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ABSTRACT: The shallow-water reef coral Goniastrea aspera Verill 1865 has previously been
reported to demonstrate differences in within-colony susceptibility to bleaching at elevated sea tem-
peratures; parts of the colony which are exposed to the highest solar radiation are more thermotoler-
ant than areas which are less exposed. In this paper, we show that at elevated experimental sea tem-
perature the 'high light' surfaces lose fewer symbiotic algae, have lower levels of oxidative stress,
higher levels of host antioxidant-enzyme copper zinc superoxidase dismutase (CuZnSOD), and host
heat-shock proteins 60 and 70, compared to the less exposed surfaces. In addition, ‘high light' sur-
faces show less chronic photoinhibition and greater Photosystem II (PS II) recovery potential when
exposed to high irradiance at ambient sea temperature. In contrast, no differences were noted in
algal defences (e.g. antioxidant enzymes and stress protein production, and xanthophyll cycling)
either at elevated or ambient temperatures. These results are noteworthy because they suggest that
corals which acclimatise to high irradiance can, as a result, develop increased thermotolerance which
may prevent bleaching at high sea temperatures. Importantly, they also demonstrate the significance

of the host tissues in maintaining the intact symbiosis of G. aspera under thermal stress.
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INTRODUCTION

There has been considerable discussion in the recent
literature about the scope of corals to acclimatise to
climate-induced elevations in sea temperature (Budde-
meier & Fautin 1993, Brown 1997, Ware 1997, Budde-
meier & Smith 1999, Gates & Edmunds 1999, Hoegh-
Guldberg 1999). Most attention to date has focussed on
the symbiotic algae, rather than on the coral host, as
agents which might confer increased tolerance against
the potentially damaging interaction of elevated tem-
perature and irradiance anticipated to affect coral
reefs in future years (Fitt et al. 2001). Such studies

*E-mail: 101515.1267@compuserve.com

© Inter-Research 2002 - www.int-res.com

Resale or republication not permitted without written consent of the publisher

include testing the hypothesis that altered environ-
mental conditions might favour the exchange of algal
symbionts in the coral host to those which are better
adapted to more stressful environments (Buddemeier
& Fautin 1993, Rowan et al. 1997, Baker 2001, Hoegh-
Guldberg et al. 2002) and investigations which high-
light the physiological plasticity vested in algal
defence mechanisms against elevated temperature/
irradiance such as antioxidant enzymes (Lesser &
Shick 1989, Lesser at al 1990, Lesser 1997); down-
regulation of photosynthesis (Brown et al. 1999a,
Hoegh-Guldberg & Jones 1999) and xanthophyll
cycling (Ambarsari et al. 1997, Brown et al. 1999a,b).
Although host responses have not been ignored, their
study has been more limited, being restricted to photo-
protective defences such as sunscreen compounds
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(Shick et al. 1996) and fluorescent pigments (Salih et
al. 2000, Dove et al. 2001) which restrict penetration of
light into coral tissues, and heat-shock protein (hsp)
production (Black et al. 1995, Sharp et al. 1997, Gates
& Edmunds 1999, Downs et al. 2000) which limits dam-
age to cellular function during environmental stress.

Studies that have demonstrated the acclimation/
acclimatisation of corals to elevated temperature are
limited. Early experiments showed that subtropical
corals had an upper lethal limit that was 2°C lower
than their tropical counterparts, while Hawaiian corals
that survived 56 d exposures to temperatures of 1 to
2°C above seasonal maxima had higher survival rates
than ambient controls when exposed to temperatures
of 30 to 32.5°C for 5 d (Coles et al. 1976, Coles & Jokiel
1978). Berkelmans & Willis (1999) reported a 1°C dif-
ference in the temperature at which Pocillopora dami-
cornis from the Great Barrier Reef bleached in winter
and summer temperature tolerance experiments, but
the lack of proximate solar radiation data is a serious
weakness. While corals have been found in extreme
temperature environments that range from tidal pools,
where sea temperatures exceed 34°C on a regular
basis (Gardiner 1903, Orr & Moorhouse 1933, Craig et
al. 2001), to thermal vents in Indonesia where sea tem-
peratures range from 34 to 37°C (Tomascik et al. 1997),
quantitative evidence for acclimatisation and the time-
scales involved remains scant.

Recent work on the bleaching patterns exhibited by
the reef coral Goniastrea aspera, during exposure to
elevated sea temperatures in the field, may offer some
insights into acclimatory processes of corals (Brown et
al. 2000a). This species is abundant in shallow reef-flat
settings throughout the Indo-Pacific. During periods of
elevated sea temperature in 1991, 1995 and 1998 on
fringing reefs around the south east tip of Phuket,
Thailand, in the eastern Indian Ocean, it was noted
that many colonies of G. aspera bleached preferen-
tially on their eastern sides. This was remarkable
because earlier in the year bleached areas were con-
fined to the west sides of colonies which received
higher irradiance than more shaded east sides during
afternoon aerial exposure on low spring tides; a phe-
nomenon which has been termed ‘solar bleaching’
(Brown et al. 1994). Subsequent experimental work
showed that west sides of corals have a significantly
higher temperature tolerance than east sides (Brown et
al. 2000a). These differential bleaching responses on
either side of the colony cannot be attributed to genetic
differences in symbiotic algae, as demonstrated in
other corals (Rowan et al. 1997), but are very likely due
to the prior experience of western surfaces to elevated
irradiance throughout the year (Brown et al. 2002a).
This example of within-colony variation in tempera-
ture responses of coral colonies provides a very useful

model for the investigation of physiological mecha-
nisms involved in acclimatisation and also the nature
of the co-tolerance developed to irradiance and tem-
perature. In the present study, a range of molecular
biomarkers were investigated in east and west sides of
corals exposed to elevated sea temperatures, alongside
measures of symbiotic algal density and photosyn-
thetic efficiency of algal symbionts. Molecular bio-
markers included indicators of oxidative stress in the
total symbiosis, together with antioxidant enzyme and
heat shock protein concentrations in both coral host
and algae. Earlier work has shown that oxidative stress
is central to the bleaching response (Lesser 1997) and
therefore. antioxidative enzyme production and activ-
ity are likely to be important defences in thermotoler-
ant corals. Many of the biomarkers used in the present
study had already proved to be successful indicators of
stress in corals exposed to elevated sea temperatures
in the laboratory (Downs et al. 2000).

MATERIALS AND METHODS

Collection and maintenance of corals. In February
2001, 142 coral cores were collected from differently
orientated faces of Goniastrea aspera in the manner
described in earlier papers (Le Tissier & Brown 1996,
Ambarsari et al. 1997, Brown et al. 1999a). A pair of
cores (25 mm diam) was drilled from 66 colonies, one
from the east and one from the west face, for experi-
mental work. In addition, 2 cores were drilled from
each east and west face of 5 colonies to provide base-
line samples for molecular and pigment analyses. All
cores were collected on an evening tide and those
required for experimental work were immediately
returned to the laboratory in shaded containers within
30 min of collection. These cores were then divided
equally between 2 shallow experimental aquaria sup-
plied with running seawater and exposed to ambient
solar radiation. Both aquaria were maintained at ambi-
ent sea temperatures (29.4+0.5°C, range 28.7 to
31.1°C). The cores were covered by 10 cm of seawater
which flowed over the corals at a rate of 3 to 4 1 min™1.
Corals were acclimated to laboratory conditions over-
night before the start of the experiment the following
morning, when sea temperature in one of the tanks
was raised to 33.6°C (+0.25°C, range 33.1 to 35.2°C).
Samples collected for baseline analyses were placed
on ice in the field and then on return to the laboratory
were immediately transferred to a —50°C freezer be-
fore preparation for analysis.

Two matched PAR 21t cosine corrected quantum sen-
sors (Macam Photometrics SD101QV-Cos) were used
to record above and below downwelling irradiance
at 1 min intervals in the experimental aquaria. Both



Brown et al.: Thermolerance in coral 121

sensors were calibrated as described in Brown et al.
(1999). Seawater temperature was recorded with log-
ging thermistors (Seamon Mini absolute accuracy
+0.05°C) every 5 min.

Sampling strategy. The experiment was conducted
over a 4 d period in February 2001. Baseline cores
(5 east and 5 west), collected before the experiment
began, were sacrificed for molecular and pigment
analyses and also for measurement of zooxanthellae
densities. Algal photophysiology was monitored, using
chlorophyll (chl a) fluorescence, every 2 h from well
before dawn (06:50 h) under conditions of total dark-
ness to 21.00 h daily, throughout the experiment using
between 7 and 14 cores from east and west faces of
coral colonies from both elevated and ambient sea
water tanks. Twenty cores from these tanks were also
sampled for molecular (5 east and 5 west) and pigment
(5 east and 5 west) analyses at 12:30 h on the Days 1
and 2 of the experiment. In addition, 5 east and 5 west
cores were sacrificed for measurement of zooxanthel-
lae densities at the conclusion of the experiment from
ambient and elevated temperature tanks.

It might be argued that our experimental design
involved pseudoreplication since all the samples were
held in just 2 separate treatment tanks. However, the
difficulties in maintaining identical experimental con-
ditions for replicate samples in separate containers is
virtually insurmountable. We consider that our regime
which involved small coral biomass, large tank vol-
umes and a high water flow of 3 to 4 1 min~! minimised
any effects of pseudoreplication, whilst benefiting
from truly identical conditions.

Molecular assays. Coral cores were stored at —50°C
until analysis, approximately 48 h after collection. Tis-
sue samples were scraped from the coral skeleton and
ground to a powder using a liquid nitrogen chilled
ceramic pestle and mortar. Samples (~100 mg) of wet
tissue were placed in 1.8 ml microcentrifuge tubes and
600 pl of a denaturing buffer consisting of 2% SDS,
50 mM Tris-HCI (pH 6.8), 75 mM dithiothreitol, 10 mM
EDTA, 0.01 mM sorbitol, 7% polyvinylpolypyrrolidone
(w/v), 1% polyvinylpyrrolidone (w/v), 0.1 mM alpha-
tocopherol, 0.005 mM salicylic acid, 0.01 mM AEBSF,
0.04 mM Bestatin, 0.001 mM E-64, 2 mM phenyl
methylsulfonyl fluoride, 2 mM benzamide, 5 mM a-
amino-caproic acid and 0.1 mg ml~! pepstatin A. Sam-
ples were boiled for 3 min, vortexed for 20 s, boiled for
another 3 min, and then incubated at 25°C for 5 min.
Samples were then centrifuged at 10 000 x g for 5 min.
Supernatant, minus any lipid/glycoprotein mucilage
matrix, was transferred to a new tube, centrifuged at
10000 x g for 5 min and supernatent minus lipid/glyco-
protein mucilage matrix was transferred to a new tube
and subjected to protein concentration assay by the
method of Ghosh et al. (1988).

Quality control of sample preparation for ELISA
analysis was determined by subjecting 4 random sam-
ples to 2 different protocols. One protocol subjected
samples to SDS-PAGE (7 and 12.5% G250). A second
protocol subjected samples to SDS-PAGE (12.5 % poly-
acrylamide gel) with gels stained with coomassie blue
(brilliant blue G250). A second protocol subjected sam-
ples to SDS-PAGE (12.5% polyacrylamide gel), West-
ern plotting onto PVDF membrane, and the membrane
assayed with each of the antibodies used in this study
to ensure specific cross-reactivity, and absence of non-
specific cross-reactivity and mucilage product artefact.
Samples were then assayed by ELISA as described in
Downs et al. (2000). Samples were assayed for the end
products of oxidative stress namely, 4-Hydroxynone-
nal (HNE) and malondialdehyde (MDA); ubiquitin
which is a marker of protein degradation; the heat
shock proteins (scleractinian and algal Hsp60 and
Hsp70); chloroplast small heat shock protein (Chls-
Hsp); and the antioxidant enzymes copper zinc super-
oxidase dismutase (scleractinian and algal CuZnSOD)
and manganese superoxide dismutase (scleractinian
and algal MnSOD). The biological significance of the
majority of markers selected in this study is sum-
marised in Table 1 and described in detail in Downs et
al. (2000). The biomarkers HNE, MDA and ubiquitin
were measured in the whole symbiosis; ChlsHsp in the
symbiotic algae and the Hsps and antioxidant enzymes
in both host and algal fractions.

All samples were analysed in triplicate. Once devel-
oped, blots were scanned and analysed using National
Institute of Health image software. A serial dilution of
purified protein for each parameter was included in
each assay to allow sample quantification and assay
quality control. Concentration standards for each assay
were determined and a quadratic or polynomial equa-
tion used to determine the concentration of each
sample.

Measurement of algal pigment concentrations. On
collection, all cores were placed in the freezer at
-50°C. Subsequently, tissue was removed from the
cores by air gunning and prepared for analysis as
described by Ambarsari et al. (1997). Resulting pellets
were then stored in liquid nitrogen for transportation.
The pellets were homogenised in 10 mN Tris-HCI
buffer and a sub-sample removed for measurement of
algal numbers, so that pigment concentrations could
be computed per algal cell. The remaining cells were
centrifuged for 5 min at 1800 x g and the resulting
pellets extracted in methanol for analysis by reverse-
phase high performance liquid chromatography. Pig-
ments were analysed using a modified version of Bar-
low et al. (1998). Analyses were performed using an
integrated PC-interfaced Thermo-Separations HPLC
system comprising vacuum degasser (SCM 1000), qua-
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Table 1. Biological significance of the molecular assays
selected in the present study

Molecular assay Biological significance

Whole symbiosis

HNE Products of lipid peroxidation and
MDA indicators of oxidative damage
Ubiquitin Involved in marking proteins for rapid
degradation and an indicator of cellular
damage

Animal host
CuZnSOD
MnSOD

Important enzymes involved in the anti-
oxidant defence pathway. Any increase
in the concentration and activity of these
enzymes would suggest a defence re-
sponse by the animal host in response to
oxidative stress

Hsp 60 and 70 Molecular chaperones which regulate
protein structure, particularly following
stress when they are involved in recon-
stituting denatured proteins. Any in-
crease in concentration of Hsps would
suggest a defence response by the animal

host in response to stress

Symbiotic alga
CuZnSOD
MnSOD

Function as outlined above but increases
in concentration and activity indicating a
defence response by the symbiotic alga
in response to oxidative stress

Hsp 60 and 70  Function as outlined above but any in-
creases in concentration indicating a
defence response by the symbiotic alga

in response to stress

Chloroplast Hsp A small molecular weight protein which
protects photosynthetic processes during
heat stress, oxidative stress and during
high irradiance. In most cases, these
proteins are only elicited by stressful
conditions

ternary pump (P 4000), autosampler (AS 3000 equipped
with cooled sample tray, column oven and sample
preparation capability) and photo diode array detector
(UV 6000). System control, data collection and integra-
tion were performed using Chromquest software.

Aliquots of the clarified extract were loaded into the
autosampler and maintained at 2°C before being
vortex-mixed with 1 M ammonium acetate buffer
(1:1 v/v). Buffered extracts were injected (100 pl) onto
a Hypersil® MOS2 C-8 column (3 pm particle size,
100 x 4.6 mm) maintained at 30°C. Pigments were sep-
arated using a binary mobile phase system (70/30 [v/v]
methanol/1.0 M ammonium acetate:100 % methanol).
Flow rate was constant at 0.85 ml min'.

Pigment identity was secured through co-elution
with authentic pigments obtained from either Sigma
Chemical or from VKI, Denmark. Confirmation of ana-

lyte identity was achieved through spectral compari-
son to standards using the Chromquest software.
Quantification of pigments was carried out at 444 nm.

Measurement of algal densities. On collection, the
diameters of baseline and experimental cores were
measured with vernier calipers before fixation. Each
core was fixed in 10% formalin (24 h), decalcified in
5% formic acid/formalin solution (48 h) and homo-
genised in 2 % formalin using a tissue tearer (Ultra Tur-
rax T25 at 13500 rpm). Zooxanthellae from 3 sub-
samples from each core were counted microscopically
on Neubauer haemocytometer slides and counts nor-
malised to coral surface area.

Chl a fluorescence. The photophysiology of coral
symbiotic algae was investigated in coral cores from
ambient and elevated seawater tanks using a pulse
amplitude fluorescence system (MINIPAM/B, Walz)
fitted with a blue light emitting diode (LED) range
440-505 nm, peak at 477 nm. In this version of the
instrument, the cut-off wavelength of the detector filter
is 6560 nm which allows detection from the main chl a
emission at 685 nm. As a result higher values of vari-
able fluorescence might be expected compared with
those using the more commonly fitted red LED instru-
ment.

During darkness, well before dawn, initial fluores-
cence (F,), maximal fluorescence (F,) and the photo-
chemical efficiency (F,/F,) of Photosystem II (PS II)
were recorded. These measurements were followed by
records of steady state chl a fluorescence (F;), maximal
fluorescence (Fy) and effective quantum yield (AF/F,,)
for the rest of the day. All measurements were carried
out in situ on experimental cores using a standard
5.5 mm diameter fibreoptic positioned 8 mm from the
coral surface at an angle of 60° by means of a specially
constructed mount. Particular care was taken to avoid
any shading of the sample during measurement.

Location of fluorescent pigments in the coral host.
An additional 2 pairs of cores from the east and west
faces of 2 coral colonies were sampled during the field
collection, prior to the beginning of the experiment.
These cores were used for the location of fluorescent
pigments. Cores were anaesthetised for 30 min in a 1:1
solution of 0.36 M MgCl, and seawater before fixation
in 4% p-formaldehyde solution. On return to the UK,
pieces of tissue were removed from the skeleton using
fine forceps, mounted on well slides and examined
using confocal laser scanning microscopy (CLSM). A
Bio-Rad MRC 600 confocal laser microscope, equipped
with a 15 mW krypton-argon mixed gas laser giving an
excitation line at 488 nm, was used in this study. Exci-
tation of specimens at 488 nm allowed imaging of fluo-
rescent granules and chromatophores by their emis-
sions at 520 nm, while symbiotic algae were imaged
by the red autofluorescence of their chloroplasts and
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emission at wavelengths longer than 585 nm, following
the procedure of Salih et al. (1998).

Statistical analyses. For assessing changes over time
in molecular assays and algal pigment analyses,
ANOVA followed by Tukey multiple comparisons were
used. In some cases, data was log-transformed. In a lim-
ited number of cases, non-parametric Kruskal Wallis
and Dunn's post hoc comparisons were required. For
comparison of xanthophyll parameters between Days 1
and 2, data sets from each day were pooled. This was
because no significant differences were found between
categories and unpaired {-tests or Mann-Whitney tests
carried out, depending on whether the data were ho-
moscedastic or heteroscedastic, respectively. Standard
ANOVA and Tukey multiple comparisons testing was
used for evaluation of chl a fluorescence measurements
at the beginning of the experiment but for comparisons
of F,/F, over the course of the experiment, repeated

measures ANOVA was employed followed by Tukey
multiple comparisons tests. In all comparisons, a values
were maintained at 0.05.

Paired t-tests were used for comparison of algal den-
sities in baseline samples and in those collected at the
end of the experiment. They were also used to com-
pare molecular assays and pigment levels between
east and west sides in baseline and experimental sam-
ples on Days 1 and 2 of the ambient and temperature
treatments.

RESULTS
Molecular assays

The results of analysis of molecular biomarkers are
summarised in Fig. 1 (ambient treatment) and Fig. 2
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(elevated treatment), which also show the outcome of
statistical analyses. In baseline cores, there were few
differences in molecular biomarker concentrations
between east and west apart from the indicators of
oxidative stress (HNE) and protein damage (ubiquitin)
as well as the coral host antioxidant-enzyme CuZn-
SOD (Fig. 1). Concentrations of HNE and ubiquitin in
baseline cores were higher in east than in west cores,
while coral host CuZnSOD levels were highest in west

cores.

At ambient temperatures, there were
higher concentrations of HNE in east cores
on Days 1 and 2 of the experiment com-
pared to west. Most host defences were
higher in west cores on Day 1 (CuZnSOD)
and Day 2 (MnSOD, Hsp60) than in east
but on Day 2, Hsp70 levels were higher in
east cores when compared to west. Both
ubiquitin and host Hsp70 concentrations
slightly increased in all cores, regardless of
location, during the experiment. The algal
antioxidative enzyme MnSOD also showed
a small increase over the 2 d experiment
although other algal biomarkers (CuZnSOD
and Hsp60 in both east and west cores, and
chlsHsp in east cores only) decreased over
time.

In contrast to ambient temperatures, ex-
posure to elevated sea temperature caused
a significant and marked increase in all bio-
markers of host and algal tissues both in
east and west cores (Fig. 2). Measures of
oxidative damage, protein damage and con-
centrations of host stress proteins increased
10- to 50-fold compared to baseline values.
All measures of oxidative stress (HNE,
MDA) and protein damage (ubiquitin) were
higher in east sides compared to west (apart
from ubiquitin on Day 2), while host de-
fences (CuZnSOD, Hsp70, Hsp60) were
higher in west cores than in east on either
Days 1, 2 or both (Fig. 2). There were no dif-
ferences between east and west sides of the
coral in terms of algal biomarkers through-
out the experiment at elevated temperature.

Algal pigments

In baseline samples, west cores showed
higher concentrations of algal diatoxanthin
(p < 0.004), and higher values for the algal
xanthophyll ratio (D¢/D4 + Dy) (p < 0.002) and
the total algal xanthophyll pool (p < 0.05)
than east cores. There were, however, no

differences in algal chl a, chlorophyll ¢,, peridinin,
diadinoxanthin or B-carotene concentrations between
east and west sides of the coral.

For all measures, there were no significant differ-
ences between east and west cores at either ambient or
elevated temperatures on Days 1 and 2. The only pig-
ments which showed any changes over time in all
cores, irrespective of original orientation, were algal
diatoxanthin concentrations on Day 2 when xantho-

phyll cycling was limited by cloudy conditions (under-
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water PAR dose on Day 2 = 21.5 mol m™? compared
with 37.5 mol m™2 on Days 1 and 3). As a result of
reduced irradiance on Day 2, both algal diatoxanthin
concentrations and the xanthophyll ratio D/Dy + D,
were reduced compared to values on Day 1 (p < 0.001).

Algal densities

Algal density data from all sampled cores are sum-
marised in Fig. 3. At the beginning of the experiment
(Day 0), east cores contained slightly fewer algae than
west cores (p < 0.014). At the end of the experiment, as
a result of exposure to ambient temperature, neither
east nor west cores lost algae, while at the elevated
temperature only east cores showed a reduction in
algal density (p < 0.03). This reduction involved a 26 %
decline in algal numbers confirming the improved
thermotolerance of western surfaces of coral colonies.

Chl a fluorescence

Fluorescence data obtained during the 4 d experi-
ment showed marked diurnal fluctuations (Fig. 4)
with a reduced depression in effective quantum yield
(AF/F,") on Day 2 in all cores, compared to Days 1 and
3 because of reduced irradiance on that day (as dis-
cussed above). East and west sides showed no signifi-
cant differences in photochemical efficiency (F,/F,) or
AF/F,' in ambient or elevated tempera-
ture treatments at any sampling time.

Photochemical efficiency of the algae
revealed no significant decline in F,/F,,
over time at ambient temperature but
there were significant fluctuations in
F,/F, from day to day in both east and
west cores (Table 2) (p < 0.005). Post
hoc statistical tests show that the differ-
ences for west cores were between
Days 2 and 3, and 3 and 4, while those
for east cores were between Days 1 and
2,1 and 4, and 3 and 4. The high irradi-
ance on Day 1 appears to have a dam-
aging effect upon east but not west
cores. On Day 2, the effect of overcast
skies allowed an increase in F,/F,, in
west cores but not in east. High irradi-
ance on Day 3 caused chronic photo-
damage in both east and west cores. 0.0 [

At the elevated temperature, F,/F
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Fig. 3. Mean algal densities (+1 SE) of east and west cores in
baseline (Day 0) and ambient and elevated temperature treat-
ments (Day 3). Significant differences: *< 0.05, **< 0.01

and 4. The effect of elevated temperature on chronic
photoinhibition is clear in these results. The absence of
a significant difference in F,/F,, between Days 2 and 3
is interesting because it reinforces the results from the
ambient tank where the relatively dull conditions
allowed an increase in F,/F,, in west cores. Both ambi-
ent and elevated temperature data underline the com-
bined role that solar radiation and temperature have in
inducing chronic photodamage.
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values declined over time (p < 0.001)
in both east and west cores (Fig. 4)
with differences being shown between
Days 1 and 2, 1 and 3, 1 and 4, and 3
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Fig. 4. Photochemical efficiency as measured by pulse amplitude fluorometry (PAM) for
cores from Goniastrea aspera colonies over the time period of the experiment. Mean
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Table 2. Tukey multicomparison statistics for F,/F,, measure-

ments in east and west cores in ambient and elevated sea

temperatures, and direction of change (shown by arrow).

(A) West cores at ambient temperature; (B) east cores at

ambient temperature; (C) east and west cores at elevated
temperature. ns = not significant

Time Day 1 Day 2 Day 3 Day 4

(A) Day 1 ns ns ns
Day 2 T p<0.05 ns
Day 3 0 p<0.01
Day 4

(B) Day 1 U p<0.01 ns 4 p<0.001
Day 2 ns ns
Day 3 U p<0.01
Day 4

(C) Day 1 0 p<0.001 §p<0.001 I p<0.001
Day 2 ns ns
Day 3 { p<0.001
Day 4

Fluorescent pigments

Confocal imaging revealed abundant areas of fluo-
rescent pigment in tissues extracted from west cores
(Fig. 5) compared to those from the east where little
fluorescence was visible, although these differences
were not quantified. Interestingly, fluorescent pig-
ments were most abundant in the endoderm of west
cores. Pigments surrounded the symbiotic algae, with
very little fluorescence evident in the ectoderm.

DISCUSSION

Our earlier work indicated within colony variability
in coral bleaching susceptibility during a natural
bleaching event, which we believed was due to the
prior experience of west sides of colonies to high irra-
diance (Brown 1997). Subsequently, field and experi-
mental observations showed that west facing surfaces
of corals were more tolerant of both high temperatures
and high irradiance than east surfaces which were
shaded from high irradiance on afternoon spring tides
(Brown et al. 2000a,b, 2002a). These differential toler-
ances have been substantiated in the present study
and were reflected in the data in several different
ways. Firstly, in the baseline samples where algal den-
sities in east cores were slightly lower than those in the
west, although in general, algal numbers in both sets of
cores were high in February 2001 compared to previ-
ous years (Brown et al. 1999b). Secondly, in baseline
molecular markers where 3 of the 12 assays revealed
small differences between east and west cores. These
differences were higher levels of oxidative stress

(HNE) and protein damage (ubiquitin) in east cores
compared to west, and higher concentrations of the
host antioxidant enzyme CuZnSOD in west cores.
Thirdly, during the elevated temperature experiment
when greater algal loss and higher levels of oxidative
stress (HNE, MDA) and protein degradation (ubiqui-
tin) were noted in east cores compared to those from
the west. At the same time, west cores showed higher
concentrations of defences in terms of CuZnSOD and
the stress proteins (Hsp60, Hsp70). Fourthly, west
cores demonstrated less chronic photoinhibition and
greater PS II recovery potential than east cores when
exposed to high irradiance at ambient temperature.

One of the key questions arising out of these results
and those of earlier work (Brown et al. in press) relates
to whether the observed thermotolerance was specific
to the animal host, the symbiotic algae, or whether it
was a feature of both host and algae. The present study
has gone some way to answering this question. Al-
though we have looked at only a limited number of
molecular biomarkers, which represent but a small
element of the total defensive capability of the coral
symbiosis, there are strong indicators that the host
plays a significant role in the improved thermal/irradi-
ance tolerance of west sides of Goniastrea aspera
through increased production of CuZnSOD, Hsp60
and Hsp70 under thermal stress. In addition, the high
concentrations of fluorescent pigment present in host
tissues will boost photoprotection, which in turn will
reduce susceptibility of the coral to the damaging
effects of light at elevated temperature.

Nonetheless, the defences of the symbiotic algae
should not be discounted in the overall tolerances of
the symbiotic unit, even though there were no differ-
ences in algal biomarkers between east and west cores
during the experiment. Chl a fluorescence measure-
ments in the present experiments indicate that algae
from both east and west sides of the colony are
extremely resilient to environmental stress with a
marked capacity for recovery from dynamic photoinhi-
bition at midday. In addition, both host and algal tis-
sues in all cores showed a marked increase in antioxi-
dant enzyme and stress protein production (including
algal ChlsHsp) at elevated temperature, irrespective of
core orientation. While the induction of stress proteins
in corals exposed to high temperatures has already
been amply demonstrated (Black et al. 1995, Hayes &
King 1995, Fang et al. 1997, Sharp et al. 1997, Gates &
Edmunds 1999, Downs et al. 2000), previously there
has been no distinction between Hsp production in the
coral host and that in symbiotic algae. In the present
study, both host and algae showed spectacular in-
creases in Hsp60 and Hsp70 so that by Day 2 approxi-
mately 5 % of total soluble protein production could be
accounted for by these 2 stress proteins alone.
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Fig. 5. Goniastrea aspera. Confocal microscope image of oral tissues from west core. 1 = zooxanthellae, 2 = fluorescent pigment,
3 = endoderm, 4 = ectoderm

The xanthophyll cycle and the xanthophyll pigments
themselves also ameliorate the damaging effects of
light at elevated temperatures in higher plants (Dem-
mig-Adams & Adams 1993, Havaux et al. 2000). Addi-
tionally, it is likely that they have a similar role in
corals (Ambarsari et al. 1997, Brown et al. 1999b) with
artificial inhibition of xanthophyll cycling in corals
leading to severe oxidative stress (Brown et al. 2002b).
In the present study, no differences were noted in

xanthophyll pigments and xanthophyll parameters
between east and west sides of corals at elevated or
ambient temperatures. However, baseline west cores
did show a higher xanthophyll pool than east cores,
probably in response to the higher irradiance received
by the western surfaces of colonies in their natural set-
ting. A similar finding for west cores was also noted by
Ambarsari (1998) during the dry season, when west
surfaces of corals receive maximal irradiance. In the
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present study, baseline west cores also showed higher
xanthophyll ratios than east cores, again as a result of
exposure to higher irradiance on western surfaces at
time of collection (Brown et al. 1999b, 2000b). What is
notable from the experimental data set is how rapidly
algae from the east sides of corals acclimatised to high
irradiance in experimental aquaria with respect to
their xanthophyll cycling capability, a result which is
supported by earlier work (Brown et al. 1999b, 2000b).
Overall, it would appear that while key photoprotec-
tive mechanisms, such as the xanthophyll cycle, allow
symbiotic algae from east cores to quickly acclimatise
(within hours) to the experimental conditions in the
present study, stress defences in the coral host do not.

Finally, it is interesting to consider why tolerance to
irradiance stress might confer co-tolerance to elevated
temperature in a shallow water coral such as Goniastrea
aspera. The fact that photoprotection is a significant de-
fence against elevated temperature has been reported in
several studies (Warner et al. 1996, Brown 1997, Brown
et al. 2000a, Hoegh-Guldberg 1999), which highlight
that a critical problem for corals at elevated temperatures
is the resultant increased susceptibility to damage by
high irradiance. Any defence mechanism which limits
the penetration of light into coral tissues (e.g. fluorescent
pigments) or which dissipates excess light harmlessly
(e.g. the xanthophyll cycle) will obviously reduce po-
tential damage to the symbiosis. Any additional defences
(e.g. antioxidant enzymes) which inactivate harmful oxy-
gen radicals will also help mitigate against tissue break-
down. It is interesting to note that in the present study,
another defensive mechanism (host Hsp70) increased on
exposure of all cores to high irradiance at ambient tem-
perature. Many of the heat-shock proteins respond not
only to temperature but also to a variety of stresses that
include irradiance (Feder & Hoffman 1999, Heckathorn
et al. 1999). It is therefore not surprising that the more
highly irradiance-stressed west sides of G. aspera show
a greater magnitude of protein expression than east
sides and that this expression, specifically in host tissues,
will go some way to conferring greater tolerance to
elevated temperature.

The present study is noteworthy, not only because it
highlights that acclimatisation to high irradiance may
be significant in improving thermotolerance of corals
in the short term, but also because it demonstrates the
importance of host tissues in the maintenance of the
intact coral symbiosis of west surfaces of Goniastrea
aspera under stress. Future questions should address
the physiological plasticity of gene expression of
defensive proteins such as Hsps and antioxidant
enzymes. Only then will we be in a better position to
understand organismal-level adjustment to thermo-
tolerance and species-level differences in responses to
environmental temperature changes.
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