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Over the last decade, significant advances have been made in characteriz-

ation of the coral microbiota. Shifts in its composition often correlate with

the appearance of signs of diseases and/or bleaching, thus suggesting a

link between microbes, coral health and stability of reef ecosystems. The

understanding of interactions in coral-associated microbiota is informed

by the on-going characterization of other microbiomes, which suggest that

metabolic pathways and functional capabilities define the ‘core’ microbiota

more accurately than the taxonomic diversity of its members. Consistent

with this hypothesis, there does not appear to be a consensus on the speci-

ficity in the interactions of corals with microbial commensals, even though

recent studies report potentially beneficial functions of the coral-associated

bacteria. They cycle sulphur, fix nitrogen, produce antimicrobial com-

pounds, inhibit cell-to-cell signalling and disrupt virulence in

opportunistic pathogens. While their beneficial functions have been docu-

mented, it is not certain whether or how these microbes are selected by

the hosts. Therefore, understanding the role of innate immunity, signal

and nutrient exchange in the establishment of coral microbiota and in con-

trolling its functions will probably reveal ancient, evolutionarily conserved

mechanisms that dictate the outcomes of host–microbial interactions, and

impact the resilience of the host.
1. Introduction
Healthy corals are crucial to the productivity and sustainability of reef eco-

systems and the surrounding human communities [1]. Aside from their

role in reef ecosystems, corals are fascinating models of host–microbe inter-

actions. Corals are ‘holobionts’—multi-partite symbiotic organisms formed

by polyp animals, endosymbiotic dinoflagellates, bacterial and viral associates

of polyps and dinoflagellates [2]. Impressive progress has been made in

understanding the establishment, maintenance and sanctions in the polyp-

dinoflagellate symbiosis [3]. However, precious little is still known about the

mechanisms that govern native coral-associated microbial populations. The

impetus for addressing these uncertainties comes from the ever-expanding

appreciation of the role of the commensal bacteria in other eukaryote–bacterial

interactions, and their demonstrated roles in coral nutrition, larval meta-

morphosis and resistance to pathogens [4]. The urgency for defining

functions of healthy coral microbiota is being driven by the reports of the

rapid decline in coral reefs worldwide.

A number of studies have documented the composition of coral-associated

microbial communities (see the electronic supplementary material, table S1).

Different studies either support or disprove the hypotheses on the host speci-

ficity of coral-associated microbiota. It is noteworthy that meta-analyses of

sequence-based surveys are complicated by the differences in the sampling

schemes, approaches and the inherent biases of the technologies used to
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define the composition of microbiomes (see the electronic

supplementary material, table S1). However, when comp-

lementary techniques were used to define coral microbiota

over time and geographical locations, more specific associ-

ations (e.g. larvae of the brooding coral Porites astreoides
with Roseobacter and Marinobacter, dominance of Oceanospiril-
lae in adult P. astreoides) were documented [5,6]. To what

extent sequence-based surveys of coral-associated microbiota

should be refined is an open question, which will not be

addressed in this review.

To date, no single genus of bacteria appears to be an obli-

gate symbiont of corals. Should we expect to find such a

tight association between a coral host and a bacterial symbiont?

Even though our understanding of host–bacterial partner-

ships was shaped by the decades of research in tightly

coevolved bipartite symbioses (e.g. Vibrio fischeri–bobtail

squid; rhizobia–legumes, etc.), the vast majority of host–

bacterial associations characterized recently involve more

than two partners. In this respect, a synopsis of the Human

Microbiome Project is informative: the analysis of over 3.5 Tb

of high-throughput data revealed that individuals share few

common members of the microbiota and that the ‘core’

human microbiome should be interpreted not in terms of the

diversity of the bacterial ribosomal RNA genes (or even the

diversity of bacterial genes altogether), but should rather be

defined based on the functionality of metabolic pathways

within the microbiome [7]. Therefore, we focus this review on

functions of coral-associated microbiota and mechanisms of

microbe–microbe, coral–microbe and dinoflagellate–microbe

interactions within the coral holobionts’ microbial commu-

nities. Addressing these uncertainties will facilitate progress

in understanding coral health, nutrition (and, more globally,

nutrient cycling in reef ecosystems) and coral development.

With this review, we will consider the following questions.
(i) How are the composition and functions of the coral-

associated microbial communities controlled by the

host? Can innate immunity discriminate between

‘beneficial’ and ‘pathogenic’ microbes? Or do corals

enrich their microbiota for those with beneficial

functions by releasing specific nutrients and signals?

(ii) If functional metabolic pathways are key to maintain-

ing the ‘core’ microbiota, what are the potential roles

for horizontally-transferred genes in coral-associated

microbial communities?

(iii) What are the functions of each of the holobiont partners

in disease and interactions with pathogens? Do corals

have mechanisms to recruit beneficial micro-organisms

and do they rely on them for protection against patho-

gens? Conversely, is it possible that the observed

disease symptoms are caused by the commensals that

escape restrictions—yet uncharacterized—which are

imposed by the hosts on the associated microbiota?

(iv) If the assumption that opportunistic pathogens cause

coral diseases is correct, how do pathogens establish

within robust coral-associated microbial communities?

Do they interfere with signalling and metabolic exchange

within the native microbiota? Or do they rely on a more

efficient use of the coral mucopolysaccharides and other

nutrients?

(v) As coral populations continue to decline, is there a

realistic hope of devising pro-active approaches to
manipulate the associated microbiota to manage

coral health?

2. The coral holobiont: a multi-partite symbiotic
organism

Corals are intimately coevolved symbioses formed by polyps,

unicellular algae and associated microbes. This complex sym-

biotic assemblage was termed a ‘holobiont’ [2]. The use of

this term in reference to corals expands the original definition

meant to describe eukaryotic organisms, which were them-

selves a product of reticulate evolution resulting from a

merger (rather than hybridization) of organisms of different

lineages, with each holobiont partner maintaining their

own genomes [8]. Within the coral holobiont, the symbiotic

photosynthetic dinoflagellates from the genus Symbiodinium
reside inside membrane-bound vacuoles within specialized

cells of the polyp; their photosynthate is assimilated by the

polyp and is the main source of carbon nutrition [9]. The

dinoflagellates translocate approximately 60–80% of their

photosynthate to the coral host, allowing the holobiont to

thrive in otherwise nutrient-poor waters [10]. These associ-

ations are both dynamic and flexible in that throughout their

lifetime, corals can expel their dinoflagellate symbionts

and acquire new strains (or even clades) of Symbiodinum, and

thus the dinoflagellate endosymbionts can contribute signifi-

cantly to the physiological attributes of the coral holobiont

[11]. This flexibility allows for associations with clades that

may be more effective under an array of environmental

conditions, which may aid in the holobiont response to

environmental stressors.

The flexibility of the associations between corals and

dinoflagellates prompted scientists to investigate the flexi-

bility in the interactions between corals and other microbes.

A field report that indicated that the same species of corals

harvested in the same geographical locations was no longer

susceptible to infections with Vibrio shiloi [12] led to the

Hologenome Theory of Evolution, which postulates that in

multi-partite symbiotic organisms, the combined ‘holo-

genome’ (a consortium of the genetic material of all the

members of the holobiont) acts as a single unit of evolution,

with faster evolving micro-organisms providing the plasticity

needed to adapt to the rapidly changing environment [4,13].

This offers a more nuanced interpretation of evolutionary

processes. Since the original formulation of this hypothesis,

another field study reported that the Caribbean coral Acropora
palmata—while still susceptible to the white pox—can no

longer be infected by Serratia marcescens PDL100, which

was associated with an outbreak of white pox in A. palmata
only a decade earlier [14,15]. Recent reports of the succession

of the microbial communities associated with the deve-

lopmental stages of P. astreoides across temporal and

geographical scales [5,6] and the discovery of the potentially

beneficial functions in a-proteobacteria and strains of Marino-
bacter [16] lend further support to the hologenome evolution

hypothesis, although alternate explanations of these obser-

vations exist. The hologenome evolution hypothesis will be

significantly strengthened by the characterization of the

host factors, which in response to a specific stress actively

manipulate functions and/or composition of the associa-

ted microbiota. Below, we review some of the possible
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mechanisms that could be involved in the assembly and

function of the holobiont.

(a) Host genetic and epigenetic factors that control
coral-associated microbiota

If corals depend (at least in part) on their microbial partners for

the overall health and nutrient acquisition, how do they influ-

ence the composition and/or functions of the associated

microbiota? To effectively structure the associated microbiota,

hosts must either (i) be able to detect specific micro-organism-

associated molecular patterns (MAMPs) and trigger defence

responses to exclude undesirable community members and/

or select for the symbionts, (ii) excrete broadly active anti-

microbial compounds to select against general environmental

organisms, (iii) release chemical cues and/or nutrients that

would attract micro-organisms with potentially beneficial

functions, or (iv) attract and maintain keystone microbes that

would—in turn—shape the microbiota, which is resistant to

invasions by potential pathogens. Strong evidence for scenarios

(i) and (ii) would indicate that the composition of the associated

microbiota is more important, whereas evidence in support of

scenarios (iii) and (iv) would argue that the function, rather

than composition of the microbiota is more consequential to

the holobiont’s health and stability.

The ability to discriminate amongst potential symbionts and

other micro-organisms based on their surface structures (lipopo-

lysaccharide, peptidoglycan, flagellin, etc.), and/or timing or

place of their presentation has been documented during the

establishment of two-partner symbioses, such as Vibrio
fischeri–bobtail squid and rhizobium–legume [17–19].

Genomes of Cnidarians (including Hydrozoa and Anthozoa)

encode homologues of proteins capable of recognizing micro-

organisms and their associated molecular patterns: C-type

and other lectins, membrane-associated Toll-like receptors and

intracellular nucleotide-binding and oligomerization-like

receptors [20–26]. In fact, Acropora CEL-III lectin is among its

fast-evolving genes and is under positive selective pressure

with the highest sequence divergence found within the

domain predicted to recognize carbohydrate ligands [21], thus

potentially underlying flexibility in recognizing a broad range

of potential pathogens and/or symbionts. Such flexibility is

consistent with the demonstrated ability of a purified lectin

from Acropora millepora, Millectin, to bind and coagulate vibrios,

Gram-positive bacteria as well as cells of Symbiodinium [22]. Two

other lectins (PdC and concanavalin) were strongly upregulated

in Pocillopora damicornis following challenge with a virulent

strain of V. coralliilyticus [27]. Bacterial and dinoflagellate surface

structures recognized by the cnidarian pattern recognition

receptors are not yet known.

Because bacterial lipopolysaccharide (LPS) is a common

MAMP, the ability of the commercially available LPS from

Escherichia coli O127 : B8 to elicit defence-related physiological

responses in three corals was tested [28]. The prophenoloxidase

activity of Stephanocoenia intercepta and P. astreoides (but not of

Montastraea faveolata) was modestly but statistically signifi-

cantly increased in response to E. coli LPS when corals also

experienced heat stress, but not at ambient temperature [28].

Even though prophenoloxidase activity (typically leading

to melanization) was increased, no associated increase in

melanin accumulation within treated samples was detected

[28]. Therefore, while corals and other cnidarians have the

capability to recognize MAMPs under some experimental
conditions, it is not yet known what MAMPs are detected

and how this affects the ability of the polyps to structure the

associated microbial communities.

Antimicrobial compounds produced by corals probably

function in controlling the associated microbiota. For

example, the antimicrobial peptide damicornin was most

active against a fungus and some (but not all) Gram-positive

bacteria, and had no effect on the four tested vibrios [29].

Organic extracts of the coral Siderastrea siderea showed selec-

tive antimicrobial activity against two of four strains of

Gram-positive bacteria isolated from coral surfaces [30]. Anti-

biotic activity against nine strains of marine bacteria,

including known coral pathogens and bacteria related to

those from coral surfaces, was found in the crude aqueous

extracts of three common Hawaiian corals, Montipora capti-
tata, Porites lobata and Pocillopora meandrina [31]. Extracts of

M. capitata displayed the most antimicrobial activity, which

might be related to the presence of montiporic acids A and

B, which are cytotoxic and antimicrobial polyacetylene car-

boxylic acids found in Montipora spp. [32]. Otherwise, the

chemical structures of antimicrobial compounds in corals

are not known.

Exposure of corals to pathogens also induces production of

enzymes with predicted defence functions: phenoloxidase,

peroxidases and chitinases, as well as melanin, which is the

end product of phenoloxidase [33,34]. Genome-mining pro-

jects identified a number of homologues of the genes with

predicted functions in chemical defence [20,35], products of

which are probably involved in the interactions with microbes.

The possibility that corals (or animals in other holobionts)

somehow establish and maintain relationships only with key-

stone microbes and in turn rely on them to structure the rest

of the associated microbiota is potentially intriguing. Such

interactions have been recently modelled [36]. The on-going

sequencing and metagenomics projects focusing on taxo-

nomic and functional diversity of coral microbiota will offer

data to further parametrize and validate this model.
(b) The coral holobiont and disease
Much of our understanding of coral diseases is historically

dependent on field surveys. Signs of pathologies are quite

general, making assignment of gross lesion morphology dif-

ficult between diseases. There are at least eighteen coral

diseases that are generally recognized [13,37]. The agents

responsible for some of the observed aetiologies have been

identified and Koch’s postulates fulfilled, however, contro-

versies still surround this issue. The first such controversy

stems from the observation that some corals are no longer

susceptible to the agents that have caused diseases in the

past [12,15,38]. These observations led to several intriguing

hypotheses. According to one (the Hologenome Theory of

Evolution, discussed above), holobionts, such as corals, can

acquire beneficial partners that ward off pathogens. It is

also possible that the evolutionary loss of virulence determi-

nants can be responsible for the reduced virulence. Such loss

of horizontally acquired genes with presumed virulence func-

tions has been documented in V. shiloi [39], although it is not

clear whether this short-term evolutionary gene loss was

associated with the decreased virulence. The natural selection

for disease-resistant coral genotypes [40] as well as the anec-

dotal evidence of priming (primitive immune memory) in

corals, from which black band disease consortia were
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removed [41], are also potential explanations for the loss of

virulence by the historic bacterial specimens.

Alternative hypotheses suggest that coral diseases are not

caused by specific pathogens, rather they are a collection of

generic symptoms that could be elicited by a number of

opportunistic pathogens that attack the host when its

defences are compromised [42]. It is also possible that

under some conditions, members of the commensal micro-

biota escape restrictions—yet unidentified—imposed on

them by the host or other members of the host microbiota

and then multiply to the numbers that exceed the carrying

capacity and start to degrade host tissues. Paradoxically,

observations of shifts in the composition of coral microbiota

during disease outbreaks [43,44] can be interpreted as evi-

dence to support competing hypotheses of coral diseases. It

is far from clear as to whether these shifts are a cause or a

consequence—or both—of the coral diseases.

Coral microbiota can also change based on environmental

conditions. For example, contact between corals and macro-

algae can lead to changes in microbial assemblages in corals

[45–47]. Direct contact among corals and macroalgae is

increasingly common, especially in the Caribbean, as reefs

have been degraded by bleaching, disease, overfishing and

nutrient pollution [48,49]. Macroalgae may affect coral-associ-

ated microbes by any number of mechanisms including:

(i) smothering coral tissues or creating persistent hypoxic

conditions [45], (ii) poisoning any member of the coral

holobiont via algal secondary metabolites [46,49,50], (iii) har-

bouring pathogenic bacteria [51], and (iv) inhibiting or

stimulating microbial growth by releasing dissolved organic

carbon or antibiotic secondary metabolites [45,50,52–54].

We are only beginning to understand the mechanisms respon-

sible for the impacts of algae and other environmental stressors

on coral–microbial associations and the consequences to

coral health.

(c) Nitrogen acquisition by the holobiont: unexpected
roles for vibrios and rhizobia

Corals typically receive the majority of their carbon require-

ment from their symbiotic association with zooxanthellae

[9,10]. Corals are also passive suspension feeders and trap

particles and bacteria in their mucus as a nutrient source

[55]. Besides serving as a direct source of nutrition to corals

through bacterivory, there is new evidence that microbial

members of the coral holobiont potentially contribute fixed

nitrogen to either the coral polyp or the zooxanthellae.

Lesser et al. [56] reported that large numbers of nitrogen-

fixing cyanobacteria occur in the coral Montastraea cavernosa.

The unicellular, non-heterocystis cyanobacteria express nitro-

genase and have the capacity to fix nitrogen for the holobiont

[56]. Vibrio harveyi and Vibrio alginolyticus are capable of

nitrogen fixation in coral mucus and dominate the culturable

nitrogen-fixing bacteria of the Brazilian coral Mussismilia his-
pida [57]. A comprehensive survey of nitrogen-fixing bacteria

(defined as those with the nifH nitrogenase gene) recovered

from mucus and tissues of three corals on the Great Barrier

Reef revealed that the diversity of the nifH in mucus was gen-

erally similar to that in the surrounding seawater; however,

over 70 per cent of nifH sequences recovered from tissues of

corals were most similar to those from rhizobia [58]. Rhizobia

are best known as a functionally defined group of soil

a-proteobacteria that enter into symbioses with leguminous
plants, and this interaction consists of a series of mutual rec-

ognition and accommodation events, eventually leading to

the establishment of rhizobial bacteroids. These bacterioids

are essentially intracellular organelles within differentiated

plant cells [18]. Even though terrestrial rhizobia are perfectly

capable of living saprophytically in soils, they do not fix

nitrogen if not associated with the host. If the ability of

marine rhizobia to fix nitrogen in the association with the

coral holobiont is demonstrated experimentally, this will

propel our understanding of evolution of nitrogen fixation

and holobiont ecology.
3. Horizontal arms race: gene transfer on the
coral surface

If the conclusions of the Human Microbiome Project [7]

are broadly applicable to understanding the microbiota associ-

ated with other animals, including corals, then the functions of

the microbiota rather than its specific composition determine

the stability of the holobiont. A high frequency of horizontal

gene transfer, coupled with the presence of host mechanisms

for selecting the beneficial functions in the microbiota would

be important pieces of evidence to support this hypothesis.

High frequency of integron- and gene transfer agent (GTA)-

mediated horizontal gene transfer in coral reef bacteria has

been reported recently [59–61]. GTAs are phage-like particles.

They package up to 4 kb pieces of the host bacterial DNA and

are capable of conferring onto coral bacteria functions that

could be beneficial to their polyp hosts [61]. GTAs from

coral-associated a-proteobacteria transferred genetic markers

to a broad range of bacteria under ecologically relevant

conditions at frequencies drastically higher than those of trans-

formation and transduction [60,61]. These transfer elements,

encoded by bacteria, facilitate mixing of genes in the reef

environment, allowing selective advantage to some microbes

associated with the coral holobiont.

Coral pathogens also appear to benefit from horizontal

gene exchange. For example, coral mucus-associated vibrios

readily exchanged integrons containing genes for antibiotic

resistance, and the evolution of integrons was more rapid

than the core genome [59]. While other functions could be

carried on the integrons, they play a key role in the spread

of antibiotic resistance in coral-associated bacteria [59]. In

addition to acquiring virulence and antibiotic-resistance

genes, coral bacteria could gain novel metabolic functions,

such as the ability to use dimethylsulfoniopropionate

(DMSP), which is produced in abundance by the symbiotic

dinoflagellates [62,63].

Interestingly, dmdA genes involved in the use of DMSP

were among over-represented sequences in the metaviriomes

from ocean and coral reef environments [64]. As dmdA
sequences were phylogenetically diverse, this suggests mul-

tiple events in which phages acquired these genes from their

various hosts [64]. Their over-representation in published

metaviriomes is a clear indication that these horizontally trans-

ferred genes confer a significant advantage to the bacterial

hosts of the dmdAþ phages [64]. The readiness with which

coral-associated micro-organisms acquire genes that increase

their ability to use host-specific nutrient sources, such as

DMSP, is additional evidence in support of the hypothesis

that functions of the coral-associated microbiota, rather than
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4. Battlefield: slime
(a) Chemical and physical properties of coral mucus
Even though microbes have been isolated from the endolyth,

digestive tracts and endosymbiotic zooxanthellae, most com-

monly studied coral-associated micro-organisms have been

recovered from the coral surface mucopolysaccharide layer.

It is within this layer that the presumed commensal micro-

biota interacts with potential pathogens and environmental

organisms. Even though several studies have characterized

functions of coral mucus in protection against desiccation

and trapping particulates [55,65], it is also reasonable to

hypothesize—based on the discoveries made in other

animal models—that structuring of the associated microbiota

is an important function of coral mucus.

Coral mucus contains sulphated glycoprotein polymers

made in specialized mucocytes of the polyp from the photo-

synthate produced by their endosymbiotic dinoflagellates

and then secreted onto the coral surface [65]. The chemical

structures of coral mucus components have been determined

for less than a dozen species [66–72]. Even though there are

differences in the composition of mucus produced by differ-

ent corals, several generalizations could be made based on

these reports. The polypeptide backbone of mucus accounts

for up 80 per cent of its mass, with serine, threonine, aspar-

tate, glutamate and glycine being most common amino

acids in different coral species [66,69,70]. The polypeptide

backbone is decorated with sulphated oligosaccharide side

chains O-linked through a mannose residue, which is differ-

ent from mucins in most other animals [66,69,70]. Unlike

mucins from other animals, coral mucus contains small

amounts of ‘plant’ monosaccharides (such as arabinose and

xylose), owing to its photosynthetic origin [69–71]. Although

their relative amounts in mucus of different species vary,

most common monosaccharides are mannose, N-acetyl-D-

glucosamine, galactose, fucose, glucose and arabinose, with

xylose and N-acetyl-D-galactosamine being minor components

of coral mucins [66,69–72].

(b) Coral mucus use by commensal bacteria and
opportunistic pathogens

Bacteria (including coral pathogens and commensals, as well as

E. coli) can reach 106–108 cfu ml21 within hours when grown on

coral mucus, its low molecular weight fraction and high molecu-

lar weight mucin constituents [73–76]. In situ, bacterial counts in

coral mucus are known to be an order of magnitude higher than

those in the surrounding seawater [77]. In addition to carbon

and nitrogen sources discussed above, coral mucus also

contains potent antimicrobials [78]. Therefore, when crude

preparations of fresh mucus are used as growth substrate,

declining bacterial viability is sometimes reported [79].

To establish within presumably robust coral surface

microbial communities, invading pathogens—in addition to

dealing with host defence molecules present in mucus—

must be able to outcompete members of native microbiota

within the surface mucopolysaccharide layer, and then pene-

trate mucus to reach host tissues. Indeed, coral pathogens

S. marcescens and vibrios dominate mucus microcosms set
up under laboratory conditions [74,76]. When their ability

to efficiently use mucus is disrupted, virulence of the patho-

gen is attenuated (but not abolished), probably owing to the

inability of the pathogen to establish within the surface

mucopolysaccharide layer [80].

Bacteria produce glycosidases, proteases and esterases

when growing on coral mucus [74,81]. Coral commensals

and pathogens appear to possess a similar suite of enzymatic

activities, even though their metabolic capabilities estimated

by Biolog Ecoplates differ [74,76]. While pathogens and com-

mensals produce essentially the same arsenal of exoenzymes

to degrade coral mucus, temporal patterns of their regulation

and levels of activity are different. Unlike commensals, poly-

saccharide-degrading enzymes of S. marcescens PDL100 are

strongly induced in starved cells [75]. During the early

stages of mucus colonization, glycosidases in a white pox

pathogen S. marcescens PDL100 were under strong catabolite

repression by the sugars present in coral mucus, with only

glucosidase, N-acetyl-galactosaminidase and arabinosidase—

enzymes predicted to be involved in cleaving off mucin’s oligo-

saccharide side chains—mostly free of catabolite control [75].

During the later stages (approx. 18 h) of mucus colonization,

many glycosidases in commensals were downregulated in a

catabolite-dependent manner, whereas in S. marcescens only

glucose and N-acetyl-glucosamine had some catabolite repres-

sion effect [75]. The totality of the catabolic activities in

S. marcescens PDL100 during the later stages of mucus coloni-

zation was more similar to that of its pathogenic conspecifics

rather than environmental isolates or coral commensals [74].

These observations demonstrate that to outcompete commen-

sals within the coral surface mucus layer, coral pathogens use

strong, constitutively active glycosidases. The activities of

these glycosidases provide carbon and nitrogen for the bacteria

and make the polypeptide backbone of mucins available to

the bacteria.

Intriguingly, we have recently discovered a novel role for

the coral commensals in disrupting coral mucus colonization

by pathogens. Several members of the native microbiota associ-

ated with A. palmata produced extracellular activities that block

the induction of the glycosidases in a white pox pathogen

S. marcescens, and thus interfere with its ability to use coral

mucus [80]. It is now clear that while metabolic interactions

between commensals and pathogens within coral mucus

have not been studied extensively, their better characterization

will reveal novel mechanisms by which coral commensals

block the expansion of opportunistic pathogens.

(c) Cell-to-cell signalling and interference within the
coral surface mucopolysaccharide layer

Microbes have evolved sophisticated strategies to gauge their

own population densities and accordingly change global pat-

terns of gene regulation. Such population density-dependent

cell-to-cell signalling and gene regulation is often termed

‘quorum sensing’ (QS) [82,83]. QS is one of the mechanisms

by which pathogens coordinate expression of their virulence

genes [83]. Many marine bacteria, including those recovered

from surfaces of marine invertebrates, are known to produce

various QS signals in laboratory shake cultures [84,85] and

the in situ production of the N-acyl homoserine lactone sig-

nals has been demonstrated recently in sponge-associated

microbial communities [86]. The presence of compounds

capable of activating or inhibiting responses of bacterial QS
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reporters has been documented in the extracts of marine

organisms, including corals, sponges, ascidians, algae and cya-

nobacteria [87–90], which suggests that QS-based signalling

and signal-interference take place in natural environments.

Whether or not corals themselves or zooxanthellae can

interfere with bacterial QS remains unknown, even though

the ability to produce QS inhibitors and QS signal-degrading

enzymes has been reported in other animals, plants and algae

[91]. The ability of eukaryotes to manipulate bacterial QS is

often interpreted in terms of a co-evolved strategy to control

virulence and other bacterial behaviours that are consequen-

tial to the well-being of the host [91]. The ability of bacteria

recovered from corals to inhibit QS in other micro-organisms

has been reported in the laboratory [84,85]. Most intriguingly,

in situ native coral bacterial isolates capable of inhibiting

bacterial QS were also capable of preventing progression of

a disease caused by a coral pathogen S. marcescens PDL100

in a model polyp Aiptasia pallida [16], although it is not yet

entirely clear whether QS-inhibitory properties of these

microbes were responsible for the observed reduction in

disease signs, or just coincidental.
5. Curative functions of the native coral biota
With changing climate patterns, temperature, ocean acidi-

fication and other anthropogenic impacts, the future of

coral reefs worldwide remains uncertain. In discussing the

potential solutions for managing the coral reef crisis, is

it reasonable to consider incorporating native beneficial

micro-organisms as one of the pro-active tools for promoting

stability of reef ecosystems? Such biological control strategies

are widely used with some success for the management of

plant pathogens. In human and veterinary medicine, formu-

lations containing beneficial microbes are used widely as

food additives (‘probiotics’) or—currently in limited trials—

as therapeutic faecal transplants [92]. This broad popularity

and reasonable success of beneficial microbes in medicine,

agriculture and aquaculture invited the question of the feasi-

bility of using beneficial coral-associated microbes for

promoting coral health and potentially controlling coral dis-

eases [93]. Clearly, there will be many logistical, ecological

and ethical questions that will need to be addressed before

coral ‘probiotics’ are widely used. Our goal here is to critically

analyse and contextualize recent discoveries of the potentially

beneficial functions of native coral bacteria and phages.

(a) Phage therapy
Pioneering studies demonstrated successful applications of

phages (viruses of bacteria) for controlling several coral

pathogens in aquaria and in reef ecosystems. These phages

are specific to the coral pathogens and do not affect the resi-

dent microbiota [94–97]. What happens to the introduced

phages, which are obligate parasites, in the environment in

the absence of the host bacteria needs to be closely examined.

Application of the GTAs [60] could be considered as a phage

therapy as well; however, unlike lytic phages using for thera-

peutic applications, GTAs will not kill their target bacteria,

rather may endow commensal coral a-proteobacteria with

potentially beneficial functions. An advantage of using

GTA’s for these applications is that pathogenic organisms

are not put under selective pressure resulting in rough

(phage-resistant) variants. The ability of GTAs to transfer
transposons with antibiotic-resistance genes [60,61] as well

as potential virulence genes is a potential concern.

(b) Native bacteria and their potential functions in
promoting coral health

Similar to well-characterized biocontrol agents, coral commen-

sal bacteria have the potential to produce antimicrobial

compounds, inhibit pathogen’s catabolic enzymes and disrupt

cell-to-cell communication in pathogens and competitively

exclude pathogens from host surfaces [16,78,93,98]. Anti-

bacterial, algicidal, antifouling, and cytotoxic compounds

have been isolated from marine invertebrates and their

microbial associates, though it is not yet clear whether any of

the bioactive microbes are capable of providing the magnitude

of protection typically found in successful biocontrol organ-

isms. Culturable microbes associated with a number of corals

produce antibacterial compounds against a broad spectrum of

pathogens, including pathogens of corals [78,98]. Commensal

bacteria from healthy corals were able to inhibit growth of

known coral pathogens; however, isolates associated with and

often found on diseased colonies (Vibrio coralliilyticus and Pseu-
doalteromonas spp.), as well as members of the Black Band

Disease consortium showed strong antimicrobial activities

against native coral bacteria, indicating that these strains may

have a competitive advantage and may inhibit potential ‘pro-

biotic’ species under favourable conditions [99,100]. It is not

known whether the levels of antibiotics produced by these bac-

teria and accumulated in situ impact the coral microbiota;

however, if these antibiotics get trapped within the mucus,

they may very well affect the composition of coral-associated

microbial communities. In addition to functioning as antimicro-

bials, some antibiotics are also capable of disrupting QS in

pathogens, and this function of the antibiotics produced by

native coral-associated bacteria remains under-explored.
6. Conclusions and future directions
Interactions among host-associated bacterial communities are

critical for the overall health of the coral holobiont, but our

understanding of the mechanisms and consequences of these

interactions is still very much incomplete. Metagenomic

sequencing projects revealed a great taxonomic diversity of

coral-associated micro-organisms, with some surveys pointing

at the possibility of host-specific microbial assemblages. Coral

microbiology research is grossly underfunded, compared with

the microbiome studies in higher organisms. Therefore,

comparisons with the results from better funded, better charac-

terized systems are invaluable. One of the main outcomes

of the Human Microbiome Project is the realization that

functional pathways, rather than the presence of specific

taxonomic units, are what determine the stability of the host-

associated microbial community. The observed high rates of

horizontal gene transfer on coral surfaces and evidence

of over-representation of some metabolic and antibiotic-

resistance genes in the coral’s microbial metagenomes also

point to the fact that specific functions within the microbiota

may be more important than the identity of the micro-organ-

ism carrying those genes. In the case of a brooding coral that

vertically transmits bacteria [6], members of specific bacterial

genera associated with the same coral (P. astreoides) across geo-

graphical and temporal scales [5,6,101]. What selection
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mechanisms could be involved in structuring ‘function-based’

or ‘identity-based’ host-associated microbial communities? A

better understanding of the mechanisms of immunity in

corals and the chemical structure and function of the antibiotic

and QS-inhibitory compounds produced by different members

of the holobiont will help define mechanisms by which specific

microbial genera may be selected by the host. A more in-depth

understanding of the nutrients exchanged within the coral

holobiont and their roles in selecting for microbes with specific

functions will probably reveal mechanisms by which poten-

tially beneficial micro-organisms are selected. While field

observations continue to be critical to our understanding of
the mechanisms governing the functions of the holobiont,

understanding of the mechanisms of interactions within it

will be greatly facilitated by an in-depth focus on a limited

number of model systems [102].

The preparation of this manuscript was supported by grants from
Protect Our Reefs program to the co-authors. Protect Our Reefs pro-
gram is funded by the proceeds from the sales of ‘Protect Our Reefs’
specialty license plates and is managed by Mote Marine Laboratory
through a peer-reviewed process. M.T. is supported by the 2012
George E. Burch Fellowship in Theoretical Medicine and Affiliated
Sciences at the Smithsonian Institution. This is contribution 903 of
the Smithsonian Marine Station at Fort Pierce.
 ocR

SocB
28
References
0:20122328
1. Riegl B, Bruckner A, Coles SL, Renaud P, Dodge RE.
2009 Coral reefs: threats and conservation in an era
of global change. Ann. NY Acad. Sci. 1162,
136 – 186. (doi:10.1111/j.1749-6632.2009.04493.x)

2. Rohwer F, Seguritan V, Azam F, Knowlton N. 2002
Diversity and distribution of coral-associated
bacteria. Mar. Ecol. Prog. Ser. 243, 1 – 10.
(doi:10.3354/meps243001)

3. Davy SK, Allemand D, Weis VM. 2012 Cell biology of
cnidarian-dinoflagellate symbiosis. Microbiol. Mol. Biol.
Rev. 76, 229 – 261. (doi:10.1128/MMBR.05014-11)

4. Rosenberg E, Zilber-Rosenberg I. 2011 Symbiosis
and development: the hologenome concept. Birth
Defects Res. C Embryo Today 93, 56 – 66. (doi:10.
1002/bdrc.20196)

5. Morrow KM, Moss AG, Chadwick NE, Liles MR. 2012
Bacterial associates of two Caribbean coral species
reveal species-specific distribution and geographic
variability. Appl. Environ. Microbiol. 78, 6438 – 6449.
(doi:10.1128/AEM.01162-12)

6. Sharp KH, Distel D, Paul VJ. 2012 Diversity and
dynamics of bacterial communities in early life
stages of the Caribbean coral Porites astreoides.
ISME J. 6, 790 – 801. (doi:10.1038/ismej.2011.144)

7. Gevers D et al. 2012 The human microbiome
project: a community resource for the healthy
human microbiome. PLoS Biol. 10, e1001377.
(doi:10.1371/journal.pbio.1001377)

8. Mindell DP. 1992 Phylogenetic consequences of
symbioses: eukarya and eubacteria are not
monophyletic taxa. Biosystems 27, 53 – 62.
(doi:10.1016/0303-2647(92)90046-2)

9. Muscatine L, Goiran C, Land L, Jaubert J, Cuif JP,
Allemand D. 2005 Stable isotopes (D13C and D15N)
of organic matrix from coral skeleton. Proc. Natl
Acad. Sci. USA 102, 1525 – 3150. (doi:10.1073/pnas.
0408921102)

10. Tremblay P, Grover R, Maguer JF, Legendre L,
Ferrier-Pages C. 2012 Autotrophic carbon budget in
coral tissue: a new 13C-based model of
photosynthate translocation. J. Exp. Biol. 215,
1384 – 1393. (doi:10.1242/jeb.065201)

11. Little AF, van Oppen MJ, Willis BL. 2004 Flexibility
in algal endosymbioses shapes growth in reef
corals. Science 304, 1492 – 1494. (doi:10.1126/
science.1095733)
12. Reshef L, Koren O, Loya Y, Zilber-Rosenberg I,
Rosenberg E. 2006 The coral probiotic hypothesis.
Environ. Microbiol. 8, 2068 – 2073. (doi:10.1111/j.
1462-2920.2006.01148.x)

13. Rosenberg E, Koren O, Reshef L, Efrony R, Zilber-
Rosenberg I. 2007 The role of microorganisms in
coral health, disease and evolution. Nat. Rev.
Microbiol. 5, 355 – 362. (doi:10.1038/nrmicro1635)

14. Patterson KL, Porter JW, Ritchie KB, Polson SW,
Mueller E, Peters EC, Santavy DL, Smith GW. 2002
The etiology of white pox, a lethal disease of the
Caribbean elkhorn coral, Acropora palmata. Proc.
Natl Acad. Sci. USA 99, 8725 – 8730. (doi:10.1073/
pnas.092260099)

15. Sutherland KP, Shaban S, Joyner JL, Porter JW, Lipp
EK. 2011 Human pathogen shown to cause disease
in the threatened elkhorn coral Acropora palmata.
PLoS ONE 6, e23468. (doi:10.1371/journal.pone.
0023468)

16. Alagely A, Krediet CJ, Ritchie KB, Teplitski M. 2011
Signaling-mediated cross-talk modulates swarming
and biofilm formation in a coral pathogen Serratia
marcescens. ISME J. 5, 1609 – 1620. (doi:10.1038/
ismej.2011.45)

17. McFall-Ngai M, Heath-Heckman EA, Gillette AA,
Peyer SM, Harvie EA. 2012 The secret languages of
coevolved symbioses: insights from the Euprymna
scolopes-Vibrio fischeri symbiosis. Semin. Immunol.
24, 3 – 8. (doi:10.1016/j.smim.2011.11.006)

18. Oldroyd GE, Murray JD, Poole PS, Downie JA. 2011
The rules of engagement in the legume-rhizobial
symbiosis. Annu. Rev. Genet. 45, 119 – 144.
(doi:10.1146/annurev-genet-110410-132549)

19. Post DM et al. 2012 O-antigen and core
carbohydrate of Vibrio fischeri lipopolysaccharide:
composition and analysis of their role in Euprymna
scolopes light organ colonization. J. Biol. Chem. 287,
8515 – 8530. (doi:10.1074/jbc.M111.324012)

20. Augustin R, Fraune S, Bosch TCG. 2010 How Hydra
senses and destroys microbes. Semin. Immunol. 22,
54 – 58. (doi:10.1016/J.Smim.2009.11.002)

21. Iguchi A, Shinzato C, Foret S, Miller DJ. 2011
Identification of fast-evolving genes in the
scleractinian coral Acropora using comparative EST
analysis. PLoS ONE 6, e20140. (doi:10.1371/journal.
pone.0020140)
22. Kvennefors EC, Leggat W, Hoegh-Guldberg O,
Degnan BM, Barnes AC. 2008 An ancient and
variable mannose-binding lectin from the coral
Acropora millepora binds both pathogens and
symbionts. Dev. Comp. Immunol. 32, 1582 – 1592.
(doi:10.1016/j.dci.2008.05.010)

23. Reidling JC, Miller MA, Steele RE. 2000 Sweet
Tooth, a novel receptor protein-tyrosine kinase with
C-type lectin-like extracellular domains. J. Biol.
Chem. 275, 10 323 – 10 330. (doi:10.1074/jbc.275.
14.10323)

24. Reitzel AM, Sullivan JC, Traylor-Knowles N, Finnerty
JR. 2008 Genomic survey of candidate stress-
response genes in the estuarine anemone
Nematostella vectensis. Biol. Bull. 214, 233 – 254.
(doi:10.2307/25470666)

25. Shinzato C et al. 2011 Using the Acropora digitifera
genome to understand coral responses to
environmental change. Nature 476, 320 – 323.
(doi:10.1038/nature10249)

26. Sunagawa S, Wilson EC, Thaler M, Smith ML, Caruso
C, Pringle JR, Weis VM, Medina M, Schwarz JA.
2009 Generation and analysis of transcriptomic
resources for a model system on the rise: the sea
anemone Aiptasia pallida and its dinoflagellate
endosymbiont. BMC Genomics 10, 258. (doi:10.
1186/1471-2164-10-258)

27. Vidal-Dupiol J, Ladriere O, Meistertzheim AL, Foure
L, Adjeroud M, Mitta G. 2011b Physiological
responses of the scleractinian coral Pocillopora
damicornis to bacterial stress from Vibrio
coralliilyticus. J. Exp. Biol. 214, 1533 – 1545. (doi:10.
1242/jeb.053165)

28. Palmer CV, McGinty ES, Cummings DJ, Smith SM,
Bartels E, Mydlarz LD. 2011 Patterns of coral
ecological immunology: variation in the responses
of Caribbean corals to elevated temperature and a
pathogen elicitor. J. Exp. Biol. 214, 4240 – 4249.
(doi:10.1242/Jeb.061267)

29. Vidal-Dupiol J et al. 2011 Innate immune responses
of a scleractinian coral to vibriosis. J. Biol. Chem.
286, 22 688 – 22 698. (doi:10.1074/Jbc.M110.
216358)

30. Gochfeld DJ, Olson JB, Slattery M. 2006 Colony
versus population variation in susceptibility and
resistance to dark spot syndrome in the Caribbean

http://dx.doi.org/10.1111/j.1749-6632.2009.04493.x
http://dx.doi.org/10.3354/meps243001
http://dx.doi.org/10.1128/MMBR.05014-11
http://dx.doi.org/10.1002/bdrc.20196
http://dx.doi.org/10.1002/bdrc.20196
http://dx.doi.org/10.1128/AEM.01162-12
http://dx.doi.org/10.1038/ismej.2011.144
http://dx.doi.org/10.1371/journal.pbio.1001377
http://dx.doi.org/10.1016/0303-2647(92)90046-2
http://dx.doi.org/10.1073/pnas.0408921102
http://dx.doi.org/10.1073/pnas.0408921102
http://dx.doi.org/10.1242/jeb.065201
http://dx.doi.org/10.1126/science.1095733
http://dx.doi.org/10.1126/science.1095733
http://dx.doi.org/10.1111/j.1462-2920.2006.01148.x
http://dx.doi.org/10.1111/j.1462-2920.2006.01148.x
http://dx.doi.org/10.1038/nrmicro1635
http://dx.doi.org/10.1073/pnas.092260099
http://dx.doi.org/10.1073/pnas.092260099
http://dx.doi.org/10.1371/journal.pone.0023468
http://dx.doi.org/10.1371/journal.pone.0023468
http://dx.doi.org/10.1038/ismej.2011.45
http://dx.doi.org/10.1038/ismej.2011.45
http://dx.doi.org/10.1016/j.smim.2011.11.006
http://dx.doi.org/10.1146/annurev-genet-110410-132549
http://dx.doi.org/10.1074/jbc.M111.324012
http://dx.doi.org/10.1016/J.Smim.2009.11.002
http://dx.doi.org/10.1371/journal.pone.0020140
http://dx.doi.org/10.1371/journal.pone.0020140
http://dx.doi.org/10.1016/j.dci.2008.05.010
http://dx.doi.org/10.1074/jbc.275.14.10323
http://dx.doi.org/10.1074/jbc.275.14.10323
http://dx.doi.org/10.2307/25470666
http://dx.doi.org/10.1038/nature10249
http://dx.doi.org/10.1186/1471-2164-10-258
http://dx.doi.org/10.1186/1471-2164-10-258
http://dx.doi.org/10.1242/jeb.053165
http://dx.doi.org/10.1242/jeb.053165
http://dx.doi.org/10.1242/Jeb.061267
http://dx.doi.org/10.1074/Jbc.M110.216358
http://dx.doi.org/10.1074/Jbc.M110.216358


rspb.royalsocietypublishing.org
ProcR

SocB
280:20122328

8
coral Siderastrea siderea. Dis. Aquat. Organ. 69,
53 – 65. (doi:10.3354/dao069053)

31. Gochfeld DJ, Aeby GS. 2008 Antibacterial chemical
defenses in Hawaiian corals provide possible
protection from disease. Mar. Ecol. Progr. Ser. 362,
119 – 128. (doi:10.3354/meps07418)

32. Fusetani N, Toyoda T, Asai N, Matsunaga S,
Maruyama T. 1996 Montiporic acids A and B,
cytotoxic and antimicrobial polyacetylene carboxylic
acids from eggs of the scleractinian coral Montipora
digitata. J. Nat. Prod. 59, 796 – 797. (doi:10.1021/
np9604036)

33. Mydlarz LD, Jones LE, Harvell CD. 2006 Innate
immunity, environmental drivers, and disease
ecology of marine and freshwater invertebrates.
Annu. Rev. Ecol. Evol. Syst. 37, 251 – 288. (doi:10.
1146/annurev.ecolsys.37.091305.110103)

34. Mydlarz LD, Palmer CV. 2011 The presence of
multiple phenoloxidases in Caribbean reef-building
corals. Comp. Biochem. Physiol. A Mol. Integr.
Physiol. 159, 372 – 378. (doi:10.1016/j.cbpa.2011.
03.029)

35. Shinzato C, Hamada M, Shoguchi E, Kawashima T,
Satoh N. 2012 The repertoire of chemical defense
genes in the coral Acropora digitifera genome. Zool.
Sci. 29, 510 – 517. (doi:10.2108/zsj.29.510)

36. Mao-Jones J, Ritchie KB, Jones LE, Ellner SP. 2010
How microbial community composition regulates
coral disease development. PLoS Biol. 8, e1000345.
(doi:10.1371/journal.pbio.1000345)

37. Bourne DG, Garren M, Work TM, Rosenberg E, Smith
GW, Harvell CD. 2009 Microbial disease and the
coral holobiont. Trends Microbiol. 17, 554 – 562.
(doi:10.1016/j.tim.2009.09.004)

38. Ainsworth TD, Fine M, Roff G, Hoegh-Guldberg O.
2008 Bacteria are not the primary cause of
bleaching in the Mediterranean coral Oculina
patagonica. ISME J 2, 67 – 73. (doi:10.1038/ismej.
2007.88)

39. Reshef L, Ron E, Rosenberg E. 2008 Genome
analysis of the coral bleaching pathogen Vibrio
shiloi. Arch. Microbiol. 190, 185 – 194. (doi:10.1007/
s00203-008-0388-0)

40. Vollmer SV, Kline DI. 2008 Natural disease resistance
in threatened staghorn corals. PLoS ONE 3, e3718.
(doi:10.1371/journal.pone.0003718)

41. Hudson H. 2000 First aid for massive corals infected
with black band disease: an underwater aspirator
and post-treatment sealant to curtail re-infection. In
Diving for science in the 21st century (eds P Hallock,
L French), pp. 10 – 11. Dauphin Island, AL:
American Academy of Underwater Sciences.

42. Lesser MP, Bythell JC, Gates RD, Johnstone RW, Hoegh-
Guldberg O. 2007 Are infectious diseases really killing
corals? Alternative interpretations of the experimental
and ecological data. J. Exp. Mar. Biol. Ecol. 346,
36 – 44. (doi:10.1016/j.jembe.2007.02.015)

43. Bourne D, Iida Y, Uthicke S, Smith-Keune C. 2008
Changes in coral-associated microbial communities
during a bleaching event. ISME J. 2, 350 – 363.
(doi:10.1038/ismej.2007.112)

44. Sunagawa S, DeSantis TZ, Piceno YM, Brodie EL,
DeSalvo MK, Voolstra CR, Weil E, Andersen GL,
Medina M. 2009 Bacterial diversity and white
plague disease-associated community changes in
the Caribbean coral Montastraea faveolata. ISME J.
3, 512 – 521. (doi:10.1038/Ismej.2008.131)

45. Barott KL, Rodriguez-Mueller B, Youle M, Marhaver
KL, Vermeij MJA, Smith JE, Rohwer FL. 2012
Microbial to reef scale interactions between the
reef-building coral Montastraea annularis and
benthic algae. Proc. R. Soc. B 279, 1655 – 1664.
(doi:10.1098/Rspb.2011.2155)

46. Morrow KM, Ritson-Williams R, Ross C, Liles MR,
Paul VJ. 2012 Macroalgal extracts induce bacterial
assemblage shifts and sublethal tissue stress in
Caribbean corals. PLoS ONE 7, e44859. (doi:10.1371/
journal.pone.0044859)

47. Vega Thurber R, Burkepile DE, Correa AM, Thurber
AR, Shantz AA, Welsh R, Pritchard C, Rosales S.
2012 Macroalgae decrease growth and alter
microbial community structure of the reef-building
coral, Porites astreoides. PLoS ONE 7, e44246.
(doi:10.1371/journal.pone.0044246)

48. Bellwood DR, Hughes TP, Folke C, Nystrom M.
2004 Confronting the coral reef crisis. Nature 429,
827 – 833. (doi:10.1038/nature02691)

49. Rasher DB, Hay ME. 2010 Chemically rich seaweeds
poison corals when not controlled by herbivores.
Proc. Natl Acad. Sci. USA 107, 9683 – 9688. (doi:10.
1073/pnas.0912095107)

50. Morrow KM, Paul VJ, Liles MR, Chadwick NE. 2011
Allelochemicals produced by Caribbean macroalgae
and cyanobacteria have species-specific effects on
reef coral microorganisms. Coral Reefs 30, 309 –
320. (doi:10.1007/S00338-011-0747-1)

51. Nugues MM, Smith GW, Hooidonk RJ, Seabra MI,
Bak RPM. 2004 Algal contact as a trigger for coral
disease. Ecol. Lett. 7, 919 – 923. (doi:10.1111/j.
1461-0248.2004.00651.x)

52. Haas AF, Nelson CE, Kelly LW, Carlson CA,
Rohwer F, Leichter JJ, Wyatt A, Smith JE. 2011
Effects of coral reef benthic primary producers on
dissolved organic carbon and microbial activity. PLoS
ONE 6, e27973. (doi:10.1371/journal.pone.0027973)

53. Kline DI, Kuntz NM, Breitbart M, Knowlton N,
Rohwer F. 2006 Role of elevated organic carbon
levels and microbial activity in coral mortality. Mar.
Ecol. Prog. Ser. 314, 119 – 125. (doi:10.3354/
meps314119)

54. Smith JE et al. 2006 Indirect effects of algae on
coral: algae-mediated, microbe-induced coral
mortality. Ecol. Lett. 9, 835 – 845. (doi:10.1111/j.
1461-0248.2006.00937.x)

55. Wild C, Huettel M, Klueter A, Kremb SG, Rasheed
MY, Jorgensen BB. 2004 Coral mucus functions as
an energy carrier and particle trap in the reef
ecosystem. Nature 428, 66 – 70. (doi:10.1038/
nature02344)

56. Lesser MP, Mazel CH, Gorbunov MY, Falkowski PG.
2004 Discovery of symbiotic nitrogen-fixing
cyanobacteria in corals. Science 305, 997 – 1000.
(doi:10.1126/science.1099128)

57. Chimetto LA, Brocchi M, Thompson CC, Martins RCR,
Ramos HR, Thompson FL. 2008 Vibrios dominate as
culturable nitrogen-fixing bacteria of the Brazilian
coral Mussismilia hispida. Syst. Appl. Microbiol. 31,
312 – 319. (doi:10.1016/J.Syapm.2008.06.001)

58. Lema KA, Willis BL, Bourne DG. 2012 Corals form
characteristic associations with symbiotic nitrogen-
fixing bacteria. Appl. Environ. Microbiol. 78, 3136 –
3144. (doi:10.1128/AEM.07800-11)

59. Koenig JE, Bourne DG, Curtis B, Dlutek M, Stokes
HW, Doolittle WF, Boucher Y. 2011 Coral-mucus-
associated Vibrio integrons in the Great Barrier Reef:
genomic hotspots for environmental adaptation.
ISME J. 5, 962 – 972. (doi:10.1038/ismej.2010.193)

60. McDaniel LD, Young E, Delaney J, Ruhnau F, Ritchie
KB, Paul JH. 2010 High frequency of horizontal gene
transfer in the oceans. Science 330, 50. (doi:10.
1126/science.1192243)

61. McDaniel LD, Young EC, Ritchie KB, Paul JH. 2012
Environmental factors influencing gene transfer
agent (GTA) mediated transduction in the
subtropical ocean. PLoS ONE 7, e43506. (doi:10.
1371/journal.pone.0043506)

62. Johnston AW, Todd JD, Curson ARJ. 2012 Microbial
origins and consequences of dimethyl sulfide.
Microbe 4, 181 – 185.

63. Kirkwood M, Todd JD, Rypien KL, Johnston AWB.
2010 The opportunistic coral pathogen Aspergillus
sydowii contains dddP and makes dimethyl sulfide
from dimethylsulfoniopropionate. ISME J. 4, 147 –
150. (doi:10.1038/Ismej.2009.102)

64. Raina JB, Dinsdale EA, Willis BL, Bourne DG. 2010
Do the organic sulfur compounds DMSP and DMS
drive coral microbial associations? Trends Microbiol.
18, 101 – 108. (doi:10.1016/j.tim.2009.12.002)

65. Brown BE, Bythell JC. 2005 Perspectives on mucus
secretion in reef corals. Mar. Ecol. Prog. Ser. 296,
291 – 309. (doi:10.3354/meps296291)

66. Coddeville B, Maes E, Ferrier-Pages C, Guerardel Y.
2011 Glycan profiling of gel forming mucus layer
from the scleractinian symbiotic coral Oculina
arbuscula. Biomacromolecules 12, 2064 – 2073.
(doi:10.1021/bm101557v)

67. Ducklow HW, Mitchell R. 1979 Composition of
mucus released by coral-reef coelenterates. Limnol.
Oceanogr. 24, 706 – 714. (doi:10.2307/2835722)

68. Jatkar AA, Brown BE, Bythell JC, Guppy R, Morris NJ,
Pearson JP. 2010 Coral mucus: the properties of
its constituent mucins. Biomacromolecules 11,
883 – 888. (doi:10.1021/bm9012106)

69. Meikle P, Richards GN, Yellowlees D. 1987 Structural
determination of the oligosaccharide side-chains
from a glycoprotein isolated from the mucus of the
coral Acropora formosa. J. Biol. Chem. 262, 16 941 –
16 947.

70. Meikle P, Richards GN, Yellowlees D. 1988 Structural
investigations on the mucus from 6 species of coral.
Mar. Biol. 99, 187 – 193. (doi:10.1007/BF00391980)

71. Molchanova VI, Ovodova RG, Ovodov YS, Elkin YN,
Fernandez Santana V. 1985 Studies of the
polysaccharide moiety of corallan, a glycoprotein
from Pseudopterogorgia americana. Carbohydr. Res.
141, 289 – 293. (doi:10.1016/S0008-
6215(00)90460-9)

72. Tremblay P, Weinbauer MG, Rottier C, Guerardel Y,
Nozais C, Ferrier-Pages C. 2011 Mucus composition

http://dx.doi.org/10.3354/dao069053
http://dx.doi.org/10.3354/meps07418
http://dx.doi.org/10.1021/np9604036
http://dx.doi.org/10.1021/np9604036
http://dx.doi.org/10.1146/annurev.ecolsys.37.091305.110103
http://dx.doi.org/10.1146/annurev.ecolsys.37.091305.110103
http://dx.doi.org/10.1016/j.cbpa.2011.03.029
http://dx.doi.org/10.1016/j.cbpa.2011.03.029
http://dx.doi.org/10.2108/zsj.29.510
http://dx.doi.org/10.1371/journal.pbio.1000345
http://dx.doi.org/10.1016/j.tim.2009.09.004
http://dx.doi.org/10.1038/ismej.2007.88
http://dx.doi.org/10.1038/ismej.2007.88
http://dx.doi.org/10.1007/s00203-008-0388-0
http://dx.doi.org/10.1007/s00203-008-0388-0
http://dx.doi.org/10.1371/journal.pone.0003718
http://dx.doi.org/10.1016/j.jembe.2007.02.015
http://dx.doi.org/10.1038/ismej.2007.112
http://dx.doi.org/10.1038/Ismej.2008.131
http://dx.doi.org/10.1098/Rspb.2011.2155
http://dx.doi.org/10.1371/journal.pone.0044859
http://dx.doi.org/10.1371/journal.pone.0044859
http://dx.doi.org/10.1371/journal.pone.0044246
http://dx.doi.org/10.1038/nature02691
http://dx.doi.org/10.1073/pnas.0912095107
http://dx.doi.org/10.1073/pnas.0912095107
http://dx.doi.org/10.1007/S00338-011-0747-1
http://dx.doi.org/10.1111/j.1461-0248.2004.00651.x
http://dx.doi.org/10.1111/j.1461-0248.2004.00651.x
http://dx.doi.org/10.1371/journal.pone.0027973
http://dx.doi.org/10.3354/meps314119
http://dx.doi.org/10.3354/meps314119
http://dx.doi.org/10.1111/j.1461-0248.2006.00937.x
http://dx.doi.org/10.1111/j.1461-0248.2006.00937.x
http://dx.doi.org/10.1038/nature02344
http://dx.doi.org/10.1038/nature02344
http://dx.doi.org/10.1126/science.1099128
http://dx.doi.org/10.1016/J.Syapm.2008.06.001
http://dx.doi.org/10.1128/AEM.07800-11
http://dx.doi.org/10.1038/ismej.2010.193
http://dx.doi.org/10.1126/science.1192243
http://dx.doi.org/10.1126/science.1192243
http://dx.doi.org/10.1371/journal.pone.0043506
http://dx.doi.org/10.1371/journal.pone.0043506
http://dx.doi.org/10.1038/Ismej.2009.102
http://dx.doi.org/10.1016/j.tim.2009.12.002
http://dx.doi.org/10.3354/meps296291
http://dx.doi.org/10.1021/bm101557v
http://dx.doi.org/10.2307/2835722
http://dx.doi.org/10.1021/bm9012106
http://dx.doi.org/10.1007/BF00391980
http://dx.doi.org/10.1016/S0008-6215(00)90460-9
http://dx.doi.org/10.1016/S0008-6215(00)90460-9


rspb.royalsocietypublishing.org
ProcR

SocB
280:20122328

9
and bacterial communities associated with the
tissue and skeleton of three scleractinian corals
maintained under culture conditions. J. Mar. Biol.
Assoc. UK 91, 649 – 657. (doi:10.1017/S0025315
41000130x)

73. Garren M, Azam F. 2010 New method for counting
bacteria associated with coral mucus. Appl. Environ.
Microbiol. 76, 6128 – 6133. (doi:10.1128/AEM.
01100-10)

74. Krediet CJ, Ritchie KB, Cohen M, Lipp EK, Sutherland
KP, Teplitski M. 2009 Utilization of mucus from the
coral Acropora palmata by the pathogen Serratia
marcescens and by environmental and coral
commensal bacteria. Appl. Environ. Microbiol. 75,
3851 – 3858. (doi:10.1128/Aem.00457-09)

75. Krediet CJ, Ritchie KB, Teplitski M. 2009 Catabolite
regulation of enzymatic activities in a white pox
pathogen and commensal bacteria during growth
on mucus polymers from the coral Acropora
palmata. Dis. Aquat. Organ. 87, 57 – 66. (doi:10.
3354/Dao02084)

76. Sharon G, Rosenberg E. 2008 Bacterial growth on
coral mucus. Curr. Microbiol. 56, 481 – 488. (doi:10.
1007/s00284-008-9100-5)

77. Paul JH, Deflaun MF, Jeffrey WH. 1986 Elevated
levels of microbial activity in the coral surface
microlayer. Mar. Ecol. Progr. Ser. 33, 29 – 40.
(doi:10.3354/meps033029)

78. Ritchie KB. 2006 Regulation of microbial
populations by coral surface mucus and mucus-
associated bacteria. Mar. Ecol. Prog. Ser. 322,
1 – 14. (doi:10.3354/meps322001)

79. Looney EE, Sutherland KP, Lipp EK. 2010 Effects of
temperature, nutrients, organic matter and coral
mucus on the survival of the coral pathogen, Serratia
marcescens PDL100. Environ. Microbiol. 12, 2479 –
2485. (doi:10.1111/j.1462-2920.2010.02221.x)

80. Krediet CJ, Ritchie KB, Alagely A, Teplitski M. 2012
Members of native coral microbiota inhibit
glycosidases and thwart colonization of coral mucus
by an opportunistic pathogen. ISME J. 5. (doi:10.
1038/ismej.2012.164)

81. Vacelet E, Thomassin B. 1991 Microbial utilization of
coral mucus in long term in situ incubation over a
coral reef. Hydrobiologia 211, 19 – 32. (doi:10.1007/
BF00008613)
82. Dobretsov S, Teplitski M, Paul V. 2009 Mini-review:
quorum sensing in the marine environment and its
relationship to biofouling. Biofouling 25, 413 – 427.
(doi:10.1080/08927010902853516)

83. Ng WL, Bassler BL. 2009 Bacterial quorum-sensing
network architectures. Annu. Rev. Genet. (doi:10.
1146/annurev-genet-102108-134304)

84. Golberg K, Eltzov E, Shnit-Orland M, Marks RS,
Kushmaro A. 2011 Characterization of quorum sensing
signals in coral-associated bacteria. Microb. Ecol. 61,
783 – 792. (doi:10.1007/s00248-011-9848-1)

85. Tait K, Hutchison Z, Thompson FL, Munn CB. 2010
Quorum sensing signal production and inhibition by
coral-associated vibrios. Environ. Microbiol. Rep. 2,
145 – 150. (doi:10.1111/J.1758-2229.2009.00122.X)

86. Garderes J, Taupin L, Bin Saidin J, Dufour A, Le Pennec
G. 2012 N-acyl homoserine lactone production by
bacteria within the sponge Suberites domuncula (Olivi,
1792) (Porifera, Demospongiae). Mar. Biol. 159,
1685 – 1692. (doi:10.1007/S00227-012-1956-Z)

87. Skindersoe ME, Ettinger-Epstein P, Rasmussen TB,
Bjarnsholt T, de Nys R, Givskov M. 2008 Quorum
sensing antagonism from marine organisms. Mar.
Biotechnol. 10, 56 – 63. (doi:10.1007/S10126-007-
9036-Y)

88. Dobretsov S, Teplitski M, Alagely A, Gunasekera SP,
Paul VJ. 2010 Malyngolide from the cyanobacterium
Lyngbya majuscula interferes with quorum sensing
circuitry. Environ. Microbiol. Rep. 2, 739 – 744.
(doi:10.1111/J.1758-2229.2010.00169.X)

89. Dobretsov S, Teplitski M, Bayer M, Gunasekera S,
Proksch P, Paul VJ. 2011 Inhibition of marine
biofouling by bacterial quorum sensing inhibitors.
Biofouling 27, 893 – 905. (doi:10.1080/08927014.
2011.609616)

90. Rasmussen TB, Manefield M, Andersen JB, Eberl L,
Anthoni U, Christophersen C, Steinberg P, Kjelleberg
S, Givskov M. 2000 How Delisea pulchra furanones
affect quorum sensing and swarming motility
in Serratia liquefaciens MG1. Microbiology 146,
3237 – 3244.

91. Teplitski M, Mathesius U, Rumbaugh KP. 2011
Perception and degradation of N-acyl homoserine
lactone quorum sensing signals by mammalian and
plant cells. Chem. Rev. 111, 100 – 116. (doi:10.
1021/Cr100045m)
92. Borody TJ, Khoruts A. 2012 Fecal microbiota
transplantation and emerging applications. Nat. Rev.
Gastroenterol. Hepatol. 9, 88 – 96. (doi:10.1038/
nrgastro.2011.244)

93. Teplitski M, Ritchie K. 2009 How feasible is the
biological control of coral diseases? Trends Ecol. Evol.
24, 378 – 385. (doi:10.1016/J.Tree.2009.02.008)

94. Atad I, Zvuloni A, Loya Y, Rosenberg E. 2012 Phage
therapy of the white plague-like disease of Favia
favus in the Red Sea. Coral Reefs 31, 665 – 670.
(doi:10.1007/s00338-012-0900-5)

95. Cohen Y, Joseph Pollock F, Rosenberg E, Bourne DG.
2012 Phage therapy treatment of the coral
pathogen Vibrio coralliilyticus. Microbiol. Open 12.
(doi:10.1002/mbo3.52)

96. Efrony R, Atad I, Rosenberg E. 2009 Phage therapy
of coral white plague disease: properties of phage
BA3. Curr. Microbiol. 58, 139 – 145. (doi:10.1007/
s00284-008-9290-x)

97. Efrony R, Loya Y, Bacharach E, Rosenberg E. 2007
Phage therapy of coral disease. Coral Reefs 26,
7 – 13. (doi:10.1007/s00338-006-0170-1)

98. Shnit-Orland M, Kushmaro A. 2009 Coral mucus-
associated bacteria: a possible first line of defense.
FEMS Microbiol. Ecol. 67, 371 – 380. (doi:10.1111/j.
1574-6941.2008.00644.x)

99. Gantar M, Kaczmarsky LT, Stanic D, Miller AW,
Richardson LL. 2011 Antibacterial activity of marine
and black band disease cyanobacteria against coral-
associated bacteria. Mar. Drugs 9, 2089 – 2105.
(doi:10.3390/md9102089)

100. Kvennefors EC, Sampayo E, Kerr C, Vieira G, Roff G,
Barnes AC. 2012 Regulation of bacterial
communities through antimicrobial activity by the
coral holobiont. Microb. Ecol. 63, 605 – 618. (doi:10.
1007/s00248-011-9946-0)

101. Wegley L, Edwards R, Rodriguez-Brito B, Liu H,
Rohwer F. 2007 Metagenomic analysis of the
microbial community associated with the coral
Porites astreoides. Environ. Microbiol. 9, 2707 –
2719. (doi:10.1111/j.1462-2920.2007.01383.x)

102. Weis VM, Davy SK, Hoegh-Guldberg O, Rodriguez-
Lanetty M, Pringle JR. 2008 Cell biology in model
systems as the key to understanding corals. Trends.
Ecol. Evol. 23, 369 – 376. (doi:10.1016/j.tree.2008.
03.004)

http://dx.doi.org/10.1017/S002531541000130x
http://dx.doi.org/10.1017/S002531541000130x
http://dx.doi.org/10.1128/AEM.01100-10
http://dx.doi.org/10.1128/AEM.01100-10
http://dx.doi.org/10.1128/Aem.00457-09
http://dx.doi.org/10.3354/Dao02084
http://dx.doi.org/10.3354/Dao02084
http://dx.doi.org/10.1007/s00284-008-9100-5
http://dx.doi.org/10.1007/s00284-008-9100-5
http://dx.doi.org/10.3354/meps033029
http://dx.doi.org/10.3354/meps322001
http://dx.doi.org/10.1111/j.1462-2920.2010.02221.x
http://dx.doi.org/10.1038/ismej.2012.164
http://dx.doi.org/10.1038/ismej.2012.164
http://dx.doi.org/10.1007/BF00008613
http://dx.doi.org/10.1007/BF00008613
http://dx.doi.org/10.1080/08927010902853516
http://dx.doi.org/10.1146/annurev-genet-102108-134304
http://dx.doi.org/10.1146/annurev-genet-102108-134304
http://dx.doi.org/10.1007/s00248-011-9848-1
http://dx.doi.org/10.1111/J.1758-2229.2009.00122.X
http://dx.doi.org/10.1007/S00227-012-1956-Z
http://dx.doi.org/10.1007/S10126-007-9036-Y
http://dx.doi.org/10.1007/S10126-007-9036-Y
http://dx.doi.org/10.1111/J.1758-2229.2010.00169.X
http://dx.doi.org/10.1080/08927014.2011.609616
http://dx.doi.org/10.1080/08927014.2011.609616
http://dx.doi.org/10.1021/Cr100045m
http://dx.doi.org/10.1021/Cr100045m
http://dx.doi.org/10.1038/nrgastro.2011.244
http://dx.doi.org/10.1038/nrgastro.2011.244
http://dx.doi.org/10.1016/J.Tree.2009.02.008
http://dx.doi.org/10.1007/s00338-012-0900-5
http://dx.doi.org/10.1002/mbo3.52
http://dx.doi.org/10.1007/s00284-008-9290-x
http://dx.doi.org/10.1007/s00284-008-9290-x
http://dx.doi.org/10.1007/s00338-006-0170-1
http://dx.doi.org/10.1111/j.1574-6941.2008.00644.x
http://dx.doi.org/10.1111/j.1574-6941.2008.00644.x
http://dx.doi.org/10.3390/md9102089
http://dx.doi.org/10.1007/s00248-011-9946-0
http://dx.doi.org/10.1007/s00248-011-9946-0
http://dx.doi.org/10.1111/j.1462-2920.2007.01383.x
http://dx.doi.org/10.1016/j.tree.2008.03.004
http://dx.doi.org/10.1016/j.tree.2008.03.004

	Coral-associated micro-organisms and their roles in promoting coral health and thwarting diseases
	Introduction
	The coral holobiont: a multi-partite symbiotic organism
	Host genetic and epigenetic factors that control coral-associated microbiota
	The coral holobiont and disease
	Nitrogen acquisition by the holobiont: unexpected roles for vibrios and rhizobia

	Horizontal arms race: gene transfer on the coral surface
	Battlefield: slime
	Chemical and physical properties of coral mucus
	Coral mucus use by commensal bacteria and opportunistic pathogens
	Cell-to-cell signalling and interference within the coral surface mucopolysaccharide layer

	Curative functions of the native coral biota
	Phage therapy
	Native bacteria and their potential functions in promoting coral health

	Conclusions and future directions
	The preparation of this manuscript was supported by grants from Protect Our Reefs program to the co-authors. Protect Our Reefs program is funded by the proceeds from the sales of &lsquo;Protect Our Reefs&rsquo; specialty license plates and is managed by Mote Marine Laboratory through a peer-reviewed process. M.T. is supported by the 2012 George E. Burch Fellowship in Theoretical Medicine and Affiliated Sciences at the Smithsonian Institution. This is contribution 903 of the Smithsonian Marine Station at Fort Pierce.
	References


