MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 194: 75-85, 2000

Published March 17

A microsensor study of light enhanced Ca** uptake
and photosynthesis in the reei-building hermatypic
coral Favia sp.*

Dirk de Beer!**, Michael Kiihl?, Noga Stambler?, Lior Vaki**

!Max Planck Institute for Marine Microbiology, Celsiusstrafie 1, 28359 Bremen, Germany
*Marine Biological Laboratory, University of Copenhagen, Strandpromenaden 5, 3000 Helsinger, Denmark
SDepartment of Life Sciences, Bar Ilan University, Ramat Gan 52900, Israel

ABSTRACT: The coupling between CO, and Ca?* exchange and photosynthesis by corals (Favia sp.)
was studied with microsensors for Ca**, O,, pH and CO,. The profiles of these compounds, measured
perpendicular on the coral surface, were strongly influenced by light. During illumination, the concen-
tration of O, and the pH at the polyp surface was higher than in the surrounding seawater, while the
concentrations of Ca?* and CO, were lower. In the dark the inverse was observed. Furthermore, simul-
taneous recording of concentration changes at the coral surface, in response to light and inhibitors,
were performed with pairs of the sensors. The concentration changes of CO, and pH were slow, while
those ot Ca®* and O, were immediate and fast. The concentration changes of the O, and Ca®* concen-
trations at the coral surface were synchronous in response to changes in light conditions and to inhibi-
tion of the photosynthesis. Also, the spatial distribution of photosynthetic activity over a single polyp
coincided with the distribution of Ca®* concentration changes. These results show that Ca®** dynamics
at the polyp surface is not an indirect effect of increased CaCO; precipitation at the skeleton, but indi-
cates the presence of a Ca** uptake mechanism that is directly correlated to photosynthesis. Inhibition
of carbonic anhydrase strongly decreased photosynthesis, especially at higher light intensities. This,
combined with the observed increase in CO, concentration changes and absolute increase in CO, con-
centration at the tissue surface, demonstrated the importance of carbonic anhydrase for CO,/DIC

uptake and transport to the site of photosynthesis.
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INTRODUCTION

The phenomenon of ‘light enhanced calcification'
(Goreau & Goreau 1959) by hermatypic corals is well-
documented (Barnes & Chalker 1990, Marshall 1996a).
However, the importance of the interrelation of photo-
synthesis and calcification in corals is still debated
(Carlon 1996, Goreau et al. 1996, Marshall 1996b), and
the mechanisms of the coupling are poorly understood
(Crossland & Barnes 1974, McConnaughey 1987,
Barnes & Chalker 1990). All hermatypic corals are
symbioses between coral hosts and dinoflagellate algal
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symbionts, often called zooxanthellae. Calcification in
hermatypic corals is coupled to photosynthesis, since it
is strongly reduced by shading and exposure to di-
chlorophenyl dimethyl urea (DCMU) (VanderMeulen
et al. 1972, Ip & Krisnaveni 1991), a strong inhibitor of
photosystem II. Generally, in hermatypic corals, the
molar rate of calcium precipitation is of the same order
of magnitude as the photosynthetic production of oxy-
gen (McConnaughey 1994). However, it is also re-
ported that calcification rates by corals are less than
50 % of their photosynthesis rates, even lower on the
reef community level (Gattuso et al. 1999). Precipita-
tion of calcium carbonate reduces the alkalinity, lowers
the pH and increases the CO, concentration (Mc-
Connaughey 1987). As a result, calcification can bal-
ance the changes in pH and CO, concentration in-
duced by photosynthesis. It is hypothesized that in the



76 Mar Ecol Prog Ser 194: 75-85, 2000

green alga Chara (McConnaughey 1991) and in foram-
inifera (Erez 1983) calcification enhances photosynthe-
sis by reducing alkalinity and increasing the availabil-
ity of CO,. This seems not the case for corals, as
inhibition of calcification does not reduce photosynthe-
sis (Yamashiro 1995). Nevertheless, elevated CO, lev-
els increased photosynthesis but decreased calcifica-
tion (Gao et al. 1993). It is thought that the decreased
pH due to CO, addition is not balanced by the in-
creased photosynthesis and that the concomitantly
decreased over-saturation of calcium carbonate makes
it more difficult for the corals to calcify (Pennisi 1998).

In corals calcification is a complex process, involving
uptake at the tissue surface, transport through the tis-
sue and secretion at the skeleton side (Barnes &
Chalker 1990, Muscatine et al. 1997). Calcification and
photosynthesis are spatially separated, as the zooxan-
thellae are usually located close to the polyp surface.
The existence of external and internal gradients forms
a further complication (Kihl et al. 1995). Exchange of
solutes with the surrounding seawater occurs through
the diffusive boundary layer adjacent to the polyp sur-
face, whose thickness depends on the hydrodynamics
near the coral (Patterson 1992, Shashar et al. 1993).
Consequently, solute concentrations at the polyp sur-
face can differ considerably from those in the sur-
rounding seawater.

Our aim was to study the relation between calcium
exchange at the polyp surface, photosynthesis and res-
piration, and to unravel the mechanism of a possible
coupling between these processes, by using microsen-
sors for the main solutes involved: O,, CO,, Ca** and
H*. Microsensors have sufficient spatial resolution to
measure at the very surface of the tissue, with minimal
disturbance of the polyp and its microenvironment
(Revsbech & Jergensen 1986). Due to the high spatial
and temporal resolution of microsensor measurements,
and since photosynthesis is located near the coral sur-
face, we were able to study photosynthesis and cal-
cium uptake simultaneously.

MATERIAL AND METHODS

Collection and incubation of corals. Experiments
were done with Favia sp. colonies, as previous experi-
ments demonstrated their suitability for microsensor
studies (Kahl et al. 1995). The individual polyps had a
diameter of ca 1 cm, the mouth opening was in the mid-
dle of a central cavity with a diameterof ca 0.3t0 0.7 cm
and a depth of 0.1 to 0.5 cm. The variation in depth re-
flects the flexibility of the polyps that continuously
change their shape. A rim of tissue, from which at night
0.5 cm long tentacles are extended, surrounded the
cenfral cavity. A complete description of the polyp

structure has been given previously (Kiihl et al. 1995).
Small colonies {ca 5 cm in diameter) were obtained
from a platform at 5 m depth by SCUBA diving in the
Gulf of Aquaba (Eilat, Israel). After collection, the
colonies were stored in tanks at the shore and continu-
ously flushed with fresh seawater. Experiments were
performed within 7 d after collection. For laboratory ex-
periments, the corals were placed in a flow cell through
which seawater was pumped from a continuously
aerated recirculation tank. The recirculation tank con-
tained 80 1 of seawater that was replaced daily. The
temperature duning experiments was 24°C, equaling
the ambient seawater temperature. Microsensor mea-
surements lasted less than 16 h after which the colonies
were allowed to recover in the dark for at least 8 h. The
light source was a fiber optic halogen lamp (Schott
KL1500, Germany). Incident light intensity was quanti-
fied as down-welling scalar irradiance with a Biospher-
ical Instruments meter (QSL-100, USA).

Microsensors. Ca?* microsensors were prepared as
described previously (Ammann et al. 1987}, but with a
10 mM CaCl, solution as filling electrolyte. The Ca®*
sensors were shielded against electrical noise (Jensen
et al. 1993) and painted black up to 20 pm from the
tip. The microsensor shafts were wrapped in aluminum
foil, to avoid possible side effects from light and tem-
perature. Calibration was performed in NaCl solutions
(40 g I'Y, with 1 to 20 mM CaCl,. The Ca? sensors
were insensitive to pH and O, Fast responding O,
microsensors and full glass pH microsensors were pre-
pared as described previously (Revsbech & Jorgensen
1986, Revsbech 1989). CO, microsensors were pre-
pared and calibrated as described previously (de Beer
et al. 1997), and were also painted black and wrapped
in aluminum foil. The Ca%* and O, sensors had
response times (fg) of <1 s, the CO, and pH sensors of
<10s.

All sensors were applied as described previously
(Kiihl et al. 1995); however, for this study microsensor
measurements were restricted to the polyp surface or
the boundary layer. An electronic shutter {Vincent
Associates), inserted into the light path between lamp
and sample, was used for fast and reproducible dark-
ening of the coral. The concentration dynamics at the
polyp surface were recorded simultaneously with 2 dif-
ferent microsensors positioned at the polyp surface,
with their measuring tips <100 nm apart. The 2
microsensors were positioned by 2 micromanipulators,
placed on opposite sides of the aquarium, at an angle
of 17°. The light source was positioned in between the
sensors directly above the polyp. Unless stated other-
wise, these measurements were done near the top of
the inner rim (see also Kiihl et al. 1995).

Gross photosynthetic rates were determined with O,
microsensors by the light-dark shift method (Revsbech
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& Jorgensen 1983}, as the initial rate (<1 s) of O, deple-
tion after darkening. A delay of O, depletion was in-
terpreted as a sign that the sensor was not perfectly
positioned at the surface. Then the readings were dis-
carded and the sensor was repositioned until the
response was immediate. More details of the method
are presented elsewhere (Revsbech & Jorgensen 1983,
Glud et al. 1992, Kiihl et al. 1995).

Profiles were measured by positioning the micro-
sensors using a motorized micromanipulator (Martz-
hduser, LOT-ORIEL, Germany). The sensors were
manipulated at an angle of 17° relative to the incident
light. The surface of the polyp was the reference point
(depth = 0), determined with a dissection scope. Nega-
tive depths indicate positions above the surface. The
oxygen distribution above a single polyp was deter-
mined by measuring an array of profiles along a tran-
sect through the center of the polyp. From these data,
2-D contour plots were generated using SURFER 5.03
(Golden Software, Inc., Colorado, USA), by a Kriging
routine with linear interpolation.

Diffusion coeificients. We used literature values for
the diffusion coefficient of O, and Ca** in seawater at
24°C corrected for temperature and type of counter ion
(Broecker & Peng 1974, Li & Gregory 1974); the diffu-
sion coefficient of O, is 2.24 x 107° m? s7!, the self-dif-
fusion coefficient of Ca®* is 0.79 x 10"°m? 57!, the diffu-
sion coefficient of Ca?*, with HCO;,™ as counter ion, was
calculated to be 0.95 x 107 m? 5%,

Inhibitors. Ruthenium-red, an inhibitor of Ca-
ATPase (Marshall 1996a), was added to final concen-
trations of 20 to 100 uM. Ethoxyzolamide, an inhibitor
of carbonic anhydrase that can penetrate into cells,
was dissolved in dimethyl sulfoxide (DMSO) and
added to a final concentration of 1 mM (Tambutte et al.
1995). The final DMSO concentration was 0.1%.
DCMU, a strong inhibitor of photosystem II, was
dissolved in ethanol and added to final concentra-
tions of 0.5 and 2.5 pM (Ip & Krisnaveni 1991).
Fresh colonies were used for each experiment with
inhibitors.

RESULTS
Experimental problems

As pointed out previously (Kihl et al. 1995),
corals exhibit some special features that made
microsensor measurements rather difficult and
required frequent observation of the measuring
position by a dissection microscope. Sudden stim-
uli, e.g. by touching the polyp surface with micro-
sensor tips or by abrupt changes in light intensity,
often resulted in contraction of the coral tissue. Pro-
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longed incubation in the dark resulted in expansion
of the tissue and extension of the tentacles, therefore
only a few dark profiles were measured. Furthermore,
polyps excreted large amounts of mucus under stress,
e.g. after incubation in the light for more than 16 h and
occasionally after addition of inhibitors of carbonic
anhydrase. Addition of the other inhibitors did not
result in mucus formation. The mucus formed an ad-
ditional barrier for substrate exchange, resulting in
changes in the surface concentrations. Mucus coating
the measuring tip could also directly reduce the
response of the O, sensors. Experiments influenced by
mucus formation were discarded. Finally, sudden de-
creases of pH and increases of CO, were observed,
lasting 1 or 2 min and occurring mainly upon first
encounters between coral tissue and microsensors. We
attributed this to firing of tentacle cells in response to
irritation caused by the microsensor tip.

Experiments without inhibitors
Light and dark profiles

The concentration profiles of O,, Ca** and CO, were
strongly influenced by light (Fig. 1). During illumina-
tion (500 pmol photons m~2 s7'), the O, concentrations
at the polyp surface were ca 2.5x over-saturated
(500 pM), CO, was depleted, and Ca?* was ca 400 uM
below the concentration of seawater. Consequently, in
the light the polyp produced O,, and consumed CO,
and Ca?*. In the dark, O, was almost depleted at the
polyp surface (ca 40 uM), CO, was 95 uM (ca 9x higher
than seawater) and Ca?* was ca 400 uM above the con-
centration in seawater. Thus, in the dark the polyps
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Fig. 1. Favia sp. Profiles of Ca®* (a), O, (®) and CO; (0) in light and
dark incubations. Dark profiles were measured 15 min (Ca?*),

30 min (O,) and 60 min (CO,) after darkening, respectively
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consumed O,, produced CO, and excreted Ca®', at
least during the experimental dark periods of up to
60 min. All profiles show the presence of a highly vari-
able boundary layer adjacent to the polyp surface with
a thickness of 200 to 1500 pm.

Heterogeneity of profiles

The oxygen distribution over the polyp surface, plot-
ted in 2-D for 3 different flow velocities (Fig. 2), shows
a strong heterogeneity of the oxygen distribution over
the irregular polyp surface topography. Increased flow
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Fig. 2. Favia sp. Oxygen distribution over polyp surface at a
Now velocity of (A) 1 cm s, (B)5cm s and (C) 10 cm s
Dashed area: coral body. Arrows: position of the polyp mouth

velocity decreases the thickness of the boundary layer
and thus the concentration differences between sea-
water and polyp surface. Fig. 2 also illustrates that the
coral tissue changes shape over time.

0,, CO,, pH and Ca* concentration changes

0O, and Ca®* concentrations at the tissue surface
responded immediately to experimental changes in
light conditions (Fig. 3). When illuminated after a dark
period, the O, concentration increased due to photo-
synthesis, and the Ca?" concentration decreased. Re-
versibly, upon subsequent darkening O, decreased
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Fig. 3. Favia sp. Dynamics of O, (——, a) and Ca?* (-----, O) at

the polyp surface upon experimental dark-light and light-
dark shifts, as a function of irradiance (510, 230 and 70 umol
photons m™* 57! for A, B and C, respectively). Vertical solid
lines: light was switched off; vertical dashed lines: light was
switched on. (D, E) Initial concentration changes upon (D)
dark-light and (E) light-dark shifts as a function of irradiance
(symbols with error bars: averages and standard deviations of
4 to 6 measurements)
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and Ca®* increased (Fig. 3A-C). The initial rates
were about twice as high for O, as for Ca**
(Fig. 3D, E), the amplitudes of the response curves
of both compounds were similar (Fig. 3A-C). Typ-
ically, for the O, and Ca?* dynamics the response
curves were shaped like exponential rise functions
for which the initial rates were the highest (see
also Fig. 5). The rates of O, changes were higher
upon a light-dark shift than a dark-light shift (see
also Fig. 8). Although less clear, the Ca** dynamics
also exhibited this phenomenon, especially at
lower light intensities.

The pH and CO; showed slower and much
smaller responses to changes in light regime
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Fig. 4. Favia sp. Dynamics of pH ( . ©) and CO; (----- , m)

upon experimental dark-light and light-dark shifts, as a func-
tion of irradiance (481, 174 and 94 pmol photons m? s~ for A, B,
and C, respectively). Vertical solid lines: light was switched off;
vertical dashed lines: light was switched on. (D, E) Maximal
concentration changes upon (D) dark-light and (E) light-dark
shifts as a function of irradiance (symbols with error bars: aver-
ages and standard deviations of 4 to 6 measurements)
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Fig. 5. Favia sp. Comparison of the dynamics of (A) O, { )

and Ca** (-----) and (B) pH (——) and CO (-----). Dynamics are

plotted as rates of concentration change, instead of concentra-

tions. Vertical solid lines: light was switched off, vertical dashed
lines: light was switched on

(Fig. 4). Upon illumination the pH increased and the
CO, concentration decreased, and the opposite hap-
pened after darkening. However, upon darkening it
took from seconds up to half a minute before an
effect was observed on the pH and CO, concentra-
tion, and the maximum rates of concentration
change were observed several minutes after dark-
ening. Upon illumination after a dark period the pH
and CO, concentrations showed a faster response
than upon a light-dark shift; however, it took again
minutes for the response to speed up to maximum
rates. Consequently, the response curves were more
shaped as sigmoidal curves with the largest rates in
the middle. Since the initial rates were usually zero,
in Fig. 4 the maximum response rates are plotted,
not the initial rates. The amplitude of the response
curve was smaller for CO, than for O, and Ca?*. The
difference between O,/Ca?* and CO,/pH dynamics
is more pronounced in Fig. 5, where the dC/dt (i.e.
the change in the concentrations) instead of concen-
trations are plotted against time. The highest dC/dt
for O,/Ca?* occurred directly after a change in illu-
mination. After a change in illumination the dC/dt
for CO,/pH was initially low, increased for 30 s to
several minutes and then decreased again.

Distribution of Ca®* dynamics and gross
photosynthesis

The gross photosynthesis and the Ca** concentra-
tion changes upon illumination were measured
along a transect across a polyp. Both measurements
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Fig. 6. Favia sp. Distribution of photosynthetic activity, P, (4)

and Ca** dynamics (0), over the coral surface (symbols with

error bars represent averages and standard deviations of 3 to

5 measurements). Lower graph shows the shape of the polyp

{shaded area) as determined from the positions where the

microsensor was touching the surface (B). Arrow indicates
the position of the polyp mouth opening

were performed on the same polyp under identical
conditions. The dynamics of the Ca?* concentrations
(initial uptake rates) were most pronounced at the rim
of the polyps and were lowest in the central region
near the mouth (Fig. 6). This coincided accurately with
the distribution of gross photosynthetic activity.

Effect of inhibitors

Ruthenium-red, an inhibitor of Ca-ATPase (Marshall
1996a), had no effect on photosynthesis, O, and Ca?*
dynamics, or on the Ca®* profiles, even at concentra-
tions of up to 100 nM, i.e. 5 times the recommended
concentration (Marshall 1996a) (data not shown).

The effect of 2.5 pM DCMU on both the Ca** and O,
surface concentration is demonstrated in Fig. 7. After
DCMU addition to the recirculation tank, it took
ca 15 min before inhibition was detected. Then it
instantly reduced the O, concentration and increased
the Ca®* concentration, almost simultaneously. Photo-
synthesis was completely inhibited and both the O,
and Ca®* concentrations at the tissue surface stopped
responding to light. The Ca?* profile in light after
DCMU treatment was similar to the dark profiles.
Addition of 0.5 pM DCMU induced the same simul-
taneous effects on the Ca*" and O, surface concen-
frations, and complete, although slower, inhibition of
photosynthesis and Ca®* dynamics (data not shown).
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Fig. 8. Favia sp. Effect of ethoxyzolamide (a carbonic anhy-
drase inhibitor) on (A) the photosynthetic rates, measured
with the fast light-dark method, (B) the maximal concentra-
tion changes of O, and (C) the maximal concentration
changes of CO,, at different light intensities. (——) Inhibitor
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measuremerts
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Fig. 9. Favia sp. Effect of ethoxyzolamide (inhibitor carbonic

anhydrase) on CO, dynamics. (----- ) Inhibitor added, ( )no
inhibitor added. The inhibitor was added ca 2 h before the
measurements

Ethoxyzolamide, an inhibitor of carbonic anhydrase,
had an inhibitory effect on the gross photosynthesis
rate. As shown in Fig. 8A, this was especially the case
at higher light intensities. Similarly, the O, concentra-
tion changes upon light-dark and dark-light shifts,
measured within the first 20 s instead of 1 s for gross
photosynthesis, were inhibited at higher light intensi-
ties (Fig. 8B). Contrary to its effect on O, dynamics, the
inhibitor stimulated the dynamics of CO, drastically
(Figs. 8C & 9). After addition of ethoxyzolamide the
CO, concentration at the polyp surface increased grad-
ually in the course of the experiment (Fig 10). Unfortu-
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Fig. 10. Favia sp. Complete course of experiments where
simultaneous O; (----- ) and CO, { ) concentrations at the
polyp surface were measured, showing the increase of CO,
concentration upon carbonic anhydrase addition. Switches in
tlumination are not indicated. (A} without addition of in-
hibitor, and (B) with addition of ethoxyzolamide (inhibitor car-
bonic anhydrase); the inhibitor addition is indicated with an
arrow. Numbers in the plots indicate the prevailing irradiance
(umol photons m? s™})

nately, the effect of ethoxyzolamide on the dynamics of
Ca®* and pH could not be measured reliably, due to
excessive mucus formation by the polyp during this
experiment.

DISCUSSION
Coral microenvironment

The measured microprofiles showed the presence of
a diffusive boundary layer (DBL) that varied between
200 and 1000 pm in thickness (Fig. 1). The variation in
boundary layer thickness is primarily due to the com-
plex interaction between water flow and the irregular
polyp topography. The distribution of oxygen over the
polyp surface varied strongly and was dependent on
the hydrodynamic regime (Fig. 2) in line with results of
earlier DBL studies in corals (Patterson 1992, Shashar
1993, Kiihl et al. 1995). The oxygen distribution data
also illustrate that, due to the effect of the irregularity
of the polyp surface on the profiles, the microprofiles
cannotf be used for flux calculations (for which a 1-D
geometry is assumed; Kiihl et al. 1995). Consequently,
in order to compare the signal of 2 sensors, measure-
ments must be done at close proximity. The O, profiles
were similar to those measured previously (Kihl et al.
1995). Our measurements showed the presence of a
very dynamic chemical microenvironment at the coral
surface. In the light O, was produced and the coral
took up CO, and Ca?*, while the reverse was observed
under dark incubation. A H* flux towards the coral
tissue was observed in the light and an efflux to the
seawater in the dark, probably due to photosynthesis-
and respiration-induced shifts in the carbonate system.
Our observations are in line with an earlier study of the
coral microenvironment (Kuhl et al. 1995) but provide
new, and to our knowledge the first, data on Ca** and
CO, dynamics in comparison with O, and pH dynam-
ics measured at high spatio-temporal resolution.

Ca? and O, concentration changes

The dynamics of Ca?* and O, were similar in ampli-
tude and initial rates, but in opposed direction (Fig. 3).
The initial concentration changes at the polyp surface
are determined by the local uptake and production
rates. The initial rates for O; were about twice as high
for Ca?*, thus approximately 1 Ca®* is taken up per 2 O,
molecules produced. The amplitudes of the O, and
Ca?* dynamics (the concentration difference between
light and dark situation in steady state) is also deter-
mined by the transport through the DBL and thus by
the diffusion coefficients. Since O, diffuses 2 to 3 times
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faster than Ca?, and the amplitudes were approxi-
mately similar, this also shows a stoichiometry where
1 Ca®" is taken up per 2 O, molecules produced.

The initial rates and amplitudes of the O, and Ca?*
dynamics increased with irradiance and exhibited a
similar saturation curve (Fig. 3D, E). Together with the
notion that the changes were simultaneous (Figs. 3A-C
& 5), this indicates that both processes are tightly cou-
pled, or that both are directly regulated by light. Also
the equal distribution patterns of photosynthesis and
Ca?* dynamics within a single polyp points to a direct
coupling between photosynthesis and Ca®* uptake.

CO; and pH dynamics

The response of CO, concentrations and pH to light
was much slower than that of O, and Ca?*. This cannot
be attributed to the slower sensors, as although the
final signal level is reached after ca 10 s, both CO, and
pH microsensors respond immediately to a concentra-
tion change. Often it was observed that the trend pre-
ceding a switch in illumination continued for seconds
to minutes. This might suggest that the CO, transport
across the polyp surface is only indirectly coupled to
photosynthesis and respiration. However, both the car-
bonate system and the pH determine the CO; concen-
tration changes, especially in the presence of the
enzyme carbonic anhydrase that accelerates the con-
version between CO,; and HCO; (Stumm & Morgan
1981). While respiration, photosynthesis and calcifica-
tion determine the size of the dissolved inorganic car-
bon pool in and near the coral, the pH is determined by
many other processes, e.g. proton pumps and mem-
brane transport. We suppose that these processes con-
tribute to the pH change directly after a light switch
and that this in turn affects the CO, concentration,
mediated by carbonic anhydrase at or near the polyp
surface.

Assuming equilibrium, the total carbonate concen-
tration (CO, + H,CO; + HCO4™ + CO,4%7) can be calcu-
lated from the pH and the CO, concentrations, using
known equilibrium constants. This calculation, applied
to our simultaneous pH and CO; measurements during
light-dark cycles, would result in a total carbonate con-
centration at the polyp surface varying between values
close to zero under illumination to over 5 mM during
darkness. As such extreme variations are impossible,
and certainly cannot be attributed to respiration or
photosynthesis, the basic assumption of the calculation
is not valid: the CO, concentration at the polyp surface
is not in equilibrium with the carbonate system, even
in the presence of active carbonic anhydrase. The CO,
concentration at the polyp surface is lower in the light
than the equilibrium concentration and higher in the

dark. Disequilibrium of the carbonate system was
observed previously in microbial mats and biofilms
with high photosynthetic and respiratory activities,
and the phenomena observed were discussed in detail
(de Beer et al. 1997). The low CO, level at the surface
indicates that CO, is preferentially taken up by the
polyp over other DIC components, e.g. by a CO, con-
centrating mechanism (Badger et al. 1980), which was
indeed demonstrated in dinoflagellates (Berman Frank
et al. 1994). However, there is evidence that polyps
also actively take up HCOj;™ to supply symbiont photo-
synthesis (Goiran et al. 1996).

Comparison of all dynamics

The fast calcium dynamics were unexpected, as we
assumed calcium dynamics at the surface to be a con-
sequence of increased calcification by photosynthesis.
The calcifying site is ca 1 mm below the surface, while
photosynthesis takes place much closer to the tissue
surface. We expected the following sequence of events
upon illumination: (1) CO, to be fixed by photosynthe-
sis, (2) the pH to increase in the photosynthetic zone
(rather slowly, as our measurements show), (3) this pH
increase to gradually expand to the calcifying zone
near the skeleton, (4) the pH increase will lead to
increased calcification and thus a decrease of the local
Ca® concentration, which (5) will eventually result in
a Ca? decrease at the polyp surface. This mechanism
will lead to very slow and delayed Ca®* concentration
changes at the surface, certainly slower than the pH
change. However, the opposite was observed. Thus,
the observed Ca% dynamics at the surface cannot be
explained by calcification mediated through a photo-
synthetically driven pH increase. The data indicate a
coupling between pH and CO,, and between Ca®" and
O,. The differences in dynamics between CO,/pH and
Ca?*/Q, surface concentrations are not consistent
with the view that Ca?* uptake is regulated by pH
changes induced by photosynthesis (McConnaughey
1987, Carlon 1996, Goreau et al. 1996). Instead, a more
direct coupling between photosynthesis and Ca?*
exchange can explain the data.

A remarkable phenomenon is the higher O, concen-
tration change after switching off the light than upon
illumination after a period of darkness. The same was
observed for Ca** dynamics. The opposite was found
for the dynamics of CO, and pH that were higher upon
illumination than upon darkening. However, the dy-
namics of CO,/pH and O,/Ca** (Figs. 3D,E & 4D, E)
are not quite comparable, as for the CO./pH, not the
initial rates (they were usually zero) but the highest
rates were plotted. Similar observations were previ-
ously (Kiihl et al. 1995) reported on pH and O, dynam-
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ics in corals, but in planktonic symbiont bearing foram-
inifera no significant difference was observed between
light-dark and dark-light O, dynamics (Rink et al.
1998). An explanation of these phenomena may be
important for the understanding of the coupling
between photosynthesis and respiration in photosyn-
thesizing communities. The dynamics are a result of
the sum of various host and symbiont respiration pro-
cesses and photosynthesis. The accumulation of
reduced pools and excretion of photosynthates by sym-
bionts are important for the respiration of the host.
Phenomena such as light and dark respiration and the
post-illumination burst of respiration determine oxy-
gen consumption by the symbionts. Furthermore, the
regulation of the photosynthesis by RuBisCo, which
catalyses both O, and CO, fixation, must be consid-
ered. Which of both processes prevails is determined
by the local O,/CQO,; ratio: when it is low CO, is fixed,
when it is high O, is fixed. Our data cannot be conclu-
sive on this matter, as the O,/CO, ratio at the RuBisCo
site may considerably differ from the polyp surface
concentration, due to the carbon concentration mecha-
nism. A comprehensive discussion of these processes
in micro-algae has been published previously (Beard-
all & Raven 1990).

Efiect of inhibitors

Inhibition of carbonic anhydrase inhibited photosyn-
thesis at higher light intensities and increased the CO,
dynamics under all experimental conditions (Figs. 9 &
10) . This can be explained by the notion that actually
CO; is the primary substrate for photosynthesis at the
level of RuBisCo, the enzymatic site of CO, fixation.
Carbonic anhydrase catalyses the reversible conver-
sion of CO, to HCOj3™ and, thereby, brings the CO, con-
centration faster in equilibrium with the pH and the
carbonate pool. Thus, in a dynamic situation where the
carbonate system components and H" are in a tempo-
ral or spatial concentration change, the action of car-
bonic anhydrase will bring the CO, concentration
closer to the equilibrium concentration (de Beer et al.
1997). Since the carbonate pool is much larger than the
CO; concentration, this mechanism effectively buffers
the CO, concentration. Inhibition of carbonic anhy-
drase uncouples the CO, from the carbonate pool,
since the non-catalyzed reaction to and from HCOj™ is
slow. Thus the supply to RuBisCo is strongly reduced,
resulting in a fast CO, decrease during illumination.
Conversely, in the dark the conversion of CO,, formed
by respiration, to HCOj™ is reduced as well, resulting
in accumulation. Because the inhibitor uncouples CO,
to some extent from the carbonate pool, inhibition of
carbonic anhydrase brings the CO, and O, dynamics

closer to stoichiometry. However, when carbonic an-
hydrase is inhibited, the CO, dynamics upon illumina-
tion are higher than upon darkening, the opposite as
observed for O,.

The inhibition of carbonic anhydrase resulted in a
decrease of the photosynthesis rate at higher light
intensities. This can be understood from the decreased
supply of CO, to the RuBisCo enzyme. CO; is supplied
to the symbionts by diffusion from the seawater, by
respiration from the polyp and from the carbonate
pool. If carbonic anhydrase is inhibited, the supply
from the carbonate pool is strongly reduced. At low
light intensities the supply of CO, by transport (from
the seawater and respiratory zones) and non-catalyzed
conversion of HCOj3™ is sufficient. However, at higher
light intensities, and thus at higher photosynthetic
capacity, CO, supply from the carbonate pool and
transport from the polyp tissue limits the photosyn-
thetic rate. This CO, limitation must be a local phe-
nomenon: during exposure to carbonic anhydrase in-
hibitor the CO; concentration at the polyp surface
increases significantly (Fig. 10). Even during illumina-
tion, CO, surface concentrations exceed seawater lev-
els. This indicates that carbonic anhydrase plays a cru-
cial role in the transport of CO, to the RuBisCo
enzyme, on the level of the cell membrane or the
chloroplasts, i.e. an inorganic carbon concentrating
mechanism. The inhibitor we used can penetrate into
cells and thus inhibited all carbonic anhydrase present.
The carbonic anhydrase inhibitor DIAMOX, not used
in this study, does not penetrate cells (Goiran et al.
1996). The use of both inhibitors may be useful to
differentiate between the activities of intracellular and
extra-cellular carbonic anhydrase and their relevance
to photosynthesis.

Since Ruthenium-red had no effect on the Ca*
dynamics, an ATPase does apparently not mediate
Ca®* uptake at the surface of Favia sp. The reported
reduction of coral calcification by this inhibitor (Mar-
shall 1996a) indicates a role of Ca-ATPase in the Ca?"
transport through the tissue or extrusion of Ca?* at the
skeleton site (Ip et al. 1991).

The simultaneous inhibition of Ca?* and O, dynamics
by the photosynthesis inhibitor DCMU strongly indi-
cates that Ca?' concentration dynamics at the tissue
surface are directly regulated by photosynthesis and
not by light. Since the Ca* dynamics were not sim-
ultaneous with the pH/CO, dynamics, it is highly
unlikely that they are linked mechanistically in a direct
way.

In conclusion we have shown that (1) the spatial dis-
tribution of calcium dynamics and oxygen dynamics
are similar, (2) the magnitude and time constants of the
calcium dynamics and oxygen dynamics are similar,
and (3) that both dynamics are simultaneously inhib-
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ited by DCMU. This points to a very strong relation-
ship between processes ruling these dynamics. This is
the basis of our speculation on the existence of a cal-
cium uptake mechanism directly requlated by photo-
synthesis.

These experiments do not elucidate the mechanism
of Ca?* uptake regulation by photosynthesis. Since the
intracellular Ca®* concentration is maintained at sub-
micromolar levels (Chalker et al. 1983), and the con-
centration in seawater is ca 8 mM, uptake into the
cytoplasm could, e.g., be regulated by a gated channel
activated by photosynthesis. It is puzzling that the Ca®*
profiles, measured in the dark and upon exposure to
DCMU, indicate export of calcium from the tissue in
the absence of photosynthesis. This phenomenon
needs clarification and further experiments are
planned. It is thought that Ca?* transport through the
tissue occurs in separate compartments, such as spe-
cialized vesicles (Johnston 1980). Another study sug-
gested more complicated combination of serial and
parallel calcium transport mechanisms through a num-
ber of tissue and skeleton associated pools (Tambutte
et al. 1996). In uptake experiments 3 pools were found:
1 associated with tissue and 2 associated with the ske-
leton; in efflux experiments 2 tissue associated pools
were distinguished and again 2 skeleton-associated
pools were found. The tissue-associated pools were ca
7 nmol mg~! protein, resulting in an average Ca®* tis-
sue concentration of ca 1 mM (Tambutte et al. 1996).
Since this is lower than the surrounding seawater, the
observed efflux from the tissue can be explained by
(1) active transport (by a Ca-ATPase) or (2) by the pres-
ence of a tissue-associated compartment with a Ca®*
concentration higher than seawater. Since the cyto-
plasm concentration is sub-micromolar (Chalker et
al. 1983), and efflux from the tissue is not influenced
by Ca-ATPase inhibitor Ruthenium-red, it seems most
likely that indeed tissue-associated compartments exist
with a high Ca** concentration, such as the specialized
vesicles mentioned above (Johnston 1980). Detailed
studies on the formation and behavior of such vesicles
might lead to more profound insight into calcification
processes.

The photosynthetic symbionts are positioned less
than 50 um from the polyp surface (Barnes & Chalker
1990). This geometry would facilitate regulation of cal-
cification by photosynthesis on the level of Ca* uptake
rather than on the more remote sites of Ca** secretion
and calcification. However, Ca®' is taken up by polyp
tissue, not by the symbiotic algae. It is known that the
host can enhance the CO, fixation and induce the
secretion of photosynthate from its symbionts by chem-
ical agents, known generically as 'host factors’ (Musca-
tine 1967, Gates et al. 1995). Our results indicate that
the symbionts can also reqgulate Ca** exchange of the

host. Of course, calcification has been demonstrated in
the dark, and occurs in ahermatypic corals (Marshall
1996a). However, our data do not exclude the possibil-
ity that several calcium uptake and calcification mech-
anisms exist and operate in parallel. The regulation of
calcium uptake by photosynthesis allows corals to fine-
tune the calcification rates according to environmental
constraints, and to counterbalance increasing pH in
the light due to photosynthesis.
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