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Introduction
With alterations in local environments associated with global
climate change becoming increasingly evident, resolving the
physiological responses of organisms to these changes is a priority.
The capacity for a plant or animal to respond to new environments
with physiological plasticity may enhance their survival (Peck,
2008). Corals are extremely sensitive to environmental factors and
have the ability to integrate environmental signals (e.g. temperature,
flow, sedimentation, nutrients) into organismal-level responses due
to their clonal life history and colony-wide fluid conducting systems.
This allows local signals to be transmitted throughout the entire
colony, inducing whole organism level changes with relative
unconstraint (Harvell, 1991; Hughes, 1983), as exemplified by their
propensity for phenotypic plasticity (Blackstone, 2005; Bruno and
Edmunds, 1998). While this plasticity provides an avenue for corals
to respond to environmental change, the ability to acclimate seems
to be overwhelmed by the rate and magnitude of climate change.
Already, reefs are disappearing at an alarming rate, with 33% of
coral species facing possible extinction (Carpenter et al., 2008). The
loss of Indo-Pacific reefs is currently estimated at an average rate
of 2% per year (Bruno and Selig, 2007), while meta-analyses from
25 years of survey data in the Caribbean show declines between
5.5% and 9.2% per year (Cote et al., 2005; Gardner et al., 2003).
Therefore, it is not surprising that climate change, mainly
temperature increases in the tropics, has driven coral decline in the
last 20 years.

Complicating the effects of climate change on coral physiology
is the unique symbioses corals have with both algae and surface
bacteria. The algal symbionts, also known as zooxanthellae, live
intracellularly in the gastrodermal layer (Fitt, 2000), and comprise

a diverse group that is divided into eight genetically distinct clades
and then further into subclades (Baker et al., 2004; LaJeunesse,
2001). Through their symbiotic relationship, zooxanthellae receive
nitrogen and phosphorous from the waste of their host, utilize
dissolved CO2 from the water and create enough photosynthetic
products to meet their own requirements and up to 95% of their
hosts’ (Muscatine, 1973). They play a key role in the production
of the coral calcium carbonate skeleton, which ultimately creates
the framework for every coral reef ecosystem (Muscatine, 1971).
The algal photosynthate also contributes to the mucus layer, which
covers the top of the coral (Brown and Bythell, 2005). Housed in
this mucus layer are unique communities of bacteria, which differ
from the surrounding seawater and are coral-species specific (Frias-
Lopez et al., 2002; Ritchie and Smith, 2004). Bacteria are also known
to reside in coral tissue and in the skeleton (Rosenberg et al., 2007).
Both the algal and bacterial symbionts play important roles in the
optimal maintenance of physiological function and coral health
(Ritchie, 2006) and the entire association is known as the ‘coral
holobiont’ (Rosenberg et al., 2007).

The effects of temperature stress are apparent in the two main
physiological conditions that currently affect corals on a global scale:
bleaching and disease. Coral bleaching is characterized by the loss
of most of the coral’s algal symbionts and/or their associated
pigments (Brown, 1997). Bleaching can take place during periods
of increased temperatures, which may be as little as 1–2°C above
the daily average, and can be coupled with periods of increased
solar exposure (Brown, 1997). This compromised state can lead to
starvation, increased disease susceptibility and mortality. Coral
epizootics have also increased in frequency and severity, with over
20 disease syndromes affecting over 60 hosts globally (Harvell et
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Summary
Coral mortality due to climate-associated stress is likely to increase as the oceans get warmer and more acidic. Coral bleaching
and an increase in infectious disease are linked to above average sea surface temperatures. Despite the uncertain future for
corals, recent studies have revealed physiological mechanisms that improve coral resilience to the effects of climate change.
Some taxa of bleached corals can increase heterotrophic food intake and exchange symbionts for more thermally tolerant clades;
this plasticity can increase the probability of surviving lethal thermal stress. Corals can fight invading pathogens with a suite of
innate immune responses that slow and even arrest pathogen growth and reduce further tissue damage. Several of these
responses, such as the melanin cascade, circulating amoebocytes and antioxidants, are induced in coral hosts during pathogen
invasion or disease. Some components of immunity show thermal resilience and are enhanced during temperature stress and
even in bleached corals. These examples suggest some plasticity and resilience to cope with environmental change and even the
potential for evolution of resistance to disease. However, there is huge variability in responses among coral species, and the rate
of climate change is projected to be so rapid that only extremely hardy taxa are likely to survive the projected changes in climate
stressors.
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al., 2007) (Fig.1). Climate change and these emerging syndromes
are linked through sea surface temperature compromising host
immunity or increasing pathogen range and virulence (Harvell et
al., 2009). Some corals do possess physiological mechanisms to
overcome both bleaching and disease. Two prominent but
controversial hypotheses, the adaptive bleaching hypothesis
(Buddemeier and Fautin, 1993; Hoegh-Guldberg et al., 2002) and
the coral probiotic hypothesis (Reshef et al., 2006), were proposed
to explain the ability of coral to adapt to changing conditions. Both
of these hypotheses generally state that the dynamic relationship
between the coral animal and its symbionts selects for the most fit
or advantageous coral holobiont in any given environmental
condition (Reshef et al., 2006).

This paper is a contribution to The Journal of Experimental
Biology’s Special Issue ‘Survival in a Changing World’, and
therefore we assess the impacts of climate change on corals,
highlighting the mechanisms of coral resilience to ocean warming.
The crux of both coral susceptibility and resilience to warming lies
in holobiont and symbiont physiological responses to temperature,
UV stress and pathogens. Our focus is on coping mechanisms such
as immunity to pathogens and resilience to warming that may
contribute to the survival of some corals. The physiological
responses to ocean acidification are not covered in this review,
because we still know so little about how acidification will affect
components of the coral holobiont other than calcification. Given
the current high rate of coral decline and contributing global and
local anthropogenic stressors, it is unlikely that even the
compensatory factors outlined here will allow for the survival of
intact coral reef ecosystems during upcoming rapid climate changes.

Coral responses to increased temperature and light
Coral reefs are currently in a state of flux resulting from the early
stages of climate change. Increases in temperatures around the globe
and changes in weather patterns, particularly El Niño Southern
Oscillations, are dramatically influencing the health and composition
of coral reefs through outbreaks of significant bleaching events
(Harvell et al., 2001; Hoegh-Guldberg, 1999). In 1998, the most
widespread bleaching event on record swept across the globe, and
destroyed 16% of the world’s coral reefs (Wilkinson, 2004).
Bleaching events are predicted to become increasingly common,
with conservative estimates predicting bi-annual occurrence by the
year 2050 (Donner et al., 2005; Hoegh-Guldberg, 1999; Hoegh-
Guldberg et al., 2007). The frequency of these events will result in
massive alterations of coral reef ecosystems, the ramifications of
which are the focus of many avenues of research.

The current popular explanatory model for coral bleaching is the
oxidative theory of coral bleaching, which posits that bleaching is
the result of an overproduction of harmful reactive oxygen species
(ROS), such as hydrogen peroxide or superoxide anions, by the
zooxanthellae due to stressor-induced disruption of the photosystems
and damage to photosystem II (PSII) (Downs et al., 2002; Jones et
al., 1998; Lesser, 1997; Lesser, 2006; Smith et al., 2005; Warner
et al., 1999). The resulting accumulation of ROS can then damage
a wide range of cellular components, including membranes, proteins
and DNA throughout the holobiont (Downs et al., 2002; Lesser,
2006). Ultimately, the symbiosis breaks down, leaving the host
devoid of most symbionts and without the nutritional and other
benefits they confer.

Once bleaching became a topic of regular study, irregularities in
bleaching patterns were noted in field studies, including variation
in the timing of onset, the degree and duration of bleaching, and
the resistance and resilience of certain corals (Berkelmans and van

Oppen, 2006; Marshall and Baird, 2000). Specific strategies appear
to correlate with these observations, and it has become increasingly
evident that the holobiont’s response to stressors is dependent on a
wide repertoire of mechanisms, and significant variation exists in
the expression of these mechanisms. Some of these strategies may
somehow be coupled with inherent characteristics such as life-history
strategies and phenotypic plasticity (Fitt et al., 2009) whereas many
are mediated through the production of various protective proteins
(Baird et al., 2009). Because the coral holobiont is defined by its
entire assemblage of organisms, including the algal and bacterial
symbionts dispersed throughout the coral animal, these symbionts
contribute significantly to the holobiont’s behavior and functioning,
including the response to stress (Buddemeier et al., 2004). As such,
differences in stress tolerance are also attributed in part to differences
in the symbionts identity and physiology (Baker et al., 2004; Mieog
et al., 2009) and factors dependent on specific host-symbiont
interactions (Abrego et al., 2008). As research continues to identify
physiological differences in the various symbiont communities
(Tchernov et al., 2004; Warner et al., 2006), it is becoming
increasingly obvious that these symbionts can play a defining role
in the survival of the entire holobiont during periods of stress. The
source of this survival can be variable and is attributed to differences
including antioxidant production (Lesser, 1996; Yakovleva et al.,
2004), ROS production (Suggett et al., 2008), membrane stabilizing
compounds (Mydlarz and Jacobs, 2004; Tchernov et al., 2004) and
cellular repair mechanisms (Lesser, 1997; Lesser, 2006). Many of
these are also utilized by the host, and are intrinsically linked to the
host’s survival strategies, including the production of specific
protective compounds (Baird et al., 2009; Coles and Brown, 2003)
and alterations in symbiont communities (Baker, 2001; Buddemeier
and Fautin, 1993).

While the detrimental effects of bleaching such as decreased
growth rates, lowered fecundity and diminished photosynthetic rates
are undisputed, the variation in coral responses to the cumulative
effects of bleaching is providing some evidence for possible
survival. As ongoing studies document post-bleaching coral
populations, researchers are finding indications of resistance and
resilience, and in some instances, recovery, growth, acclimation and
possible adaptation (Hughes et al., 2003; Hughes et al., 2007). The
focus of this manuscript is to address mechanisms contributing to
these small successes.

Holobiont responses to temperature and light
When coral survive the immediate bleaching event they must persist
long enough to be repopulated by algal symbionts. Whether or not
they meet their daily metabolic needs may depend on their energy
reserves and their ability to feed heterotrophically, which is
facilitated by their mucosal layer and resident bacterial community
(Brown and Bythell, 2005). Heterotrophic feeding rates differ
among three species: the branching Montastrea capitata and two
Porites with different growth forms, the branching Porites
compressa and the mounding Porites lobata (Grottoli et al., 2006).
While bleached, M. capitata increased heterotrophic feeding rates
to meet more than 100% of daily needs. By contrast neither of the
Porites species fed at a higher rate, instead relying on energy
reserves. Eight months post-bleaching M. capitata was twice as
likely to recover and had lower mortality than the two Porites species
(Rodrigues and Grottoli, 2007). Extrapolating from these findings,
corals that can increase rates of heterotrophy may have higher
survival rates and, without energy as a limiting resource, may have
fewer detrimental side effects post-bleaching, such as lowered
reproduction (Rodrigues and Grottoli, 2007).
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In addition to the benefits derived by the host, feeding may also
contribute to increased thermal tolerance and resilience of the
zooxanthellae. In the thermally sensitive Stylophora pistillata,
zooxanthellae in fed corals can more effectively dissipate excess
excitation energy, retain higher concentrations of chlorophyll a and
have less disruption to PSII than in unfed corals (Borell and Bischof,
2008; Shick et al., 2005). Maintaining healthier residual
zooxanthellae populations may not only confer increased bleaching
resistance but also aid in re-establishing the symbiotic community
once stressors are removed from environmental conditions.

Trends have begun to emerge between specific life-history traits
and survival after bleaching events, as evidenced by shifts in
community compositions (Green et al., 2008; Loya et al., 2001;
Marshall and Baird, 2000; McClanahan et al., 2004). Corals with
branching or plating morphologies appear to have higher mortality
rates after bleaching events (Adjeroud et al., 2009; Fitt et al., 2009;
Loya et al., 2001; McClanahan, 2004; McClanahan et al., 2004). It
has been suggested that these morphologies have thinner tissue that
is less able to sequester protective proteins, and provide less shelter
from stressors to the sensitive zooxanthellae harbored inside (Fitt
et al., 2009; Loya et al., 2001; McClanahan, 2004). Many of the
acroporids, such as Acropora and Montipora species, are branching
or plating and are highly susceptible to bleaching in many areas of
the world (Adjeroud et al., 2009; Loya et al., 2001; Marshall and
Baird, 2000; McClanahan et al., 2004).

Disparities in resistance and resilience to stress between taxa are
becoming increasingly evident across geographical ranges, and while
many species are being negatively affected, others seem to be
increasing in relative abundance. Corals that form massive boulder-
like colonies appear to be, in general, less susceptible to bleaching
and mortality (Marshall and Baird, 2000; McClanahan, 2004;
McClanahan et al., 2004). Reports of population cover from reefs
around the world document resistance and recovery of the massive
Porites species (Adjeroud et al., 2009; Green et al., 2008; Loya et
al., 2001). Corals with ‘weedy’ characteristics (small, with short
life spans and quick colonization) may also have an advantage
(Green et al., 2008). In the Caribbean, the increase in abundance of
Porites astreoides in field surveys supports this trend; its ability to
inhabit marginal habitats and self-fertilize may contribute to the
persistence of this species when many others are declining steadily
(Green et al., 2008). The putatively invasive Tubastrea coccinea,
believed to have been introduced to the Caribbean from the Indo-
Pacific approximately 60 years ago and now found from Brazil to
the Florida Keys, has similar weedy characteristics and is effective
at colonizing due to a novel growth strategy to outmaneuver
competitive algae (Fenner and Banks, 2004; Vermeij, 2005).

One of the factors that may be contributing to survival in species
with thicker tissue is the presence of protective proteins and
compounds, which act in a variety of ways to mitigate damage
induced by both light and temperature. The production of these
proteins clearly demonstrates the delicate interplay between host
and symbionts. One of the first of these mutually protective proteins
produced in response to thermal stress are heat shock proteins (Hsps),
and are produced by both the host and symbiont to stabilize proteins
and assist cellular functioning (Coles and Brown, 2003; Smith-
Keune and Dove, 2008). In some studies, increases in Hsps in
response to both high irradiances and elevated temperatures are
correlated with increased resistance to bleaching (Brown et al., 2002;
Chow et al., 2009; Downs et al., 2000; Fitt et al., 2009).

Fluorescent proteins (FPs) are a group of pigments produced by
the coral animal that accumulate throughout the tissue (Brown et al.,
2002; Palmer et al., 2009b) (Fig.1C), and are proposed to be
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photoprotective through their abilities to dissipate and reflect excess
light that may otherwise damage the host and symbionts (Salih et al.,
2006; Salih et al., 2000) as well as their antioxidant potential (Bou-
Abdallah et al., 2006; Palmer et al., 2009a). The types and
concentrations of FPs vary greatly between species, contributing to
differences in observed tolerance levels (Coles and Brown, 2003; Field
et al., 2006; Matz et al., 1999; Palmer et al., 2009a; Salih et al., 2006).
Their effectiveness during periods of elevated temperatures has been
questioned, as these pigments may be sensitive to temperatures over
32°C, reducing their role in potential acclimation to climate change
(Dove, 2004; Smith-Keune and Dove, 2008).

Mycosporine-like amino acids (MAAs) are extensively found in
marine organisms acting as natural sunscreens by absorbing UV
radiation (Banaszak et al., 2006). Photosynthetic organisms produce
several basic forms of MAAs to mitigate photoinhibition (Ferrier-
Pages et al., 2007), including the zooxanthellae, which upregulate
their production of MAAs after elevated UV exposure (Banaszak
et al., 2006; Ferrier-Pages et al., 2007; Lesser, 1996). Although
unable to produce the MAAs directly, the coral host and bacterial
symbionts can modify the basic MAAs acquired from algal
symbionts and heterotrophic feeding into a number of additional
MAAs, which are then sequestered in host tissues and mucosal layers
(Brown and Bythell, 2005; Dunlap and Shick, 1998; Ferrier-Pages
et al., 2007; Shick et al., 2005). Some differences in the tolerance
of hosts and symbionts may be attributable to different kinds and
concentrations of MAAs produced by specific zooxanthellae, and
differences in what MAAs are found in host tissues (Banaszak et
al., 2000; Banaszak et al., 2006; Dunlap and Shick, 1998; Ferrier-
Pages et al., 2007; Shick et al., 2005). During starvation MAAs are
preferentially retained over other proteins, demonstrating their
important role (Shick et al., 2005).

MAAs are also likely to function in a variety of secondary roles,
which may contribute to holobiont thermotolerance. Mycosporine-
glycine, one of the most ubiquitous of the MAAs, has shown
properties that suggest it can act as an antioxidant prior to the
initiation of holobiont antioxidant production (Banaszak et al., 2006;
Dunlap and Shick, 1998; Oren and Gunde-Cimerman, 2007;
Yakovleva et al., 2004). Antioxidants scavenge free-radicals, making
them the primary defense against ROS, and are produced by both
the host and zooxanthellae. Each antioxidant targets specific ROS
and together convert ROS into harmless by-products, such as water,
so an array are simultaneously produced, including superoxide
dismutase (SOD), catalase and ascorbate peroxidase (Coles and
Brown, 2003; Lesser, 2006). Some of the differences in thermal
tolerances of coral can be attributed to differences in antioxidant
production from both the host and the zooxanthellae in response to
stress (Brown et al., 2002; Fitt et al., 2009; Yakovleva et al., 2004).

Symbiont responses to temperature and light
Stress tolerance can also be attributed to physiological characteristics
associated directly with zooxanthellae. When the holobiont
experiences bleaching conditions, the zooxanthellae begin to rely
more heavily on their non-photochemical quenching systems to
compensate for the decreased efficiency of their photosystems and
prevent the accumulation of ROS (Coles and Brown, 2003; Hill et
al., 2005), and zooxanthellae that can increase rates of non-
photochemical quenching after exposure to increased temperature
have been associated with bleaching tolerance (Warner et al., 1996).
The integrity of cellular membranes also varies, and can factor into
stress tolerance. Some zooxanthellae produce more lipids in their
thylakoid membranes whereas others may contain low molecular
weight lipophilic compounds, both of which enhance membrane
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stability during temperature stress and decrease the production and
passage of ROS (Mydlarz and Jacobs, 2004; Tchernov et al., 2004).

Zooxanthellae community composition can be influenced by
various environmental factors experienced by the holobiont, such
as sea surface temperature, currents, depth, UV radiation and
sedimentation (Rowan, 1998; Warner et al., 2006). Changes in these
communities results in a genetic change of the entire holobiont over
a short period of time, allowing for a rapid and yet flexible source
of adaptation (Buddemeier et al., 2004; Buddemeier and Fautin,
1993). This potential is articulated by the controversial adaptive
bleaching hypothesis (Buddemeier and Fautin, 1993; Buddemeier
et al., 2004), which provides a mechanism allowing for instantaneous
genetic change in the holobiont that otherwise may not have the
capacity to evolve swiftly. During periods of stress, zooxanthellae
can inadvertently inflict damage on the host, culminating in the
bleaching event. The bleached host can be repopulated by a
symbiont with a higher threshold for stress, thereby enhancing the
entire holobiont’s chances of survival. If this occurs while the
stressors are still present, these new symbionts have some advantage
during times of stress stemming from an increase in their thermal
tolerance through the strategies discussed above. Increases in the
rates of coral hosting thermally tolerant strains on reefs after
bleaching events appears to provide support for this hypothesis
(Baker, 2001; Buddemeier et al., 2004; Jones et al., 2008; Mieog
et al., 2007; Thornhill et al., 2006; Ulstrup and van Oppen, 2003).

Despite these encouraging studies, debate surrounds their ultimate
interpretation. One of the factors confounding the confirmation of
this hypothesis is the ability of some hosts to contain more than one
zooxanthellae clade at a time. Whether the host is being populated
by a new symbiont, referred to as symbiont switching, or is being
repopulated by an already existing symbiont, known as shuffling,
that has a competitive advantage in the new conditions has yet to
be decisively determined (Baker, 2003; Berkelmans and van Oppen,
2006; Jones et al., 2008). Also, while researchers have seen changes
in populations immediately following bleaching events (Baker,
2001; Berkelmans and van Oppen, 2006; Jones et al., 2008;
Thornhill et al., 2006), reefs may return to the same pre-bleaching
algal composition after a sustained period of average temperatures,
resulting in a loss of the acquired stress tolerance (Thornhill et al.,
2006). This may be explained by advantages the thermally sensitive
symbionts have during periods lacking stress; just as zooxanthellae
can vary in thermotolerance, they also exhibit differences in other
physiological characteristics that may have trade-offs under normal
conditions. Growth rates clearly demonstrate this trade-off, where
corals hosting symbionts thought to be thermally sensitive have
faster growth compared with those hosting tolerant strains (Cantin
et al., 2009; Little et al., 2004). These advantages last only as long
as the environment remains stable, and the frequency of
environmental perturbations is predicted to play a role in the
permanence of new symbiont combinations (Ware et al., 1996).

The microbial community inhabiting the surface of the coral is
found in a mucopolysaccaride layer and is sensitive to environmental
factors such as temperature. Community changes were observed in
naturally bleached Oculina patagonica (Koren and Rosenberg, 2008)
and Acropora millepora (Bourne et al., 2008b), with community
shifts favoring pathogenic bacteria. Experimental manipulations with
temperature also induced changes in the microbial symbionts of
several corals. Increases in bacterial and fungal symbionts as well
as virulence factors were observed in P. compressa using
metagenome analysis (Thurber et al., 2009), and within tissue
bacteria shifts were seen in Acropora aspera and S. pistillata
following experimental bleaching (Ainsworth and Hoegh-Guldberg,

2009). The potential functional changes associated with these
community shifts were explored by Ritchie (Ritchie, 2006), and
found that the protective antibacterial activity associated with coral
mucus in Acropora palmata was lost during bleaching. Therefore,
some bacteria that inhabit the coral mucus and the mucus itself may
be protective and act as a first line of defense against opportunistic
invading bacteria (Nissimov et al., 2009; Ritchie, 2006; Shnit-Orland
and Kushmaro, 2009), and when temperature stress and bleaching
occur, the probiotic effect is disrupted and may result in disease
outbreaks.

The ultimate question is whether the increases in thermotolerance,
no matter what the source, are enough to deal with impending
climate change. With the prediction that corals will have to increase
their thermotolerance at a rate no less than 0.2°C per decade, but
possibly as much as 1°C, it seems unlikely that current ranges of
thermotolerance are enough to cope with any of the predicted climate
scenarios (Donner et al., 2005).

Coral responses to disease
Climate change has exacerbated the severity of coral diseases, and
the links between temperature and disease outbreaks are
accumulating (Bruno et al., 2007; Harvell et al., 2002; Harvell et
al., 2007; McClanahan et al., 2009; Miller et al., 2006). Coral
diseases affect reef-building scleractinian corals as well as gorgonian
corals, such as the sea fan. The study of coral diseases is particularly
confounding due to the polymicrobial nature of most diseases, and
fulfilling Koch’s postulates has been difficult for many coral
diseases and not without much controversy (Lesser et al., 2007;
Work et al., 2008). Further, fulfilling Koch’s postulates for one
microbe–coral combination does not ensure that this interaction will
be true for all other corals harboring the suspect microbe (Harvell
et al., 2007). The pathogens that cause diseases and syndromes span
most phyla; bacterial pathogens cause diseases such as Yellow Band
Disease (Cervino et al., 2008) (Weil et al., in press) and white
plagues and syndromes (Denner et al., 2003; Rosenberg and Ben-
Haim, 2002; Sussman et al., 2009); fungal pathogens cause sea fan
Aspergillosis (Kim and Harvell, 2004); cyanobacteria trigger Black
and Red Band Diseases (Page and Willis, 2006; Richardson, 1992;
Richardson and Kuta, 2003); protists such as ciliates cause Skeletal
Eroding Band (Croquer, 2006; Page and Willis, 2008) and Brown
Band (Bourne et al., 2008a); virus-like particles may cause Skeletal
Growth Abnormalities (Thurber et al., 2008). However, corals do
possess effective immune defenses to fight these pathogens, and
some elements of physiological plasticity and resilience have been
documented. In this section we examine the effects of environmental
factors associated with climate change on diseased corals, the
effectiveness of the immune response and the contributions of the
symbiotic relationships.

Holobiont responses to pathogens
Corals, like other invertebrates, have an immune system based on
self/non-self recognition and cellular and humoral processes. To
date, no true adaptive components have been identified in these
innate systems (Soderhall and Cerenius, 1998), although elements
suggesting memory and specificity are found in invertebrates as basal
as sponges and coral (Bigger et al., 1982; Hildemann et al., 1977).
Recognition receptors such as Toll-like receptor domain genes
(Miller et al., 2007; Schwarz et al., 2008) complement C-3 like
proteins (Dishaw et al., 2005), and lectins (Kvennefors et al., 2008)
have been characterized in corals [see Dunn (Dunn, 2009), for a
comprehensive review on immunorecognition in the Cnidaria].
Being clonal invertebrates, coral must rely on physiochemical
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barriers and cellular processes as a first line of defense against
invading pathogens.

Prophenoloxidase (PPO) is an integral part of innate immune
effector processes in invertebrates and is involved in wound healing,
encapsulation, parasite and disease resistance, and the general
coordination of immune responses (Mydlarz et al., 2008; Nappi and
Christensen, 2005). PPO is the precursor to the active protein,
phenoloxidase (PO), which is activated by the release of proteases
during the initial pathogen invasion. Corals have PPO activity as
well as melanin, the end-point of the PPO cascade and a potent
physiochemical barrier (Mydlarz et al., 2008; Palmer et al., 2008).
The mucus layer overlaying coral tissue is produced by coral
mucocytes and can also act as a protective barrier to incoming
pathogens (Teplitski and Ritchie, 2009). Amoebocytes are the
putative coral immune cells, which wander throughout the mesoglea
(Mydlarz et al., 2008). Ameobocytes have been identified in
Montastraea cavernosa in response to sedimentation (Vargas-
Angel et al., 2007), as well as in Porites spp. aggregated near skeletal
anomalies (Domart-Coulon et al., 2006) and in hyperpigmented areas
(Palmer et al., 2008). Another important aspect of innate immunity
includes proteins and compounds with direct antibacterial activity.
Corals have been shown to produce such bactericidal compounds,
which inhibit both Gram (–) and Gram (+) bacterial growth in vitro
(Geffen and Rosenberg, 2005; Geffen et al., 2009; Gochfeld and
Aeby, 2008; Kim, 1994; Koh, 1997).

Some of these immune responses have been shown to be
inducible with pathogen exposure or in naturally diseased corals.
Melanin is induced in sea fans infected with the fungus Aspergillus
sydowii (Petes et al., 2003) along with an increase in PPO activity
(Mydlarz et al., 2008). In A. millepora, PPO activity is also induced
in infected or hyperpigmented tissue while in Porites spp. it is not
induced in non-normal pigmented tissue (Palmer et al., 2008),
indicating some variability in this response across different coral
taxa. Amoebocytes are also inducible and aggregate near diseased
tissue in sea fans (Mydlarz et al., 2008), skeletal anomalies
potentially caused by viruses in P. compressa (Domart-Coulon et
al., 2006) and foreign particles in gorgonians (Meszaros and Bigger,
1999; Olano and Bigger, 2000). FPs are locally induced on P.
compressa with trematode infections and injured A. millepora
(Palmer et al., 2008; Palmer et al., 2009b). Their direct function is
still unknown but may be involved in mitigating immune-related
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oxidative stress potential (Palmer et al., 2009b). In some instances,
FPs and other hyperpigmentations are associated with inflammatory
responses, such as amoebocyte aggregation and PPO upregulation
(Mydlarz et al., 2008; Palmer et al., 2008). It is important to note,
however, that not all host pigmentation responses are attributed to
immune and inflammatory-like reactions. Antimicrobial activity is
also increased in diseased corals. In sea fans an increase in antifungal
activity in Aspergillus-infected tissue was found (Kim et al., 2000),
Montipora tissue infected with White Syndrome had higher levels
of antibacterial activity against marine bacterial strains (Gochfeld
and Aeby, 2008), as did Montastraea favoelata tissue infected with
Yellow Band Disease (Mydlarz et al., 2009).

Understanding the effects of temperature on immune defenses is
crucial to predict the consequences of climate change on emerging
coral diseases. It is expected that corals with immune plasticity will
be more resilient to the combined effects of increased temperature
and pathogen pressures. While such studies are still scarce, several
initial studies suggest a certain level of immune plasticity exists. In
sea fans exposed to increased temperatures both antifungal activity
(Ward et al., 2007) and wandering amoebocytes increased (Mydlarz
et al., 2008). In M. faveolata collected during the 2005 bleaching
event, levels of PPO were significantly higher than in following years,
although in the same corals antibacterial defenses were suppressed
(Mydlarz et al., 2009). It is still unclear how induction of immune
defenses with infection or temperature will affect the survivorship of
coral especially given the overwhelming evidence of coral disease
outbreaks that occur post-bleaching or contemporaneously with
temperature stress (Bruno et al., 2007; Harvell et al., 2001; Harvell
et al., 2009; Jones et al., 2004; McClanahan et al., 2009). The
constitutive immune defenses and capacity to induce immune
responses are expected to vary among coral species leaving some
corals more resistant to diseases than others.

Coral diseases are highly variable spatially and temporally
(Croquer and Weil, 2009; Page and Willis, 2008; Willis et al., 2004).
Disease prevalence is typically correlated to coral cover and high
host abundance (Bruno et al., 2007; Willis et al., 2004) but diseases
do not always affect the most abundant species on the reef (Croquer
and Weil, 2009; Ward et al., 2006). Overall, the prevalence and
frequency of different syndromes varies among families, suggesting
some coral taxa are more susceptible than others. Branching and
plating corals, such as Acroporidae and Pocilloporidae, are highly

Fig.1. Coral syndromes and diseases. (A)The sea fan,
Gorgonia ventalina with purple pigmented aspergillotic lesions
(photo by E. Weil), (B) Acropora palmata infected with White
Band Disease (photo by E. Weil), and (C) massive Porites sp.
with pink non-normal pigmentation (photo by C. Palmer).
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susceptible to diseases such as Skeletal Eroding Band and White
Syndrome (Page and Willis, 2008; Willis et al., 2004). Corals in
the Poritidae seem to persist after other more susceptible corals
decline in the Caribbean (Croquer and Weil, 2009; Ward et al., 2006)
and Great Barrier Reef (Page and Willis, 2008; Willis et al., 2004).
However, in the Philippines Poritidae are main hosts to Porites
Ulcerative White Spot Disease and tumors (Raymundo et al., 2005)
and are also susceptible to trematode infections in Hawaii (Palmer
et al., 2009b; Ravindran and Raghukumar, 2006). Similarly, while
Faviidae are host to many diseases on the Great Barrier Reef,
prevalence is typically low (Page and Willis, 2008; Willis et al.,
2004). In the Caribbean, favid species are not only host to some of
the most virulent diseases such as Yellow Band Disease and White
Plague but disease is typically very prevalent in this taxonomic group
(Croquer and Weil, 2009; Ward et al., 2006). Although there is intra-
family variation in disease susceptibility in different geographical
areas, some trends do emerge. Faster growing, thinner-tissued corals
such as acroporids and pocilloporids seem most susceptible, possibly
due to low investment in immunity (Palmer et al., 2008; Willis et
al., 2004) whereas slower growing Poritidae have thicker tissue and
are typically quite resilient to multiple stressors (Green et al., 2008).
The inter-family and inter-specific differences in immunity
combined with local stressors will probably inform these global
patterns of disease resistance.

Symbiont responses to pathogens
The responses of both the algal and bacterial symbionts to diseases
have been investigated due to the proposed importance of both of
these symbioses to holobiont immunity (Harvell et al., 2007;
Ritchie, 2006; Teplitski and Ritchie, 2009). The effect of disease
on the populations of algal symbionts in the coral is quite different
from the effects of temperature alone. Bleaching, as described above,
causes a change in the community structure of algal symbionts;
diseases however do not seem to impart the same effect. In sea fans
infected with the fungal pathogen Aspergillus sydowii, the
zooxanthellae clades did not change between healthy and infected
sea fan tissue, even though zooxanthellae numbers were greatly
reduced in infected tissue (Kirk et al., 2005). In a study of many
scleractinian coral diseases including Dark Spot, Black Band and
Yellow Band Diseases, zooxanthellae clades were also genetically
stable between infected tissue and healthy adjacent tissue (Correa
et al., 2009). However, Toller et al. found differences in
zooxanthellae clades between Yellow Band infected tissue and
healthy tissue on the same colony (Toller et al., 2001). Yellow Band
Disease is a particularly interesting disease to examine zooxanthellae
populations because it is believed the disease affects the algal
symbionts (Cervino et al., 2004). Metalloproteases isolated from
pathogens associated with White Syndromes on the Great Barrier
Reef differentially affected Symbiodinium clades (Sussman et al.,
2009). Therefore, zooxanthellae clade composition may contribute
to disease susceptibility especially in diseases where symbionts are
believed to be the target.

Even though algal symbiont populations are relatively stable in
diseased corals, bacterial communities are very dynamic. Both
temperature and disease have the potential to change the structure
of the bacterial communities in the mucus layer. Diseases such as
Aspergillosis (Gil-Agudelo et al., 2006), Black Band and White
Plague (Sekar et al., 2006; Sunagawa et al., 2009) all induce bacterial
community changes in infected tissue compared with healthy tissue.
It is thus far unknown if these changes arise as a cause or an effect
of infection. Variations in community structure, whether caused by
temperature or disease, are concurrent with functional changes. The

mucus layer and its bacterial inhabitants can protect the coral host,
either as a barrier to incoming pathogens or by exuding antibacterial
compounds that inhibit non-resident bacteria (Nissimov et al., 2009;
Shnit-Orland and Kushmaro, 2009) or even pathogenic bacteria
known to cause disease (Ritchie, 2006). Under normal conditions
these bacterial communities appear to have a protective effect,
although under temperature stress, potentially pathogenic bacteria
like Vibrio species increase, possibly facilitating infection and
disease (Ritchie, 2006; Teplitski and Ritchie, 2009). Proximity to
fish farms also caused a shift in microbial communities, with more
human and known coral pathogens present on corals near fish farm
effluent than in control sites (Garren et al., 2009). In this short-term
experiment, the corals near fish farm effluent did not develop disease
and the microbial communities shifted back to their original
composition after 22 days, showing unexpected resilience to
eutrophication and bacterial invasion.

The effect on coral immunity of hosting diverse algal and bacterial
symbionts is unknown, although it is likely that the same pattern
recognition receptors (PRR) are utilized in the recognition of
symbionts and pathogens, as is the case in other host–microbe
interactions (Weis et al., 2008). Because many of these receptors
rely on recognition of pathogen-associated molecular patterns, such
as glycans and lipolysaccarides, it very likely they can recognize
potential pathogens as well as potential symbionts. Upon initial
infection, the zooxanthellae enter the host cell by phagocytosis and
there is evidence that its presence prevents further phagosome
maturation, which possibly prevents degradation by the lysozome
(Chen et al., 2005; Hong et al., 2009; Schwarz et al., 2008). This
has led to the development of hypotheses that posit that algal
symbionts potentially elicit an immune reaction and that the
persistence of the symbiosis depends on the coral host suppressing
some components of immunity (Weis and Allemand, 2009; Weis
et al., 2008). During the onset of symbiosis several genes typically
involved in immunity were upregulated, such as receptors with lectin
and PRR domains and signaling gene homologs known for
host–microbe responses such as MAPK cell signaling pathway
(Schwarz et al., 2008; Voolstra et al., 2009).

Several immune-related pathways are also upregulated during
the breakdown of symbiosis. Intracellular signaling molecules,
such as nitric oxide (Perez and Weis, 2006) and ROS, are induced
during bleaching in the symbiont and coral host (Bouchard and
Yamasaki, 2008; Lesser, 1997; Mydlarz and Jacobs, 2006). Both
of these radicals play important roles in the inflammatory response
and are typically induced during pathogen invasion for their
toxicity and signaling properties (Mydlarz et al., 2006; Weis,
2008). The PPO pathway was also induced in naturally bleached
coral, with a significant negative correlation between zooxanthellae
numbers and PPO levels. The cause of this pathway elevation is
still unknown but may involve calcium regulation and other factors
that affect zooxanthellae and immunity independently (Mydlarz
et al., 2009). Although preliminary, these data potentially support
the symbiosis-mediated immune suppression hypothesis since
during bleaching, damaged zooxanthellae signal their presence
with free radicals and initiate host immune responses (Perez and
Weis, 2006; Weis et al., 2008) and it remains to be seen how these
intracellular events affect overall immunocompetence. Because
disease outbreaks typically follow bleaching events (Miller et al.,
2006; Muller et al., 2008), immune pathway upregulation due to
bleaching in addition to detrimental physiological changes such
as depletion of energy reserves and changes in protective mucus
functions, all probably contribute to temperature-related disease
dynamics.
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Evolution of resistance
One source of resilience in natural populations is the sufficient
variability in traits to allow rapid evolution. The process of evolution
of disease resistance is ubiquitous but poorly studied in natural
populations. Although rare to detect in ecological time in nature
(Altizer et al., 2003), there are increasing examples of enhanced
host resistance following an epizootic (Duncan and Little, 2007;
Ibrahim and Barret, 1991). Invertebrates such as the copepods,
Daphnia, are excellent models for evolution for host resistance.
Duffy and Sivars-Becker detected increased resistance in
experimentally infected populations of Daphnia dentifera
populations from lakes that experienced epizootics but not in
control populations (Duffy and Sivars-Becker, 2007). An
epidemiological model confirmed the plausibility of host evolution
as an explanation for increased Daphnia population resistance.
Another recent study of evolution of resistance in field populations
involves Daphnia magna populations artificially infected with the
microsporidean Octosporea bayeri. Populations exposed to O.
bayeri in ponds developed resistance over 15 generations and
became less impacted than unexposed populations to new infections
(Zbinden et al., 2008).

In coral, few examples of increased host resistance following an
epizootic have been described. Vollmer and Kline (Vollmer and
Kline, 2008) detected a small fraction of Acropora cervicornis
genotypes resistant to White Band Disease in Panama following a
massive epizootic, but there are no pre-epizootic estimates, so it is
not possible to know what pattern of evolution occurred. Seasonal
bleaching of O. patagonica in the Mediterranean occurred regularly
between 1994 and 2002 and was attributed to the pathogen Vibrio
shiloi (Kushmaro et al., 2001; Rosenberg and Falkovitz, 2004). The
pathogen was repeatedly isolated from bleached corals, caused
bleaching in experiments and was known to produce temperature-
sensitive virulence factors (Banin et al., 2000; Banin et al., 2003).
Since 2005, however, V. shiloi can no longer be isolated from
summer bleached corals and no longer causes bleaching in
experimental infections (Ainsworth et al., 2008; Rosenberg et al.,
2007), leading to extensive dialogue and controversy over the tenets
of bacterial bleaching and the associated probiotic hypothesis
(Ainsworth et al., 2008; Leggat et al., 2007; Lesser et al., 2007).
Current summer bleaching of Oculina continues to occur and is not
attributed to bacterial pathogens (Ainsworth et al., 2008), and most
mass-bleaching events occur independently of bacterial pathogens
(Leggat et al., 2007). In vitro experiments do demonstrate that upon
exposure to V. shiloi, Oculina can now lyse the bacteria as it
penetrates the tissue and prevent an infection from establishing,
perhaps resulting in a resistant host (Reshef et al., 2006). Although
the hypothesis that Oculina has evolved resistance to V. shiloi is an
appealing explanation, further evidence is required for confirmation.

In the Florida Keys during 1995, Dichocoenia stokesii was the
most susceptible species of corals infected by White Plague Type
II Disease caused by Aurantimonas coralicida (Denner et al., 2003).
Since then, new colonies of this coral have repopulated the area and
are no longer susceptible to the pathogen and are able to arrest lesions
shortly after they begin (Richardson and Aronson, 2002), leading
the authors to suggest that the host has evolved some resistance
mechanisms. Interestingly, this disease has not recurred in large
numbers in the years following the initial 1995 outbreak. Another
similar example is the evolution of resistance in the sea fan –
Aspergillosis pathosystem.

The prevalence of sea fan Aspergillosis was detected at peak
levels between 1994 and 1997 and then declined (Kim and Harvell,
2004). This is one of the few cases of a coral epizootic where the
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host survived despite intense mortality, and the pathogen has now
waned to low endemic levels, making it an instructive case to
consider for understanding evolution of coral resistance. Possible
explanations for the decline include: (1) changes in environmental
conditions (e.g. temperature or pollutants), (2) reduced pathogen
input or virulence, and (3) increased host resistance (Kim and
Harvell, 2004). As there is no indication that the environment has
changed in a way to disfavor Aspergillosis or that the input has
decreased, the focus has been on the host resistance hypothesis. This
hypothesis is supported by an earlier study finding reduced variance
in antifungal resistance of sea fans at reefs with more severe disease
outbreaks, suggesting a residue of local selection for resistance
(Dube et al., 2002). Ten years of studying marked fans on permanent
transects in the Florida Keys and Mexico revealed large mortality
from the epizootic, a marked change in sea fan size structure and
a large bottleneck in reproduction following peak epizootic years
(J. F. Bruno, S. P. Ellner, I. Vu, K. Kim and C.D.H., unpublished
data). The plausibility of the host resistance hypothesis was tested
with a population model by evaluating whether host evolution could
proceed quickly enough to explain the observed decrease in over-
all prevalence from ~30% in 1997 to <10% by 2003. As long as
resistant individuals exist in the initial population, the kind of
selection imposed by the sea fan epizootic would be expected to
increase resistance. The model simulated the findings that large,
susceptible, very fecund colonies were culled from the population
during the epizootic, and the remaining smaller colonies were more
resistant to infection.

The model is conservative in that the simulated rise and fall in
disease prevalence is smaller and slower than the observed trend in
nature. These simulations confirm that rapid evolution in host
resistance due to differential mortality could play a role in the decline
of the epizootic (J. F. Bruno, S. P. Ellner, I. Vu, K. Kim and C.D.H.,
unpublished data). Thus, host evolution by natural selection could
also explain both how resistant sea fans accumulate and slow the
epizootic and how the degree of the size-dependence in infection
risk changed as the epizootic progressed. Ultimately, the ability of
coral populations to evolve resistance is the final frontier of
resilience. Little is known about successful evolution in nature but
it is most likely to occur in corals with very large, sexually
reproducing populations and relatively rapid generation times, such
as gorgonian sea fans, a relatively ‘weedy’ taxon. Evolution of host
resistance can often be countered by pathogen evolution, obscuring
the response of host populations to selection (Zbinden et al., 2008).
In the sea fan Aspergillosis case, the evolution of resistance is
particularly likely to be successful because (1) the levels of host
mortality were well documented and extremely high (J. F. Bruno,
S. P. Ellner, I. Vu, K. Kim and C.D.H., unpublished data) (Dube
et al., 2002; Kim and Harvell, 2004; Nagelkerken et al., 1997), (2)
fungi in general are not known for extremely rapid evolution, so
would likely not counter host evolution, and (3) Aspergillus
populations in sea fans are largely believed to be clonal and not
sexually reproducing.

Conclusions
In this review we outline physiological mechanisms that underlie coral
resistance to temperature stress and disease. The mechanisms of the
coral host include heterotrophy, cellular immunity, Hsps and FPs,
and those of the coral symbionts include their own cascade of heat-
and pathogen-resistant proteins in algal symbionts as well as probiotic
functions in coral mucus bacteria and the mucus itself (Fig.2).
Collectively, these processes produce a resistant, remarkably resilient
coral holobiont. Even though we review coral responses to temperature
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stress and pathogen pressure separately, there are many shared
characteristics. For example, faster growing corals with thinner tissue
are more susceptible to both bleaching and diseases and suffer higher
mortality than massive, boulder corals (Loya et al., 2001; Willis et
al., 2004). The antioxidant capabilities of a coral may determine how
successfully it survives a bleaching event, as well as how effectively
it resists pathogenic bacteria, as many immune pathways have
cytotoxic side-effects. From the symbiont perspective, both bleaching
and disease cause significant changes in the surface microbial
communities that lead to changes in functional antibiotic properties.
The importance of thermotolerant zooxanthellae clades in enhancing
survival at elevated sea surface temperatures raises the question of
the potential role of endosymbiont identity and function in disease
resistance. This may be particularly important in the syndromes like
Yellow Band Disease and some White Syndromes that seem to affect
the symbionts directly.

The coral species with the greatest resilience, ability to acclimate
and potential to evolve resistance to temperature stress and disease
will probably dominate reefs in coming years. Evolutionary
potential should depend on rapid generation times, large sexually
reproducing populations, and the pace and tempo of selection.
Examples of what is already being seen on reefs include the
dominance of P. astreoides and various gorgonians in the Caribbean
and Porites lutea in the Indo-Pacific and the loss of acroporid corals
on reefs in both locales (Green et al., 2008; Loya et al., 2001).
Another possibility for the introduction of novel genotypes that
may possess increased stress tolerance lies with species that
participate in mass spawning events, where gametes are released
in synchronization and may hybridize (Kawecki, 2008; Willis et
al., 2006). The few hybrids that have been identified in the wild
populate and thrive in marginal habitats the parental species cannot
colonize (Richards et al., 2008; Vollmer and Palumbi, 2002). As
marginal habitats are typically characterized as being higher stress
environments, these hybrids may provide the potential for evolution
of resistant genotypes.

While the capacity for human intervention to bolster the survival
of coral reefs may seem impossible, strategies are still being

explored. Some strategies for mitigating effects of coral disease have
shown promise. Physical removal of Black Band Disease from
infected corals (Teplitski and Ritchie, 2009) and shading of corals
infected with White Plague (Muller and van Woesik, 2009) in the
Caribbean were both successful in halting the progression of these
diseases. Biological treatments such as phage therapy (Efrony et
al., 2009) and the use of probiotic bacteria as biocontrol agents are
interesting possibilities [see Teplitski and Ritchie (Teplitski and
Ritchie, 2009) for a comprehensive review]. An additional
theoretical approach is to try and stimulate coral immune system
using a probiotic bacteria, comparable with immune priming in other
systems (Teplitski and Ritchie, 2009). The continued study of coral
constitutive and inducible immune defenses will reveal the longer-
term sustainability of this approach. We have summarized studies
showing components of the coral immune repertoire that are indeed
induced by infection or abiotic factors.

As research identifies resilient reefs that persist despite multiple
disturbances, such as parts of the South Pacific and East African regions
(Adjeroud et al., 2009; McClanahan et al., 2007), these areas may be
targeted for future investigation, management and conservation
(Hughes et al., 2003; West and Salm, 2003). Research concerning the
environmental and genetic factors that contribute to the persistence of
these reefs can contribute to the establishment of new and possibly
interconnected marine protected areas, with the ultimate goal of
conserving the genetic diversity of corals that show a heightened
survivorship (Hughes et al., 2003; McClanahan et al., 2007; West and
Salm, 2003). Management must also be expanded beyond the scope of
marine ecosystems to include the many land-based anthropogenic
stressors such as pollution and increased sediment run-off, as
controlling these sources of stress at local levels will provide greater
reef resilience and resistance (Hughes et al., 2003; Nystrom et al., 2008;
West and Salm, 2003). Given the global importance of coral reefs,
understanding the mechanisms involved in enhancing coral
thermotolerance and immunity is crucial to developing and
implementing successful management and conservation programs to
combat the stress of climate change and insure the presence of coral
reefs, in one form or another, for the future.

Fig.2. Interactions between the different components of the coral
holobiont to resist the effects of climate change. Factors that
influence physiological resilience in corals may include life-history
characteristics as well as cellular and molecular level responses.
Algal and microbial symbionts may undergo community changes
as well as functional changes that influence holobiont
thermotolerance and defensive properties. Plasticity in these
responses may mitigate mortality from bleaching and diseases.
Images: (A) bleached Montastraea spp. colonies, (B) healthy
Montastraea faveolata colony, and (C) Yellow Band diseased M.
faveolata colony (all photos taken in La Parguera, Puerto Rico by
E. Weil).

THE JOURNAL OF EXPERIMENTAL BIOLOGY



942 L. D. Mydlarz, E. S. McGinty and C. D. Harvell

Acknowledgements
The authors would like to thank Michaela Handel (Journal of Experimental
Biology) and Malcolm Gordon (UCLA) for organizing the session on Emerging
Zoonosis at the 2009 The Journal of Experimental Biology’s Symposium –
Survival in a Changing World. We would also like to acknowledge funding from
the University of Texas at Arlington Research Enhancement Program and
Start-up funds (L.D.M.), the National Science Foundation OCE-0849799
(L.D.M. and C.D.H.) and the GEF Coral Reef Targeted Research Program
(C.D.H.). We thank Caroline Palmer and Bette Willis for comments that greatly
strengthened the manuscript, as well as Caroline Palmer and Ernesto Weil for
photographs.

References
Abrego, D., Ulstrup, K., Willis, B. and Van Oppen, M. (2008). Species specific

interactions between algal endosymbionts and coral hosts define their bleaching
response to heat and light stress. Proc. Biol. Sci. 275, 2273-2282.

Adjeroud, M., Michonneau, F., Edmunds, P. J., Chancerelle, Y., de Loma, T. L.,
Penin, L., Thibaut, L., Vidal-Dupiol, J., Salvat, B. and Galzin, R. (2009).
Recurrent disturbances, recovery trajectories, and resilience of coral assemblages
on a South Central Pacific reef. Coral Reefs 28, 775-780.

Ainsworth, T., Fine, M., Roff, G. and Hoegh-Guldberg, O. (2008). Bacteria are not
the primary cause of bleaching in the Mediterranean coral Oculina patagonica. Isme
J. 2, 67-73.

Ainsworth, T. D. and Hoegh-Guldberg, O. (2009). Bacterial communities closely
associated with coral tissues vary under experimental and natural reef conditions
and thermal stress. Aquat. Biol. 4, 289-296.

Altizer, S., Harvell, C. D. and Friedle, E. (2003). Rapid evolutionary dynamics and
disase. Trends Ecol. Evol. 18, 689-696.

Baird, A. H., Bhagooli, R., Ralph, P. J. and Takahashi, S. (2009). Coral bleaching:
the role of the host. Trends Ecol. Evol. 24, 16-20.

Baker, A. C. (2001). Reef corals bleach to survive change. Nature 411, 765-766.
Baker, A. (2003). Flexibility and specificity in coral-algal symbiosis: diversity, ecology,

and biogeography of symbiodinium. Ann. Rev. Ecol. Evol. System. 34, 661-689.
Baker, A. C., Starger, C. J., McClanahan, T. R. and Glynn, P. W. (2004). Corals’

adaptive response to climate change. Nature 430, 741.
Banaszak, A. T., LaJeunesse, T. C. and Trench, R. K. (2000). The synthesis of

mycosporine-like amino acids (MAAs) by cultured, symbiotic dinoflagellates. J. Exp.
Mar. Biol. Ecol. 249, 219-233.

Banaszak, A. T., Santos, M. G., LaJeunesse, T. C. and Lesser, M. P. (2006). The
distribution of mycosporine-like amino acids (MAAs) and the phylogenetic identity of
symbiotic dinoflagellates in cnidarian hosts from the Mexican Caribbean. J. Exp.
Mar. Biol. Ecol. 337, 131-146.

Banin, E., Israely, T., Kushmaro, A., Loya, Y., Orr, E. and Rosenberg, E. (2000).
Penetration of the coral-bleaching bacterium Vibrio shiloi into Oculina patagonica.
App. Environ. Microbiol. 66, 3031-3036.

Banin, E., Vassilakos, D., Orr, E., Martinez, R. J. and Rosenberg, E. (2003).
Superoxide dismutase is a virulence factor produced by the coral bleaching
pathogen Vibrio shiloi. Curr. Microbiol. 46, 418-422.

Berkelmans, R. and van Oppen, M. J. H. (2006). The role of zooxanthellae in the
thermal tolerance of corals: a ‘nugget of hope’ for coral reefs in an era of climate
change. Proc. R. Soc. B Biol. Sci. 273, 2305-2312.

Bigger, C. H., Jokiel, P. L., Hildemann, W. H. and Johnston, I. S. (1982).
Characterization of alloimmune memory in a sponge. J. Immunol. 129, 1570-1572.

Blackstone, N. W. and Bridge, D. M. (2005). Model systems for environmental
signaling. Integr. Comp. Biol. 45, 605-614.

Borell, E. M. and Bischof, K. (2008). Feeding sustains photosynthetic quantum yield
of a scleractinian coral during thermal stress. Oecologia 157, 593-601.

Bou-Abdallah, F., Chasteen, N. D. and Lesser, M. P. (2006). Quenching of
superoxide radicals by green fluorescent protein. Biochim. Et Biophys. Acta-Gen.
Sub. 1760, 1690-1695.

Bouchard, J. N. and Yamasaki, H. (2008). Heat stress stimulates nitric oxide
production in Symbiodinium microadriaticum: a possible linkage between nitric oxide
and the coral bleaching phenomenon. Plant Cell Physiol. 49, 641-652.

Bourne, D., Boyett, H., Henderson, M., Muirhead, A. and Willis, B. (2008a).
Identification of a ciliate (Oligohymenophorea: Scuticociliatia) associated with brown
band disease on corals of the Great Barrier Reef. App. Environ. Microbiol. 74, 883.

Bourne, D., Iida, Y., Uthicke, S. and Smith-Keune, C. (2008b). Changes in coral-
associated microbial communities during a bleaching event. Isme J. 2, 350-363.

Brown, B. E. (1997). Coral bleaching: causes and consequences. Coral Reefs 16,
S129-S138.

Brown, B. E. and Bythell, J. C. (2005). Perspectives on mucus secretion in coral
reefs. Mar. Ecol. Prog. Ser. 296, 291-309.

Brown, B. E., Downs, C. A., Dunne, R. P. and Gibb, S. W. (2002). Exploring the
basis of thermotolerance in the reef coral Goniastrea aspera. Mar. Ecol. Prog. Ser.
242, 119-129.

Bruno, J. F. and Edmunds, P. J. (1998). Metabolic consequences of phenotypic
plasticity in the coral Madracis mirabilis (Duchassaing and Michelotti): the effect of
morphology and water flow on aggregate respiration. J. Exp. Mar. Biol. Ecol. 229,
187-195.

Bruno, J. F. and Selig, E. R. (2007). Regional decline of coral cover in the Indo-
Pacific: timing, extent, and subregional comparisons. PLoS ONE 2, e711.

Bruno, J. F., Selig, E. R., Casey, K. S., Page, C. A., Willis, B. L., Harvell, C. D.,
Sweatman, H. and Melendy, A. M. (2007). Thermal stress and coral cover as
drivers of coral disease outbreaks. Plos Biol. 5, 1220-1227.

Buddemeier, R. W. and Fautin, D. G. (1993). Coral bleaching as an adaptive
mechanism – a testable hypothesis. Bioscience 43, 320-326.

Buddemeier, R. W., Baker, A. C., Fautin, D. G. and Jacobs, J. R. (2004). The
adaptive hypothesis of bleaching. In Coral Health and Disease (eds E. Rosenberg
and Y. Loya), pp. 427-444. Berlin, Germany: Springer.

Cantin, N., van Oppen, M., Willis, B., Mieog, J. and Negri, A. (2009). Juvenile corals
can acquire more carbon from high-performance algal symbionts. Coral Reefs 28,
405-414.

Carpenter, K. E., Abrar, M., Aeby, G., Aronson, R. B., Banks, S., Bruckner, A.,
Chiriboga, A., Cortes, J., Delbeek, J. C., DeVantier, L. et al. (2008). One-third of
reef-building corals face elevated extinction risk from climate change and local
impacts. Science 321, 560-563.

Cervino, J. M., Hayes, R. L., Polson, S. W., Polson, S. C., Goreau, T. J., Martinez,
R. J. and Smith, G. W. (2004). Relationship of Vibrio species infection and elevated
temperatures to yellow blotch/band disease in Caribbean corals. App. Environ.
Microbiol. 70, 6855-6864.

Cervino, J. M., Thompson, F. L., Gomez-Gil, B., Lorence, E. A., Goreau, T. J.,
Hayes, R. L., Winiarski-Cervino, K. B., Smith, G. W., Hughen, K. and Bartels, E.
(2008). The Vibrio core group induces yellow band disease on Caribbean and Indo-
Pacific reef-building corals. J. App. Microbiol. 105, 1658-1671.

Chen, M. C., Hong, M. C., Huang, Y. S., Liu, M. C., Cheng, Y. M. and Fang, L. S.
(2005). ApRab11, a cnidarian homologue of the recycling regulatory protein Rab11,
is involved in the establishment and maintenance of the Aiptasia-Symbiodinium
endosymbiosis. Biochem. Biophys. Res. Commun. 338, 1607-1616.

Chow, A. M., Ferrier-Pages, C., Khalouei, S., Reynaud, S. and Brown, I. R. (2009).
Increased light intensity induces heat shock protein Hsp60 in coral species. Cell
Stress Chaperon. 14, 469-476.

Coles, S. L. and Brown, B. E. (2003). Coral bleaching – capacity for acclimatization
and adaptation. Adv. Mar. Biol. 46, 183-223.

Correa, A. M. S., Brandt, M. E., Smith, T. B., Thornhill, D. J. and Baker, A. C.
(2009). Symbiodinium associations with diseased and healthy scleractinian corals.
Coral Reefs 28, 437-448.

Cote, I. M., Gill, J. A., Gardner, T. A. and Watkinson, A. R. (2005). Measuring coral
reef decline through meta-analyses. Phil. Trans. R. Soc. B Biol. Sci. 360, 385-395.

Croquer, A. and Weil, E. (2009). Spatial variability in distribution and prevalence of
Caribbean scleractinian coral and octocoral diseases. II. Genera-level analysis. Dis.
Aquat. Org. 83, 209-222.

Croquer, A., Bastidas, C., Lipscomb, D., Rodriguez-Martinez. R. E., Jordan-
Dahlgreen, E. and Guzman, H. M. (2006). First report of folliculinid ciliates affecting
Caribbean scleractinian corals. Coral Reefs 25, 187-191.

Denner, E. B. M., Smith, G. W., Busse, H.-J., Schumann, P., Narzt, T., Polson, S.
W., Lubitz, W. and Richardson, L. L. (2003). Aurantimonas coralicida gen. nov.,
sp. nov., the causative agent of white plague type II on Caribbean scleractinian
corals. Int. J. Syst. Evol. Microbiol. 53, 1115-1122.

Dishaw, L. J., Smith, S. L. and Bigger, C. H. (2005). Characterization of a C3-like
cDNA in a coral: phylogenetic implications. Immunogenetics 57, 535-548.

Domart-Coulon, I. J., Traylor-Knowles, N., Peters, E., Elbert, D., Downs, C. A.,
Price, K., Stubbs, J., McLaughlin, S., Cox, E., Aeby, G. et al. (2006).
Comprehensive characterization of skeletal tissue growth anomalies of the finger
coral Porites compressa. Coral Reefs 25, 531-543.

Donner, S. D., Skirving, W. J., Little, C. M., Oppenheimer, M. and Hoegh-
Guldberg, O. (2005). Global assessment of coral bleaching and required rates of
adaptation under climate change. Glob. Chang. Biol. 11, 2251-2265.

Dove, S. (2004). Scleractinian corals with photoprotective host pigments are
hypersensitive to thermal bleaching. Mar. Ecol. Prog. Ser. 272, 99-116.

Downs, C. A., Mueller, E., Phillips, S., Fauth, J. E. and Woodley, C. M. (2000). A
molecular biomarker system for assessing the health of coral (Montastraea
faveolata) during heat stress. Mar. Biotechnol. 2, 533-544.

Downs, C. A., Fauth, J. E., Halas, J. C., Dustan, P., Bemiss, J. and Woodley, C. M.
(2002). Oxidative stress and seasonal coral bleaching. Free Rad. Biol. Med. 33, 533-
543.

Dube, D., Kim, K., Alker, A. P. and Harvell, C. D. (2002). Size structure and
geographic variation in chemical resistance of sea fan corals Gorgonia ventalina to a
fungal pathogen. Mar. Ecol. Prog. Ser. 231, 139-150.

Duffy, M. A. and Sivars-Becker, L. (2007). Rapid evolution and ecological
host–parasite dynamics. Ecol. Lett. 10, 44-53.

Duncan, A. B. and Little, T. J. (2007). Parasite-driven genetic change in a natural
population of Daphnia. Evolution 61, 796-803.

Dunlap, W. C. and Shick, J. M. (1998). Ultraviolet radiation-absorbing mycosporine-
like amino acids in coral reef organisms: A biochemical and environmental
perspective. J. Phycol. 34, 418-430.

Dunn, S. (2009). Immunorecognition and immunoreceptors in the Cnidaria. Invert.
Surv. J. 6, 7-14.

Efrony, R., Atad, I. and Rosenberg, E. (2009). Phage therapy of coral White Plague
Disease: properties of Phage BA3. Curr. Microbiol. 58, 139-145.

Fenner, D. and Banks, K. (2004). Orange cup coral Tubastraea coccinea invades
Florida and the Flower Garden Banks, northwestern Gulf of Mexico. Coral Reefs 23,
505-507.

Ferrier-Pages, C., Richard, C., Forcioli, D., Allemand, D., Pichon, M. and Shick, J.
M. (2007). Effects of temperature and UV radiation increases on the photosynthetic
efficiency in four scleractinian coral species. Biol. Bull. 213, 76-87.

Field, S. F., Bulina, M. Y., Kelmanson, I. V., Bielawski, J. P. and Matz, M. V.
(2006). Adaptive evolution of multicolored fluorescent proteins in reef-building corals.
J. Mol. Evol. 62, 332-339.

Fitt, W. K. (2000). Cellular growth of host and symbiont in a cnidarian-zooxanthellar
symbiosis. Biol. Bull. 198, 110-120.

Fitt, W. K., Gates, R. D., Hoegh-Guldberg, O., Bythell, J. C., Jatkar, A., Grottoli, A.
G., Gomez, M., Fisher, P., Lajuenesse, T. C., Pantos, O. et al. (2009). Response
of two species of Indo-Pacific corals, Porites cylindrica and Stylophora pistillata, to
short-term thermal stress: the host does matter in determining the tolerance of corals
to bleaching. J. Exp. Mar. Biol. Ecol. 373, 102-110.

THE JOURNAL OF EXPERIMENTAL BIOLOGY



943Coral and climate change

Frias-Lopez, J., Zerkle, A. L., Bonheyo, G. T. and Fouke, B. W. (2002). Partitioning
of bacterial communities between seawater and healthy, black band diseased, and
dead coral surfaces. App. Environ. Microbiol. 68, 2214-2228.

Gardner, T. A., Cote, I. M., Gill, J. A., Grant, A. and Watkinson, A. R. (2003). Coral
reef decline in the Caribbean. Science 302, 392-393.

Garren, M., Raymundo, L., Guest, J., Harvell, C. D. and Azam, F. (2009). Resilience
of coral-associated bacterial communities exposed to fish farm effluent. PLoS ONE
4, e7319.

Geffen, Y. and Rosenberg, E. (2005). Stress-induced rapid release of antibacterials
by scleractinian corals. Mar. Biol. 146, 931-935.

Geffen, Y., Ron, E. Z. and Rosenberg, E. (2009). Regulation of release of
antibacterials from stressed scleractinian corals. FEMS Microbiol. Lett. 295, 103-109.

Gil-Agudelo, D. L., Myers, C., Smith, G. W. and Kim, K. (2006). Changes in the
microbial communities associated with Gorgonia ventalina during aspergillosis
infection. Dis. Aquat. Org. 69, 89-94.

Gochfeld, D. J. and Aeby, G. S. (2008). Antibacterial chemical defenses in Hawaiian
corals provide possible protection from disease. Mar. Ecol. Prog. Ser. 362, 119-128.

Green, D. H., Edmunds, P. J. and Carpenter, R. C. (2008). Increasing relative
abundance of Porites astreoides on Caribbean reefs mediated by an overall decline
in coral cover. Mar. Ecol. Prog. Ser. 359, 1-10.

Grottoli, A. G., Rodrigues, L. J. and Palardy, J. E. (2006). Heterotrophic plasticity
and resilience in bleached corals. Nature 440, 1186-1189.

Harvell, C. D. (1991). Coloniality and inducible polymorphism: the interaction of zooid
and colony level control. Am. Nat. 138, 1-14.

Harvell, C., Mitchell, C. E., Ward, J. R. and Altizer, S. (2002). Climate warming and
disease risks for terrestrial and marine biota. Science. 296, 2158-2162.

Harvell, D., Kim, K., Quirolo, C., Weir, J. and Smith, G. (2001). Coral bleaching and
disease: contributors to 1998 mass mortality in Briareum asbestinum (Octocorallia,
Gorgonacea). Hydrobiologia 460, 97-104.

Harvell, D., Jordan-Dahlgren, E., Merkel, S., Rosenberg, E., Raymundo, L.,
Smith, G., Weil, E. and Willis, B. (2007). Coral disease, environmental drivers,
and the balance between coral and microbial associates. Oceanography 20, 172-
195.

Harvell, D., Altizer, S., Cattadori, I. M., Harrington, L. and Weil, E. (2009). Climate
change and wildlife diseases: when does the host matter the most? Ecology 90,
912-920.

Hildemann, W. H., Raison, R. L., Cheung, G., Hull, C. J., Akaka, L. and Okamoto,
J. (1977). Immunological specificity and memory in a scleractinian coral. Nature 270,
219-223.

Hill, R., Frankart, C. and Ralph, P. J. (2005). Impact of bleaching conditions on the
components of non-photochemical quenching in the zooxanthellae of a coral. J. Exp.
Mar. Biol. Ecol. 322, 83-92.

Hoegh-Guldberg, O. (1999). Climate change, coral bleaching and the future of the
world’s coral reefs. Mar. Freshwater Res. 50, 839-866.

Hoegh-Guldberg, O., Jones, R. J., Ward, S. and Loh, W. K. (2002). Is coral
bleaching really adaptive? Nature 415, 601-602.

Hoegh-Guldberg, O., Mumby, P. J., Hooten, A. J., Steneck, R. S., Greenfield, P.,
Gomez, E., Harvell, C. D., Sale, P. F., Edwards, A. J., Caldeira, K. et al. (2007).
Coral reefs under rapid climate change and ocean acidification. Science 318, 1737-
1742.

Hong, M. C., Huang, Y. S., Lin, W. W., Fang, L. S. and Chen, M. C. (2009). ApRab3,
a biosynthetic Rab protein, accumulates on the maturing phagosomes and
symbiosomes in the tropical sea anemone, Aiptasia pulchella. Comp. Biochem.
Physiol B Biochem. Mol. Biol. 152, 249-259.

Hughes, R. N. (1983). Evolutionary ecology of colonial reef-organisms, with particular
reference to corals. Biol. J. Linn. Soc. 20, 39-58.

Hughes, T. P., Baird, A. H., Bellwood, D. R., Card, M., Connolly, S. R., Folke, C.,
Grosberg, R., Hoegh-Guldberg, O., Jackson, J. B., Kleypas, J. et al. (2003).
Climate change, human impacts, and the resilience of coral reefs. Science 301, 929-
933.

Hughes, T. P., Rodrigues, M. J., Bellwood, D. R., Ceccarelli, D., Hoegh-Guldberg,
O., McCook, L., Moltschaniwskyj, N., Pratchett, M. S., Steneck, R. S. and Willis,
B. (2007). Phase shifts, herbivory, and the resilience of coral reefs to climate
change. Curr. Biol. 17, 1-6.

Ibrahim, K. M. and Barret, J. A. (1991). Evolution of mildew resitance in ahubrid bulk
population of barley. Heredity 67, 247-256.

Jones, A. M., Berkelmans, R., van Oppen, M. J. H., Mieog, J. C. and Sinclair, W.
(2008). A community change in the algal endosymbionts of a scleractinian coral
following a natural bleaching event: field evidence of acclimatization. Proc. R. Soc. B
Biol. Sci. 275, 1359-1365.

Jones, R., Hoegh-Guldberg, O., Larkum, A. and Schreiber, U. (1998). Temperature-
induced bleaching of corals begins with impairment of the CO2 fixation mechanism in
zooxanthellae. Plant Cell Environ. 21, 1219-1230.

Jones, R. J., Bowyer, J., Hoegh-Guldberg, O. and Blackall, L. L. (2004). Dynamics
of a temperature-related coral disease outbreak. Mar. Ecol. Prog. Ser. 281, 63-77.

Kawecki, T. J. (2008). Adaptation to marginal habitats. Ann. Rev. Ecol. Evol. System.
39, 321-342.

Kim, K. (1994). Antimicrobial activity in gorgonian corals (Coelenterata, Octocorallia).
Coral Reefs 13, 75-80.

Kim, K. and Harvell, C. D. (2004). The rise and fall of a six-year coral-fungal
epizootic. Am. Nat. 164, S52-S63.

Kim, K., Harvell, C. D., Kim, P. D., Smith, G. W. and Merkel, S. M. (2000). Fungal
disease resistance of Caribbean sea fan corals (Gorgonia spp.). Mar. Biol. 136, 259-
267.

Kirk, N. L., Ward, J. R. and Coffroth, M. A. (2005). Stable symbiodinium composition
in the sea fan Gorgonia ventalina during temperature and disease stress. Biol. Bull.
209, 227-234.

Koh, E. G. L. (1997). Do scleractinian corals engage in chemical warfare against
microbes? J. Chem. Ecol. 23, 379-398.

Koren, O. and Rosenberg, E. (2008). Bacteria associated with the bleached and cave
coral Oculina patagonica. Micro. Ecol. 55, 523-529.

Kushmaro, A., Banin, E., Loya, Y., Stackebrandt, E. and Rosenberg, E. (2001).
Vibrio shiloi sp nov., the causative agent of bleaching of the coral Oculina
patagonica. Int. J. Syst. Evol. Microbiol. 51, 1383-1388.

Kvennefors, E. C. E., Leggat, W., Hoegh-Guldberg, O., Degnan, B. M. and Barnes,
A. C. (2008). An ancient and variable mannose-binding lectin from the coral
Acropora millepora binds both pathogens and symbionts. Dev. Comp. Immunol.
1582-1592.

LaJeunesse, T. C. (2001). Investigating the biodiversity, ecology, and phylogeny of
endosymbiotic dinoflagellates in the genus Symbiodinium using the ITS region: In
search of a ‘species’ level marker. J. Phycol. 37, 866-880.

Leggat, W., Ainsworth, T., Bythell, J., Dove, S., Gates, R., Hoegh-Guldberg, O.,
Iglesias-Prieto, R. and Yellowlees, D. (2007). The hologenome theory disregards
the coral holobiont. Nat. Rev. Microbiol. 5 doi:10.1038/nrmicro1635C1.

Lesser, M. P. (1996). Elevated temperatures and ultraviolet radiation cause oxidative
stress and inhibit photosynthesis in symbiotic dinoflagellates. Limnol. Ocean. 41,
271-283.

Lesser, M. P. (1997). Oxidative stress causes coral bleaching during exposure to
elevated temperatures. Coral Reefs 16, 187-192.

Lesser, M. P. (2006). Oxidative stress in marine environments: biochemistry and
physiological ecology. Ann. Rev. Physiol. 68, 253-278.

Lesser, M. P., Bythell, J. C., Gates, R. D. and Johnstone, R. W. (2007). Are
infectious diseases really killing corals? Alternative interpretations of the
experimental and ecological data. J. Exp. Mar. Biol. Ecol. 346, 36-44.

Little, A. F., van Oppen, M. J. H. and Willis, B. L. (2004). Flexibility in algal
endosymbioses shapes growth in reef corals. Science 304, 1492-1494.

Loya, Y., Sakai, K., Yamazato, K., Nakano, Y., Sambali, H. and van Woesik, R.
(2001). Coral bleaching: the winners and the losers. Ecol. Lett. 4, 122-131.

Marshall, P. A. and Baird, A. H. (2000). Bleaching of corals on the Great Barrier
Reef: differential susceptibilities among taxa. Coral Reefs 19, 155-163.

Matz, M. V., Fradkov, A. F., Labas, Y. A., Savitsky, A. P., Zaraisky, A. G.,
Markelov, M. L. and Lukyanov, S. A. (1999). Fluorescent proteins from
nonbioluminescent Anthozoa species. Nat. Biotech. 17, 969-973.

McClanahan, T. R. (2004). The relationship between bleaching and mortality of
common corals. Mar. Biol. 144, 1239-1245.

McClanahan, T. R., Baird, A. H., Marshall, P. A. and Toscano, M. A. (2004).
Comparing bleaching and mortality responses of hard corals between southern
Kenya and the Great Barrier Reef, Australia. Mar. Poll. Bull. 48, 327-335.

McClanahan, T. R., Ateweberhan, M., Muhando, C. A., Maina, J. and Mohammed,
M. S. (2007). Effects of climate and seawater temperature variation on coral
bleaching and mortality. Ecol. Mono. 77, 503-525.

McClanahan, T. R., Weil, E. and Maina, J. (2009). Strong relationship between coral
bleaching and growth anomalies in massive Porites. Glob. Chang. Biol. 15, 1804-
1816.

Meszaros, A. and Bigger, C. (1999). Qualitative and quantitative study of wound
healing processes in the coelenterate, Plexaurella fusifera: spatial, temporal, and
environmental (light attenuation) influences. J. Invert. Pathol. 73, 321-331.

Mieog, J. C., van Oppen, M. J. H., Cantin, N. E., Stam, W. T. and Olsen, J. L.
(2007). Real-time PCR reveals a high incidence of Symbiodinium clade D at low
levels in four scleractinian corals across the Great Barrier Reef: implications for
symbiont shuffling. Coral Reefs 26, 449-457.

Mieog, J. C., Olsen, J. L., Berkelmans, R., Bleuler-Martinez, S. A., Willis, B. L. and
van Oppen, M. J. H. (2009). The roles and interactions of symbiont, host and
environment in defining coral fitness. PLoS ONE 4, e6364.

Miller, D. J., Hemmrich, G., Ball, E. E., Hayward, D. C., Khalturin, K., Funayama,
N., Agata, K. and Bosch, T. C. G. (2007). The innate immune repertoire in
Cnidaria-ancestral complexity and stochastic gene loss. Genome Biol. 8, 13.

Miller, J., Waara, R., Muller, E. and Rogers, C. (2006). Coral bleaching and disease
combine to cause extensive mortality on reefs in US Virgin Islands. Coral Reefs 25,
418.

Muller, E. M. and van Woesik, R. (2009). Shading reduces coral-disease progression.
Coral Reefs 28, 757-760.

Muller, E. M., Rogers, C. S., Spitzack, A. S. and van Woesik, R. (2008). Bleaching
increases likelihood of disease on Acropora palmata (Lamarck) in Hawksnest Bay,
St John, US Virgin Islands. Coral Reefs 27, 191-195.

Muscatine, L. (1971). Calcification in corals. In Experimental Coelenterate Biology
(eds H. M. Lenhoff, L. Muscatine and L. V. Davis), pp. 227-238. Honolulu: University
of Hawaii Press.

Muscatine, L. (1973). Nutrition of corals. In Biology and Geology of Coral Reefs, vol. 2
(eds O. A. Jones and R. Endean), pp. 77-115. New York, USA: Academic Press.

Mydlarz, L. D. and Jacobs, R. S. (2004). Comparison of an inducible oxidative burst
in free-living and symbiotic dinoflagellates reveals properties of the pseudopterosins.
Phytochemistry 65, 3231-3241.

Mydlarz, L. and Jacobs, R. (2006). An inducible release of reactive oxygen radicals in
four species of gorgonian corals. Mar. Freshwater Beh. Physiol. 39, 143-152.

Mydlarz, L., Jones, L. E. and Harvell, C. (2006). Innate immunity, environmental
drivers, and disease ecology of marine and freshwater invertebrates. Ann. Rev. Ecol.
37, 251-288.

Mydlarz, L., Holthouse, S., Peters, E. and Harvell, C. (2008). Cellular responses in
sea fan corals: granular amoebocytes react to pathogen and climate stressors. PLoS
ONE 3, e1811.

Mydlarz, L. D., Couch, C. S., Weil, E., Smith, G. and Harvell, C. D. (2009). Immune
defenses of healthy, bleached and diseased Montastraea faveolata during a natural
bleaching event. Dis. Aquat. Org. 87, 67-78.

Nagelkerken, I., Buchan, K., Smith, G. W., Bonair, K., Bush, P., Garzon-Ferreira,
J., Botero, L., Gayle, P., Harvell, C. D., Heberer, C. et al. (1997). Widespread
disease in Caribbean sea fans: II. Patterns of infection and tissue loss. Marine Ecol.
Prog. Ser. 160, 255-263.

THE JOURNAL OF EXPERIMENTAL BIOLOGY



944 L. D. Mydlarz, E. S. McGinty and C. D. Harvell

Nappi, A. J. and Christensen, B. M. (2005). Melanogenesis and associated cytotoxic
reactions: Applications to insect innate immunity. Insect Biochem. Mol. Biol. 35, 443-
459.

Nissimov, J., Rosenberg, E. and Munn, C. B. (2009). Antimicrobial properties of
resident coral mucus bacteria of Oculina patagonica. Fems Microbiol. Lett. 292, 210-
215.

Nystrom, M., Graham, N. A. J., Lokrantz, J. and Norstrom, A. V. (2008). Capturing
the cornerstones of coral reef resilience: linking theory to practice. Coral Reefs 27,
795-809.

Olano, C. T. and Bigger, C. H. (2000). Phagocytic activities of the gorgonian coral
Swiftia exsertia. J. Invert. Pathol. 76, 176-184.

Oren, A. and Gunde-Cimerman, N. (2007). Mycosporines and mycosporine-like
amino acids: UV protectants or multipurpose secondary metabolites? Fems
Microbiol. Lett. 269, 1-10.

Page, C. and Willis, B. (2006). Distribution, host range and large-scale spatial
variability in black band disease prevalence on the Great Barrier Reef, Australia. Dis.
Aquat. Org. 69, 41-51.

Page, C. A. and Willis, B. L. (2008). Epidemiology of skeletal eroding band on the
Great Barrier Reef and the role of injury in the initiation of this widespread coral
disease. Coral Reefs 27, 257-272.

Palmer, C. V., Mydlarz, L. D. and Willis, B. L. (2008). Evidence of an inflammatory-
like response in non-normally pigmented tissues of two scleractinian corals. Proc. R.
Soc. B Biol. Sci. 275, 2687-2693.

Palmer, C. V., Modi, C. K. and Mydlarz, L. D. (2009a). Coral fluorescent proteins as
antioxidants. PLoS ONE 4, e7298.

Palmer, C. V., Roth, M. S. and Gates, R. D. (2009b). Red fluorescent protein
responsible for pigmentation in trematode-infected Porites compressa tissues. Biol.
Bull. 216, 68-74.

Peck, L. S. (2008). Brachlopods and climate change. Earth Environ. Sci. Trans. Royal
Soc. Edin. 98, 451-456.

Perez, S. and Weis, V. (2006). Nitric oxide and cnidarian bleaching: an eviction notice
mediates breakdown of a symbiosis. J. Exp. Biol. 209, 2804-2810.

Petes, L. E., Harvell, C. D., Peters, E. C., Webb, M. A. H. and Mullen, K. M. (2003).
Pathogens compromise reproduction and induce melanization in Caribbean sea
fans. Mar. Ecol. Prog. Ser. 264, 167-171.

Ravindran, J. and Raghukumar, C. (2006). Histological observations on the
scleractinian coral Porites lutea affected by pink-line syndrome. Curr. Sci. 90, 720-
724.

Raymundo, L. J., Rosell, K. B., Reboton, C. T. and Kaczmarsky, L. (2005). Coral
diseases on Philippine reefs: genus Porites is a dominant host. Dis. Aquat. Org. 64,
181-191.

Reshef, L., Koren, O., Loya, Y., Zilber-Rosenberg, I. and Rosenberg, E. (2006).
The coral probiotic hypothesis. Environ. Microbiol. 8, 2068-2073.

Richards, Z. T., van Oppen, M. J. H., Wallace, C. C., Willis, B. L. and Miller, D. J.
(2008). Some rare Indo-Pacific coral species are probable hybrids. PLoS ONE 3,
e3240.

Richardson, L. L. (1992). Red Band Disease: a new cyanobacterial infestation of
corals. In Proceedings of the American Academy of Underwater Sciences Twelfth
Annual Scientific Diving Symposium (ed. L. B. Cahoon), pp. 153-160. Wilmington,
NC: American Academy of Underwater Sciences.

Richardson, L. and Aronson, R. (2002). Infectious diseases of reef corals. In
Proceedings of the Ninth International Coral Reef Symposium, Bali. 23–27 October
2000, vol. 2 (eds M. K. Moosa, S. Soemodihardjo, A. Soegiarto, K. Romimohtarto, A.
Nontji, Soekarno and Suharsono), pp. 1225-1231. Bali, Indonesia: Indonesian
Institute of Sciences and State Ministry of Education.

Richardson, L. L. and Kuta, K. G. (2003). Ecological physiology of the black band
disease cyanobacterium Phormidium corallyticum. FEMS Microbiol. Ecol. 43, 287-
298.

Ritchie, K. B. (2006). Regulation of microbial populations by coral surface mucus and
mucus-associated bacteria. Mar. Ecol. Progr. 322, 1-14.

Ritchie, K. B. and Smith, G. W. (2004). Microbial communities of coral surface
mucopolysaccharide layers. In Coral Health Disease (eds E. Rosenberg and Y.
Loya), pp. 143-156. Berlin, Germany: Springer.

Rodrigues, L. J. and Grottoli, A. G. (2007). Energy reserves and metabolism as
indicators of coral recovery from bleaching. Limnol. Oceanog. 52, 1874-1882.

Rosenberg, E. and Ben-Haim, Y. (2002). Microbial diseases of corals and global
warming. Environ. Microbiol. 4, 318-326.

Rosenberg, E. and Falkovitz, L. (2004). The Vibrio shiloi/Oculina patagonica model
system of coral bleaching. Ann. Rev. Microbiol. 58, 143-159.

Rosenberg, E., Koren, O., Reshef, L., Efrony, R. and Zilber-Rosenberg, I. (2007).
The role of microorganisms in coral health, disease and evolution. Nat. Rev Micro. 5,
355-362.

Rowan, R. (1998). Diversity and ecology of zooxanthellae on coral reefs. J. Phycol.
34, 407-417.

Salih, A., Larkum, A., Cox, G., Kuhl, M. and Hoegh-Guldberg, O. (2000).
Fluorescent pigments in corals are photoprotective. Nature 408, 850-853.

Salih, A., Cox, G., Szymczak, R., Coles, S. L., Baird, A. H., Dunstan, A., Cocco,
G., Mills, J. and Larkum, A. (2006). The role of host-based color and fluorescent
pigments in photoprotection and in reducing bleaching stress in corals. In
Proceedings of the 10th International Coral Reef Symposium, pp. 746-756. Okinawa,
Japan: ICRS.

Schwarz, J. A., Brokstein, P. B., Voolstra, C., Terry, A. Y., Miller, D. J., Szmant, A.
M., Coffroth, M. A. and Medina, M. (2008). Coral life history and symbiosis:
Functional genomic resources for two reef building Caribbean corals, Acropora
palmata and Montastraea faveolata. Bmc Genomics 9, 16.

Sekar, R., Mills, D. K., Remily, E. R., Voss, J. D. and Richardson, L. L. (2006).
Microbial communities in the surface mucopolysaccharide layer and the black band
microbial mat of black band-diseased Siderastrea siderea. App. Environ. Microbiol.
72, 5963-5973.

Shick, J. M., Ferrier-Pages, C., Grover, R. and Allemand, D. (2005). Effects of
starvation, ammonium concentration, and photosynthesis on the UV-dependent
accumulation of mycosporine-like amino acids (MAAs) in the coral Stylophora
pistillata. Mar. Ecol. Prog. Ser. 295, 135-156.

Shnit-Orland, M. and Kushmaro, A. (2009). Coral mucus-associated bacteria: a
possible first line of defense. FEMS Microbiol. Ecol. 67, 371-380.

Smith, D. J., Suggett, D. J. and Baker, N. R. (2005). Is photoinhibition of
zooxanthellae photosynthesis the primary cause of thermal bleaching in corals?
Glob. Chang. Biol. 11, 1-11.

Smith-Keune, C. and Dove, S. (2008). Gene expression of a green fluorescent
protein homolog as a host-specific biomarker of heat stress within a reef-building
coral. Mar. Biotech. 10, 166-180.

Soderhall, K. and Cerenius, L. (1998). Role of the prophenoloxidase-activating
system in invertebrate immunity. Curr. Opin. Immunol. 10, 23-28.

Suggett, D. J., Warner, M. E., Smith, D. J., Davey, P., Hennige, S. and Baker, N.
R. (2008). Photosynthesis and production of hydrogen peroxide by Symbiodinium
(Pyrrhophyta) phylotypes with different thermal tolerances. J. Phycol. 44, 948-
956.

Sunagawa, S., DeSantis, T. Z., Piceno, Y. M., Brodie, E. L., DeSalvo, M. K.,
Voolstra, C. R., Weil, E., Andersen, G. L. and Medina, M. (2009). Bacterial
diversity and White Plague Disease-associated community changes in the Caribbean
coral Montastraea faveolata. Isme J. 3, 512-521.

Sussman, M., Mieog, J. C., Doyle, J., Victor, S., Willis, B. L. and Bourne, D. G.
(2009). Vibrio Zinc-Metalloprotease causes photoinactivation of coral endosymbionts
and coral tissue lesions. PLoS ONE 4, e4511.

Tchernov, D., Gorbunov, M. Y., de Vargas, C., Yadav, S. N., Milligan, A. J.,
Haggblom, M. and Falkowski, P. G. (2004). Membrane lipids of symbiotic algae
are diagnostic of sensitivity to thermal bleaching in corals. Proc. Nat. Acad. Sci. USA
101, 13531-13535.

Teplitski, M. and Ritchie, K. (2009). How feasible is the biological control of coral
diseases? Trends Ecol. Evol. 24, 378-385.

Thornhill, D. J., LaJeunesse, T. C., Kemp, D. W., Fitt, W. K. and Schmidt, G. W.
(2006). Multi-year, seasonal genotypic surveys of coral-algal symbioses reveal
prevalent stability or post-bleaching reversion. Mar. Biol. 148, 711-722.

Thurber, R. L. V., Barott, K. L., Hall, D., Liu, H., Rodriguez-Mueller, B., Desnues,
C., Edwards, R. A., Haynes, M., Angly, F. E., Wegley, L. et al. (2008).
Metagenomic analysis indicates that stressors induce production of herpes-like
viruses in the coral Porites compressa. Proc. Nat. Acad. Sci. USA 105, 18413-
18418.

Thurber, R. V., Willner-Hall, D., Rodriguez-Mueller, B., Desnues, C., Edwards, R.
A., Angly, F., Dinsdale, E., Kelly, L. and Rohwer, F. (2009). Metagenomic analysis
of stressed coral holobionts. Environ. Microbiol. 11, 2148-2163.

Toller, W. W., Rowan, R. and Knowlton, N. (2001). Repopulation of Zooxanthellae in
the Caribbean corals Montastraea annularis and M. faveolata following experimental
and disease-associated bleaching. Biol. Bull. 201, 360-373.

Ulstrup, K. E. and van Oppen, M. J. H. (2003). Geographic and habitat partitioning of
genetically distinct zooxanthellae (Symbiodinium) in Acropora corals on the Great
Barrier Reef. Mol. Ecol. 12, 3477-3484.

Vargas-Angel, B., Peters, E. C., Kramarsky-Winter, E., Gilliam, D. S. and Dodge,
R. E. (2007). Cellular reactions to sedimentation and temperature stress in the
Caribbean coral Montastraea cavernosa. J. Invert. Pathol. 95, 140-145.

Vermeij, M. J. A. (2005). A novel growth strategy allows Tubastrea coccinea to
escape small-scale adverse conditions and start over again. Coral Reefs 24, 442.

Vollmer, S. V. and Kline, D. I. (2008). Natural disease resistance in threatened
staghorn corals. PLoS ONE 3, 1-5.

Vollmer, S. V. and Palumbi, S. R. (2002). Hybridization and the evolution of reef coral
diversity. Science 296, 2023-2025.

Voolstra, C. R., Schwarz, J. A., Schnetzer, J., Sunagawa, S., Desalvo, M. K.,
Szmant, A. M., Coffroth, M. A. and Medina, M. (2009). The host transcriptome
remains unaltered during the establishment of coral-algal symbioses. Mol. Ecol. 18,
1823-1833.

Ward, J. R., Rypien, K. L., Bruno, J. F., Harvell, C. D., Jordan-Dahlgren, E.,
Mullen, K. M., Rodriguez-Martinez, R. E., Sanchez, J. and Smith, G. (2006).
Coral diversity and disease in Mexico. Dis. Aquat. Org. 69, 23-31.

Ward, J. R., Kim, K. and Harvell, C. D. (2007). Temperature affects coral disease
resistance and pathogen growth. Mar. Ecol. Prog. 329, 115-121.

Ware, J. R., Fautin, D. G. and Buddemeier, R. W. (1996). Patterns of coral
bleaching: modeling the adaptive bleaching hypothesis. Ecol. Mod. 84, 199-214.

Warner, M. E., Fitt, W. K. and Schmidt, G. W. (1996). The effects of elevated
temperature on the photosynthetic efficiency of zooxanthellae in hospite from four
different species of reef coral: a novel approach. Plant Cell Environ. 19, 291-299.

Warner, M. E., Fitt, W. K. and Schmidt, G. W. (1999). Damage to photosystem II in
symbiotic dinoflagellates: a determinant of coral bleaching. Proc. Nat. Acad Sci. USA
96, 8007-8012.

Warner, M. E., LaJeunesse, T. C., Robison, J. D. and Thur, R. M. (2006). The
ecological distribution and comparative photobiology of symbiotic dinoflagellates from
reef corals in Belize: potential implications for coral bleaching. Limnol. Ocean. 51,
1887-1897.

Weil, E., Ritchie, K. B., Croquer, A., Cunning, J. R. and Smith, G. W. (In press).
Inoculation of Vibrio spp. onto Montastraea faveolata fragments to determine
potential pathogenicity. In Proceedings of the 11th International Coral Reef
Symposium, pp. 202-205.

Weis, V. M. (2008). Cellular mechanisms of Cnidarian bleaching: stress causes the
collapse of symbiosis. J. Exp. Biol. 211, 3059-3066.

Weis, V. M. and Allemand, D. (2009). What determines coral health? Science 324,
1153-1155.

Weis, V. M., Davy, S. K., Hoegh-Guldberg, O., Rodriguez-Lanetty, M. and Pringe,
J. R. (2008). Cell biology in model systems as the key to understanding corals.
Trends Ecol. Evol. 23, 369-376.

THE JOURNAL OF EXPERIMENTAL BIOLOGY



945Coral and climate change

West, J. M. and Salm, R. V. (2003). Resistance and resilience to coral bleaching:
Implications for coral reef conservation and management. Conserv. Biol. 17, 956-967.

Wilkinson, C. (2004). Status of the Coral Reefs of the World. Townsville, Australia:
Australian Institute of Marine Studies (AIMS).

Willis, B. L., Page, C. A. and Dinsdale, E. A. (2004). Coral disease on the Great
Barrier Reef. In Coral Health and Disease (ed. E. R. Y. Loya), pp. 69-104. New
York: Springer.

Willis, B. L., van Oppen, M. J. H., Miller, D. J., Vollmer, S. V. and Ayre, D. J.
(2006). The role of hybridization in the evolution of reef corals. Ann. Rev. Ecol. Evol.
Syst. 37, 489-517.

Work, T., Richardson, L., Reynolds, T. and Willis, B. (2008). Biomedical and
veterinary science can increase our understanding of coral disease. J. Exp. Mar.
Biol. Ecol. 362, 63-70.

Yakovleva, I., Bhagooli, R., Takemura, A. and Hidaka, M. (2004). Differential
susceptibility to oxidative stress of two scleractinian corals: antioxidant functioning
of mycosporine-glycine. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 139, 721-
730.

Zbinden, M., Haag, C. R. and Ebert, D. (2008). Experimental evolution of field
populations of Daphnia magna in response to parasite treatment. J. Evol. Biol. 21,
1068-1078.

THE JOURNAL OF EXPERIMENTAL BIOLOGY


	Summary
	Key words: bleaching, coral disease, innate immunity.
	Introduction
	Coral responses to increased temperature and light
	Holobiont responses to temperature and light
	Symbiont responses to temperature and light

	Coral responses to disease
	Holobiont responses to pathogens
	Symbiont responses to pathogens
	Evolution of resistance

	Fig. 1.
	Conclusions
	Fig. 2.
	Acknowledgements
	References

