or in the
presence of light. Under both conditions, the rate of 45Ca
deposition into the coral skeleton was greater than the rate of
14C incorporation (Figs 1C, 3C). The ratio 14C/45Ca expresses
the incorporation of DIC originating from the external
medium: a ratio of 1 (100 %) means that the same amounts of
seawater DIC and Ca2+ are incorporated into the skeleton,
while a lower value means that an unlabelled source of DIC is
also used. In the present experiments, the ratio in the dark did
not differ significantly from that in the light (25.56±4.11 % in
the dark and 36.60±3.22 % in the light; Student’s t-test,
P>0.05). These results demonstrate that the inorganic carbon
originating from the surrounding medium does not constitute
the major source of DIC for coral calcification in either light
or dark conditions. The labelled seawater DIC is likely to be
diluted by unlabelled DIC originating from coral tissue. This
unlabelled DIC could be either intracellular bicarbonate or
metabolic CO2, as suggested by Goreau (1961), Pearse (1970)
and Erez (1978). The calcification rate remains constant for
periods of at least 180 min (Figs 1, 3), ruling out the
involvement of the tissue pool, the t1/2 of which is less than
100 min (Tables 1, 3). Consequently, the unlabelled source of
DIC must be the metabolic CO2 produced by the symbiotic
association.

A role for this metabolic CO2 as source of carbon for
calcification has already been demonstrated in non-symbiotic
gorgonians (Allemand and Grillo, 1992; Lucas and Knapp,
1997) and in symbiotic corals (Crossland, 1980). Supporting
this hypothesis, the calicoblastic cells, which are responsible
for skeletogenesis, contain numerous mitochondria (Johnston,
1980; E. Tambutté, personal communication). Furthermore,
measured respiration rates in Stylophora pistillata
microcolonies (Table 2) show that metabolic CO2 production
(193.92±13.04 nmol h−1mg−1protein) is sufficient to support
the metabolic inorganic carbon requirements for calcification
in both dark and light conditions (8.54±1.64 nmol h−1mg−1

protein and 32.11±4.13 nmol h−1mg−1protein, respectively, i.e.
from 4.4 to at least 16.5 % of metabolic CO2 production).
Moreover, the respiration rate probably increases in the light
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Fig. 5. Pharmacology of 45Ca (filled columns) and 14C (open
columns) incorporation into the skeleton (A) and tissues (B) of
Stylophora pistillata microcolonies in the presence of light
(250µmol photons m−2s−1). The effects of DIDS (400µmol l−1), an
anion exchanger inhibitor, iodide (Io; 2 mmol l−1), a competitor of
HCO3− in anion exchangers, and ethoxyzolamide (EZ; 300µmol l−1),
a carbonic anhydrase inhibitor, are shown. The inset shows the
effects of these inhibitors on the ratio between 14C incorporation and
45Ca incorporation, reported as the percentage of 14C-labelled
dissolved inorganic carbon versus45Ca incorporation. Values are
expressed as means + S.E.M. The number of microcolonies analysed
was 36 for control experiments and 5–12 for experiments in the
presence of inhibitors. Results obtained in the presence of inhibitors
were compared using one-way ANOVA and a Bonferroni–Dunn
post-hoctest. Asterisks indicate values statistically different from the
control: *P<0.0083, **P<0.0001. C, control.
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(Shick, 1990). While Goreau (1961) and Erez (1978) reported
a 14C/45Ca ratio in the light similar to the ratio that we
measured here (21 % and 22 %, respectively), their results
differed in the dark. Erez (1978) determined that the major
source of DIC in the dark was the external pool (mean dark
14C/45Ca ratio 93 %). However, his experiments were
performed in situ, and there was marked variability in the
results obtained, with the ratio in the dark varying between 28
and 100 %.

Our results demonstrate that the major source of DIC for
calcification is the metabolic DIC pool irrespective of lighting
conditions and, therefore, of photosynthesis. This result should
be taken into account for paleoenvironmental studies using
stable carbon isotopes since a predominant incorporation of
metabolic CO2 leads to the formation of a skeleton with a light
isotopic composition, which does not reflect the situation in sea
water.

Compartmental analysis of Ca2+ and dissolved inorganic
carbon

Coelenteric Ca2+ and DIC analysis

Both in the dark and in the light, the equilibrium constant (t1/2)
for DIC in the coelenteron was higher than that for Ca2+

(Tables 1, 3). This is probably a consequence of the higher
transepithelial permeability to Ca2+ compared with HCO3−

(Bénazet-Tambutté et al., 1996a; Furla et al., 1998a). In the light,

both equilibrium constants increased slightly compared with
dark conditions (Tables 1, 3), suggesting that the permeability
of the tentacles is probably reduced by light. These changes are
probably due to a modification of the tissue thickness induced
by light (Furla et al., 1998a). Absorption of both Ca2+ and DIC
into the coelenteric cavity was insensitive to inhibitors of ion
transport, suggesting that it occurs via passive diffusion. This
was confirmed by the linear correlation between the external
[HCO3−] and the coelenteric DIC pool (Fig. 4A). These results
support the finding of Tambutté et al. (1996), who demonstrated
that calcium uptake in the coelenteron is mediated by a
paracellular pathway across the oral tissue.

From the size of the coelenteric DIC pool and the kinetic
constant, it is possible to calculate the transepithelial DIC flux
(see Materials and methods). In the dark, the passive trans-
epithelial flux through oral tissues is 2.2 nmol min−1mg−1

protein (i.e. 132 nmol h−1mg−1protein), while it is theoretically
1.03 nmol min−1mg−1protein (i.e. 62 nmol min−1mg−1protein)
in the light. This passive transepithelial flux of DIC through
oral tissues appears to be enough to support calcification even
in the light (49 nmol min−1mg−1protein). However, this flux
is far too small to support symbiont photosynthesis
(180 nmol min−1mg−1protein), suggesting the need for active
uptake of DIC by the oral tissue, in accordance with previous
findings (Furla et al., 2000).

In the presence of light, the coelenteric DIC pool was
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Fig. 6. Time course of 45Ca (d) and 14C (s)
incorporation into the coelenteron (A,B), tissues
(C,D) and skeleton (E,F) of Stylophora pistillata
microcolonies measured in the presence of light
(250µmol photons m−2s−1) after a dark period of
12 h. Broken lines represent the extrapolated rate
of Ca2+ and HCO3− incorporation into the skeletal
compartment over the first 10 min of incubation.
Values are expressed as means ±S.E.M. Four
microcolonies were analysed for each point.
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decreased by approximately 44 % compared with dark
conditions (Tables 1, 3). When equilibrium is reached between
the Ca2+ concentration within the coelenteron and the sea
water, it is possible to extrapolate the water volume of the
coelenteron (Tambutté et al., 1996). From the data presented
in Tables 1 and 3 concerning the coelenteric Ca2+ pool, and
the specific radioactivity, water volumes of 10.76±0.78µlmg−1

protein in the dark and 8.61±0.45µl mg−1protein in light were
calculated. From these values, and knowing the size of the
coelenteric HCO3− pool, it is possible to calculate the
coelenteric concentration of HCO3−: 2.29±0.15 mmol l−1 in the
dark and 1.29±0.05 mmol l−1 in the light. A similar light-
dependent decrease in DIC concentration within body fluids
has been described in symbiotic clams (Leggat et al., 1999)
and may reflect the continuous uptake of DIC for both
calcification and photosynthesis. Activation of photosynthesis
in the presence of light probably induced, during the first few
minutes of illumination, an instantaneous uptake of DIC from
the coelenteric medium by endodermal cells, as previously
demonstrated in the Mediterranean sea anemone Anemonia
viridis. In this species, a comparable decrease in HCO3−

concentration in the light (dark coelenteric DIC concentration
2.43±0.02 mmol l−1, P. Furla and D. Allemand, unpublished
data; light coelenteric DIC concentration 1.31±0.18 mmol l−1;
P<0.05, Furla et al., 1998b) and a simultaneous increase in the
coelenteric pH to 9.0 (Furla et al., 1998b) have been measured.
Since the DIC used for calcification necessarily originates from
the coelenteron, the dependence of calcification on DIC
(Fig. 4) can be redrawn using the calculated DIC concentration
within the coelenteron (Fig. 7). Now, calcification appears
to be saturated at low coelenteric HCO3− concentrations
(approximately 200µmol l−1; Km 60µmol l−1).

Consequently, the chemistry of inorganic carbon within the
coelenteron is profoundly altered upon illumination. If we
assume that the coelenteric pH varies at least from 7.5 (in the
dark) to 8.5 (in the light), as measured by Kühl et al. (1995)
and by Furla et al. (1998b), and taking into account changes in
total DIC measured in the present study, it is possible to

calculate the carbon species involved. In Table 4, we have
summarised the main metabolic characteristics of Stylophora
pistillata. These data show that CO2 concentrations vary from
66µmol l−1 in the dark to 3µmol l−1 in the light, and that the
saturation states of calcite and aragonite are increased by a
factor 4.7 in the light.

Tissue Ca2+ and DIC analysis

The DIC equilibrium value in the tissues was reached in the
light, as in the dark, after approximately 3 h (Fig. 1B, inset of
Fig. 3B). Nevertheless, the DIC pool in the light was
approximately 39 times larger than in the dark (Table 3). If we
consider the cell water space measured by Bénazet-Tambutté
et al. (1996a), i.e. 1.56µl mg−1protein, we can calculate the
cellular concentration of DIC in the light and in the dark from
the DIC tissue pool: 147 and 3.7 mmol l−1, respectively.
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Fig. 7. Coelenteric [HCO3−]-dependence of 45Ca (d) and 14C (s)
incorporation into the skeleton of Stylophora pistillatamicrocolonies
measured in the presence of light (data from Fig. 4C). Values are
expressed as means ±S.E.M. Four microcolonies were analysed.

Table 4.Summary of the main characteristics of Ca2+ and
dissolved inorganic carbon metabolism in Stylophora

pistillatamicrocolonies in the dark or in light

Dark Light

Rate of respiration 194 >194
(nmol h−1mg−1protein)

Rate of photosynthesis − 179
(nmol h−1mg−1protein)

Rate of calcification (45Ca) 12.31 49.25
(nmol h−1mg−1protein)

Rate of calcification (14C) 3.77 17.14
(nmol h−1mg−1protein)

14C/ 45Ca in the skeleton (%) 26 37

Fraction of metabolic CO2 used for 4.4 17
calcification (%)

Water volume of the coelenteron 10.8 8.6
(µl mg−1protein)

Coelenteric pH* 7.5 8.5

Total coelenteric DIC (mmol l−1) 2.29 1.29

[HCO3−] in the coelenteron (mmol l−1)‡ 2.17 1.02

[CO2] in the coelenteron (µmol l−1)‡ 66 3

[CO32−] in the coelenteron (µmol l−1)‡ 57 268

Calcite oversaturation in the coelenteron 143 672
(%)‡

Aragonite oversaturation in the coelenteron 79 372
(%)‡

[HCO3−] in tissues (mmol l−1) 3.7 147

[DIC] intracellular/[DIC]extracellular 1.56 61.30

Passive transepithelial oral DIC flux 132 62
(nmol h−1mg−1protein)

*Values obtained by Kühl et al. (1995) and Furla et al. (1998b).
‡Calculated using the CO2 program of M. Frankignoulle

(University of Liège, Unité d’Océanographie Chimique) by
assuming values of coelenteric pH similar to those measured by Kühl
et al. (1995) and Furla et al. (1998b).

The light level was 250µmol photons m−2s−1.
DIC, dissolved inorganic carbon.
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Consequently, the ratio [DIC]intracellular/[DIC]extracellular

increases from 1.6±0.2 in the dark to 61.3±0.2 in the light. This
increase is another argument supporting the proposition that a
CO2-concentrating mechanism is stimulated upon
illumination, as previously suggested by Allemand et al.
(1998). Furthermore, the ratio measured in the light (61.3) is
within the range found in phototrophs possessing a CO2-
concentrating mechanism, which varies between 10 in some
macrophytes to 16 000 in some cyanobacteria (Aizawa and
Miyachi, 1986; Bowes and Salvucci, 1989).

Mechanisms of DIC transport for coral photosynthesis and
calcification

In the presence of light, DIC accumulation is sensitive to
DIDS, iodide and EZ, suggesting the involvement of an anion
exchanger and carbonic anhydrase in the absorption of DIC
for photosynthesis (Fig. 5B). While Furla et al. (2000)
recommended that care should be taken regarding the
specificity of DIDS in corals, the inhibitory effect of iodide
confirms the involvement of anion exchangers. However,
because the inhibitory effect of DIDS is greater than that of
iodide, we cannot exclude the participation of an H+-ATPase,
as has been described previously in other symbiotic, but non-
calcifying, cnidarians (Furla et al., 2000).

Pharmacological experiments performed in the dark allowed
the determination of mechanisms by which DIC is transported
for coral calcification independently of symbiont
photosynthesis. The results presented in Fig. 2A show that the
target of DIDS also plays an important role in the mechanisms
of coral calcification, since the skeletal incorporation of Ca2+

and DIC was greatly inhibited by this blocker, as previously
shown by Tambutté et al. (1996). However, previous studies
have demonstrated that this inhibitor affects not only anion
exchangers but also anion conductances and P-type H+-
ATPases (Furla et al., 2000). Consequently, it is possible that
DIDS could also inhibit the Ca2+-ATPase, another P-type
ATPase (Forgac, 1989), responsible for the extrusion of Ca2+

from calicoblastic cells (Ip et al., 1991; Tambutté et al., 1996).
Nevertheless, the role of anion transport in CaCO3

precipitation was confirmed by the inhibitory action of iodide.
This competitor affected both Ca2+ incorporation into the
skeleton and DIC incorporation, demonstrating that its target
is involved in both external and metabolic DIC incorporation.
Finally, EZ alters the ratio of seawater/metabolic DIC supply
in the dark (inset of Fig. 2A) but is without effect on 14C
incorporation, suggesting that only the metabolic source of
DIC is dependent on carbonic anhydrase activity. The
inhibition of the metabolic source was partially compensated
by the predominant absorption of external DIC (62 % of total
CaCO3 deposition instead of 25 %). In the light, similar results
were obtained, suggesting that the mechanisms of calcification
in the light are similar to those in the dark. However, while EZ
had only a slight and insignificant stimulatory effect on the
14C/45Ca ratio, DIDS inhibited the supply of DIC from external
sea water, and this was offset by an increase in the supply of
metabolic CO2 (inset of Fig. 5).

The present data suggest that, irrespective of its sources
(external or metabolic), DIC uptake for symbiont
photosynthesis and secretion by calicoblastic cells into the
skeleton is dependent on an anion transport mechanism,
indicating that HCO3− is the ionic species transported. Our
results also demonstrate that the metabolic source of DIC is
dependent on carbonic anhydrase, which catalyses the
hydration of CO2 to HCO3− in the calicoblastic cells, to prevent
leakage of gaseous CO2. After paracellular diffusion of DIC
across the oral tissue, the uptake of external DIC into
calicoblastic cells occurs by a mechanism that remains to be
characterised.

Light-enhanced calcification

Numerous studies of coral calcification have demonstrated
stimulation of CaCO3 deposition in the light compared with the
dark (for a review, see Gattuso et al., 1999). Similarly, in the
present study, we have shown that the rate of calcification of
Stylophora pistillatamicrocolonies in the light is 4.00±0.08
times greater than the rate of calcification in the dark (Figs 1C,
3C). Moreover, the application of blockers of photosynthesis
led to an inhibition of this light-enhanced calcification.
Incorporation of both isotopes was similarly stimulated.
Interestingly, the enhancement of calcification was apparent
only 10min after the onset of illumination (Fig. 6). The kinetics
of light-enhanced calcification has not been extensively studied.
Barnes and Crossland (1978) measured a lag period of
35–45min before inorganic carbon deposition was stimulated in
the skeleton of Acropora acuminata. These authors suggested
that this lag phase was an artefact arising from the dilution of
14C by an unlabelled pool of DIC in the tissue. Our results are
not consistent with such a hypothesis since we measured a lag
phase for both 45Ca and 14C-labelled DIC deposition. Moreover,
in the tissues, this lag phase was shorter (2–4min) for both
isotopes (Fig. 6C,D). Finally, the inorganic carbon present in the
tissues was saturated after 60min in the dark and after 150min
in the light, whereas the rate of calcification remained constant
for at least 3h. These results suggest the activation of
mechanisms for DIC and Ca2+ absorption and/or deposition
following illumination (Mueller, 1984).

Numerous hypotheses have been proposed to explain the
stimulation of calcification by light (for a review, see Barnes
and Chalker, 1990). The most relevant are light-enhanced
calcification (Goreau, 1959; Allemand et al., 1998), dark-
repressed calcification (Marshall, 1996) and trans-calcification
(McConnaughey, 1995; McConnaughey and Whelan, 1997).
Goreau (1959) suggested that H+ secretion produced by
calcification led to the production of CO2 within the
coelenteron, which was removed by photosynthesis according
to the following equations:

Ca2+ + 2HCO3− → CaCO3 + CO2 + H2O (calcification) ,
(1)

CO2 + H2O → CH2O + O2 (photosynthesis) . (2)

The hypothesis of McConnaughey and Whelan (1997) is
similar to that of Goreau (1959) (coelenteric H+ released by

P. FURLA AND OTHERS
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CaCO3 precipitation is used for coelenteric HCO3−

dehydration to produce CO2), but suggests that, in this way,
calcification may stimulate photosynthesis by supplying CO2.
However, this last model was recently contradicted by studies
performed by Gattuso et al. (2000), who demonstrated that it
is possible to inhibit light-induced calcification without
influencing photosynthesis. Allemand et al. (1998) have noted
that all these hypotheses assume that the DIC source for
photosynthesis is supplied from the coelenteron, which is
probably not the case (Furla et al., 1998b; present study). They
suggested an alternative hypothesis for light-enhanced
calcification based on the titration of H+ produced by
calcification with the OH− produced by photosynthesis (Furla
et al., 1998b).

The present study confirms that, despite a decrease in
coelenteric DIC concentration, there is a light-induced
stimulation of calcification in Stylophora pistillata. Figs 4C
and 7 reveal that the rate of calcification in the light is limited
neither by external DIC concentration (Km 220µmol l−1) nor
by coelenteric DIC concentration (Km 60µmol l−1), suggesting
that there is no competition between photosynthesis and
calcification for the external DIC source. These results contrast
with the recent findings of Marubini and Thake (1999), who
described stimulation of the calcification of the coral Porites
poritesby approximately 62 % after the addition of 2 mmol l−1

HCO3− in sea water.
Our results demonstrate that light-enhanced calcification is

not dependent on a change in the supply of DIC, which remains

mainly metabolic CO2. Moreover, it is not an instantaneous
phenomenon, but the stimulation of calcification requires
activation of some unknown physiological mechanisms. This
activation is responsible for the lag period observed. We
hypothesise that changes in the pH/carbon state within the
coelenteric cavity are part of this mechanism.

Concluding remarks

This paper clarifies such aspects of coral calcification as DIC
sources, the mechanisms of DIC deposition into the skeleton,
the interactions between photosynthesis and calcification and
the activation of light-enhanced calcification. The conclusions,
summarised in Fig. 8, are that the major source of DIC for
coral calcification is metabolic CO2 (independent of lighting
conditions), and that DIC availability correlates with the
presence of carbonic anhydrase activity probably localised
within the calicoblastic cells, as previously suggested by Isa
and Yamazato (1984). The secretion of DIC at the site of
calcification is performed by an anion exchanger. After
paracellular diffusion across the oral epithelial layers, 25–30 %
of the DIC that originates from the external medium enters the
calicoblastic cells by a DIDS-sensitive mechanism, which
remains uncharacterised. There is no competition for DIC
between photosynthesis and calcification of Stylophora
pistillata microcolonies, calcification being saturated at low
external and coelenteric DIC concentrations. Our results
demonstrate the absence of an internal DIC pool for coral
calcification. However, there is a 61-fold accumulation of DIC
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within the tissue in the light compared with the DIC
concentration of the external medium. This accumulation
occurs through the CO2-concentrating mechanism used for
symbiont photosynthesis. Finally, we report a fourfold
stimulation of calcification of Stylophora pistillata
microcolonies in the presence of light, which appears after
10 min of illumination. We suggest that the coelenteric
secretion of OH− consecutive to external HCO3− absorption for
symbiont photosynthesis favours stimulation of light-induced
calcification.
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