Fragmentation of the gastrodermis and detachment of zooxanthellae
in symbiotic cnidarians: a role for hydrogen peroxide and Ca?*
in coral bleaching and algal density control
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Abstract: Coral bleaching involves the detachment of zooxanthellae and the simultaneous fragmentation of
the gastrodermis. Results obtained with a cell permeant fluorescent probe for calcium ions (Ca?") indicates
that “thermal” bleaching is the result of a temperature related breakdown of the Ca* exclusion system. “Solar”
bleaching, which takes place at lower temperatures and is driven by light, is the result of a build-up of photo-
synthetically produced hydrogen peroxide in the tissues. Gastrodermal tissue with its symbionts, scraped from
between septa of corals, was observed under controlled conditions of high light and temperature. Pieces of
gastrodermis round off, zooxanthellae move to the surface, protrude from the surface and after a delay, detach,
surrounded by a thin layer of host cytoplasm, inclusions and plasma membrane. The higher the temperature and
light level the shorter the delay and higher the rate of algal detachment. Fragmentation by the ballooning-out
and detachment of small spheres of cytoplasm (bleb formation) takes place simultaneously. This is likely to be
due to oxidation, by hydrogen peroxide (H,0,), of -SH groups on the cytoskeleton and its attachment to the
plasma membrane. Ground, polished and stained thin acrylic resin sections reveal similar processes taking place
in artificially bleached corals. Isolated zooxanthellae and whole corals are shown to release H,O, in the light.
This process of algal detachment and fragmentation that takes place at normal sea temperatures may underlie the
mechanism limiting algal populations in the gastrodermis and may be localized to areas with a concentration of
algae near the membrane. At above-normal temperatures under the synergistic effect of light and temperature,
the rate of production of H,O, exceeds the rate at which can it be lost by diffusion or destroyed and H,0, accu-
mulates. This results in damage to the calcium exclusion system, detachment of zooxanthellae into the coelen-
teron and fragmentation of the gastrodermis. Rev. Biol. Trop. 54 (Suppl. 3): 79-96. Epub 2007 Jan. 15.

Keywords: Zooxanthellae, coral bleaching, Hydrogen peroxide, Ca?*, algal density, algal detachment, gastro-
dermal fragmentation.

Coral bleaching is the loss of symbi-
otic algae (zooxanthellae) or of the pigments
of the photosymbionts from host organisms
(Williams and Bunkley-Williams 1990). An
early account of coral bleaching (Yonge and
Nicholls 1931) reported mortality and recov-
ery of corals on the Great Barrier Reef after an
episode of 35.1°C temperatures (37.1-37.8°C
in pools). Histological sections of affected cor-
als showed few zooxanthellae in the gastroder-
mis and algae in the process of being ejected.
Many healthy zooxanthellae and wandering

cells containing algae were also reported to be
present in the coelenteron. More recently, seri-
ous and widespread episodes of coral bleaching
and mortality have increased, particularly over
the last two decades. Bleaching episodes have
been associated with higher-than-usual coastal
sea temperatures (Ogden and Wicklund 1988,
Glynn 1991, Jokiel and Coles 1990, Glynn and
D’Croz 1990), in the range 30-34°C (Hoegh-
Guldberg 1999) and with the involvement
of light in what has been referred to as solar
bleaching (Fitt and Warner 1995, Brown et
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al. 2000a, b). Other causes include cold shock
(Muscatine et al. 1991), increased UV levels
(Jokiel 1980, Gleason and Wellington 1993,
Drollet et al. 1995, Lesser 1996), reduced
salinity (Goreau 1964), oxygen stress (Lesser
1996, 1997, Downs et al. 2000, 2002), with
the possible involvement of reactive oxygen
species (Dykens et al. 1992, Nii and Muscatine
1997, Downs et al. 2002), bacteria (Kushmaro
et al. 1996, 1998, Banin ef al. 2000), and dam-
age to zooxanthellae (Szmant and Gassman
1990, Brown et al. 1995) or their photosyn-
thetic mechanisms (Jones et al. 1998, Warner
et al. 1999). In anemones the expulsion of
algae increased with irradiation (McCloskey
et al. 1996) and under hyperthermic condi-
tions different algae were released at different
rates from the same host species (Perez et al.
2001). Reactive oxygen species (ROS), includ-
ing superoxide and hydroxyl radicals, are gen-
erated (Dykens et al. 1992, Nii and Muscatine
1997). Superoxide dismutase (SOD), catalase
and peroxidase have been demonstrated in
zooxanthellae (Tytler and Trench 1986) and in
cnidarians (Dykens 1984, Dykens and Shick
1984, Lesser et al. 1990).

Mechanisms involved in the loss of symbi-
otic algae were reviewed by Gates ef al. (1992).
They included apoptosis and necrosis (Searle et
al 1982, Glynn et al. 1985), exocytosis with the
release of isolated algae (Steen and Muscatine
1987, Fang et al. 1998), zooxanthellae pinched
off by the host cell (Glider 1983), and detach-
ment of host cells with their complement of zoo-
xanthellae (Gates et al. 1992) comparable with
wandering cells (Yonge and Nicholls 1931).
Apoptosis or programmed cell death (PCD)
and necrosis were reported during hyperthermic
stress-induced bleaching over a period of four
days for the anemone Aiptasia (Dunn et al.
2002). Over seven-day treatments the zooxan-
thellae were also affected by PCD and necrosis.
Under the Oxidative Theory of Coral Bleaching
(Downs et al. 2002) apoptotic or necrotic pro-
cesses are initiated by ROS, and mortality or
recovery depends upon the extent of the oxida-
tive damage produced by ROS. This last theory
is built mainly on information from studies of

sea anemones rather than from corals, and this
is understandable given the difficulties that the
coral skeleton places on observations.

The present study was undertaken to inves-
tigate mechanisms of bleaching specifically in
corals. The initial approach followed a com-
ment (Halliwell and Gutteridge 1999) on the
study of irreversible cell injury: “one of the
simplest methods, often not used, is simply
to look under the microscope and see what
the cells are doing!”. The aim was to observe
and photograph living coral gastrodermal tis-
sue using a microscope built into a chamber
in which both light and temperature could be
controlled to simulate bleaching conditions.
A second aim was to see if similar events
take place in the living whole coral exposed
to simulated bleaching conditions. Sections of
coral tissues are normally made after dissolving
away the hard skeleton, a process that can dis-
tort tissues and permit loss of small loose frag-
ments. Embedding in acrylic resin and grinding
sections avoids these disadvantages. Several
studies of cnidarian bleaching (Dykens 1984,
Dykens and Shick 1984, Lesser et al. 1990,
Dykens et al. 1992, Nii and Muscatine 1997)
have focussed on the possible involvement of
superoxide radicals produced in photosynthesis
under photoinhibitory conditions. However, in
the presence of superoxide dismutase (SOD),
superoxide dismutates to form hydrogen per-
oxide, which, unlike the superoxide radical,
is able to pass through biological membranes
with relative ease (Halliwell and Gutteridge
1999, Downs et al. 2002). Hydrogen peroxide
is known to cause membrane damage via lipid
peroxidation (Halliwell and Gutteridge 1999)
and to induce apoptosis (Slater et al. 1995).
Calcium has an important role in maintain-
ing the structural integrity of the cell. Cells
normally have low levels of free Ca®" and
calcium exclusion is linked with the sodium
pump system of the plasma membrane and
an ATP-dependent pump of the endothelial
reticulum (ER). Disruption of the calcium
exclusion system leads to apoptotic or necrotic
death of the cell (Halliwell and Gutteridge
1999). A common consequence of intracellular
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increase of Ca®" is cell blebbing, or balloon-
ing out of the membrane. This results from
damage to the cytoskeleton and its connec-
tions to the plasma membrane by peroxide
oxidation of essential -SH groups of the trans-
membrane channels and cytoskeletal proteins
(Halliwell and Gutteridge 1999). The ATP
driven calcium exclusion system is tempera-
ture dependent. Coupling with ATP ceases at
42°C in human erythrocytes (Rega 1986) and
sarcoplasmic reticulum (Meltzar and Berman
1984). Hydrogen peroxide is known to be
secreted by the cyanobacterium Anacystis nidu-
lans (Patterson and Myers 1973). Superoxide
and hydrogen peroxide are secreted by the “red
tide” dinoflagellate Cochlodinium polykrikoi-
des and other free living dinoflagellates (Kim
et al. 1999). The third aim in this study was
to determine whether hydrogen peroxide is
released by either zooxanthellae or whole cor-
als, and if so, determine how its production is
related to light and temperature, and thus to
examine a possible role for hydrogen peroxide
in coral bleaching

MATERIALS AND METHODS

Coral sampling and preparation: All
sea water used for experiments was passed
through a column of 4-8 mesh activated char-
coal (Sigma) and millepore-filtered (0.45u).
Small pieces of live coral, Agaricia agaricites
and Porites porites, were collected in the back
reef at Discovery Bay, Jamaica and were held
in the sea water table at the Discovery Bay
Marine Laboratory of the University of the West
Indies. A coring device was used to obtain 2 cm
diameter x 1 cm thick samples from the mas-
sive corals Siderastrea siderea and Montastrea
faveolata. The area of pieces of coral used for
experiments was estimated with aluminium foil
(Marsh 1970). Small Agaricia colonies proved
to be a particularly useful source of gastroder-
mal tissue. Tissue between parallel setac was
scraped out with a needle, under sea water in
a solid watch glass. Zooxanthellate tissue was
brown and could be distinguished from epider-

mal tissue. It was easily removed with a fine
pipette. Some pieces of tissue were motile as
a result of ciliary or flagellar activity. Scraping
tissue off Agaricia plates produced relatively
little mucus. This was not the case for the other
coral species investigated in which the mucus
had to be vigorously teased or cut to allow
removal of the gastrodermal tissue. Slides were
prepared in advance with a square of parafilm
smeared thinly with silicone stopcock grease
on both sides. A 1 cm hole in the parafilm
allowed the introduction of sea water and gas-
trodermal tissue to be introduced. A coverglass
pressed down gently made an effective seal
that prevented evaporation and, as judged from
cell motility, remained viable for 24 hr. The
parafilm spacer was omitted with the x100
oil immersion lens and a thin layer of silicon
grease was used to seal the preparation.

Observations: The base and stage of a
Wild M20 Research Microscope was built into
an insulated box constructed of 5 cm thick
extruded polystyrene. The temperature within
the box was set and maintained within 0.1°C
by a small electrically heated coil controlled
by a temperature sensor, regulator and fan.
Light was introduced to the microscope mir-
ror through a plate of heat absorbing and UV
blocking glass (Edmunds Scientific). A door on
one side of the box and a plexiglass window on
the top enabled focussing and other adjustments
to be made. Phase contrast, dark field, and light
field observations could be made and photo-
graphs taken in the normal way. Illumination
was measured directly on the microscope stage
with a LI-COR Quantum Radiometer (Model
LI-250). The sensor was shielded to an area of
1 mm?. Coral bleaching at Discovery Bay takes
place when sea water temperatures reach about
32°C and the highest irradiances experienced in
the surface waters are about 2000 pmol.m2.s™".
The majority of experiments were carried out
at 30°C, 32°C or 34°C. Three irradiance levels
were used, 850, 1250 and 2000 pmol.m?2.s’.
The area outside the central illuminated field
of the microscope permitted dark comparisons
to be made at any temperature.
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Staining: The integrity of cell and frag-
ment membranes was investigated by the
vital dye exclusion method using trypan blue
(McCarthy and Evan 1998). Sea water satu-
rated with trypan blue was used in experiments
in which gastrodermal tissue was exposed to
bleaching conditions. Live cells with mem-
brane integrity do not take up stain and can be
distinguished from dead cells. Material released
from gastrodermal tissue or by coral pieces
during artificial bleaching were collected and
concentrated by centrifugation. Bisbenzimide
and acridine orange (20 pg.ml"!' in sea water)
were used to stain nuclei. Acridine orange and
Hoechst 33342 (0.1 ug.ml"! sea water) stained
living cells and Hoechst 33258 (0.1 pg.ml! sea
water) (Sigma-Aldrich) stained material that
had been fixed (modified Karnovsky solution,
see below). Fluorescence was observed and
photographed with a Leica DMIRE2 inverted
fluorescence photomicroscope.

Sections: Freshly collected pieces of
Agaricia were maintained at 32°C in a stirred
constant temperature bath, under moderate illu-
mination (600-800 umol.m2.s™") provided by a
60-watt halogen spotlight, with a heat filter and
80B optical filter. Pieces were taken out at inter-
vals and fixed in modified Karnovsky solution
(2.5% glutaraldehyde, 2% paraformaldehyde
in 0.1 M Sorenson or cacodylate buffer). Small
pieces from the edge of Agaricia colonies were
dehydrated, embedded in LR White (hard)
acrylic resin (Sigma) and cured at 60°C under
nitrogen. Slices (< 1 mm thick) were cut with
a diamond saw. The slices, mounted on glass
slides with thermoplastic cement, were ground
with a series of abrasives to a thickness of less
than 0.05 mm. The sections were then ground
and polished on one side, heated, detached
and turned over. After re-attachment they were
ground and polished on the second side and
stained with toluidine blue. After washing in
distilled water and drying, the sections each
received a drop of immersion oil and a cover-
glass. The thickness of the section was not criti-
cal but the surface had to be scratch free. With a
short staining time of 30 s only a very thin layer

at the surface was stained and the lower levels
of the sections remained optically clear.

Hydrogen peroxide released by zooxan-
thellae: Production of H,O, by zooxanthellae
was measured with a technique similar to one
used by Patterson and Myers (1973) based
on the reduction of scopeletin fluorescence
(Andreae 1955) in the presence of horserad-
ish peroxidase (Sigma). A stock solution of 2
mg/L scopoletin (Sigma) was kept at 4°C. In
preliminary experiments it was found that a
suspension of zooxanthellae strongly quenched
the blue fluorescence and if stirred zooxan-
thellae clumped and adhered to surfaces. It
was also apparent that the UV used to excite
fluorescence generated significant quantities
of H,0, so the time for which the UV LED
was switched on was kept to a minimum.
Zooxanthellae were obtained with the water
pik method (Johannes and Wiebe 1970). After
homogenisation they were cleaned by low
speed centrifugation for three minutes, at least
four times, followed by resuspension with a
vortex mixer between spins. The algae were
then resuspended, strained through cheese-
cloth and counted using a haemocytometer. The
density of the algal suspension was adjusted to
8.0 x 10° algae.ml"! and total volume of 8 ml.
To this was added an equal volume of sea water
containing 1 ml of scopoletin stock (2 mg 1)
and 300 units of peroxidase. The final mixture
contained 4.0 x 103 algae and gave close to a
full scale deflection in the fluorometer (Fig.
1). One ml of the algal suspension was added
to fifteen 1.5 ml plastic centrifuge tubes. Six
tubes, three illuminated, three dark, were kept
at room temperature at 27°C, and six tubes
were placed in a temperature controlled cham-
ber at 32°C. Illumination of 250 pumol.m?2.s!
was provided by a white LED (RL5-W18030,
Super Bright LEDs Inc.) built into a cap that
fitted over each centrifuge tube. After 15 min,
during which the tubes adjusted to temperature,
the initial fluorescence of the three remaining
tubes was read in the fluorometer and the LEDs
were switched on. After 1 hr the tubes were
shaken and centrifuged for 5 min at high speed
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Fig. 1. Fluorometer. The sample chamber is a 9x30 mm
Kimble glass vial, with a neoprene o-ring round the top,
and the bottom shielded with a disc of black electrical tape.
The UV source is a UV LED (RLT350-TO-18, Roithner
Lasertechnik) with emission at 350-375 nm and UV filter
(U-340, Edmund Optics), to block light emitted in the vis-
ible range. The LED is powered via a switch and limiting
resistor from a regulated 6V source. The sample is at one
focus of an ellipsoidal reflector (Orion No. 45322) which
collects light produced by fluorescence and directs it to
a blue broadband interference filter (Y46-149, Edmund
Industrial Optics) and photovoltaic sensor at the second
conjugate focus of the mirror. The light source sits snugly
above the sample chamber but can be lifted off to give
access to the sample. Other interchangeable light sources
were a green laser diode module (E1894, Egismos) and
blue Luxeon IW LED.

Fig. 1. Flourémetro. La muestra se coloca en un vial de
vidrio Kimble de 9x30 mm, con un anillo-o de neopreno
en la parte superior y un disco de cinta eléctrica negra
que cubre la parte inferior. La fuente UV es un UV LED
(RLT350-TO-18, Roithner Lasertechnik) con emision a
350-375 nm y un filtro UV (U-340, Edmund Optics),
para bloquear la luz emitida en el rango visible. El LED
funciona con un interruptor y una resistencia de una fuente
6V regulada. La muestra estd en el foco de un reflector
elipsoidal (Orion No. 45322) que recolecta la luz produ-
cida por fluorescencia y la dirige hacia el segundo foco
conjugado del espejo, donde hay un filtro de interferencia
azul de banda ancha (Y46-149, Edmund Industrial Optics)

y un sensor fotovoltdico. La fuente de luz se sienta comodamente sobre la camara muestral, pero puede levantarse para dar
acceso a la muestra. Un mddulo de diodos de laser verde (E1894, Egismos) y azul Luxeon 1W LED, fueron otras fuentes

de luz intercambiables.

to deposit the algae and suspended matter. Then
0.6 ml of the supernatant was withdrawn from
each with a pipette and transferred to a fluor-
ometer sample vial. Three readings of fluores-
cence were taken for each vial and averaged.
After 1 hr of illumination the fluorescence of
the “light” and “dark” tubes from the two tem-
peratures were read as above. The difference
between the averages before and after illumi-
nation gave the average change in fluorescence
during the period of illumination. Calibration
was carried out with commercial 6% hydrogen
peroxide solution diluted with distilled water
(x 4000). 10 pL containing 15 ng of H,0, was
introduced into each vial using a microsyringe,
stirred gently and the fluorescence re-read.
The commercial hydrogen peroxide was later
assayed by iodometric titration (Vogel 1961)
and the results adjusted.

H,0, released by whole corals: Small
(2.5-5 cm?) pieces of thin plates of the coral
Agaricia agaricites were placed on a layer of
plastic mesh in a beaker with 40 ml of sea water.
The layer of mesh rested on an insulated heater
coil surrounding a central area with a mag-
netic stirrer bar. The beaker was continuously
stirred and a thermistor sensor and controller
maintained the temperature constant to within
0.1°C. Temperatures were monitored with a
lab thermometer. [llumination was provided by
a 60-watt narrow beam halogen spotlight with
a heat filter and 80B optical filter. Peroxidase
(500 units) and 2.5 ml of stock scopoletin
solution (2.0 mg/l in sea water) were added to
the sea water in the beaker. Fluorescence was
monitored at intervals of 3-5 min by transfering
0.6 ml of the sea water medium from the incu-
bation beaker to the chamber of the fluorometer.
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The fluorescence of the sample was read, com-
pared to a sea water blank and the sample was
then returned to the incubation beaker. The
initial concentration of scopoletin was adjusted
to give a full scale reading. If in the course of
an experiment the concentration of scopoletin
was reduced to below 20% of the initial read-
ing more of the stock scopoletin was added and
the same amount of medium removed to keep
the total volume the same. Rates of change
of fluorescence were obtained by regression
analysis from four or five consecutive readings.
Each experiment was calibrated by spiking the
incubation medium with a known quantity of
hydrogen peroxide and observing the change
in fluorescence. Measurements were made
of hydrogen peroxide release involving three
sets of conditions. First, the temperature was
changed while keeping illumination constant.
Second, the illumination was changed and tem-
perature was kept constant. Third, illumination
and temperature (32°C) were kept constant and
hydrogen peroxide release was monitored over
a period of about 7 hr.

Two intracellular probes sensitive to H,O,
were used in this study. The first, 2°, 7°-dichlo-
rofluorescin diacetate (H,DCFDA) (Sigma), is
permeable to living cells. Once loaded it deacet-
ylates to H,DCF which reacts with peroxides
to form the green fluorescing 2°, 7‘-dichloro-
fluorescein. The second (C-H,DCFDA), 6-
carboxy-2‘, 7‘-dichlorodihydrofluorescein
diacetate di(acetoxy methyl ester) (Molecular
Probes), works in a similar way to H,DCFDA
but has two additional negative charges which
reduce the tendency of the fluorescent product
of its reaction with H,0, to leak out of the cell.
Stock solutions in DMSO (10 mmol.I'") were
prepared (Blackstone 2001) and small pieces of
Agaricia were incubated for 1 hr in a 10 umol.
I"! solution in sea water in the dark. The pieces
were rinsed in sea water and trimmed to fit into
the fluorometer sample vials. The stimulating
lamp was a blue Luxeon 1watt LED (peak 480
nm) with a parabolic reflector, which produced
a narrow beam of light, and broadband interfer-
ence filter (410-480 nm). Fluorescence (peak
525 nm) was collected by the ellipsoidal mirror

of the fluorometer (Fig.1) and passed through
a broadband interference filter (510-590 nm)
to the sensor. The fluorometer was operated in
a temperature controlled chamber. To assess
the effect of temperature the temperature was
raised by steps at intervals of 15 min with the
light source on.

Intracellular Ca®*: The acetoxymethyl
(AM) ester of the cell permeant calcium indi-
cator Calcium Orange (Molecular Probes Inc.)
is permeable to living cells. On entry it is
hydrolysed to release the fluorescent calcium
indicator in a charged form that is less per-
meant to cell membranes. 50 pg of Calcium
Orange was dissolved in 0.1ml of a 20% solu-
tion of Pluronic® F-127 in dimethyl sulfoxide
(DMSO). This was added to 20 ml of sea
water to give a 4 uM working solution. Small
pieces from the edge of thin plates of Agaricia
agaricites were incubated for 30 min, rinsed
in sea water, trimmed and placed with 0.6 ml
sea water in a fluorometer sample vial in the
fluorometer (Fig. 1) in a temperature controlled
chamber. Excitation at 532 nm was provided by
a green laser diode module (E1894, Egismos
Technology Corporation) and the fluorescence
(peak at 575-580 nm) was collected and passed
through a broadband interference filter (560-
640 nm) to the sensor. The temperature of
the chamber was raised by steps at 15 min
intervals. At each temperature the laser module
was switched on briefly to take a reading of the
fluorescence.

RESULTS

Direct observations: Clumps of gas-
trodermal cells, under moderate light (1250
pmol.m2.s!) and temperature (32°C), formed
spherical masses within 5-15 min with a clear
coherent layer on the outside and zooxanthel-
lac packed in the centre (Fig. 2a). After a
delay period of up to 2 hr, individual zooxan-
thellae moved to the surface (Fig. 2a), pro-
truded through it (Fig. 2b, c,), and eventually
detached, singly, or in groups (Fig 2c). Most
of the detached zooxanthellae were surrounded
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Fig. 2. Gastrodermal tissue from Agaricia
sp. exposed to moderate temperature (32°C)
and illumination (1250 pmol.m2.s™). Scale
bars, 10 um. a. After 15 minutes tissue has
rounded off with zooxanthellae in the centre,
a single zooxanthella is at the surface. b. After
80 minutes a lump of gastrodermal tissue has
a zooxanthella protruding from the surface,
gastrodermal cell fragments (arrows) can also
be seen on the surface. c. After 100 minutes
many zooxanthellae are at the surface in vari-
ous stages of release, gastrodermal cell frag-
ments are also visible (arrows) on the surface.
d. After 180 minutes the clump has collapsed,
gastrodermal cells, cell fragments and zoox-
anthellae, singly, or in groups, surrounded by
host cell plasma membrane and inclusions
have accumulated.

Fig. 2. Tejido gastrodermal de Agaricia sp. expuesto a temperatura moderada (32°C) e iluminacion (1250 umol.m2.s™).
Escala, 10 pm. a. Tras 15 min el tejido se ha redondeado y tiene una zooxantela en el centro, una sola zooxantela esta en la
superficie. b. Tras 80 min hay una ampolla de tejido gastrodermal que tiene una zooxantela saliendo por la superficie, frag-
mentos de células gastrodermales (flechas) también se pueden ver en la superficie. c. Tras 100 min hay muchas zooxantelas
en la superficie, en varias etapas de desprendimiento y también se pueden ver fragmentos de células gastrodermales (flechas)
en la superficie. d. Tras 180 min la ampolla ha colapsado y se acumulan células gastrodermales, fragmentos de células y
zooxantelas, solas o en grupos, rodeadas de membrana plasmatica e inclusiones de células hospederas.

by a thin layer of host cytoplasm, plasma
membrane, and cell inclusions (Fig. 2d). Host
nuclei could be distinguished with regular
and phase contrast optics and it was clear that
host cytoplasm surrounding zooxanthellae did
not always have a nucleus. At the same time
small spherical blebs, not containing algae but
sometimes with inclusions, appeared on the
surface of the clump (Fig. 2b, c¢) and eventually
detached (Fig. 2d). Most of the fragments and
algae that were released sank to the surface of
the slide nearby, but a few algae, surrounded
by host material with a flagellum, swam away.
After several hours, all that remained was an
area strewn with algae and cell fragments, with
a heap in the centre representing what was left
of the original gastrodermal tissue.
Observations on the delay periods and
detachment rates were made at 30, 32 and
34°C, with three illumination levels: 850, 1250
and 2000 umol.m2.s™! (referred to as low, inter-
mediate and high). Initially Agaricia agaricites
was studied (37) but tissue from other species
(Montastrea faveolata (13), M. annularis (7),
Siderastrea siderea (12) and Porites porites (3)
was used for comparison and confirmation that

the same processes took place. Examples of the
results can be seen in figures 4 and 5; they were
chosen from experiments in which the rounded
off balls of gastrodermal tissue were of a
similar size, with about 200-300 zooxanthel-
lae, and from the same coral colony. Generally,
the higher the temperature and light level, the
shorter was the delay, and the higher the rate of
algal loss. More specifically, under a moderate
light level (Fig. 3a) there was no loss of algae
at 30°C but at 32°C after a delay of 75 min,
algae detached at a rate of about 70/hr. At 34°C,
after a delay of 15 min algae detached at a rate
of 200/hr. At 30°C (Fig. 3b) clumps of gastro-
dermal cells from Agaricia rounded off but no
algae were shed at the lower and intermedi-
ate light levels. At the high light level, algal
detachment commenced after 85 min. At 34°C
algal loss took place at all light levels, almost
immediately at the higher light level and after
a delay of 7-8 min for the lower levels. In the
dark areas of the slides at 30-32°C there was
little or no algal loss from the tissue over the
time period of the experiments but when left
overnight at 32-34°C the rounded off tissue in
the dark areas had also completely fragmented.
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Fig. 3. The accumulated loss of algaec from lumps of
gastrodermal tissue exposed to different temperatures and
illumination plotted against time. a. Agaricia sp. under
moderate illumination (1225 pmol.m2s) at 30°C, 32°C
and 34°C. b. Agaricia sp. at 30°C at low, moderate and
high light levels.

Fig. 3. Pérdida acumulada de algas de las ampollas de
tejido gastrodermal, expuesto a diferentes temperaturas e
iluminacion, graficada contra el tiempo. a. Agaricia sp.
bajo iluminacién moderada (1225 pmol.m?2.s!) a 30°C,
32°C y 34°C. b. Agaricia sp. a 30°C, con niveles de luz
bajos, moderados y altos.

At 30°C some algal detachment had taken
place overnight but the cells appeared to be
healthy and flagellar action was still evident.
At 35-36°C in the dark, detachment of algae
and fragmentation commenced after about 30
minutes and was complete within two hours
(Fig. 2d). When temperatures were raised for
tissue from Agaricia ciliary action ceased at
about 36-37°C and epidermal cells started slid-
ing apart at 37.5°C.

Gastrodermal cells from other spe-
cies showed differences in their responses.
Siderastrea siderea (Fig. 4a) was more sensi-
tive than Agaricia at 30°C (Fig. 3b) in that algal
loss took place after 120 min at the intermediate
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Fig. 4. The accumulated loss of algae from gastrodermal
tissue plotted against time. a Siderastrea siderea at 30°
C at low, moderate and high light levels. b. Montastrea
faveolata at 30° C at low, moderate and high light levels. c.
Agaricia agaricites at 32° C, 850 umol.m2.s\. in sea water
with 10 mmol, 5 mmol and 1 mmol H,0,.

Fig. 4. Pérdida acumulada de algas de las ampollas de teji-
do gastrodermal graficada contra el tiempo. a. Siderastrea
siderea a 30°C, con niveles de luz bajos, moderados y
altos. b. Montastrea faveolata a 30°C, con niveles de luz
bajos, moderados y altos. c. Agaricia agaricites a 32°C,
850 pmol.m?2.s™!' en agua de mar con 10 mmol, 5 mmol y
1 mmol H,0,.

light level. At 34°C massive fragmentation
started quickly and only later did algae move
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to the surface and detach. Montastrea faveo-
lata (Fig. 4b) seemed to be slightly less sen-
sitive than Agaricia in that the delay times
were longer. At 30°C and intermediate light,
algal detachment started at a very low rate
(3/hr) and this changed after a 2.5 hr delay
to a much higher rate (50/hr). Porites porites
does not tend to bleach at Discovery Bay when
other species are affected and gastrodermal
tissue required a temperature of 34°C for algal
detachment to occur and then only after 4.5 hr
under high light conditions.

Staining: Observations were made of gas-
trodermal tissue in sea water saturated with
trypan blue under high light/temperature con-
ditions. Unlike the debris present, which took
up the stain, neither the cell fragments nor the
coral tissue surrounding released algae took up
the stain. This indicated that the membranes
retained their integrity as in apoptosis and were
not necrotic. Further, the fragments retained
their integrity at least overnight.

Live material released from corals under
high light and temperature conditions were
stained with bisbenzimide (Hoechst 33342).
Zooxanthellae were readily visible as a result
of the red fluorescence of the chloroplast.
Nuclei, particularly of the coral host, were vis-
ible due to the blue fluorescence of DNA (Fig.
5). The nuclei did not show condensation of the
chromatin that is typical of apoptosis in higher
organisms. In the fixed material stained with
Hoechst 33258 the host nuclei were smaller,
the nuclei of the algae were brighter and con-
densed and generally the fluorescence was less
brilliant. Pairs of zooxanthellae surrounded by
host cytoplasm, similar to the one seen in Fig.
2d were present. Figure 5c¢ shows two pairs of
zooxanthellae held together by host cytoplasm,
one with, the other without, a host nucleus.
Both pairs are too far apart and too large to be
the result of a recent cell division, the resulting
individuals remaining together within a cyst
wall. Also seen were pairs of zooxanthellae
with two nuclei present (Fig. 5d). Some of
the single zooxanthellae had two (Fig. 5a) or
three (Fig. 5b) host nuclei. These observations

suggest that it is unlikely that these zooxanthel-
lae are in their original host cells.

Sections: Small pieces of Agaricia sp.
held in sea water at 32°C and exposed to
light (300-800 umol.m2.s".) generally showed
signs of bleaching after 6-8 hr. Figure 6 shows
an example in which one half of a piece of
Agaricia was illuminated and the other half
more or less shaded. The half exposed to light
is much lighter in colour, especially on the
ridges. In the central area where light and dark
areas meet and the light intensity is lower, the
patches of dark brown colouration round the
mouths of the polyps indicate the accumulation
of zooxanthellae prior to their loss. In sections
of unbleached, freshly collected Agaricia (Fig.
7a) free zooxanthellae are not present in the
coelenteron. Pieces of coral at 32°C showed
no visible signs of bleaching after 2-3 hr in
light but sections showed free zooxanthel-
lac in the coelenteron (Fig. 7b). After 5-6 hr
of exposure to light, pieces of coral began to
show signs of bleaching, i.e. were lighter in
colour on the ridges. The sections showed,
in addition to detached algae, many small
cell fragments present in the coelenteron. The
cell layers, especially the gastrodermis, appear
degraded, with fragmented contents (Fig. 7c).
The thin layers lining the skeleton had also
detached from the skeleton. At 30°C zooxan-
thellae appeared in the coelenteron but only
after a much longer period of illumination, and
there was some detachment of the two thin cell
layers from the skeleton. The sections confirm
that detachment of the zooxanthellae and frag-
mentation observed in gastrodermal tissue also
takes place in intact corals under similar condi-
tions of high light and temperature.

Hydrogen peroxide: Gastrodermal tissue
from a colony of Agaricia placed in sea water
containing hydrogen peroxide responded (Fig.
4c) in a similar way to algae exposed to high
light/temperature (Fig. 3a, b, 4a, b), i.e., algal
detachment took place after a delay period and
the higher the concentration of H,O, the shorter
was the delay period and the higher the rate of
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Fig. 5. Zooxanthellae released from Agaricia sp. held at
33°C and 350 pmol.m?.s”' and stained with bisbenzim-
ide. a. A single zooxanthella with two host nuclei on the
periphery. b. A single zooxanthella with three host nuclei.
c. Two pairs of zooxanthellae: one (on the left) without a
host nucleus, the other with a single host nucleus. d. A pair
of zooxanthellae with two host nuclei.

Fig. 5. Zooxantelas desprendidas de Agaricia sp. a 33°C y
350 umol.m?2.s™! y tefiidas con bisbenzimida. a. Una tnica
zooxantela con dos nicleos del hospedero en la periferia.
b. Una tnica zooxantela con tres ntcleos del hospedero. c.
Dos pares de zooxantelas: uno (a la izquierda) sin niicleos
del hospedero, el otro con un solo nucleo. d. Un par de
zooxantelas con dos nucleos del hospedero.

P——— 4‘

Fig. 6. A piece of Agaricia agaricites held at 32°C for 6 hr,
half illuminated with 800 pmol.m2.s"' showing signs of
bleaching; half shaded, unbleached. Arrows indicates edge
with parallel septa. Scale bar, 1 cm.

Fig. 6. Trozo de Agaricia agaricites colocado a 32°C por
6 hr, la mitad iluminada con 800 pmol.m2.s"! y mostrando
sefiales de blanqueamiento, la otra mitad en la sombra,
sin blanqueamiento. Las flechas indican el limite con los
septos paralelos. Escala 1 cm.

detachment. Response to 10 and 5 mmol H,0O,
was much stronger and faster but response to 1
mmol H,O, was at a comparable level.
Isolated zooxanthellae were found to pro-
duce and release hydrogen peroxide. In the 12

Fig. 7. Sections, from the edge with parallel septa, of pieces
of a young colony of Agaricia sp exposed to 800 umol.
m?2s! illumination at 32°C. a. Before bleaching. Scale
bar 0.1 mm. b. After three hours, there are many detached
zooxanthellae in the coelenteron. Scale bar 10 um. c. After
6 hours, the integrity of the gastrodermis is degraded and
many cell fragments (arrows) are present in the coelenter-
on, scale bar 10 pm.

Fig. 7. Secciones, del borde con septos paralelos, de
trozos de una colonia joven de Agaricia sp. expuesta
a iluminaciéon de 800 pmol.m?2.s' a 32°C. a. Previo al
blanqueamiento. Escala 0.1 mm. b. Después de 3 hr, hay
muchas zooxantelas desprendidas en el celenteron. Escala
10 pum. c. después de 6 hr, la integridad de la gastrodermis
esta degradada y muchos fragmentos de células (flechas)
estan presentes en el celenter6n, Escala 10 pm.

coral samples from four host species the H,O,
released at 27°C wvaried considerably (51.4-
191.2, mean 81.3 ng.hr!.10%lgae!). At 32°C
production was slightly lower (4.8-174.8, mean
57.4 ng.hr!.10%lgae™!). In the dark there was
a small reduction in fluorescence representing
H,0, production of 10.9 ng.hr!.10° algae ! at
27°C and 5.2 ng.hr!.10° algae™! at 32°C. The
above rates are based on the difference between
light and dark production and thus confirm the
light related nature of the H?O? production. The
production of H?O? by isolated zooxanthellae at
27°C and 32°C was not significantly different.
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The rates at which hydrogen peroxide was
released from Agaricia pieces from different
colonies varied by as much as an order of
magnitude. Individual pieces generally showed
higher rates of release at above or below ambi-
ent temperatures. The mean rates of release of
H,0, (in pg.cr®.hr'!) recorded were as follows:
28°C, 0.67 (n=2); 30°C, 0.47 (n=7); 32°C, 0.46
(n=7); 34°C, 1.03 (n=6); 36°C, 0.66 (n=4). These
results are similar to those obtained for isolated
zooxanthellae. Production of H,0, was light
related. When illumination was cut off, the rate
of H,O, release decreased and when illumina-
tion was resumed, or increased, the rate of H,O,
release generally increased. Agaricia pieces
showed higher production at 34°C.

The release of H,0, by pieces of Agaricia
held at 32°C with illumination of 300 pmol.
cmZ2.hr! was monitored over several hours.
The pattern of the results obtained was similar
(Fig. 8a, b) for eight pieces of Agaricia tested.
Hydrogen peroxide was released at a constant
rate between 0.11 and 0.40 pg.cm2.hr! (mean
0.219 pg.cm2.hr!) for a period of 65-160 min
(mean 122 min) at which point the rate dropped
to a much lower but constant rate (0.025-
0.15 pg.cm?.hr!, mean 0.06 pg.cm.hr'). Two
of the coral pieces started showing signs of
bleaching at the point of change with a light-
ening of the colour, particularly on the ridges.
Regression analysis indicated that there is a
possible (p= 0.10) inverse relationship between
the initial rate of hydrogen peroxide release and
the time at which the rate of hydrogen peroxide
release changed. The lower rate at which hydro-
gen peroxide was released from coral pieces
probably represents the rate at which loss is by
diffusion (note: in these experiments the cham-
ber was stirred fairly vigorously and continu-
ously). The initial higher rate may involve some
active mechanism, such as active circulation of
the contents of the coelenteron, assisting in the
elimination of hydrogen peroxide.

Initial experiments in which coral pieces
loaded with H,DCFDA were excited with blue
light for brief periods showed little change
in fluorescence level over the temperature
range of 28-36°C. When the light was kept on
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Fig. 8a, b. Two examples of pieces of Agaricia agaricites
incubated at 32°C and illuminated with 300 pmol.m?2.s™!.
The fluorescence of the medium decreases over time as
H,0, is released and reacts with scopoletin. The rates of
release (in parentheses) calculated from the slope of the
regression lines change to a much lower rate. Regression
line and 0.05 probabilities are plotted.

Fig. 8 a, b. Dos ejemplos de trozos de Agaricia agaricites
incubados a 32°C e iluminados con 300 umol.m2.s™. La
fluorescencia del medio decrece con el tiempo mientras
que el H,O, se libera y reacciona con la escopoletina. Las
tasas de desprendimiento (en paréntesis) calculadas con
la pendiente de las lineas de regresion, pasan a ser tasas
mucho mas bajas. Se grafican las lineas de regresion y las
probabilidades de 0.05.

permanently the fluorescence levels increased
steadily, indicating accumulation of H,O,. In
a typical experiment (Fig. 9a) fluorescence at
34°C increased but eventually leveled off as
the H,DCF became depleted. In these experi-
ments with H)DCFDA the fluorescent product
of reaction with H,O, leaked out of the tissues
and the sea water in the vial fluoresced strongly.
With the improved version, C-H,DCFDA, there
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Fig. 9. Pieces of Agaricia agaricites loaded with H,O,
sensitive fluorescent probes were under continuous illumi-
nation with blue light (Peak, 480nm). a. With H,DCFDA
Fluorescence (peak 525nm) is plotted against time.
Fluorescence increases, indicating production and accu-
mulation of H,O, Fluorescence reaches a maximum with
depletion of H,DCFDA. Note: the fluorescent product of
reaction of H,DCF with H,O, leaks from the coral tissue.
b. With C-H,DCFDA temperature is increased in steps at
15 minute intervals, rate of change of fluorescence is plot-
ted against temperature. The rate of H,O, production and
accumulation increases rapidly as temperatures approach
34-36°C.

Fig. 9. Trozos de Agaricia agaricites con sondas de H,O,
sensibles a la fluorescencia, bajo iluminacién continua
con luz azul (Peak, 480nm). a. Se grafico la fluorescencia
H,DCFDA (pico 525nm) contra el tiempo. La fluorescen-
cia se incrementa, indicando produccion y acumulacion de
H,0,. La fluorescencia alcanza un maximo al agotarse el
H,DCFDA. Nota: El producto fluorescente de la reaccion
del H,DCF con el H,0, se filtra del tejido de coral. b. Con
el C-H,DCFDA, la temperatura se incrementa en pasos a
intervalos de 15 min, la tasa de cambio de la fluorescencia
se grafica contra la temperatura. La tasa de produccion y
acumulacion de H,O, se incrementa rdpidamente cuando
la temperatura se aproxima a los 34-36°C.

was little leakage. The rate of change of fluo-
rescence (Fig. 9b) increased slowly as the tem-
perature was raised until about 34°C. After that
it increased rapidly, indicating increases in the
internal concentration of H,O, and an increase
in the rate at which it was being produced.

Intracellular Ca**: When the green laser
module was switched on to excite Agaricia
loaded with calcium orange there was an
immediate and rapid change in fluorescence.
The fluorescence stabilized within 2-3 s (Fig.
10). As temperature was increased fluorescence
levels decreased, but at about 34°C fluores-
cence levels began to increase dramatically,
indicating rapidly increasing Ca”* levels in the
tissues of the coral as the temperature increased
through 35-36°C.
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Agaricia loaded with calcium orange

Fig. 10. A piece of Agaricia agaricites was loaded with
the Ca®" sensitive fluorescent probe Calcium orange and
was excited briefly with green laser light (532 nm). When
switched on the fluorescence stabilised after 2-3 seconds.
Temperatures were increased by steps at 15 minute inter-
vals. Fluorescence increased dramatically at 34-36°C indi-
cating an increase in internal Ca?",

Fig. 10. Se coloco la sonda sensible a la fluorescencia
“Calcium orange” en un trozo de Agaricia agaricites 'y fue
exitada brevemente con laser verde (532 nm). Al encend-
erse, la fluorescencia se estabilizd después de 2-3 s. La
temperatura se incremento en pasos, a intervalos de 15 min.
La fluorescencia se incrementd dramaticamente a 34-36°C
indicando un incremento en los Ca?" internos.

90 Rev. Biol. Trop. (Int. J. Trop. Biol. ISSN-0034-7744) Vol. 54 (Suppl. 3): 79-96, December 2006



DISCUSSION

The direct observations of coral gastro-
dermal tissue suggest that changes to the
membranes of the gastrodermal layer can be
produced by the synergistic action of light
and high temperature. Two key events were
observed: first, the movement of zooxanthellae
to the surface, their protrusion and detachment
by what appeared to be a pinching-off proc-
ess. The detached algae were surrounded by
a thin layer of host membrane with host cell
inclusions. The second key event, also taking
place at the surface of the gastrodermal tis-
sue, was the blebbing, or ballooning out and
detachment of smaller spherical fragments of
cytoplasm, also with host cytoplasmic inclu-
sions. These are probably different aspects of
the same phenomenon: if a bleb forms where
a zooxanthella is in contact with or near the
membrane, the alga becomes enclosed by the
bleb with nearby host cytoplasm and inclu-
sions. The detached zooxanthellae were sur-
rounded by host cytoplasm but many lacked
nuclei, and some possessed two or three nuclei.
The interpretation by Gates et al. (1992) that
they are detached host cells seems unlikely.
The fixed and ground sections confirm that
under conditions of high light and temperature
the same events take place in intact corals.
Zooxanthellae are released into the coelenteron
and later fragmentation and extensive damage
to the gastrodermis take place (Figs. 7b, c). The
time period over which the events take place is
rather longer in the intact coral than in excised
gastrodermal tissue.

The results from the direct observations of
algal detachment, the length of the delay period
and rates of algal detachment, indicate a syn-
ergistic action of temperature and light. From
the observations of what happens to similar
sized portions of tissue from the same colony
under different combinations of temperature
and illumination (Figs. 3a, b, 4a, b), the conclu-
sion can be drawn that higher temperature and
stronger illumination shorten the delay period
and increase the rate of algal detachment.

Both isolated zooxanthellae and whole
corals have been shown in this study to release
hydrogen peroxide under high light conditions.
The experiments with H,DCFDA confirm the
production of H,O,. The experiments with
C-H,DCFDA indicate that H,O, accumulates
in the tissues and that the rate of accumula-
tion increases with temperature. With H,O,
(1 mmol) added to the sea water medium
containing gastrodermal tissue (Fig. 4c), rates
of detachment and length of delay paralleled
what had taken place as light intensity was
increased but without added H,O, (Figs.3 and
4a, b). Together these observations provide
a very strong pointer for the involvement of
hydrogen peroxide. The observed delay before
zooxanthellar detachment takes place probably
corresponds to the period during which H,0,
builds to the level at which it damages the
plasma membrane.

Calcium has a major role in maintaining
the structural integrity of the cell. A known
consequence of increase of Ca®" in the cell is
blebbing, or ballooning out of the membrane
(Halliwell and Gutteridge 1999). The experi-
ments with calcium orange in this study confirm
that internal Ca" in coral tissues increases dra-
matically as temperatures approach 35-36°C.
This is consistent with other reports (Rega
1986, Meltzar and Berman 1984) of the tem-
perature related nature of the calcium exclu-
sion system in higher organisms. Hydrogen
peroxide and other peroxides can interfere with
the calcium balance in the cell in several ways.
Peroxides are known to damage the Ca" extru-
sion systems of the plasma membrane and ER;
and also the structural integrity of membranes
by oxidising essential SH groups of the trans-
membrane channels and cytoskeletal proteins
(Halliwell and Gutteridge 1999).

It is thus possible to interpret “thermal”
bleaching as a temperature related breakdown
of the calcium exclusion system of the plas-
ma membrane. Internal calcium increases and
results in fragmentation and detachment of
zooxanthellae by blebbing. “Solar” bleaching,
which is light driven and takes place at lower
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temperatures, results from the accumulation of
hydrogen peroxide and subsequent damage to
the calcium exclusion system. The results are
the same.

Experimental detachment of algae and
fragmentation took place at 30°C, which is
below the temperature at which bleaching takes
place in the back reef at Discovery Bay. This
suggests the possibility that the processes lead-
ing to detachment and fragmentation may pro-
vide the mechanism by which algal numbers are
maintained at a relatively constant level in the
gastrodermis. In regions where algae are denser
hydrogen peroxide levels will also be greater
and localized blebbing and algal detachment
may result. This process may also account for
the observed reduction of pigment associated
with bleaching (Kleppel ef al. 1989). If more
heavily pigmented zooxanthellae release more
H,0,, they would tend to detach first, leaving a
population with less pigment.

Under conditions of high light and tem-
perature, with still higher H,O, production and
accumulation, the rate of damage may outstrip
the ability of the protective mechanisms to
respond or to make repairs, and damage on
a much wider scale will result. If the point is
reached at which the integrity of the gastroder-
mis is compromised to the extent that sea water
in the coelenteron is no longer circulated, H,O,
will accumulate even more quickly, leading to
further breakup of the gastrodermal layer and
bleaching. This is what may have occurred
when the rates of H,O, released by whole
corals decreased (Fig. 9a, b) and symptoms
of bleaching appeared. Water motion helped
to explain the differential survival of corals
during a bleaching event (Nakamura and van
Woesik 1997) and is an important component
of the loss of H,O, by diffusion. The potential
for bleaching may increase in calm weather
with lack of currents and/or wave action to
assist in the dispersal of H,0,.

Apoptosis (Searle et al. 1982) has been
invoked as a mechanism involved in bleaching
(Dunn et al. 2002, Downs et al. 2002). The
membrane blebbing and fragmentation with
retention of membrane integrity observed in

this study are very similar to the blebbing and
production of apoptotic bodies which are typical
of apoptosis ((Halliwell and Gutteridge 1999).
The nuclei, however, did not show aggregation
of the chromatin at the nuclear membrane that
is also typical of apoptosis in higher organisms.
The observed events may indicate a primitive
form of apoptosis and should be investigated
further. A possible advantage to the coral of
this apoptotic-like process is that the fragments
with integral membranes and algae surrounded
by host cytoplasm could be recognized, re-
absorbed and thus efficiently recycled else-
where in the colony.

The mechanism, suggested here and dem-
onstrated for scleratinian corals, fits in well
with the Oxidative Theory of Coral Bleaching
(Downs et al. 2002) and encompasses roles for
light and changes of temperature. Any condi-
tion that increases the photoinhibitory produc-
tion of hydrogen peroxide such as oxygen
stress, metal ions or UV, may enhance bleach-
ing. Simarly, conditions that interfere with the
calcium pump of the plasma membranes may
also lead to bleaching. Bleaching resulting from
ionic imbalances caused by salinity changes
(Goreau 1964) probably fits into the latter
category. Many other cnidarians with photo-
synthetic symbionts are affected by bleaching
conditions (Lasker ef al. 1984) as are other reef
invertebrates such as sponges (Vicente 1990).
The mechanism described here is of a general
nature and will probably apply to other organ-
isms containing photosynthetic symbionts. It
is interesting that H,O, production rates of
zooxanthellae in this study are much lower than
those (0.1-2.0 nmol.min'.10%cells') found for
Cochlodinium polykrikoides and other free-liv-
ing red-tide dinoflagellates (Kim et al. 1999).
Low H,O, production may be a requirement
for a successful intracellular symbiotic exis-
tence. The bleaching of corals involving bac-
teria (Kushmaro et al. 1996, 1998, Banin et
al. 2000) may have a different mechanism
involving toxins. It is possible that superoxide
radicals and/or hydrogen peroxide could be
produced by vibrios either through photosyn-
thesis or, if luminescent, by the reduction of
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oxygen by flavoproteins. Another possibility is
that the toxins produced by vibrios might affect
the calcium pump directly. It also possible that
some of the infective coral diseases that result
in loss of zooxanthellae, and bleached areas
of coral may involve the same mechanisms of
algal detachment and fragmentation described
in the present study.

Some studies have reported visible damage
to zooxanthellae (Szmant and Gassman 1990,
Brown et al. 1995) as a result of bleaching,
others none (Yonge and Nicholls 1931, Glynn
et al. 1985). In the present study very few (<5)
abnormal zooxanthellae were seen and those
only after periods at the highest temperature
and irradiance level. As was the case for the sea
anemone Aiptasia sp. (Dunn et al. 2002), dam-
age to the zooxanthellae probably takes place
only after long exposures to high temperature
and within host tissue that has already been
severely affected. The main physical symptom
of bleaching, loss of colour resulting from the
physical loss of algae may appear well after
the processes described in the present study
have taken place. Yonge and Nicholls (1931)
reported that the maximum rate of loss of zoox-
anthellae took place 11 days after exposure to
high temperature and continued for up to 27
days. The changes in photosynthetic efficiency
of zooxanthellae in bleached corals that have
been reported (Jones et al. 1998, Warner et al.
1999) may be due to the relocation of large
numbers of algae in the coelenteron and con-
sequent change in pH and availability of CO,,
rather than to damage to their photosynthetic
mechanisms. Confirmation of the latter comes
from a report (Ralph et al. 2001) that released
algae are photosynthetically competent.

The results presented here lead to an inter-
pretation of bleaching in corals as the result of
interference with the calcium exclusion system
by high temperature or the accumulation of
photosynthetically produced hydrogen perox-
ide. This interpretation generally confirms the
Oxidative Theory of Coral Bleaching (Downs
et al. 2002). That theory, however, proposes
that coral bleaching is a last resort against oxi-
dative stress. The present study suggests that

the events that occur may be part of a delicate
mechanism underlying the normal process lim-
iting symbiotic algal populations in their host
and maintaining a relatively constant, accept-
able level of oxidative stress. Imbalances,
with which the protective system cannot cope,
caused by changes in environmental conditions
such as increasing temperatures, may lead to
severe bleaching and death of the coral.
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RESUMEN

El blanqueamiento de los corales implica el despren-
dimiento de zooxantelas y la simultanea fragmentacion
de la gastrodermis. Resultados obtenidos con una sonda
florescente de iones Calcio (Ca®") para células permeables,
indican que el blanqueamiento “térmico” es el resultado de
una interrupcion del sistema de exclusion de Ca?', provo-
cada por la temperatura. El blanqueamiento “solar”, que
tiene lugar a temperaturas mas bajas y esta determinado por
la luz, es el resultado de una acumulacion de peroxido de
hidrégeno producido fotosintéticamente en los tejidos. Para
ver el proceso, se rasp6 tejido gastrodermal, junto con sus
simbiontes, de entre los septos de los corales y se observo
en condiciones controladas de luz y temperatura. Primero,
los trozos de gastrodermis se dan vuelta, luego las zooxan-
telas se mueven hacia la superficie, sobresalen desde ella
y tras un tiempo, se desprenden, rodeadas de una delgada
capa de citoplasma del hospedero, inclusiones y membrana
plasmatica. Mientras mayor sea la temperatura y el nivel de
luz, menor es el tiempo que tardan las zooxantelas en des-
prenderse y mayor es la tasa de desprendimiento algal. La
fragmentacion producida por el inflamacion y el despren-
dimiento de pequenas esferas de citoplasma (formacion de
ampollas), tiene lugar simultaneamente. Probablemente,
esto es causado por oxidacion en el citoesqueleto de grupos
-SH por el peroxido de hidrogeno (H,0,), y por su acopla-
miento a la membrana plasmatica. Secciones de resina acri-
lica delgada molida, pulida y tefiida revelan que en corales
blanqueados artificialmente se llevan a cabo procesos simi-
lares. Se ha demostrado que tanto las zooxantelas aisladas
como los corales enteros, liberan H,0, en la luz. Debajo
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este proceso de desprendimiento algal y fragmentacion que
tiene lugar a temperaturas normales en el mar, puede encon-
trarse el mecanismo que limita las poblaciones algales en la
gastrodermis, el cual podria estar localizado en areas con
concentraciones de alga cerca de la membrana. A tempera-
turas mas altas de lo normal, bajo el efecto sinérgico de la
luz y la temperatura, la tasa de produccién de H,O, excede
la tasa a la cual éste puede destruirse o perderse por difusion
y, por ende, se acumula. Esto resulta en dafio al sistema de
exclusion de calcio, desprendimiento de zooxantelas hacia el
celenteron y fragmentacion de la gastrodermis.

Palabras clave: zooxantela, blanquamiento de corales,
peréxido de hidrogeno, Ca®", densidad algal, desprendi-
miento algal, fragmentacion gastrodermal.
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