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Microbiome engineering for coral resilience

The world’s coral reefs are underunparalleled pressuredue to climate change
stimulating research focused on preventing further damage and loss in these
ecosystems. The coral microbiome has been widely acknowledged as crucial to
coral health and function, playingmultiple roles in key bilogical processes.
Recent empirical studies suggest that microbes may contribute to coral host
toleranceofthermal stress and harnessing these benefits through microbiome
engineering(ME) may provide a mechanism for enhancing climate resilience in
corals. Although coral ME is in its infancy, similar and successfuME approaches
that are already underway in other fields —including agriculture, medicine, and
wastewater treatment— may serve tayuide andimprove ME techniques in corals.

We discuss currentapplications of ME, identify three key research priorities that
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will help elucidate the viability of ME for corals, and consider the implicationf
using these approachsfor reef restoration.
Front Ecol Environ 2019

In a nutshell:

e The development of innovative restoration and conservation tools is urgently
needed to combat the global climateangedriven decline in coral reefs

e Agrowing body of evidence indicatédsat microorganisms play critical roles in
coral elimate resilience

e Examples from systensich aghe human gut microbionovide evidence
thatmicrobial manipulatiortanbe used as a tool to improve host (eg human)
health and resiliencandcould therefore providguidanceor experimentation
in corals

e Mierebial manipulation may be able to enhance climate resilience in corals i
the. face of rapid climate changehich couldhaveimplications for coral reef

restoration and management

The health and function of all multicellular life &arth relieson the consortium of
microbialgpartners- including prokaryotes (leacteria and archaea), singlelled and
filamentous eukaryotgggfungi and algae), and acellular virusethatmake upan
organism’s microbiome anglay a vital role irmanybiological processe&ilber-
Rosenberg and Rosenberg 2008). Microbes that live within and on the tissues of host
organisms are at the interface between a host and its envirgraméman contribute
to immunity-(Fhais®t al. 2016), nutrition (Flinet al. 2012), metabolic function
(Thaissethal..2016), early development (Fraune and Bosch 2010)hasidgene
expressions(Larssost al. 2012), and can even regulate life span (Setitid. 2017).
The immense complexity of hosticrobiome interactionwarrantsan expanded
ecological'and evolutionary viewf an organisnthat incorporates the entire
“holobiont”: that is a collective biological entity including the host, its microbigme
and other associated symbiofiste: for definitions of selected speciatistms used
in this review, see WebTable.1)

A healthy microbiome is a diverse and highly structured community that is

essential to a host’s ability to survive changes in environmental conditiondéMuel
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and Sachs 2015). A robust microbiome is agoamic andchanges in microbiome
composition may be required for a healthy holobiont under varying environmental
conditions. However, when an organism is exposed to persistent environmental
perturbations, hostricrobiome symbiosisan become compromised, leading to an
unpredictable shift in microbial community structulermed dysbiosis (Roderal.
2014). Dysbiasis can interrufite services that thmicrobiome provides to the host,
oftenresultingin a loss of host resilience and the onset of di§€apktskiet al.

2016). Given that environmental conditiarebeing rapidly altered by anthropogenic
climate change, dysbiosis may become more commitim major implications for all
multicellular life.

Reefbuilding corals are host to one of the most taxonomically and functionally
diverse micrebiomes known, greatly exceeding the microbial diversity of thenhuma
gut and rivaling that of spongé@Blackall et al. 2015). The success of corals in
colonizing the vast majority of shallow tropical oceans is often credited to their
affiliated.microbes, specifically endosymbiotic dinoflagellate microalgae of the family
Symbiodiniaceae (Figure 1) aadsociategrokaryotes. Theeendosymbiotic
microalgae support coral growth and health by contributing to both carbon fixation and
carbon translocation to the coral host, which can meet or even exceed its respiratory
requirements (Muscatine and Porter 1977). Coral-associated prasahgote diverse
metabolic roles and contribute substantially to nitrogen (Less&r2007), carbon
(Neaveet al. 2017), and sulfur (Raingt al. 2013) cycling. Hundreds to thousands of
operational taxonomic units (OTUSs), or putative species, have theetified within
single coral species (Hernandagredaet al. 2017). The number of prokaryotic cells
alone can be as high & 10° per square centimetef coral surface area (Blackatl
al. 2015), which is between 100 and 1000 times the number chyatic ells found
per square.centimeten human skin (Whitmaet al. 1998). Despite the high
microbial-diversity and variability in corals, researchers are now wgidn
identifyingsthe core microbiome of cordie the microbes that are commonly present
among.eonspecifics or even across spetlesnandezAgredaet al. 2017). t has been
proposed-that the coral microbiome is partitioned agtable and persistent core
componenta species or locatiespecific compnent, and éarge anchighly variable
componenthat isinfluenced by both biotic and abiofi&ctors (HernandeAgredaet
al. 2016).
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Rapid climate change as a result of anthropogenic greerijas@@&HG)
emissions is putting unprecedented stress on mhecosystems (Hoegbuldberg
1999; Hughest al. 2018). Corals already live close to their physiological and thermal
limits, and there is widespread concern that climatic changes will outpace the rate at
whichreorals*camdapt or acclimatize (van Oppet al. 2015, 2017). Although
microbes have been proposed as one route fai esgoiimatization/adaptation (egie
to their Shorter generation times; ZillRosenberg and Rosenberg 20@8),
combination oftressorsincluding elevated seawater temperatures, ocean
acidificationgand eutrophicationan have direct effects on coral microbial community
structure,(Vegdl hurberet al. 2009; Zieglert al. 2017). Anthropogenic
environmental changes may drive alterationsrttnsses irmembers oboththe
Symbiodiniaceaand prokaryote communities (or their activities) that can result in
coral bleaching or disease, agxkncoral death. This process may, in part, drive reef
loss on a global scale.

As ocean temperatureise and masscale coral bleaching events decimate
coral reefs.warldwide (Hughesg al. 2018), it has become necessary to focus efforts on
preventing further damage to and logshese system#lthoughthis ultimately
involves tackling climate change and curb@®HG emissions, targeted efforts are
being madestoward applying microbiome research to inform the development of
conservation tools that may bagrals more time (Figure 2). One such approach is
microbiome engineering (ME), which we define here as the experimental manipulation
of individual microbesmicrobial communitiesor their hosts (specificalljhostbased
mechanisms of microbial recognitjprall of which can beised to improve host
perfamance and fithess. ME can be achieved through exerting artificial selection on
the host—microbiome association, inoculating the host with beneficial microbes,
genetically engineering specific microbial strains, or a combination of these
approachessME cddibe a powerful tool for boostingpral resilience to climate
changeg(van-Opperet al. 2015, 2017; Damjanovig al. 2017). Industries such as
agriculture and human medicine now use ME approaches regularly to improve crop
yields and*human healtrespectively Althoughonly a few studies have implemented
an experimental approath shaping coral microbiomes (dgs Santost al. 2015;
Chakravartet al. 2017;Damjanovicet al. 2017, theoretical work- includingthe
Coral Probiotic Hypothesigeshefet al. 2006) and th&eneficialMicroorganismdor
Corak BMC) concept(Peixotoet al. 2017;Panel 1)} and empirical studies from
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other systems suggest that artificial selection on a microbiome can improve host fithess
over relatively short time franspas suchME could prove to be an important
mechanism fomitigatingdisease and increasing stress tolerance or climate resilience
in corals

Weoutline current applications of ME, discuss how these approaches may be
appliedto corals, and consider theplications they may have for coral reef restoration

and conservation.

Current applications of ME

ME in plants.and soil

Plants live incloseassociation with a complex and diverse microbial community that
inhabits both'their tissues and the soil in which tip@w. Fungal communitiebving
within plant tissues provide protection for the host plant agaaistity (Walleret al.
2005) and hdgRedmaret al. 2002)stress as well as drought conditions (Rodriguez
and Redman 2008Redmaret al. (2002), for instance, reported thhe thermal
tolerance.of.the grass specizishanthelium lanuginosumwas dependent on the
presence, of a specifieurvularia fungus. The region of soil directly adjacent to plant
roots'=the rhizospherealso hosts microbiota that play active roles in mediating
nutrient cyeling, pathogen resistance, host immuaitgptationand stress tolerance in
plants (reviewed in Berendsehal. 2012).

Exploitation of soil and plant microbiota through ME approaches has been
implemented to modify specific traits to imprawe quality and productivity of plants,
including crops. For example, through the application of a combination of ME
approaches, researchersre able to altethizosphere bacteria to modify the flowering
time of plants; wer 10 generations, rhizosphere bacterial communities were selected
for theirfability toinduceshifts in the timing€ither earlyor late of floweringin
Arabidopsisthaliana, and these bacterial communities were then introduced to the
rhizospheresof four new host plants, where they were able to reproduce a shift in thei
respective host’s flowering time (PanBeisseet al. 2015. Alteration of specific host
traits through.microbiome manipulation provides a platform for improving agriatltur
production and food security, or for increasing plant host resilience to disease and
environmental stressors. Other implementations ofd@iroaches thatsea plantsoil
feedback include crop rotations that reshape soil microbiota to increase thefyiel

subsequent crops (Degudhial. 2007), inoculations with specific rhizosphere
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bacterial strains to stimulapant growth (Rojasoliset al. 2018), and inoculations

with rhizosphere bacterial mixtures to promote systemic resistance against pests and
disease (Ramamoortlegyal. 2001). It has recently been discovered that direct tissue
inoculations can also confer pathogen resistance; f@amost endophytic bacteria
isolated fremmanuka I_.eptospermum scoparium), which naturally produces

antimicrobial oils, have been used to treat bacterial canker in kiwifetin{dia spp)

through"direct wound inoculation (Wicaksoetal. 2018.

ME in disease mitigation
It has become increasingly evident that many human diseases are strongly linked to the
breakdown‘of itheygnbiotic microbial community (eg obesityjirnbaughet al. 2009],
inflammatory bowel diseas¢é8D; Guptaet al. 2016]), andhereforemitigation of
some diseasauld be achieved through manipulations of the human microbiome. For
instancejt is suggested that dysbiosis of the intestinal microbial community in humans
promotedgnflammation and cause IBDvhichis characterizetly the inflammation of
the gastreintestinal tract and includegh disorders as ulcerative colitis and Crohn’s
disease..One potential treatment of IBD is the use of fecal microbiotplémaiss in
which fecal'matter from a healthy donsiintroduced tdhe intestinal tract of a
diseased recipient as a meansre$eting” the disrupted microbiome (reviewed in
Guptaet al. 2016).

ME has been identified as a particularly important tool for mitigating oltbrea
of vector-borne human diseases, but in such d¢hsasicrdiome of the pathogen
vector (eghe mosquitpCulicidae) is targeted for manipulatiorstead of the human
microbiome Mosquitoes can carry pathogens that cause serious human diseases, such
as Zika virus, yellow feveiand dengue fever (Benelli 2015). Denggian especially
common.disease in tropical and subtropical areas across the gholiterial
managementof whichas focused on eliminating mosquitoes through insecticidal
regimessthese programs have been insufficj@stevidenced by the increase in
contracted cases of dengue (Schrei@dl. 2017) but recent work has shown that
inoculating denguearrying mosquitoes with the bacteriwkolbachia shortenghe
lifespanof mosquitoes and consequently reduces the potential for disease transmission
to humans (McMenimast al. 2009).Wolbachia has also been found to reduce the
susceptibility of mosquitoes to initial dengue infection (Moreiral. 2009) and can

limit the replication of éngue virus within the mosquito (Frenéiual. 2014).
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Inoculation ofWolbachia into mosquitos will possibly become an important control
measure for the suppression of dengue fever in humansgseafch is now focused
on how to scale ufhe spread oiVolbachia-inoculated mosquiteeto cover large
urban areas (eg The World Mosquito Program, www.eliminatedengue.com/pyogram
Schmidtet-al=2017.

Inoculation with certain microbes can also prevent disease Hmmoian hosts.
For example, bacteria recovered from coral mucus and Symbiodiniaceae symbionts
can disrupt biofilm formation of the necrotizing coral patho8natia marcescens
through the inhibition of quorum sensing (Alagetyl. 2011), which ighe celtto-cell
communication used by bacteria to control collective behavior and organize
themselves spatially, particularly into biofilms. This behavior can allow these biofilms
to resist antifrarobial or antibacterial compounds and can also help in the regulation of
pathogenicitylPasmore an@osterton 2003). To experimentally test the antimicrobial
effect of the bacteria recovered from coral mucus and Symbiodiniaceae, Adagely
(2011) inoculated the anemoBraiptasia pallida with the pathoge® mar cescens,
afterfirstintreducing the anemone to a cocktail of bacteria. They found that use of the
beneficial bacteria as a probiotic inhibited progression of the disease caused by
mar cescens by blocking its quorum sensing and thaterfering with biofilm formation
(Alagely et.alv2011) In addition to demonstrating tlaatimicrobial properties of coral
mucus and Symbiodiniaceass well ahighlighting the success of inhibiting quorum
sensingthis was also one of the first studies to test the feasibility and viability of

probiotiCs in a cnidarian model.

ME in enhancing stresstolerancein corals

Research and development of ME applications to caatdl in its early stagesOne
of the first successful empirical studies of coral microbiome manipulatioorexihe
possibility'efwusing microbial inoculati@ro increase the resistance of corals to oil
pollutionpin-an aquarium experiment, dos Samtas. (2015) inoculagéd coral with a
consortium of bacteria, whidiad been selected for its collectaeaility to degrade
watersoluble.oil (iea BMC consortium), anthereby reducethe negative health
impacts of oil exposure to the coral host. Otlesearcherfiave begun to investigate
the possibility of inoculating corals with hesglected members of the
Symbiodiniacea€éChakravartiet al. 2017)or communities of bacteria from “donor”

heatresistant corals (Damjanowital. 2017),with thegoal ofincreasng coral
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resilience to thermal stresslthough both of those studiesportedsuccessful
inoculation, the extent to which the manipulations conferred thermal tolerance to the
coral host and the lontgrm stability of the introduced symbiosis remancertain.

Coral ME is clearly still in the “proof of concept” stage, but empirical stusliek as

these farmarpromising foundation for future experimental work.

The way forward: research priorities for ME in corals

Like other hostmicrobiome systemdiarnessing the benefits of the coral microbiome
is a challenge due to the high diversity and spatiotemparglbility of microbial
partners.in coralsAdvancingthe field of coral MErequires a focus on specific
research'topics that will help address major knowledge Yépproposehree major
research prioritiethat will help elucidate the viability of using ME as a restoration tool
for corals (1) identifying beneficial microbial functiong?) identifying and

maintaining stable associations witticrobial partners, an®) performingtrial

experimental manipulatienof coral microbiomes.

I dentifying beneficial microbial functions

Understanding and identifying the functional roles of the microbial consortia and/or
individual_microbes is essentifalr determining which services provided by the
microbiome can be harnessed to increase coral host climate resiipaciic
microbesthat assert control over a host phenotypic tait be key targets for ME (eg
Wolbachia in ' mosquitos [McMenimanet al. 2009, Curvulariain grass Redmaret

al. 2002]). For corals, as described aboves was recently proposed as BldC

concept (Peixotet al. 2017), and could be used to increase thermal tolerance.
Functional analysis can be performed through traditional culturing methods in
combination withphenotypic assaysjetabarcoding (biodiversity assessment through
targetingof'specific microbial genesinetagenomicéstudy and analysis of microbial
genomes)metatranscriptomicéstudy and analysis of microbial gene expression), and
metaproteomicgassessment of proteins contained within a targeted microbiome) to
deciphertheunctional properties of either the entire microbiome or specific microbial
partners within it (Marx 2017). Metabarcoding has already been widely dpplie
corals (Blackalkt al. 2015), but the functional potential of the microbiome cannot be
predicted from barcode datuch as the barcode region of fl&S ribosomal RNA

(rRNA) gene and requires genome sequences. Metatranscriptomics and
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metaproteomics reveal which microbial genes are active at a given time point. This
approach has been implemented in more recent studies, such as an examination of
active microbial players in coral @diase (edpanielset al. 2015) and identification of

key proteins of healthy and diseased corals, which pedwgsights into how the
transitionroeccurs between these two states (Garala2016). Tlese“metabmics
techniques, innaddition to traditional culturing methods, may offer further elucidation
of activé"and important microbial partners during clintzdsed stress ever{egcoral
bleaching, which can then be targeted for ME.

I dentifying and maintaining stable associations with microbial partners

Deciphering which microbes are stably associated with corals is important for the
development of microbial manipulations to enhance coral climate resilience. For
instance, if probiotic inocula are composed of microbes that faeamporally stable
association, they are more likely to provide long-term benefits to the coralftibey

are not, then thbenefits will likely be only shoerm.Members oftoral microbial
communities.are susceptible to chant@sughout their development due to variation
in envirapmental conditions (Figure 3). Nevertheless, a growing body of evidence
suggests that despite these temporal and spatial changes in microbial communities, a
subset of taxa is stably associated with coral specigenera (i¢he core microbiome;
HernandezAgredaet al. 2017). Improving the current understanding of how and when
temporal and spatial shifts occur, such as the natural winnowing of the coral
microbiamne (egLemaet al. 2014),and whethethese shiftsepresent acte host-
controlled processes (&yveetet al. 2011),will allow scientiststo determine a

possible developmental stage or time at which introduced manipulations would be
more likely to remain stable over time.

The stability of associatiorsetween microbes arbsts has been suggested to
relate torthesmode of transmission, where maternally transmitted (ie inherited)
symbiontsaretypically more stably associated with their host than those transmitted
(ie acquiredfrom the environment (Moragt al. 2008). However, this is not always
the case.Inycorals, reproductive strategy is highly correlated with the mode of
transmission of the dinoflagellate endosymbionts, where most broadcast spawning
corals exhibit horizontal transmission (environmental transmission) and mostigroode
(corals that develop their larvae within the body cavity of polyps) exhibit aertic

transmission (parental transmissidbesseret al. 2013). Although the longerm
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stability of Symbiodiniaceae symbionits brooding corks exceeds the stability in
broadcast spawners (Thorntetlal. 2006), some brooders acquire additional
symbionts from the environment, whichn also be maternally transmitted to the next
generation (Quiglewt al. 2018).In addition, other invertebrates have been found to
form stablerelationships with horizontally transmitted microbes. For example, the
Hawaiian bobtail squidHuprymna scolopes) initially acquires the bacteriuvibrio
fischeri from the environment and harnesses the bacterium’s bioluminescence ability
for use inanorganthat emits the bacterially produced light. This symbiosis is stable
throughaout the life of the squid, and is maintained through the expulsion of a majority
of the bacteria during the day (time of quiescence) and subsequent regrowth of the
bacterial’population prior to night (time of actiyigiNyholm and McFall-Ngai 2004).
The mode of transmission of prokaryotes in corals appears to be less strictly
correlated taeproductive strategy. For instance, horizontal transmission of
prokaryotes has been detected in the broadcast spawning coral Bpeidlepora
meandrina (Apprill et al. 2009), where it is suggested that external bacteria are
incorporated.into the ectodermal tissues of late stage planulae via phagocytosis
ConverselyMussismilia hispida, also a broadcast spawner, has been found to
vertically transfer prokaryotes from parental mucus to gametes pripatnsig
(Leite et al..2017).Gaining a betteunderstanding of prokaryote transmission in a
range of coral species, along with assessing the maintenance of these prokaryotic
associations (eghether any host or microlm®ntrolled cellular mechanism is at
work) through time or across generations, may kekglucidate microbiome stability
and identify better BMC targets for ME trials.

Performing trial experimental manipulations of coral microbiomes

Lessons learned from other host systems, such as plants and heamgmsyvide a
foundationfor developing are effectiveexperimental manipulations in corals that, if
proven suecessful, can subsequently be implemented as a tool for improving the
successyof coral restoration initiatives. Two main experimental approaches to
manipulating.microbiomes, through ditemd indirect selection (Mueller and Sachs
2015), may be particularly useful for structuring coral ME research (Rari@irect
selection on the microbiome can be used to identify and target specific microbes
responsible for theral or other stress tol@nce (eglos Santost al. 2015; Chakravarti

et al. 2017). Advances in coral ME for addressing climatange impacts may also

This article is protected by copyright. All rights reserved



focus on indirect selection. For instance, large multigenerational experiments that
examine the effects of current and future climate change on cordsdagion 21;
www.aims.gov.au/evolution-21) provide opportigsto obtain critical information on
how microbial communities respond to climate change. As corals acclimatize to these
futurereonditions either within or across generations, it may be possible tidyittegt
microbial partners that aid in acclimatization of the coral holobiont to future
conditions.

Experimental manipulations, whether based on direct or indirect selection,
provide an important means to addressy of the knowledge gaps already identified.
For instance,If a manipulation experiment is successful in achieving a desired trait
without researcherbaving prior knowledge of the underlying biological/microbial
mechanisms; it is possibier themto work backward to hypothesize how and why
observedhiftsiin the microbiomeccurred. The treatment of wastewater began in this
way, snce the early 1900s, the nutrient cycling capabilities of microorganisms have
been harnessed to remove excess nutrientsifrdastrial or municipal wastewater
butthese.weré “blackox” treatmentsfor whichthe chemical composition of influent
and effluent. was knownyhile the biochemical pathways were only hypothesized and
the microbial'species involved were unknown. For example, the enhaptagidal
phosphorussremoval (EBPR) method was first employed in the 1970s (Barnard 1974),
but it'was not until the 1990s that polyphosphatetmulating microbes were
confirmed to be responsible for phosphate removal from wastewater (Jenkins and
Tandoi1991). EBPR works by cycling influent wastewater and its associated microbia
biomasdirst through an anaerobic zone and then through an aerobic zone in order to
place selection pressure on the microbial biomass. Cycling in this way results in a
selection of microorganismsitiv a higher capacity for intcallular accumulation of
polyphosphates (Blackadt al. 2002). The discovery of microorganisms as the main
drivers forwastewater treatment was a revelagoma modern methods are now
informeds-by=more rigorous microbiological and microbial ecological studies t
enhancestreatment efficiency (Barnat@l. 2017). Although wastewater treatment is a
closed systengs opposed to the natural system in which corals are found, this built-
environment example clearly demonstrates that working backward from experimental
manipulations can result in important advances in ME techniques, and provides a
unique view on using indirect selection pressure to manipulate a microbial community

to select a tamgged function.
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Conclusions

The broad spectrum of ME approaches provides a powerful basis for the application of
ME to enhance climate resilience in caralowever, the field of coral ME is in its
infancy: Current progress is focused primarily on proof of concept, whitclprovide

the foundations for future management options but requires further empirical and
applied 'studies to advance toward successful implementation. Success in other fields
such asgagriculture, medicirend wastewater treatmetin provide direction and
guidance.for.applying ME approaches in corals to improve coral health, increase the
numberiand/er quality afcosystem serviceand enhance resilience to the stressors of
climate change. Hereve have identified three keggsearch priorities that will foster
successful development of ME approaches in corals, agdrasgial knowledge

gaps, anafferedinsight into the biological challenges of implementing these
approaches in a naturally complex environment and on large geographic scales. With
climate stressors causing unprecedented clsangeral reefsystems effective
conservation;/restoratioand management are more critical than eaed ve propose

that MEcanbe avaluable tool for coral reef restoratioruch interventions should be
combined with other practices to help resolvedtl reef crisisthe most important

of which is.the curbing oc6HG emissions.
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Additional, web-only material may be found in the online version of this article at

Figure 1. A 5-day-old coral recruit withalgal symbiontsqpecies within the

Symbiodiniaceaeclearly seemwithin its tissues.

Figure 2eMembers of the coral microbiome and potential applications for their use in
coral reef'"management or restoration. BN\BEneficialMicroorganismdor Corabk
concept (Panel 1; Peixogbal. 2017).

Figure 3. Schematic of the transmission of ceaalsociated prokaryotésroughouthe
developmentastagesas well as shifts in community composition resulting from an

environmental stress event such as bleaching. Althsogte core members remain the
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same (represented by thkeile and gold dots), prokaryote community composition can

be highly affected bghangesn environmental conditions.

SPS- please mbed Figure 4 ifPanel2
Figured.(@)Implementation of direct selection of beneficial microbes for inaoulat
(b) Implementation of a selection pressure on the coral host to indirectly selec

beneficial' microbes for inoculation.
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Panel 1. Theoreticalconcepts in coral ME

The Coral Probiotic Hypothesis

The Coral Probiotic Hypothesis (Resleeél. 2006) was originally proposed to help

explain the evolutionary success of corals. Conceptually, this hypothesis is

straightforwardthe coral is host to a ddvse and metabolically active population of
symbiotic microorganisms (the microbiomtje abundance and diversity of whimdn
changdanresponse to variation in environmental conditions in a manner that may

allow for holobiont acclimatization or adaptation to those new conditions. Under high

selection.pressure, these microbiome changes can occur within days to wdekaya
enable host adaptation at a much faster rate than natural selection on the host genome.
The/Coral Probiotic Hypothesis makes several predictions that can be tested.

As outlined in Reshetdt al. (2006), these includé(t are not limited o

e in corals that become resistant to a partigoddhogenic bacterium, there should be
a visible increase in the abundance of a counteractive bacterial strain that can
prevent or inhibit the pathogen;

e in coralsstreated with antibiotic compourtiat remove beneficial bacteria, there
should be‘evidence aifectionand reduced metabolic activity;

e when exposed to slowly increasing temperatures, corals should adapt or
acclimatize more readily to temperature stress than when temperatures are
increased at a more rapid pace; and

e a coral treated with an inoculuof bacteria taken from a streadapted conspecific

shouldadapt or acclimatizto that stresaore rapidly

The Benefieial Microorganisms for Corals(BMC) concept

Piexotoet.al..(2017) recently expanded on the Coral Probiotic Hypothesis by

proposing:the BMC concept. While the main theoretical components of this concept

are similar tothose of the Coral Probiotic Hypothesis, the BMC concept provides a

methodfor further applyindie Coral Probiotic Hypothesis to coral microbial research

throughtwo procedures:

o first, by proposing potentially beneficial mechanisms provided by the microbiome
and isolating any potentially bemgal microbial players, or BMC; and

e second, by empirichl testing these BMC for their role in coral resilience to

environmental perturbations, both in situ and in controlled aquarium systems.
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Panel 2. Experimental approaches t&E in corals
Two main experimental approaches, originally identified by Mueller and $20hS)
for plants, can be applied to structuring coral ME research: nameljiyéoe and

indirect selection of the microbiome.

Direct selection selection of a specific beneficial microbe or community of microbes
for improved host performance or fitndgsgure 4a)

Advantages: greatercontrol over the manipulation ofdividual taxa or communitie®
target beneficiamicrobialroles.Disadvantages: it is necessary to have prior
knowledge of microbial function through meta’omics or culturing methodsy or
characterimg holobiont or microbial phenotypes, to choose the appropriate beneficial
microbe omicrobial consortiumFurihemore direct selectiortan only be done for
culturable microbed=xample: Redmaret al. (2011) found that inoculating ric©fyza
sativa) plants with a specific endophytic fungus increaseelgrowth rate, biomass,

and reproductive yield whilat the same timeeducing water consumption by 20-30%,
allowing.riceplants to thrive in drought conditioAgplication to corals: similar to

the BMC,concept (Peixote al. 2017), direct selection on the microbiome can be
performed in corals by isolatingicrobes with certain traits and using these isolates to
create an.inoculum. Experiments of this sort should be carried outrapirgate but
known coral genotypes to revehe effects of the host genotype on the microbiome.

Indirect selection: selection of a specific host trait (phenotype), allowing for an
indirectselection of microbiome functigRrigure 4b)

Advantages. prior knowledge of microbiome function is not necessagking indirect
selectiona more coseffective method of MEDisadvantages: experiments maye
time-consuming, as they can span multiple generations of theamaksthere is little to
no contrelrever which microbial taxa are being manipulatddch affects the
reprodueibility of results. It must also be demonstratedth@aiicrobiome did in fact
change.and plag role in selection of the host trdtixample: by selectively breeding
the best performing wheat plarfiiticum spp)that were growing in acidic soildg
Sousa (1998) was able to devedpminum resistancéa indirect selectiora process
controlled by the microbiomdépplication to corals: this approach, which has been
previously proposed as a mechanism of assisted evofotiaorals(van Opperet al.

2015), will involve the use of a selection pressunehsas elevated temperature, to
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select fora specific phenotypic trait (egduced susceptibility to bleaching). Fromatth
point, it will be possible eitheto continue down a selective breeding pathway of the
host or to create an inoculum with thelected host's tisssend/or mucus to inoculate
other corals.

Foreitherapproacho be successful, MEust be optimizetb targetkey coral
host traits that will enhance climate resiliensgch as reduced susceptibility to
bleaching, increased diseassistance, enhanced calcification or growatigor
increased fecundity.
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