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All plants and animals host complex communities of taxonomically diverse microbial assemblages (viruses,
Archaea, Bacteria, micro-eukaryotes) that contribute to the functional attributes of the host organism.
Scleractinian corals represent particularly provocative subjects for study in this context because they are
morphologically complex and associate with a broad diversity of macro invertebrates and vertebrates as well
as microorganisms. Representatives of all these taxonomic groupings have been shown to contribute to the
function of corals through direct or indirect provisioning and cycling of nutrients, waste removal, defense, and
stress tolerance, traits that influence the fitness and environmental thresholds of individual coral colonies.
How the taxonomic composition, functional limits and interactive nature of members of these communities
vary among and within host species, and scale up to influence community level processes that drive
ecosystem structure and function through time and space is unknown; these communities are, however,
taxonomically variable among individual corals. Here we draw on the published literature to discuss the
ecological and functional significance of the broad and variable taxonomic symbioses found closely associated
with corals. Using a comparative approach, we hypothesize that the intra-specific and inter-specific variations
in response of corals to environmental disturbance is linked to differences in the specificity, nature and
composition of these symbiotic assemblages and reflect variation in the architectural complexity (micro and
macro) and capacity of corals to provision habitat. We describe individual coral colonies as symbiomes,
unique micro-ecosystems bounded by the physical limits of the coral colony whose performance limits reflect
the taxonomic range of the associates (micro andmacro) found within the colony. We explicitly recognize the
fact that corals represent complex ecological communities composed of organisms that have the potential to
compete, as well as interact with one another and the host as commensals, mutualists and parasites, states
that likely to be dynamic with nature, context and environment.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Coral reefs are productive and diverse tropical marine ecosystems
framed by massive three-dimensional structures created by the
deposition of calcium carbonate skeletons by individual coral colonies
(Goreau and Goreau, 1959). These skeletons are hugely variable in
form, reflecting innate characteristics of different coral species that
scale with age, and are in some cases, plastic with respect to
environmental conditions (Todd, 2008). The architectural complexity
created by coral communities that combine to form coral reefs,
provides a plethora of habitats to support an enormous diversity of
organisms from all kingdoms of life. The capacity of coral reefs to
host such broad biodiversity represents a defining feature of these

important coastal ecosystems (Grottoli et al., 2006; Rohwer et al.,
2002; Schwarz et al., 2008; Stella et al., 2010).

Like the reef, each coral colony serves as habitat for a diverse
assemblage of macro- and micro-eukaryotes, Bacteria, Archaea and
viruses (Rohwer et al., 2001). This biodiversity occupies a variety of
niches both within coral tissues and skeletons, closely associated with
the surface of the coral and the mucus layers, and in the waters within
or under the branches, lobes and plates of the coral colony (Ainsworth
et al., 2010; Bourne and Munn, 2005; Lampert et al., 2006; Stella et al.,
2010; Sunagawa et al., 2010). Each member of these multi-species
assemblages or symbioses has the potential to interact with the coral
host to a lesser or greater extent, and to contribute or detract from the
overall fitness and long-term survival of the coral colony (Pratchett,
2001; Rohwer et al., 2001; Stella et al., 2010), impacts that scale up to
affect reef structure and ecosystemprocesses (Fig. 1).We use the term
symbiosis here to describe close enduring associations between
individuals of different species (Bouchard, 2009) recognizing that
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these interactions can change in time, space and environment, to be
beneficial, neutral and also negative (see Table 1 for terms and
definitions). For example, functional attributes of the intimate unions
between corals and unicellular dinoflagellates in the genus Symbio-
dinium drive high rates of productivity and calcium carbonate
deposition that create the structure of the reef (Yellowlees et al.,
2008). The nature and taxonomic composition of these interactions
are spatially and temporally variable among and within coral species,
and can be dramatically influenced by changes in the abiotic
environment. Differences in the taxonomy of Symbiodinium manifest
in physiological variation that influences environmental thresholds,
and as such, the relative abundance of specific Symbiodinium types
hosted by individual coral colonies has profound implications for the
persistence of an individual coral through time, and in the face of
environmental disturbance (reviewed in Stat et al., 2006).

The functional underpinnings of associations between Symbiodinium
and corals are by far the most comprehensively studied to date,
however, Bacteria, endolithic algae, and a diversity of invertebrates and
vertebrates have also been shown to contribute to the performance of
the coral by provisioning and cycling of nutrients, defending the colony
and increasing thermal tolerance (e.g. Cleveland et al., 2011; Fine and
Loya, 2002;Holbrooket al., 2008; Stewart et al., 2006). This suggests that
the complex assemblages hosted by corals confer benefits to the coral
hosts and as a collective, have the potential to contribute to the
functional range, environmental thresholds and resilience of corals and
reefs.

Corals exhibit high intra and inter-specific variability in response
to environmental disturbance, a trait that scales up to influence reef
wide ecology (Loya et al., 2001). Here we develop a discussion framed
by the idea that the performance of individual corals reflects
physiological limits imposed upon the colony by the combined
activities of the broad taxonomic diversity of organisms found in
symbiosis with each coral colony. We propose (1) that each coral can
be described by the term symbiome, a polygenomic super-organism

or system that encompasses all enduring associations (micro and
macro) bounded by the physical limits of the colony (Sapp, 20031);
(2) that the nature and composition of the multispecies assemblage
reflect the diversity of habitats within the symbiome as well as
community level process such as competition and resource limitation;
(3) that the multispecies assemblages in coral symbiomes interact
with each other and the host in mutualistic, commensal, and parasitic
states that are potentially dynamic over space, time and environment;
and, (4) that symbiomes in branching corals aremore complex than in
massive corals, complexity that translates into positive fitness traits
(for instance growth rates) under normal conditions, but that may
also contribute to the increased sensitivity to branching corals under
environmental stress.

2. Defining the functional unit in corals

The universal importance of symbiotic associations to organism
(and ecosystem) function is broadly recognized (McFall-Ngai, 2008).
Defining what comprises a biological individual and what contributes
to its functional limits is complicated in any system, but is particularly
challenging in corals because they are architecturally complex and
morphologically variable, and the peripheral limits of the colony
encompass a variety of compartments with very different environ-
mental characteristics (e.g. skeleton, gastrodermal tissues, mesoglea,
ectodermal tissues, mucus layers and interstitial waters). Each of
these compartments is composed of niches that are spatially and
temporally dynamic and that have the capacity to support a large and

Fig. 1. Schematic illustrating that corals provide habitat for a taxonomically diverse assemblage ofmacro andmicroorganisms that all have the capacity to contribute to the functional
performance of the coral colony.

1 This term was first introduced by Sapp (2003) to describe microbial symbioses
(see discussions in Sapp, 2003, 2004). We use his original conceptual framework, but
apply the term more broadly here to describe and discuss the full taxonomic range of
interactions closely associated with, and functionally relevant to, corals.

95R.D. Gates, T.D. Ainsworth / Journal of Experimental Marine Biology and Ecology 408 (2011) 94–101





taxonomically broad diversity of symbionts, uniquely suited to the
specifics of each environmental setting. The microbial component of
this diversity is now widely recognized as being fundamentally
important to the functionality of corals (see Knowlton and Rohwer,
2003; Rohwer et al., 2001), and the coral and closely associated
microbial assemblages are collectively described as the coral
holobiont. A significant portion of symbiotic diversity in corals is,
however, non-microbial and falls outside the definition of the coral
holobiont. Many of these non-microbial symbionts have been shown
to confer benefits to the coral host, however, the collective role that
this diverse and highly variable component of coral associated
communities plays in establishing the performance limits of the
coral has not yet been considered. Here we operationally describe and
discuss individual coral colonies as symbiomes rather than holobionts
to indicate that we are considering the functional and ecological
significance of the broader taxonomic range of organisms found in
symbiotic relationships with corals, rather than the associated
microbial communities alone.

Defining which members of the communities within the physical
boundaries of a coral at any one time actually represent a component
of the symbiome is complex because the marine setting and reef
environment create a high level of connectivity that links much of the
biodiversity found closely associated with corals to the water column
and benthos (Fig. 1). It has been suggested that the term biological
individual shouldbedefinedasorganism interactions that are functionally
integrated and linked by a common fate under environmental challenge
(Bouchard, 2009;Wilson and Sober, 1989). For corals, this concept creates
an interesting framework for discussion because they are frequently
examined in the context of their responses to environmental stress and
exhibit both within and among species variability in their vulnerability
and responses to local and climatic disturbances. An extreme example of
implications of common fate on reefs is seen in the differential impacts of
large storms, where many fragile branching corals are smashed, buried
anddie,while the less fragile and/ormassive formsweather the stormand
survive. The habitat created by the fragile branching forms is destroyedby
thisdisturbanceandtheclosely associated species thatengage inenduring
relationship with these corals, particularly those occupying habitats
within the tissues and skeletons, presumably also perish, while those
associatedwith surviving corals persist. Thus thosemembers of themulti-
species assemblage that share a common fatewith their coral hostswould
be considered as part of the biological individual under this definition.

The former example highlights the importance of corals as habitats
and emphasizes the fact that common fate can occur despite the high
degree of connectivity in reef environments. It also emphasizes the fact
that the spatial and interactive nature of the association canmediate the
role of connectivity in this system to influence fate outcomes. For
example, small fish use the water spaces within branching corals for
shelter frompredators and excrete nitrogen that promotes coral growth
(Holbrook et al., 2008). During storms, fish have the mobility to exploit
the connectivity andmove to anothermore protected environment and
are thus unlikely to share a common fatewith the original coral colony if
it is destroyed. In contrast, an endosymbiotic dinoflagellate living deep
inside the corals tissues has limited capacity to vacate the coral host in
the event of any stress, and may actually be incapable of surviving
outside the coral in the free living environment, thus connectivity is
redundant in this case and the endosymbiotic dinoflagellates are much
more likely to die with the coral.

These examples are extreme cases representing two ends of a
spectrum in terms of residency fate outcomes and they highlight the
innate complexity in the system; the fish exploits the coral as habitat,
the coral and fish do not necessarily share common fate but when the
organisms associate, the outcome is mutually beneficial and the
partnership contributes to the functional performance of the
symbiome (Cleveland et al., 2011). At the other end of the spectrum
are the endosymbiotic dinoflagellates, the permanent residents, who
are spatially constrained by their intracellular habitat and, in some
cases, can be passed from one generation of corals hosts to the next via
the coral egg. The high fidelity of these associations makes it likely
that these Symbiodinium are obligate mutualisms, and that neither
partner can survive independently of the other.

There are also, however, a whole suite of interactions in corals that
are less easy to define in terms of residency status and fate outcomes.
For example, corals host diverse and in some cases, specific assemblages
of microbes (Rohwer et al., 2001), many of which are located in the
coral's very dynamic surface mucus layer (for review see Ainsworth
et al., 2010). Thesemucus layers are constantly being lost and replaced, a
process that is profoundly accentuated during stress events (Fig. 2).
Microbes resident in thismucus are continually lost to thewater column
and adjacent sediments (Wild et al., 2004)where their fate is unknown.
This raises another important issue to consider, which is the temporal
stability in a coral niche as it relates to the scale and generation times of
the taxonomic entities that reside there. In the case of microbes, many
have fast generation times, so their rate of turnover in the mucus layer
under normal circumstance may provide ample opportunity for
multiple generations to persist in close association with the corals
through time and fill stable functional niches despite the dynamic
nature of their habitat. Thus, they may actually represent very specific
and enduring associations with their host. There are some parallels
between this example and the temporally and spatially dynamic habitat
created by the bobtail squid Euprymna scolopes for its pivotally
important bacterial symbionts Vibrio fisherii (McFall-Ngai, 1999). The
chemical nature and temporal stability of the various environmental
compartments that exist in coral symbiomes (skeleton, tissues, mucus
layers, interstitial waters) are not well understood, but this is an area of
investigation that will inform the basic biology of corals and clarify the
context in which symbiotic associations occur in coral symbiomes.

3. Architectural complexity and capacity of corals to provision habitat

The architectural complexity (micro and macro) of coral colonies
creates a diversity of potentially unique habitats, a feature that will
directly influence the capacity of a colony to interact with or host other
species. The idea that corals represent symbiomes, or individuals whose
functional attributes reflect the collective performance limits set by the
multispecies assemblage they host, is provocative when one considers
the implications of the level of architectural variability among and
within coral species, and the fact that coral species assemble in very

Table 1
Terms and definitions.

Commensalism: An interaction that is beneficial to one member and neutral to the
other member.

Ecto- epi- or
exosymbiosis:

A surface associated, or surface living, symbiotic interaction.

Endosymbiosis: An internalized symbiotic interaction that occurs within tissue,
cells and cellular spaces.

Eukaryote: An organism where the cells and organelles are membrane
bound.

Facultative
symbiosis:

An enduring association that is beneficial, but not essential for
survival of the organisms.

Mutualism: An enduring association that is mutually beneficial.
Obligate
mutualism:

An enduring association that is required for the survival of both
symbiotic partners.

Parasitism: An interaction that is beneficial to onemember of a symbiosis and
detrimental to the other.

Pathogenesis: The development or progression of a diseased state.
Prokaryote: Organism(s) lacking membrane bound organelles.
Symbiosis: An enduring association between individuals of different species.
Symbiome: The organismal ecosystem, bounded by the outer physical limits

of the eukaryotic host and encompassing the eukaryotic host and
all of its associated symbioses.

Symbiomics: The study of the biochemistry, physiology, genetics, ecology and
evolution of the symbiotic systems, as well as their dynamic
interfaces.
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different ways across geographic locations. If one examines the extreme
ends of the morphological continuum and compares branching forms
suchas representativesof thegeneraPocilloporaorAcropora,withmassive

members of a genus like Porites, it is obvious that their innate capacity to
provision habitat is very different (Fig. 3). The branching corals exhibit a
high degree of micro and macro architectural complexity that is variable
among individuals of a species, a trait that often reflects plasticity with
respect to the environment and increasing three-dimensional complexity
that emerges as the colony grows. In contrast, the massive Porites are
mounding or lobed forms that are less architecturally complex at macro-
andmicro scales, aremore uniformamong individuals, show less increase
in three-dimensional complexity as the coral colony grows, and are less
plastic with respect to the environment (Todd, 2008). The question is
then, towhat degree does differences in architectural complexity of corals
manifest in the taxonomic compositionof themultispecies symbioses that
comprise the coral symbiome? Further, how do these differences map
onto the functional range and collective environmental thresholds of the
individual, or symbiome, and scale up to influence the outcomes of a
environmental disturbance on a given reef assemblage?

Branching and massive corals are known to have very different
vulnerabilities to environmental disturbance (Loya et al., 2001), and
different basic functional attributes (see results in Edmunds et al.,
2011; Fitt et al., 2009; Gates and Edmunds, 1999). The branching
corals are generally environmentally sensitive and fast growing, while
massive corals are more stress resistant and grow slowly. How these
differences in environmental thresholds and basic biology relate to
the interactive nature and taxonomic breadth of the organisms that
these corals form symbioses with has not been holistically studied to
date. The only comparative data available for symbioses in branching
and massive coral symbiomes is for endosymbiotic dinoflagellate
(Symbiodinium) communities, and these data suggest they are very
different. For example, the environmentally susceptible branching coral
Acropora millepora hosts multiple Symbiodinium types representing at
least twoof theninemajor lineages in the genus Symbiodinium (clades C
and D; e.g. Berkelmans and van Oppen, 2006; Pochon and Gates, 2010),
and these endosymbionts are acquired from the environment anew
each generation. In contrast, Porites lobata, an environmentally robust
massive member of the genus Porites, hosts a group of very closely
related sequence types representing one lineage (clade C, internal
transcribed spacer 2 sequence type C15 cluster; e.g. LaJeunesse, 2004)
that are vertically transmitted from parent to offspring via the egg. The

Fig. 3.Morphological differences between coral species are evident at both the scale of a) the coral colony (macromorphology) and b) and c) coral polyp (micromorphology).
Acr: branching Acroporid coral, Por: massive Poritid coral. White arrow indicates individual coral polyps. Photos courtesy of Hollie Putnam.

Fig. 2. Colonies of the patch forming branching coral Acropora aspera sloughing mucus
into the water column and onto the adjacent benthos following exposure to
environmental stress.
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genetic distances among the Symbiodinium lineages hosted by A.
millepora are equivalent to different taxonomic orders in free-living
dinoflagellate groups (Stat et al., 2008) and represent ancestral types in
clades C and D that are found in a broad diversity of coral hosts, and that
can be cultured independently from their hosts. In contrast, the C15
Symbiodiniumgrouphostedby P. lobata represent derivedmembersof the
most derived clade of the nine in the genus Symbiodinium, and are found
in a very narrow range of coral hosts and have not been successfully
cultured to date, despite significant attempts do so (Krueger and Gates, in
prep). Although the general perception is that all members of the
Symbiodinium genus have the capacity to interact equally well with their
host, the stark differences in the overall diversity, taxonomic positions,
culturability, and thestrategiesbywhich the respective coralhosts acquire
their Symbiodinium, raises fundamental questions about just how similar
they are in terms of their functional range, physiological performance and
levels of specialization, integration and evolution with their respective
coral hosts.

Refocusing on the implications of architectural complexity in corals,
it is likely that differences in the basic diversity of the Symbiodinium
communities hosted by A. millepora and P. lobata, reflect differences in
the nature and quality of the habitats provisioned by their very
contrasting growth forms. In this context, it is interesting to ask the
question of whether differences in the basic diversity of Symbiodinium
found associated with two coral species scale across taxonomic groups
and is generally greater in a branchingmorphology such as A. millepora,
in comparison to a massive morphology such as P. lobata. To our
knowledge, there are no studies that compare the broader taxonomic
assemblages in these two very different coral morphologies. A recent
study, however, examined epifaunal (exosymbiotic) invertebrate
assemblages in four branching coral species (including A. millepora)
and revealed that they associate with between 64 and 102 different
invertebrate species representing up to 12 different phyla (Stella et al.,
2010). Of these, 15%were unique to coral species, suggesting some level
of specialization with coral host (Stella et al., 2010). This study provides
a provocative glimpse of the enormous taxonomic complexity in the
multi-species assemblages found in corals and confirms that these
communities vary within and among closely related species, and that at
least some of these associations are unique to a given coral species and
individuals within a species. The latter specialization highlights the
potentially important and enduring nature of the interactions between
the broader biodiversity found in corals and is compelling rationale for
future studies aimed at understanding how among and within species
variation in colony morphology reflects in the abundance and nature of
symbiotic associations, and influences the functional range and
environmental thresholds of coral symbiomes.

The above example highlights two coral species that host very
different communities of a single genus (Symbiodinium). It is also
important to consider that the composition of each of these communities
will reflect not only constraints and features imposed upon themby their
relationshipwith the host coral, but also interactionswith each other and
other members of the symbiome community as they compete for
resources that are limiting, such as light, space or nutrients. Such
interactions are likely to drive, and be evidenced by stratification, niche
specialization and compartmentalization in the symbiome. Interestingly,
spatial and environmental stratification has been documented in cases
where multiple Symbiodinium types are hosted by individual coral
colonies (Rowan et al., 1997). Further, bacterial communities in tissue
slurries of healthy corals from the Great Barrier Reef are dominated by
γ-proteobacteria and the mucus is known to be dominated by α-
proteobacteria in a variety of coral species (Bourne and Munn, 2005;
Kvennefors et al., 2010), suggesting that spatial (Sweet et al., 2011),
taxonomic, and potentially functional compartmentalization also occurs
in coral microbial interactions. Although well studied and known to be
pivotally important to structuring macro communities, the implications
of inter and intra specific competitions for resources in coral symbiomes
have not been explored to date, but are likely extremely important in

structuring these communities and setting the overall functional range of
individual corals.

4. Functional attributes associated with multispecies assemblages
in corals

Research of the past decade has provided tantalizing evidence for
the coral symbiome, or multispecies phenotype, to fulfill functional
niches. Symbionts often provide their hosts with functional capacity
that the host does not innately possess, and this extension of
biological range has the potential to influence the overall success,
fitness and competitive advantage of the symbiotic unit. In corals,
these functional benefits include the provisioning and cycling of
nutrients, defense, and thermal (stress) tolerance.

4.1. Provisioning and cycling of nutrients

Nitrogen and carbon are limiting elements for growth in all marine
systems but particularly in nutrient depleted tropical reef waters where
corals thrive (Muscatine and Porter, 1977). As in all ecosystems, the
microbial communities play a central role in provisioning and cycling
nutrients in coral reefs. Despite molecular based studies that provide
compelling evidence for broad associations between corals and nitrogen
fixing bacteria and Archaea (Beman et al., 2007; Olson et al., 2009;
Wegley et al., 2004), only a single study focusingona single coral species
has demonstrated a direct link between the presence of symbiotic
microbes with the functional capacity to fix nitrogen in the coral where
it presumably benefits the coral host. This is the endosymbiotic
association between diazotrophic bacteria and the Caribbean coral
Montastrea cavernosa (Lesser et al., 2004, 2007). The documented
presence of diverse microbial assemblage in multiple compartments of
the coral symbiome that possess the capacity to fix nitrogen, however,
suggests that they play a very important role in coral biology and make
this a rapidly expanding area of study in the field.

Coral colonies also benefit indirectly through the contribution of
ammonia by closely associatedmacro-symbionts such as coral associated
fish (Holbrook et al., 2008) and bivalves (Mokady et al., 1998). Although
the spatial context of these associations is different, the ammonia
provided by these exosymbionts results in improved coral growth, coral
tissue thickness and endosymbiotic dinoflagellate density ((Meyer and
Schultz, 1985)) and presumably, influences overall fitness. It is unknown
how the ammonia signal is translated andutilized by the coral for growth,
but this process is likely to be mediated by symbiotic microbes closely
associatedwith corals. Indeed, the Symbiodinium communities are known
to play a key role in recycling and assimilating ammonia produced by the
host itself (Burris, 1983). Todate therehasbeen littlework focusingon the
functional linkages among taxonomically different symbiotic members of
coral symbiomes as it pertains to nitrogen cycling.

In terms of carbon fixation, the endosymbiotic dinoflagellates
hosted by corals are major players in both coral biology and functional
integrity of the ecosystem. They have been the subjects of numerous
studies demonstrating their role in provisioning hosts with carbon
and can support all of the host's respiratory needs. The Symbiodinium
reside in an encysted form inside their host's gastrodermal cells and
they photosynthesize and translocate newly fixed carbon to the host.
Quantitative aspects of this translocation are thought to be under the
control of the host, although such regulation is inferred from in vitro
studies and has never been demonstrated in situ (Gates et al., 1995). It
is also known that endolithic communities reside within the skeleton
of coral colonies (Shashar and Stambler, 1992) and are major
contributors to coral reef primary productivity (Odum and Odum,
1955). Recent evidence suggests that microbial endoliths within the
coral skeleton, particularly the alga Ostreobium sp, provide a source of
fixed carbon to the coral host (Fine and Loya, 2002). Additionally,
Ostreobium sp. exhibit high tolerances for thermal stress (Fine et al.,
2005) and capacity for photoacclimation (Fine et al., 2004) which
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combines to allow for population blooms during coral bleaching and
disease events (Fine et al., 2006). The populations translocate newly
fixed carbon to the coral host tissues that compensates for the reduced
supply of carbon from the endosymbiotic dinoflagellates during
bleaching, or impairment to photophysiological function associated
with disease. A recent study of four massive coral from fringing reefs
in Japan and Vietnam documented differences in δ13C and δ15N values
between coral colonized and not colonized by endolithic Ostreobium
spp. (Titlyanov et al., 2009). The results indicate that the mutualism
between coral and Ostreobium sp. is either limited to periods of
increased light associated with bleaching of the coral tissues or is
highly species or location specific. Titlyanov et al. (2009) also provide
evidence that the coral host may be provisioning the endolithic
Ostreobium spp. with nutrients at other times. This study highlights
the dynamic nature of the interactions between corals and Ostreobium
spp. and suggests they can shift to interact as mutualists and parasites
depending on the environmental conditions. Just how common such
shifts in interactive states are in coral symbiomes is unknown, as is
their impact on the physiology of the host, but is in our opinion an
extremely interesting area for future research.

4.2. Defense

Recently, Mao-Jones et al. (2010) developed a computational
model demonstrating a stable-state shift in microbial communities
from antibiotic producing to pathogenic following environmental
change, and suggested that the antibiotic state contributes to
robustness, and health of the host. Rypien et al. (2010) specifically
demonstrated that antagonisms occur between members of healthy
coral bacterial flora and suggested that the resident microbes directly
control bacterial colonization, particularly that of opportunistic
pathogens. The authors identified that between 52% and 63% of
cultivable bacterial isolates obtained in the study showed antibiotic
properties (Rypien et al., 2010), while another study (Ritchie, 2006)
showed approximately 20% of the cultivable surface mucus population
to be antibiotic producers. This supports the idea that particular
members of bacterial communities associatedwith corals are beneficial,
while others maybe be more functionally neutral in this particular
functional niche. The universality and functional attributes of probiotic
bacteria on the surface, or inside, coral hosts is not well-studied or
understood at present, but is likely to be a very informative and fruitful
avenue for future research.

In other systems, specific bacterial communities play a role in
stimulating host immunity. For example, Kitano and Oda (2006) argue
that members of the commensal bacterial flora of the mammalian gut
provide benefit to the host by contributing to robustness through the
stimulation of the immune system, and confer protection against
pathogenesis. Microbial communities specific to digestive regions of
corals have not yet been identified to date, but presumably if these
communities exist and are specific to the digestive region, it is
provocative to think that they function in this capacity and provide
similar benefit to the host. Identifying how members of symbiome
assemblages partition among microhabitats in which specific host
function occurs, such as digestion in the gut, will assist in targeting
members that may play a role, or mediate, host physiology and
immunology, as has been demonstrated in higher organisms (for
review see Ley et al., 2008).

A wide range of macro-organisms also contribute significantly to
defense in the coral symbiome (Oigman-Pszczol and Creed, 2006).
Recently Pantos and Bythell (2010) identified a novel coral–hydrozoan
interaction occurring exclusively with Acropora muricata of the Great
Barrier Reef, and suggested that the large battery of hydrozoan
nematocytes provides enhanced defenses on the coral apical tip. Coral
associated crabs are also thought to provide significant defense against
crown-of-thorns predation (Pratchett, 2001; Pratchett et al., 2000) and
algal overgrowth. For example, corals maintained without crab

symbionts were found to have significantly higher overgrowth (75%)
than those held with crabs communities (10%; Coen, 1988). This role in
algal control or reduction is particularly significant during stress events
because algal blooms can occur when corals bleach and these types of
interaction may be key to corals resisting overgrowth and ultimately
recovery (Diaz-Pulido et al., 2009). Crabs have also been shown to play
an important role in sediment removal from coral colonies (Omer and
Aaron, 2009; Rinkevich et al., 1991; Stachowicz et al., 1999; Stachowicz
and Hay, 1999; Stewart et al., 2006), a benefit which no doubt provides
increased capacity to withstand smothering and sedimentation during
runoff events.

4.3. Resistance to stress

To date, most of the research on the implications of symbiosis for
stress resistance in corals has focused on the endosymbiotic
dinoflagellate communities. Clade D Symbiodinium appear to have
greater thermal range than some clade C Symbiodinium and their
presence is broadly discussed as conferring benefit to the host coral in
terms of stress resistance (Baker et al., 2004). Corals that host clade D
do not, however, grow as well as conspecifics that host clade C, so
there are obvious functional trade-offs associated with these unions
(Jones and Berkelmans, 2010; Little et al., 2004). Indeed, clade D
Symbiodinium are often described as ‘opportunists’, a term that is used
in this context to refer to a capacity to engage in symbiosis with a
variety of partners, and reflects their increased abundance in
thermally challenged or bleached hosts. A recent global analysis of
circumstances where clade D is found in high abundance reveals that
this clade associates with degraded habitats and may in fact be
exploiting the compromised health of stressed coral hosts (Stat and
Gates, 2011). Maintaining specific assemblages of Symbiodinium is not
without metabolic costs and examining the immune systems of corals
in different environments and when challenged with different types
of Symbiodinium will unveil cellular behaviors that will inform the
relative advantages and disadvantages of associating with organisms
with different interactive and functional attributes.

Other than the endosymbiotic dinoflagellate, recent studies of coral
community stress responses have focused primarily on the potential
pathogenic nature of microbial interactions and the idea that shifts in
the microbial community composition in corals may be a sub-lethal
indicator of environmental stress. For example recent research has
provided evidence that changes in both viral (Vega-Thurber et al., 2009)
and fungal communities are sentinels of an environmental stress
response in corals (Domart-Coulon et al., 2004; Le Campion-Alsumard
et al., 1995; Ravindran et al., 2001; Wegley et al., 2007; Yarden et al.,
2007). There are a number of examples in other systems where
symbionts extend the capacity of a host towithstand stress. For example
a tri-partite symbiosis betweenplant–fungi–virus has been described to
confer thermal tolerance to the host plant (Marquez et al., 2007).
Similarly plant–fungal symbioses are shown to provide the host
increased tolerance of both biotic and abiotic stressors (see Rodriguez
and Redman, 2008). Although it is clear that fungal associates and
viruses play very beneficial roles in host resistance in other systems
(Marquez et al., 2007), our understanding of these communities in
corals is limited to their potential negative impacts. For example studies
on coral associated fungi have focused on decomposition, pathogenesis,
and bioerosion (Sterflinger, 2000; Tribollet et al., 2006; Tribollet and
Payri, 2001) and to date there has been little focused consideration of
the positive functional contributions of members of the broader
diversity found associated with corals in conferring stress resistance of
coral symbioses. As mentioned earlier, endolithic algae provision hosts
with nutrients when the colony is bleached, and it has also been
proposed that they confer photoprotection to the coral–dinoflagellate
symbiosis (Yamazaki et al., 2008), thereby extending the capacity of the
symbiome to withstand the impact of thermal stress and the
progression of bleaching events.
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5. Summary

Much of the effort over the last 20 years has focused on describing
patterns of diversity in a few members of the symbiotic assemblages
hosted by corals across a variety of spatial scales. This work is heavily
weighted to the endo- and exo-symbiotic microbial diversity in corals,
with an emphasis on endosymbiotic dinoflagellates, the characterization
of virus-like particles and viral sequences (Davy and Patten, 2007; Patten
et al., 2008; Seymour et al., 2005), and the identification of potential
primary and opportunistic pathogens (Wilson et al., 2001, 2005; Munn,
2006; Davy et al., 2006; Lohr et al., 2007). Although it is known that the
physiology of endosymbiotic dinoflagellates differs among members of
the genus, very few studies have examined the comparative functionality
of this group in their hosts and it is broadly assumed that all members of
the genus interact equally with their hosts, and that they are always
mutualists, despite evidence of opportunism and lower fitness in coral
that host specific Symbiodinium lineages (Cantin et al., 2009; Jones and
Berkelmans, 2010; Little et al., 2004; Mieog et al., 2009; Stat et al., 2008).
By contrast, studies describing viral and microbial interactions are
generally contextualized by the assumption that these symbionts have
primarily negative fitness consequences for their hosts and it is only
recently that the idea of beneficial bacterial, or viral, associations has
begun to emerge in the coral literature (Ainsworth et al., 2010; Van
Oppen et al., 2009).

To our knowledge there is no work that examines the full
taxonomic diversity of organisms hosted by corals and addresses
the range of potential benefits and tradeoffs associated with the
combined activities of these interactions under normal and disturbed
conditions. The capacity now exists, however, to integrate studies of
multiple organisms simultaneously as a means to understand the
function and response of the coral as a single functional symbiotic
system. Such studies should consider the biochemistry, physiology,
genetics, ecology and evolution of the symbiotic systems, in parallel
with the dynamic interfaces between symbiotic partners. The recent
expansion in studies investigatingmulti-partitemicrobial interactions
in coral reef communities, coupled with the broader interest
regarding the role of biodiversity in ecosystem function, is a clear
indication of the widespread importance of this area of research
within the coral reef field. We argue that all taxonomic components of
the symbiotic assemblages hosted by corals should be considered, as all
have the capacity to contribute to the functionality of the corals.
Understanding the nature, persistence and functionality of coral sym-
biomes that represent different levels of architectural complexity (within
and among coral species, to encompass complexity that scales with age)
over time, space, and environment will ultimately inform our under-
standing of functional biology and performance thresholds of corals
representing structural elements that assemble very differently on reefs
with location. Such efforts have the potential to provide a compelling
framework for tailoredmodelingefforts aimedatbetterpredicting climate
change impacts on corals and reefs globally.
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