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Calcification does not stimulate photosynthesis in the zooxanthellate scleractinian coral

Sylophora pistillata

Abstract.—The interaction between photosynthesis and cal-
cification remains poorly known in zooxanthellate scleracti-
nian corals. We tested whether calcification is a significant
source of CO, for photosynthesis in Stylophora pistillata.
Rates of net photosynthesis, respiration, and calcification were
measured on colonies incubated in synthetic seawater (SSW)
controlled with respect to the inorganic carbon system and
containing standard (11.40 mmol kg-*) and low (2.85 mmol
kg1) calcium concentrations. Net photosynthesis and respi-
ration are not significantly different in standard and low-Ca?*
SSW despite a rate of calcification 2.0-2.4 times lower in
Ca?*-depleted SSW. Additional experiments carried out on the
noncal cifying zooxanthellate Anthozoa Anemonia viridis dem-
onstrate that a low calcium concentration has no direct effect
on rates of photosynthesis and respiration. It is suggested that
calcification is not a significant source of photosynthetic CO,
and that photosynthesis stimulates calcification rather than the
opposite.

The processes of photosynthesis and calcification display
a number of interactions both at the cellular and the organ-
ismal levels in zooxanthellate scleractinian corals (reviewed
by Gattuso et al. 1999). It is, however, still not known which
process supports the other. It has long been thought that pho-
tosynthesis stimulates calcification. The basis of this hy-
pothesis is the observation that calcification is higher in the
light than in the dark: a recent review of the literature
showed that the median ratio of light:dark calcification is
3.0 (Gattuso et al. 1999). A recent report suggested that cal-
cification is dark repressed (Marshall 1996), a conclusion
that was subsequently challenged (Carlon 1996; Goreau et
al. 1996) and is not supported by previously published data
(see Gattuso et al. 1999). Rather, it is generally accepted that
calcification is light enhanced during the day (see Barnes
and Chalker 1990). One of the mechanisms invoked is that
the photosynthetic uptake of CO, increases the carbonate ion
concentration and favors calcium carbonate precipitation
(Goreau 1959; Goreau and Goreau 1959):

CO,+H,0- CH,0+0, (photosynthesis)
€y
Ca?* + 2HCO; - CaCO, + CO, + H,0 (calcification)
2

This mechanism is not consistent with the recent finding that
bicarbonate (HCQO;), not CO,, is the inorganic carbon spe-
cies that is actively absorbed by endodermal cells and sub-
sequently dehydrated to CO, that is used by zooxanthellar
photosynthesis (reviewed by Allemand et al. 1998). An a-
ternate model was proposed by Allemand et a. (1998) to
explain the stimulation of calcification by photosynthesis. It
involves the buffering of the H* ions produced by calcifi-

cation (Eg. 3) by the OH- ions liberated by the dehydration
of HCO; (Eq. 4):

HCO; + Ca?* - CaCO, + H* ©)
HCO; - CO, + OH- 4
OH- + H* - H,0 (5)

Equations 3-5 combine to provide the general equation of
CaCO, precipitation (Eq. 2).

McConnaughey (1991, 1995) and McConnaughey and
Whelan (1997) proposed an opposite interaction according
to which calcification stimulates photosynthesis. They de-
scribed a trans-calcification model where the H* ions re-
leased by CaCO, precipitation are removed from the site of
calcification by the Ca?*-ATPase that supplies calcium (stoi-
chiometry is 2 H* for each Ca?* ion transported). The H*
ions are liberated in the coelenteron where they are used for
HCO; dehydration to produce CO, (Eg. 4). According to
this model, photosynthesis is stimulated by the increased the
availability of CO, in the coelenteron.

It is well known that calcification decreases as a function
of decreasing calcium concentration in seawater (e.g., Tam-
butté et al. 1996; Gattuso et al. 1998). This response has
been previously used to inhibit calcification in low-calcium
artificial seawater and measure the rate of photosynthesis.
Net photosynthesis of some organisms is lower in low-cal-
cium seawater (reviewed in McConnaughey 1994; Al-Mogh-
rabi et al. 1996), which supports the trans-cal cification mod-
el. However, severa drawbacks in the procedures that were
used may have resulted in confounding conclusions. First, it
is likely that the inorganic carbon system of the artificial
seawater used was not controlled. It is of prime importance
that the dissolved inorganic carbon and CO, partial pressure
are identical in the various batches of artificial seawater
used. Otherwise, the decrease in photosynthesis observed
may be the result of an inhibition by a lower supply of in-
organic carbon rather than by a reduced supply of CO, by
calcification. Second, the direct effect of low-calcium con-
centration on photosynthesis was not investigated. It is there-
fore possible that the decrease of photosynthesis in low-cal-
cium seawater results from a direct inhibition of HCO;
transport similar to the one observed in a coccolithophorid
(Brownlee et al. 1994). Third, calcium-free artificial sea
water was sometimes used (Al-Moghrabi et a. 1996) that
probably €elicits a wide range of physiological responses as
calcium plays numerous roles in cell biology.

The aim of this paper isto assess the validity of one aspect
of the trans-calcification model according to which calcifi-
cation enhances photosynthesis. The rates of net photosyn-
thesis, respiration, and calcification of the zooxanthellate
scleractinian coral Sylophora pidtillata were measured in
artificial seawater controlled with respect to the inorganic
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Table 1. Composition (mol kg) of synthetic seawater (SSW);
salinity = 38.5.

Table 2. Parameters of the inorganic carbon system of the stan-
dard and low-calcium synthetic seawater.

Normal calcium
concentration
(100% Ca?*)

Low calcium
concentration
(25% Ca**)

NaCl 0.469230 0.452136
CaCl, 0.002849 0.011396
KCl 0.011231 0.011231
Na,SO, 0.031064 0.031064
MgCl, 0.058113 0.058113
Na,CO, 0.002008 0.002008
HCl 0.001757 0.001757

carbon system, displaying normal or low calcium concentra-
tions. Additionally, the effect of low calcium concentration
on the rate of net photosynthesis of a noncalcifying zoo-
xanthellate anthozoan was investigated.

Materials and methods—A series of experiments was con-
ducted in the laboratory using six colonies of the branching
zooxanthellate scleractinian coral S pistillata (Esper 1797)
and one specimen of the zooxanthellate sea anemone Ane-
monia viridis (Forskal 1775) collected in the Mediterranean
(Villefranche-sur-Mer, France). The cora colonies were
propagated from small fragments of parent colonies collect-
ed in the Gulf of Agaba (Jordan). They were suspended,
several weeks prior to the experiments, on nylon strings and
maintained in a 300-liter aquarium supplied with heated
Mediterranean seawater pumped at a depth of 50 m. Each
piece of coral displayed approximately the same form and
size. The culture conditions for corals were salinity = 38.5,
temperature = 27 + 0.5°C, irradiance = 300 umol photons
m-2 s~ (metal halide lamp, Philips HPIT 1000 W), photo-
period 12:12. The culture conditions for the sea anemone
were salinity = 38.5, temperature = 19 = 0.5°C, light =
125 pmol photons m=2 st (metal halide lamp, Philips HQIT
400 W), photoperiod 12:12.

The experimental sequence was identical for each coral
colony: it was taken in the culture aguarium and suspended
in a beaker containing 250 ml of normal or low-calcium
synthetic seawater (SSW) for a 30-min preincubation at or
near saturating irradiance (300 uwmol photons m=2s%) or in
the dark. The colony was then incubated for 1 h in a perspex
chamber containing 240 ml of normal or low-calcium SSW
in order to measure the rates of photosynthesis and respi-
ration. The incubation medium was continuously agitated
using a magnetic stirrer. Both the preincubation beakers and
the respirometry chamber were kept at 27°C in a thermo-
stated water bath to maintain the temperature constant. Each
colony was first incubated in SSW with norma Ca?* con-
centration and in low-Ca?* SSW on the next day. All incu-
bations took place between 10:00 and 17:00. The colonies
were returned to the culture aguarium and their rate of cal-
cification measured a few days later. They were incubated
for 2 h in 200-ml open-top beakers containing standard or
low-calcium SSW, under environmental conditions identical
to those used for the measurement of photosynthesis and
respiration. Incubations took place both in the light and dark.

Total akalinity (uEq kg™) 2,259
Dissolved inorganic carbon (umol kg—2) 2,008
pH (NBS) 8.23
pH (SWS) 8.08
CO, partial pressure (uatm) 360

The incubation medium was filtered on Whatman GF/C
membranes and stored at 4°C pending analysis of total a-
kalinity. The colonies were frozen upon completion of the
last incubation and kept at —20°C pending protein deter-
mination.

The experimental sequence for the sea anemone was
dlightly different: the specimen was left in the incubation
chamber overnight in order to enable its fixation on the
chamber wall. The chamber contained seawater filtered on
0.45-um membranes (FSW). The next day, FSW was re-
placed with normal or low Ca** SSW (incubation in normal
SSW took place first). SSW was changed after a 30-min
preincubation period, and photosynthesis and respiration
were measured, respectively, at saturating irradiance (300
umol photons m=2 s-1; Bénazet-Tambutté et al. 1996). The
sea anemone was frozen at the end of the second incubation
and kept at —20°C pending determination of protein.

Oxygen concentration was monitored in the chamber and
stored every 1 min using a data-logger (LI-1000, Li-Cor
Inc.). Dissolved O, was measured using a Ponselle polaro-
graphic electrode calibrated daily against air-saturated sea-
water and a saturated solution of sodium sulfite (zero oxy-
gen). Both the standard and low-calcium SSW were very
close to saturation with respect to oxygen at the beginning
of the incubations (101%; range: 96-105%). The maximum
change in the dissolved oxygen concentration was 12.3% in
the light and —15.7% in the dark. The rates of net photo-
synthesis and respiration were estimated using a linear re-
gression of O, against time. The rates of calcification were
estimated from the changes in total akalinity (TA) during
the course of the incubation using the akalinity anomaly
technique (Smith and Key 1975). TA was measured poten-
tiometrically, using an automated titrator (DL 70, Mettler), as
described by Gattuso et al. (1993). The titrations took place
within 2-3 d of sampling. The rates of net photosynthesis,
respiration, and calcification were normalized by the content
of protein and expressed in umol O, (mg protein)~* h-.

A fresh SSW batch was prepared daily, a few hours prior
to the experiments, as described by DOE (1994). Salinity
was adapted to 38.5 in order to be close to the Mediterranean
seawater salinity. The composition of SSW is shown in Table
1; all chemicals used were reagent grade (Merck). The Ca?*
concentration of the norma and low-Ca?* SSW were, re-
spectively, 11.40 and 2.85 mmol kg—*. The parameters of the
dissolved inorganic carbon system are shown in Table 2;
further information can be found in Gattuso et al. (1998).

Proteins were solubilized in NaOH (1 N) at 90°C for 30
min. Samples were then neutralized with HCI (1 N), and the
total protein content was measured using the Bradford meth-
od (Bradford 1976) with the Coomassie protein assay re-
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Fig. 1. Rate of calcification of the six specimens of S. pistillata

investigated in the light (A) and in the dark (B), in standard (black
bars) and low-calcium (white bars) synthetic seawater.

agent (Ref. 23200, Pierce). Optical density was read at 595
nm using a microplate reader (Multiskan® Bichromatic). Bo-
vine gamma globulin (BGG) was used as a standard.

Statistical tests were performed with IMP 3.1.6 (SAS In-
stitute, Cary, North Carolina). Results are expressed as mean
+ standard error of the mean (SE). N is the sample size.

Results—The rates of calcification of colonies of S pis-
tillata in SSW with normal and low Ca?* concentrations are
shown in Fig. 1. They are significantly higher in the light
than in the dark (paired t-test, P < 0.002) both in SSW (10.3
vs. 4.6 umol CaCO, [mg protein]~* h=%) and in low-Ca**
SSW (4.3 vs. 2.3 umol CaCO, [mg protein]-* h=%). The av-
erage light: dark calcification ratio is 1.9-2.2. Calcification
is 2—2.4 times lower in SSW with low Ca?* concentration
than SSW with normal Ca?* concentration both in the light
(4.3 vs. 10.3 umol CaCO, [mg protein]-* h=') and in the
dark (2.3 vs. 4.6 umol CaCO, [mg protein]~* h=1). These
differences are statistically significant (paired t-test, P <
0.001)

The average net photosynthesis of S. pistillata was higher
at low than at normal calcium concentration (10.2 vs. 7.5

~ 25
< A
L 20+
2
g
en 15
£
N
O 10+t
E
E
o
~ ) 1
A B C D E F
Specimen
o~ 25
= B
E
g
en
=
N
o
=
=
=
(a1
B C D E F
Specimen

Fig. 2. Net photosynthetic rate (A) and absolute value of the
respiration rate (B) of the six specimens of S pistillata in standard
(black bars) and low-calcium (white bars) synthetic seawater.

umol O, [mg protein]—* h=%; Fig. 2A), but this difference
was not statistically significant (paired t-test, P = 0.97). The
coral average respiration rate did not change significantly
(paired t-test, P = 0.94; Fig. 2B) in Ca*"-depleted SSW
(13.4 wmol O, [mg protein]-* h-*) compared to standard
SSW (14.3 umol O, [mg protein]-* h=%). The rates of net
photosynthesis and respiration of the sea anemone A. viridis
were identical in standard and low-Ca?* SSW (P,: 81 wmol
O, [mg protein] * h=% R 42 umol O, [mg protein] ~* h3).

Discussion—Our data confirm previous results on the ef-
fect of light and calcium concentration on the rate of calci-
fication of zooxanthellate scleractinian corals and provide
new insights on the interaction between photosynthesis and
calcification.

The calcification rate of the scleractinian coral S. pistillata
is approximately twice higher in the light than in the dark,
both in normal SSW and in calcium-depleted SSW. This
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light: dark calcification ratio is within the range of ratios
reported in the literature for other species. In a recent com-
pilation of 108 data collected under different environmental
and biological conditions, and using various techniques, Gat-
tuso et a. (1999) reported a large range of variation of this
ratio (from negative values to 127) and found a median ratio
of 3.0. It is possible that the irradiance level used in the
present study did not saturate CaCO, precipitation and that
a higher ratio would have been found at a higher irradiance.

In agreement with previous results, the cacification rate
is inhibited at low-Ca?* concentrations. It is reduced by a
factor of 2.0-2.4, depending on the level of irradiance, when
the Ca?* concentration is 25% of its normal value. Previous
studies reported decreases of approximately 2 at such con-
centrations (Tambutté et al. 1996; Gattuso et al. 1998).

McConnaughey (1991, 1995) and McConnaughey and
Whelan (1997) partly based the trans-calcification model,
according to which calcification stimulates photosynthesis,
on observations that the ratio of calcification versus net pho-
tosynthesis (G/P,) was close to 1. They therefore inferred
that CO, released by calcification (Eq. 2) could sustain pho-
tosynthesis (Eq. 1). A survey of the literature recently con-
firmed that G/P,, is higher than 1 in zooxanthellate sclerac-
tinian corals (median = 1.3; Gattuso et a. 1999). Colonies
of S pistillata incubated in standard SSW exhibit an average
ratio of 1.4. However, the amount of CO, released per mole
of CaCO, precipitated varies according to the CO, partial
pressure of the medium (Frankignoulle et al. 1994). It is
difficult to estimate this amount in scleractinian corals be-
cause there is no information on pCO, in their coelenteron.
Additionaly, this amount is likely to vary according to ir-
radiance. Using a tentative estimate of 0.6 mol of CO, re-
leased per mole of CaCO, precipitated (that is in standard
seawater with pCO, = 350 watm), Gattuso et al. (1999) es-
timated that calcification could supply, on average, 78% of
the inorganic carbon required for zooxanthellar photosyn-
thesis (84% in the present study). This is a potential supply
that had not been investigated so far.

We tackled this question by comparing net photosynthesis
obtained when calcification proceeds unabated and under
partially inhibited calcification, obtained in low-calcium sea-
water. Net photosynthesis should be inhibited under a low
calcification rate if the trans-calcification model is correct.
A fundamental prerequisite to the use of this approach is
that low-Ca** seawater must have no significant effect on
the rate of photosynthesis, irrespective of the calcification
rate. This condition is impossible to assess in corals, where
photosynthesis and calcification occur simultaneously and
cannot be uncoupled in a natural way but was confirmed in
another anthozoan, the noncalcifying zooxanthellate sea
anemone A. viridis. Our results demonstrate that net photo-
synthesis of S pistillata is not significantly affected when
the rate of calcification is 58% of the normal rate of calci-
fication (and the G/P,, ratio is as low as 0.4) and can poten-
tially supply only 24% of the photosynthetic inorganic car-
bon requirements. This is a strong argument suggesting that
CO, released by calcification is not a significant source of
inorganic carbon for zooxanthellar photosynthesis in this
Species.

This result is not in agreement with some previous data

that seem to support the trans-cal cification model. Decreased
calcium concentration inhibits photosynthesis in some or-
ganisms (reviewed in McConnaughey 1994). Al-Moghrabi
et al. (1996) showed that the inhibition of calcification (by
the removal of external Ca?* or by adding Ca?*-channel in-
hibitors) induces a decrease of net photosynthesis in the
scleractinian coral Galaxea fascicularis. The same result was
obtained with foraminifera (Kuile ter et al. 1989), coccolith-
ophorids (Brownlee et al. 1994), and calcareous algae
(McConnaughey and Falk 1991). In contrast, and in agree-
ment with our result, Yamashiro (1995) demonstrated that 1-
hydroxyethylidene-1, 1-bisphosphonic acid (HEBP), a spe-
cific inhibitor of mineral deposition, inhibits calcification of
the scleractinian coral S pistillata without any effect on the
rate of photosynthesis. Similarly, an inhibitor of protein syn-
thesis decrease coral calcification without disturbing photo-
synthesis (Allemand et al. 1998).

Several reasons can explain these discrepancies. First, the
interaction between calcification and photosynthesis in var-
ious taxonomic groups is still poorly known and there is no
integrative theory across taxa. It is possible that significant
differences exist in evolutionarily distant taxa such as cal-
careous algae, foraminifera, coccolithophorids, and corals.
Second, Al-Moghrabi et al. (1996) used a calcium concen-
tration much lower than the one used in the present study
(0.2 vs. 2.85 mmol kg~*). Calcium plays a major rolein cell
signaling (Carafoli and Penniston 1985); it is possible that
very low concentration, in addition to inhibiting calcifica-
tion, induces other physiological responses that might lead
to decreased net photosynthesis. Third, we tentatively sug-
gest that differences in the inorganic carbon system of the
artificial seawater batches might partly explain these dis-
crepancies. There is presently little information on the re-
sponse of photosynthesis to elevated pCO,. It is possible that
net photosynthesis is inhibited for reasons other than a low
calcification rate, for example if the Ca?*-depleted seawater
batches have a consistently lower pCO,.

We conclude (1) that the use of synthetic seawater with
varying Ca?* concentrations, controlled with respect to the
dissolved inorganic system, is a powerful tool to decouple
photosynthesis and calcification and investigate the interac-
tion between both processes, (2) that photosynthesis is not
affected by low-Ca?* concentrations in a zooxanthellate sea
anemone, and (3) that calcification does not stimulate pho-
tosynthesis in the zooxanthellate scleractinian coral S. pis-
tillata. These results support the models of interaction that
involve stimulation of calcification by photosynthesis but do
not invalidate the trans-calcification model. They merely
disagree with one aspect of this model (the coupling of pho-
tosynthesis and calcification). Other aspects of this model,
such as the transport mechanisms of inorganic carbon, Ca?*
and H*, were not addressed by our experiments.
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