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Abstract—During the past two decades, coral reefs have experienced extensive degradation worldwide. One etiology
for this global degradation is a syndrome known as coral bleaching. Mass coral bleaching events are correlated with
increased sea-surface temperatures, however, the cellular mechanism underlying this phenomenon is uncertain. To
determine if oxidative stress plays a mechanistic role in the process of sea-surface temperature-related coral bleaching,
we examined corals along a depth transect in the Florida Keys over a single season that was characterized by unusually
high sea-surface temperatures. We observed strong positive correlations between accumulation of oxidative damage
products and bleaching in corals over a year of sampling. High levels of antioxidant enzymes and small heat-shock
proteins were negatively correlated with levels of oxidative damage products. Corals that experienced oxidative stress
had higher chaperonin levels and protein turnover activity. Our results indicate that coral bleaching is tightly coupled
to the antioxidant and cellular stress capacity of the symbiotic coral, supporting the mechanistic model that coral
bleaching (zooxanthellae loss) may be a final strategy to defend corals from oxidative stress. © 2002 Elsevier Science
Inc.
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INTRODUCTION

Coral reefs constitute some of the largest and most di-
verse ecological communities on earth and result from
interactions between symbiotic organisms composed of
photosynthetic dinoflagellate algae and cnidarian corals
[1,2]. Over the past 30 years, coral reefs have experi-
enced extensive degradation worldwide [2]. One etiology
for this global degradation is a syndrome known as coral
bleaching, a process whereby corals lose their algal sym-
biont or the symbiont’s photosynthetic pigments degrade
[3,4]. Coral bleaching can be induced by diverse factors,
including high temperature, cold temperature, supersat-
urating light, and bacterial infection. Few models of
coral bleaching that incorporate cellular and molecular
mechanisms have been proposed or even tested [2–4].

Many environmental factors associated with mass

bleaching events can concomitantly induce increased
production of reactive oxygen species (ROS), an antiox-
idant response, and significant oxidative damage to sym-
biotic coral [3–5]. Early studies conducted in symbiotic
anemone (Anthopleura elegantissima) demonstrated an
increased antioxidant enzymatic capacity in response to
hyperbaric oxygen conditions as a result of increased
oxygen production from its endosymbiotic algae [6].
Additional experiments led several workers to conclude
that an increase in ROS production inA. elegantissima
was mainly derived from light-dependent processes, such
as photosynthesis [7]. Recent work from our laboratory
demonstrated that there is a significant increase in oxi-
dative damage products in coral as a result of a high-
temperature and light interaction, further corroborating
the conclusions of several groups [5,7–9].

One proposed model concerning a possible mecha-
nism of coral bleaching is based on the responses to
oxidative stress by both components of the symbiotic
relationship [5]. Stressors such as heat stress, osmolarity,
high light, and ultraviolet radiation can destabilize the
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photosynthetic electron-transport chain resulting in in-
creased production rates of reactive oxygen species
(ROS) [10–13]. Production of ROS occurs in the chlo-
roplast by several mechanisms associated with Photosys-
tem I- and Photosystem II-catalyzed electron transfer, the
most notable being the Mehler reaction and generation of
hydrogen peroxide (H2O2) by the Oxygen-Evolving
Complex [12–15]. It is proposed that algal-generated
H2O2 can diffuse from the algal symbiont into the coral
cytoplasm (Fig. 1). Once inside the coral cytosol, H2O2

can be either ‘neutralized’ by enzymatic and nonenzy-
matic antioxidant pathways or it can converted into a
more noxious ROS, the hydroxyl radical, either by Fen-
ton or Haber-Weiss chemistry [10]. Below some ROS
concentration threshold, the antioxidant defenses of the
coral can compensate and ameliorate the destructive ca-
pacity of these ROS. Above this threshold, ROS will
cause oxidative damage. At some intensity of oxidative
damage, corals will eradicate the dominant source of
ROS production by expelling their endosymbiotic algae.
Thus, the Oxidative Theory of Coral Bleaching proposes
that bleaching is a coral’s final defense against oxidative
stress (Fig. 1).

Observed correlations between global bleaching
events and increased sea-surface temperatures (SST)

suggest that high temperatures may trigger oxidative-
stress-driven bleaching in coral reef systems [5–9,16].
However, it is unknown if increased SST events cause
coral bleaching by an oxidative-stress-induced mecha-
nism. The primary objective of this study was to deter-
mine if levels of oxidative damage products, antioxidant
enzymes, and specific components of cellular structural
integrity in the star coral (Montastraea annularis species
complex) were correlated with coral bleaching, seasonal
and increased SST, and water depth in order to test the
validity of certain aspects of this theory.

MATERIALS AND METHODS

Materials

All chemicals were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Polyvinylidene difluoride (PVDF)
membrane was obtained from Millipore Corp. (Bedford,
MA, USA). Dot blot and gel electrophoresis equipment
were obtained from Bio-Rad Corp. (San Diego, CA,
USA). GSH-420 glutathione (Cat. No. 21023) and LPO-
560-assay (Cat. No. 21023) kits and cnidarian Mn su-
peroxide dismutase (Cat. No. 24327) were obtained from
Oxis International, Inc. (Portland, OR, USA). Antibodies

Fig. 1. Schematic representation of the proposed model in corals for the production of reactive oxygen species, their diffusion from
one cellular location to another, and some of the predominant products from hydrogen peroxide as a result of increased sea-surface
temperatures.
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to �B-crystallin (Cat. No. SPA224), cnidarian heat-
shock protein (Hsp)70 (Cat. No. SPA-812), cnidarian
Hsp60 (Cat. No. SPA-805), cnidarian Cu/Zn superoxide
dismutase (Cat. No. SOD100) were obtained from
Stressgen Biotechnologies (Victoria, BC, Canada). An-
tibodies against algal mitochondrial small heat-shock
protein (Cat. No. AB-H106), chloroplast small heat-
shock protein (AB-H104), and protein carbonyl (Cat. No.
X1) were obtained from EnVirtue Biotechnologies, Inc.
(Harrisonburg, VA, USA). Antibody to ubiquitin and
protein standards of Hsp70, Hsp60, �B-crystallin, Cu/
ZnSOD, MnSOD, and ubiquitin were obtained from Sig-
ma-Aldrich. Protein standards for the chloroplast and
mitochondrial small heat-shock proteins (sHsps) were
obtained from Envirtue Biotechnologies, Inc. Secondary
anti-rabbit and anti-mouse alkaline phosphatase conju-
gated antibodies were obtained from Promega (Madison,
WI, USA).

Coral sampling

Sampling was conducted within the Florida Keys
National Marine Sanctuary, Key Largo, FL, USA, near
Molasses Reef. This site was chosen because it exhibited
a putative bleaching gradient with depth. Coral samples
(�2.5 cm fragments) from five separate colonies were
collected at each of four depths (ca. 3 m, 6 m, 9 m, and
18 m) with each colony sampled monthly, March–Octo-
ber 1999. Samples were kept in the dark by wrapping
them in aluminum foil and placed in whirl-pak bags
underwater. On the deck, water was removed from bags
and samples immediately transferred to a liquid nitrogen
dry shipper. Samples were stored at �80°C until analy-
sis.

Assays

Each sample consisted of about eight polyps. Samples
of frozen coral were ground frozen in a mortar and pestle
with liquid nitrogen and weighed. Approximately 1 g of
ground, frozen tissue was suspended in acetone for chlo-
rophyll analysis as described in [17]. Roughly 4 g of
ground, frozen tissue was suspended in a solution of 10
mM phosphate buffer (pH 7.8), 5 mM butylhydrotolu-
ene, and 0.5% sodium dodecyl sulfate. Samples on ice
were sonicated until coral tissue was homogenized. Sam-
ples were then centrifuged, and 200 ul of supernatant was
aliquoted into two new tubes and stored at �80°C until
sample analysis. One tube of supernatant was analyzed
for protein concentration, LPO and total GSH content as
previously described [5]. To the other tube of superna-
tant, a 20 �l solution containing 20% sodium dodecyl
sulfate, 50 mM Tris-HCl (pH 6.8), 200 mM dithiothrei-

tol, 100 mM ethylenediaminetetraacetic acid, 10 mM
sorbitol, 15% polyvinylpolypyrrolidone (wt/vol), 3%
polyvinylpyrrolodone (wt/vol), 20 mM phenylmethylsul-
fonyl fluoride, 20 mM benzamide, 50 �M a-amino-
caproic acid, and 1 �g/100 ul pepstatin A was added to
the sample tube. Samples were boiled for 3 min, allowed
to sit at 25°C for 5 min, and then centrifuged at 10,000 �
g for 5 min. Supernatant absent of a lipid/glycoprotein
mucilage matrix was transferred to a new tube and sub-
jected to another protein concentration assay [18]. Sam-
ples were then assayed by ELISA for �B-crystallin ho-
mologue, chloroplast small heat-shock protein, cnidarian
Hsp70, cnidarian Hsp60, cnidarian Cu/Zn SOD, cnidar-
ian MnSOD, total algal small heat-shock protein content,
and total ubiquitin as described in [5]. Because of the
extensive protein glycosylation and polysaccharide con-
tent found in corals, protein carbonyl content was as-
sayed using a modified method of Robinson et al., which
takes into account carbonyl formation as a result of
technique artifact and nonprotein carbonyls, such as
those found in DNA, RNA, and polysaccharides [19].

Statistical analysis

We used repeated measures multivariate analysis of
variance (MANOVA) to test whether mean biomarker
levels differed over time, among depths, and with the
time � depth interaction. We used univariate tests to
interpret significant multivariate responses, and the
Tukey-Kramer Honestly Significant Difference (HSD)
method to compare univariate means. Levels of GSH,
LPO, and Hsp 70 were log-transformed to meet analysis
assumptions. To avoid temporal pseudoreplication, we
used effective sample sizes (ne) to determine the signif-
icance of correlations between time series [20]. Effective
sample sizes adjust for first-order autocorrelations; if
either series has zero first-order autocorrelation, no re-
duction is required in the original sample size. All sta-
tistical analysis were conducted using JMP V. 3.2 (SAS
Institute, Inc., Cary, NC, USA) or higher, with � � 0.05
for all tests.

RESULTS AND DISCUSSION

Oxidative stress is suggested to play a role in coral
bleaching, though substantial evidence is lacking for a
relationship between coral bleaching, oxidative stress,
and environmental factors that are relevant to phenom-
ena occurring in the field. More importantly, there is an
absence of cellular-based mechanistic models concern-
ing oxidative stress and coral bleaching that could be
tested in both the laboratory and in the field. Based on
early work in anemones and laboratory work on corals,
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we propose a model of oxidative-stress driven coral
bleaching [5]. High-temperature destabilization of Pho-
tosystem II occurs, in part, by the impairment of the
oxygen-evolving complex (OEC) [21–23]. One mecha-
nism of OEC impairment is associated with the release of
Mn2� and Cl� from OEC and the dissociation of pro-
teins OEC18, OEC24, and Photosystem II-associated
heme catalase [24–27]. As a result, the rate of hydrogen
peroxide generation increases by orders of magnitude
[25]. Heat stress can further exacerbate the potential for
hydrogen peroxide-mediated oxidative stress through the
deactivation of a number of hydrogen peroxide-neutral-
izing pathways, allowing for concentrations to increase
[28–30]. Diffusion of hydrogen peroxide out of the chlo-
roplast and into other dinoflagellate organelles and the
cnidarian cytoplasm can result in oxidative damage
through the entire symbiotic organism, especially in or-
ganelles that contain high iron content or are associated
with production of superoxide (e.g., mitochondria) [10].
In response to this oxidative stress, the coral expels the
dinoflagellate, resulting in the phenomenon observed as
coral bleaching.

This model for the oxidative theory of coral bleaching
also posits that variation of the occurrence of bleaching
should be related to specific molecular mechanisms that
prevent the production of ROS or protect against the
damaging effects of ROS. For example, increase in the
levels of Cu/Zn SOD should be associated with an in-
crease in the threshold at which oxidative damage oc-
curs, because of the reduction of available substrates for
Haber-Weiss chemistry [31]. Other protective mecha-
nisms include antioxidant pathways, such as the Asada-
Halliwell pathway and xanthophylls cycling, as well as
‘preventive’ mechanisms such as the production of small
heat-shock proteins, changes in lipid composition, and
production of stress-stable components of labile enzy-
matic complexes of pathways associated with electron
transport [10,32–34].

The validity of a mechanistic model should be re-
flected in the accuracy at which it can predict the occur-
rence of phenomena at various hierarchical levels [35].
For example, if oxidative damage is an initiating event in
the expulsion of a coral’s zooxanthallae (its algal sym-
biont), a punctuated increase in levels of oxidative dam-
age products should be detected before bleaching is
observed. Furthermore, higher levels of antioxidant com-
ponents (e.g., ascorbate peroxidase, glutathione peroxi-
dase) in one individual should be associated with a
different threshold or occurrence for bleaching compared
to an individual that has lower levels of these antioxidant
components [10]. This analysis can also help determine
the relative contribution and role of different antioxidant
and protective pathways (e.g., heat-shock protein re-
sponse) in the process of coral bleaching [36].

Sea temperatures, at depth, beside each group of five
coral heads, recorded at the time of sample collection,
varied significantly among months (Fig. 2a). Tempera-
tures at all sites exceeded 28°C from June–September,
and peaked in July, when temperatures at the two deepest
sites reached or exceeded 30°C. By September, all col-
onies at the 18 m site exhibited extensive bleaching, and
colonies at the 9 m site either were partially bleached or
had moderate paling. In contrast, corals at the 3 m site
did not exhibit any visual symptoms of bleaching (Fig.
2b). The bleached or nonbleached appearance of colonies
was related to July ocean temperature (logistic regres-
sion, �2 � 21.0, p � .0001; r2 � 0.76). The extent of
bleaching was quantified using chlorophyll a concentra-
tion, which was negatively correlated with ocean tem-
perature (r � �0.53, ne � 23.6, p � .01). Temperatures
at all sites remained above 28°C until October, when
water temperature decreased over a 2 week period to less
than 25°C in the 3–9 m sites, and below 27°C at the 18 m
site. By October, colonies at all depths darkened in color
and increased in chlorophyll a content indicating recov-
ery from bleaching (Fig. 2c). Hence, coral bleaching was
not a universal occurrence at high sea-surface tempera-
tures, but was positively associated with depth.

Oxidative stress is defined as an imbalance in the
pro-oxidant/antioxidant ratio, which favors increased
pro-oxidants and results in oxidative damage [10]. Pre-
vious work from our laboratories demonstrated that heat
stress causes oxidative damage in corals and that damage
is exacerbated by exposure to light [5]. To test whether
oxidative damage is associated with and precedes coral
bleaching we examined levels of protein carbonyl and
lipid peroxidation (LPO), both of which reflect aspects of
cellular oxidative damage. Mean carbonyl concentration
differed significantly with the exact combination of sam-
pling date and depth (Fig. 3a), and was positively corre-
lated with ocean temperature (r � �0.47, ne � 23.9, p �
.05). Lipid peroxide (LPO) showed a similar pattern (Fig.
3b). As water temperatures increased, so did levels of
oxidative damage products. A specific pattern emerged:
corals at the greater depths had higher levels of oxidative
damage, especially protein carbonyl. There was a statis-
tically significant negative correlation between carbonyl
and chlorophyll a content (r � �0.22, ne � 102.0, p �
.01), indicating that increased oxidative damage levels
were associated with bleaching. Furthermore, oxidative
damage products increased as water temperature in-
creased and preceded coral bleaching.

Cellular damage, such as that induced by oxidative
stress, often increases protein chaperone and protein
turnover activity [5,10,37,38]. To determine if increasing
oxidative damage products were associated with decreas-
ing scleractinian cellular integrity (i.e., to determine if
corals were experiencing an oxidative stress), we exam-
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ined levels of scleractinian Hsp60, scleractinian Hsp70,
and ubiquitin. Chaperonins Hsp60 and Hsp70 increased

significantly at all sites in May compared to March
(ANOVA, both F � 32.1, p � .0001; Figs. 5A and 5B).
From May–September, Hsp60 levels were significantly
lower in corals at the 3 m site compared to corals at all
other sites, except the 6 m site in July–August, which
was equivalent [one-way ANOVA followed by Tukey-
Kramer HSD Test: all F(3,16) � 5.93, p � .01]. Levels
of Hsp70 showed a similar pattern from March–July,

Fig. 2. (A) Seasonal variation in ocean temperatures recorded beside
coral (Montastraea annularis) colonies at four depths. Bars show depth
of colonies: black � 3 m, gray � 6 m, red � 9 m, blue � 18 m.
Temperature in summer months (June–September) differed signifi-
cantly from all others except May [two-way ANOVA: month effect:
F(6,18) � 23.3, p � .0001; depth effect F(3,18) � 0.19, p � 0.90;
Model R2 � 0.89]. Yellow line is data from the C-Man Buoy at
Molasses Reef, within 1–3 miles from sampling sites. Green line
indicates the temperature threshold at which bleaching often is ob-
served (1–4, 6, 7). (B) Colony condition in September, 1999 varied
significantly among depths (log likelihood ratio test, G � 27.95, 6 df,
p � .0001; r2 � 0.74). Healthy colonies, black bars; paling colonies,
gray bars; bleached colonies, red bars. (C) Chlorophyll a levels reflect
photosynthetic activity and density of symbiotic zooxanthellae inhab-
iting coral tissue, providing a quantitative measure of bleaching. Bars
show mean (� 1 SE) concentration of chlorophyll a in five coral
colonies repeatedly sampled at each depth: black � 3 m, gray � 6 m,
red � 9 m, blue � 18 m. Differences among months and the month �
depth interaction were significant [repeated measures MANOVA:
month effect F(6,11) � 14.68, p � .0001; month � depth interaction,
F(18,31.6) � 2.53, p � .011].

Fig. 3. Oxidative damage. (A) Protein carbonyl concentrations reflect
protein oxidative damage, which varied significantly with depth,
month, and the depth � month interaction (repeated measures
MANOVA: all F � 3.96, p � .0004). (B) Lipid peroxidation reflects
damage to cell and organelle membranes, and log10-transformed means
varied significantly with depth, month, and the depth � month inter-
action (repeated measures MANOVA: all F � 2.47, p � .015). Lipid
peroxide was not assayed (na) in March. (C) GSH reflects cell redox
status and is an antioxidant; its log10-transformed means varied signif-
icantly with depth, month, and the depth � month interaction (repeated
measures MANOVA: all F � 2.54, p � .035). Bars show untrans-
formed mean (� 1 SE) biomarker concentrations at each depth:
black � 3 m, gray � 6 m, red � 9 m, blue � 18 m.
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indicating increased chaperone activity during these
months (Fig. 5B). However, elevated chaperone levels
do not always indicate cellular damage [39]. To differ-
entiate between increased chaperone activities resulting
from cellular damage versus cellular growth, we exam-
ined changes in ubiquitin levels [37]. In May, ubiquitin
levels were 2.5 to 5.0 times higher than in March [Welch
ANOVA, F(1,20.3), p � .0001; Fig. 4C]. Furthermore,
there was a positive correlation between ubiquitin and
protein carbonyl levels (r � �0.61, ne � 122.5, p �
.0001), indicating increased ubiquitin production and
accumulation was associated with increased protein
damage. Positive correlations between Hsp70 and car-
bonyl content during the whole sampling season (r �
0.62, ne � 96.1, p � .01), and especially from June
through September (r � 0.55, ne � 48.1, p � .01)
corroborated this interpretation. Further corroboration
for this interpretation was found with positive correla-
tions between Hsp60 and carbonyl content, both during
the whole sampling season (r � 0.55, ne � 70.6, p ����

.01) and between June and September (r � 0.35, ne �
70.6, p � .01).

Total glutathione content could be used, in part, as an
index of antioxidant capacity of an organism. Changes in
glutathione concentration could also be used as a proxy
for a response to specific stressors (e.g., electrophilic
xenobiotic or ROS) [5,10,40]. For example, increases in
glutathione are observed after a stress event and have
been suggested as a means of physiologically acclimat-
ing to the stressor [10,40]. We measured total glutathione

Fig. 4. Levels of cnidarian superoxide dismutases. (A) Cu/Zn super-
oxide dismutase protein levels reflects overall cnidarian responses,
which varied significantly with depth, month, and the depth � month
interaction (repeated measures MANOVA: all F � 6.84, p � .0001).
(B) Mn superoxide dismutase protein levels reflects only responses of
cnidarian mitochondria, which varied significantly with depth, month,
and the depth � month interaction (repeated measures MANOVA: all
F � 6.95, p � .0001). Symbols are as in Fig. 3.

Fig. 5. Levels of chaperonins. (A) Hsp60 and (B) Hsp70 reflect chap-
eronin levels in the cnidarian and not of the dinoflagellate; mean
concentrations of both varied significantly with depth, month, and the
depth � month interaction (repeated measures MANOVAs: all F �
2.56, p � .02; Hsp70 log10-transformed prior to analysis). Hsp70 was
not assayed (na) in August. (C) Ubiquitin levels reflect the rate of
protein degradation, which varied significantly with depth, month, and
the depth � month interaction (repeated measures MANOVA: all F �
8.80, p � .0001). Symbols are as in Fig. 3.
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concentrations to determine if corals increased their an-
tioxidant capacity either in response to sea-surface tem-
peratures or oxidative damage products. Mean GSH con-
tent differed significantly with the exact combination of
sampling date and depth (Fig. 3C), with corals at the 3 m
site always having lower mean GSH concentrations than
those at deeper sites. Mean GSH content was indepen-
dent of ocean temperature (r � �0.16, ne � 25.4, p �
.25), but significantly correlated with accumulations of
the oxidative damage products carbonyl and LPO (r �
�0.42 and �0.49, respectively; both ne � 109 and p �
.0001). One interpretation of the GSH analyses is that a
coral will increase its antioxidant capacity in response to
increasing oxidative damage.

To corroborate this interpretation, we examined other
aspects of coral antioxidant status, including copper/zinc
(Cu/Zn) and manganese (Mn) superoxide dismutase ac-
cumulation (SOD). Both SOD proteins reflected only the
cnidarian response, not those of the dinoflagellate zoox-
anthellae [5]. Copper/Zinc SOD concentrations varied
significantly with the exact combination of sampling date
and depth (Fig. 4A). From May–August, Cu/Zn SOD
concentrations were significantly higher at the 3 m site
than at all deeper sites [one-way ANOVA followed by
Tukey-Kramer HSD Test: all F(3,16) � 14.9, p �
0.0001]. Manganese SOD, an enzyme found only in
mitochondria, showed a similar accumulation pattern
(Fig. 4b). Levels of Mn SOD and Cu/Zn SOD were
significantly positively correlated (r � 0.75, ne � 77.6,
p � .0001). From March to October, mean accumula-
tions of Mn SOD and Cu/Zn SOD were negatively
correlated with variances in carbonyl (�0.70 � r �
�0.52; all p � .02, n � 20). Furthermore, between June
and September levels of both Cu/Zn SOD and Mn SOD
were positively correlated with chlorophyll a content
(r � 0.33, ne � 50.9, p � .05; r � 0.38, ne � 97.2, p �
.05, respectively). Both of these analyses strongly sug-
gest that superoxide dismutases are significant compo-
nents of the antioxidant capacity of corals and that these
two proteins may play an important role in preventing
the process of coral bleaching.

sHsps protect various metabolic pathways and cellular
functions from heat and oxidative damage [32]. Specific
sHsps have been demonstrated to protect glycolytic and
electron-transport enzymes against oxidative damage,
such as those in photosynthesis and respiration [41–43].
Measurement of specific sHsps can help determine
whether (i) specific metabolic processes are being
stressed, and (ii) gauge the capacity to which these
metabolic processes can endure a stress [5,32,40]. We
examined three species of sHsps in the symbiotic coral:
chloroplast sHsp of the dinoflagellate, dinoflagellate mi-
tochondrial sHsp, and t scleractinian �B-crystallin im-
munohomologue.

The chloroplast sHsp is evolutionarily conserved and
usually is only present in response to a stressed condition
[44]. This protein specifically associates with the oxy-
gen-evolving complex of photosystem II and protects
this enzyme’s function during heat stress, high-light
stress, ultraviolet-light exposure, and oxidative stress,
most likely via a recycling antioxidant mechanism [43,
45]. Measurement of the chloroplast sHsp is relevant for
two reasons: (i) photo-oxidative damage to photosystem
II within the zooxanthellae has been implicated in heat-
stress-mediated bleaching and (ii) photosystem II is a
primary generator of hydrogen peroxide as a result of a
degenerating efficiency of the oxygen-evolving complex
in hydrolyzing water to diatomic oxygen [15,28,30,46,
47]. Chloroplast sHsps were barely detectable in corals at
all depths in March, but increased dramatically in May
[Welch ANOVA, F(1,19.3) � 54.6, p � .001; Fig. 6A].
Levels of this protein were greatest in corals at 3 m and
decreased with depth, a pattern that remained consistent
throughout the year. Chloroplast sHsp levels were neg-
atively correlated with protein carbonyl (r � �0.55, ne

� 72.6, p � .0001) and LPO (r � �0.38, ne � 113.4,
p � .001) levels during May–September, when ocean
waters were warmest. Hence, during heat stress, in-
creased chloroplast sHsp concentrations may have pro-
tected zooxanthellae by preventing increased production
of ROS. More importantly, the negative correlation be-
tween accumulation of chloroplast sHsp and oxidative
damage products suggests that Photosystem II may be
the principal component responsible for generating the
oxidative stress associated with bleaching.

In vascular plants, the mitochondrial sHsp specifically
associates with and protects the NADH:ubiquinone oxi-
doreductase complex of oxidative phosphorylation dur-
ing heat and oxidative stress [41,48]. Less is known
concerning the specific function and localization of the
mitochondrial sHsp in dinoflagellates, although in vitro
experiments indicate its expression is stress inducible (C.
Downs, unpublished data). Mitochondrial sHsps levels
showed a pattern of expression similar to that of the
chloroplast sHsp in June to August, but mitochondrial
sHsp levels did not differ significantly among the 6 m,
9 m, and 18 m sites in September and October (Fig. 6B).
Mitochondrial sHsp levels were negatively correlated
with protein carbonyl levels during May–September (r �
�0.34, ne � 46.2, p � .05; Fig. 6B), again suggesting a
possible protective effect with higher expression of this
protein. Furthermore, this data suggests dinoflagellate
mitochondria were experiencing and responding to
stress, whether in response to increased SST, the ROS
generated by the chloroplast, or both.

In both vertebrates and invertebrates, homologues of
�B-crystallin are usually found at some basal level and
hyper-accumulate in response to a stressed condition
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[5,49]. Evidence suggests that this protein species acts as
a molecular chaperone, suppressing the unfolding and
aggregation of proteins by trapping early unfolding in-
termediates, thereby increasing the amount of energy
required to attain structural transition states [50]. Evi-
dence from vertebrate research indicates that �B-crystal-
lin interacts and stabilizes cytoskeletal elements during
stress [51,52]. In corals, a 19 kDa immuno-homologue of
this protein exists with an unknown function [5]. Accu-
mulations of the immuno-homologue to �B-crystallin
specific to the scleractinian showed a complicated pat-

tern (Fig. 6C). This protein increased one- to two-fold
from March to May, and maintained these levels
throughout the year. Like the other two sHsp homo-
logues, levels of �B-crystallin were negatively correlated
with carbonyl levels during May–September (r � �0.24,
ne � 91.5, p � .025).

In summary, the data presented here support specific
aspects of the oxidative stress model of coral bleaching.
We demonstrate (i) that the concentration of specific
oxidative damage products were highly correlated with
coral bleaching, (ii) severe oxidative damage preceded
loss of chlorophyll and coral bleaching, (iii) that oxida-
tive damage was associated with increased damage to
aspects of cellular integrity, (iv) that increased energy
expenditure was required to maintain homeostasis during
conditions associated with bleaching, (v) components of
cellular defenses (e.g., antioxidant defense and stress-
protein response) played a role in protecting against
bleaching, and (vi) evidence that Photosystem II is a
primary source for ROS production, hence a principal
element in oxidative stress and temperature-associated
coral bleaching.

Although mass coral bleaching events are often asso-
ciated with increased sea-surface temperatures, spatial
variation in the frequency and intensity of bleaching
suggests both corals and their zooxanthellae vary in their
individual responses to heat and light stress [3]. For
example, different species of coral have different tem-
perature thresholds for coral bleaching [53,54]. Further-
more, there is significant variation among individuals of
the same species in their threshold of bleaching. This
variation is correlated with components of cellular de-
fense against stress, indicating that these molecular/cel-
lular processes could be the focal point for such varia-
tion. The argument that bleaching susceptibility has a
genetic component is further supported by studies dem-
onstrating strong correlations between specific genotypic
clades of dinoflagellates and incidence of bleaching [55].

Our results also emphasize the importance of further
investigations of both cnidarian and dinoflagellate cellu-
lar-stress physiology. For example, we only measured
levels of Cu/Zn SOD and Mn SOD in the cnidarian.
Concentrations and activity of these enzymes in the
dinoflagellate, as well as FeSOD, need to be investigated.
Oxidative defensive mechanisms that specifically protect
photosynthesis, such as aspects of the Photosystem II-
associated heme catalase and the xanthophyll cycle,
should also be examined and characterized. Mechanisms
and pathways other than those of the classical antioxi-
dant defenses should be examined to determine if these
are significant processes that mitigate coral bleaching.
For example, there are several ORFs in the dinoflagellate
chloroplast genome that show significant homology of
the psbA gene of the D1 protein of photosystem II [56].

Fig. 6. Levels of small heat shock proteins. (A) Chloroplast sHsp levels
varied significantly with depth, month, and the depth � month inter-
action (repeated measures MANOVA: all F � 8.32, p � .0001). (B)
Dinoflagellate mitochondrial sHsp levels varied significantly with
depth, month, and the depth � month interaction (repeated measures
MANOVA: all F � 7.28, p � .0001). (C) In the cnidarian, levels of the
immuno-homologue of �B-crystallin varied significantly with depth,
month, and the depth � month interaction (repeated measures
MANOVA: all F � 3.46, p � .01). Symbols are as in Fig. 3.
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In Synechocystis, differential induction of the psbA genes
are associated with tolerance against conditions that in-
duce photoinhibition and production of ROS [36,57,58].
Preliminary evidence from a heat-stressed subtractive
library of dinoflagellates obtained from the coral Mon-
tastraea annularis indicates differential induction of
psbA transcript homologues, suggesting that a similar
mechanism of protection may exist in coral dinoflagel-
lates (Downs, C., Markus, E., Vetter, L, unpublished
results). Other adaptations to stress, such as changes in
lipid composition of key organellar membranes, induc-
tion of scleractinian sHsps, and shifts in metabolic path-
ways, need to be investigated so that their relative con-
tribution and role in coral stress tolerance can be
determined.

Coral bleaching does not always result in coral mor-
tality. There are a number of observations both from the
laboratory and the field documenting recovery from a
bleaching event [2,3]. One hypothesis for this phenom-
enon, especially given the data supporting the Oxidative
Theory of Coral Bleaching, is that the outcome for either
mortality or recovery is determined by the extent of
oxidative damage experienced by the coral. Irreparable
damage to essential cellular structures, such as chromo-
somes and mitochondria, by ROS can initiate the devel-
opment of apoptotic or necrotic processes [10]. Minor
damage can be repaired and the coral recover, as sug-
gested by the increase in chaperone and protein turnover
activity (Figs. 3 and 4). Such a hypothesis can be easily
tested, both in the laboratory and in the field, using many
of the methodologies and techniques first developed in
mammalian studies of ROS-toxicity and pathologies
[10].

Finally, chronic or repeated exposures to conditions
leading to oxidative stress in corals could have signifi-
cant impacts to coral ecology that are not readily observ-
able. Many corals, especially the reef building coral
species, are long-lived (ca. 200–800 years old). Climat-
ic/oceanic events associated with mass-coral bleachings
are argued to have increased in frequency and intensity
over the past 40 years in contrast to what has occurred in
the last 450–6000 years [2,59]. Some of these events,
especially El Niño phenomenon, result in increased sea-
surface temperatures that are oftentimes at or above coral
bleaching thresholds [3]. By extrapolating some of the
tenets of the Free Radical Theory of Aging to coral
biology, it can be hypothesized that chronic or repeated
exposures to conditions conducive to oxidative stress
may decrease the overall condition of coral [60]. For
example, a decrease in the fitness of the individual or its
offspring may result from a decrease in the overall
genomic integrity that is usually associated with oxida-
tive stress [10,60]. Such a decline could be further de-
tected as an increase in mutation rate, decline in the

stress-protein response, or a decline in enzymatic activity
necessary for homeostasis [61]. It has been suggested
that many cnidarian species are ‘ immortal’ or lack the
deteriorative process associated with senescence [62]. In
light of the findings presented here and in the literature,
increased significance must be given to the question: are
oxidants a determinant of the maximum life span and
condition of corals, thereby influencing coral reef ecol-
ogy?
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