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Abstract;

Thehealthrand functioning of redfuilding coralss dependent on a balanced association with
prokaryotic and eukaryotic microbes. The coral skeleton harbours nusnemndolithic microbes, but
their diversitysmecological roles and responses to environmental strelssling ocean acidification,
are not well characterized. This stuegts whethepH affectsthe diversity and structure of prokaryotic
and eukaryetic algal communities associated with skeletoiitles spp. using targetedamplicon
(16S rRNAf gene, UPA andufA) sequencing. We found that the composition of endolithic
communities in the massive corBbrites spp. inhabiting a naturally highpCO, reef (avg. pCO,
811uatm)is not significantly different from corals inhabitirrg@ferencesites avg. pCO, 357uatm),
suggestingsthat these microbiomes are less disturbeddan aidification than previously thought.
Possiblefexplanations may be that #redolithic microhabitatis highly homeostaticor that the
endolithicymicroorgaisms are well adapted to a wigel range Someof the microbial taxa identified
include nitregenfixing bacteria Rhizobialesand cyanobacteria), algi@tl bacteria in the phylum
Bacteroidetes symbiotic bacteria in the famil{Endozoicomoniaceaeand endolithic green algae,
considered,the,major microbial agent of reef bioerogaiditionally, we test whethdrostspecies has
an effect onthe endolithic community structure. We show that the endolitommunity of massive
Poritesspp is substantlly different and more diverse thémat found in skeletons of the branching
species Seriatopora hystrix and Pocillopora damicornis This study reveas highly diverse and
structured microbialcommunites in Porites spp skeletonsthat are possibly resilient to ocean

acidification.
Introduction

OceanacidificatiofOA) is predicted tdhreaterthe persistence aforal reefdy affectingthe
balance‘between constructive forces (calcification and grofvteef buildery and destructive forces
(bioemsion andcarbonatedissolutior) (Tribollet 2008a; Andersson & Gledhill 2013)cidification
lowers the saturation state of calcium carbor{&@aCQ;), making it more difficultfor calcifying
organismssuchasstonycorals to build their skeletongOrr et al. 2005;Hofmannet al.2010) OA has
been showrto slow down calcification andausestructural deformities ijuvenile coral{Crooket al.
2013; Fosteet al. 2016) Somestudies, however, indicathat corals are able tegulate the pH at the
tissueskeleton, interface, where calcification takes place, mitigatingatentialconsequencesf OA
on the calcification proceg®dcCullochet al. 2012; Venret al. 2013; Georgiotet al. 2015) Rates of
biological dissolutiorof CaCQ; (bioerosion)tend to increase und@w pH conditions mostly due to
an increase in biomass of thering organisms living insideoral skeletons(Manzello et al 2008;
Tribollet et al.2009; Crooket al.2013; Fanget al. 2013; ReyeNivia et al.2013; Enocht al. 2016)
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66 potentially esulting in a shift from a net reef accretion condition to one of net erpSiafersson &
67  Gledhill 2013)

68 The skeletonsof live and dead corals harbour bacteria, fungi, sponges and an abundant
69  populationof limestoneboring algae all having important rokin the reefs CaCQ; budget(Le

70  CampiorAlsumard et al. 1995; Tribollet 2008a; Verbruggen & Tribollet 201Bor examplethe
71 green algaDstreobiumcan be responsible for Z®0% of carbonate dissolutiomithin deadcorak,

72  erodingas much as 1 kg of reef carbonate ggsanyear(Tribollet 2008b; Granget al.2015) Green
73 algd biomass in live coral skeletons exce&jsnbiodiniunbiomass in coral tissues by about 16 times
74  (Odum & Odum 1955)making the limestone attractive to grazers famther increasing bioerosion
75 (Chazottest al.1995; Clementgt al. 2016) However endolithicalgaealsoprotect corals from high
76 light stress(Yamazakiet al. 2008)and providevital nutrientsto corals,potentiallyextending the time
77  they can survive withousymbiodiniunduring bleaching eveniSchlichteret al. 1995; Fine & Loya
78  2002) Endoithic algaehave exceptionally higtevels ofcryptic diversity(Marcelino & Verbruggen
79 2016; Sauvaget al. 2016; DelCampoet al. 2017) and although it is known thaheir biomass
80 increases substantially upon acidification and warniiidpollet et al.2009; ReyedNivia et al.2013)

81 it is not known whiclof the cryptic species increase in relative abundance

82 The endolithic communityalongwith the coralhostand its other symbiontspnstituts the
83  coral holobiont(Rohwer et al. 2002) The responses dahe coral microbiome including both
84  prokaryotic ‘andeukaryotic membersto acidification ha gainedattentionas we continue tancover
85 vital roles played by micarganismsn holobiont health and resilien¢Bourneet al. 2009; Sharp &
86  Ritchien2012; Krediett al. 2013; Blackallet al. 2015; Bourneet al. 2016) Becausethe ocearpH
87 naturally changesthroughoutseasonsalong depth gradients with productivity and other biological
88 factors,“marine’ micarganismsmay have the physiological plasticity required to cope wiltie
89 predictedlevels of ocean acidificationver the nextl00 years (Joint et al. 2011) This notion is
90 supported byseveralstudiesshowingstablecoral prokaryotic community wheshifted from ambient
91  to high COgpartial pressur¢pCO,) and therefore reduced seawater gatditions(Meronet al. 2012;
92  Websteret al. 2016; Zhouet al. 2016) However other studies have demonstratiht a reduced
93 seawatepH can lead to the loss &ymbiodiniun(coral bleaching) anttigger shifts from a healthy
94  microbiome compositioto amicrobial communitytypically associated with diseased corgdsthony
95 et al. 2008; Vega Thurbeet al. 2009; Meronet al. 2011; Websteet al. 2013; Morrowet al. 2015)
96 Thesedifferent responses @f coral’s microbiometo reducedseawatepH may reflectdifferences in
97 resilienceacrosscoral species to acidificatioar different experimental setups used in the various
98  studies.

99 Reefs at the Milne Bay Provence of Papua New Gu{R®#G) arein close proximity to
100 volcanic seepgexpelling~ 99% pure C@) and constitute a good model system to study the impacts of
101 acidificationin situon the microbiatommunityassociated with coral8oth coral species composition
102 and the prokaryotic microbi@ommunityassociated with coral tissue and mudiffer betweenhigh
103 pCO, seep sitesnd nearby referencsites with ambienpCO, (Fabriciuset al. 2011; Morrowet al.

104  2015) However little is known abouthe coral endolithic communitiesand howthesemay change
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105 under vaious seavater pH conditions. Previous studies have screened 16S rRNA gendilstanies
106 and demonstrated contrasting resuitish significant effets of OAcommunity compositiowithin the
107 skeletonin an experimental systertMeron et al. 2011) but no significant changesn corals
108 transplanted t@ naturalCO, seep sitgMeron et al. 2012) Onelimitation with the 16S rRNA gene
109 marker is that it underestimates the diversity of eukarydgae(Marcelino & Verbruggen 2016and

110 as a consequenctie major microbial agents ofderosion have been overlooked.

111 Here we use highthroughput amplicon sequencing to investigate the effects of ocean
112 acidification on thediversity and structure agndolithic microbial communitiesf corals inhabiting a

113  high pCQ; site in PNG Our goals argo: 1) test whether the communitpmpositionof prokaryotes

114  and photosynthetic eukaryotes (assessed with the 16S rRNA gene, UR&Lanthrkers) within the

115 skeletons ofmassive colonies dPorites spp. differs between highpCO, sites and nearbyeference

116 sites wherepCO, is not affected by the volcanic seeps; 2) compare the endolithic communities of
117 Porites spp. with those of two branchingoral species $eriatopora hystrixand Pocillopora

118 damicornig to'investigate whether the microbiome in corallstons variesmonghost species; and 3)
119 describe theendolithic community diversityfound in corals of Papua New Guinaad discuss the

120 potential'functional roles of this microbiome undeean acidification.
121

122

123 Methods

124

125 Field sites"andsampling

126 Samples ofmassivePoritesspp.(n = 24, six per site and month were collected in April and
127  November 2014 at two highCO, (seep) andeferencesites within the D’Entrecasteaux Islands, Min
128 Bay Province, Papua New Guinddigh pCO, samples were collected at llli Illi (Upd) Seep
129 (09.82425S, 150.81789End Dobu Seep00.73646S, 150.86894Eand at nearbyeferencesites
130 (ambientpCO;) not exposed to elevategO, conditions (llli i Reference09.82806S, 150.82028E
131 and DobuReference09.75211S, 150.8541pHFabriciuset al. 2011; Uthickeet al.2013) High pCO,
132 andréferencesites were ~500 rand ~3 km apart from one anottarllli llli and Dobu respectively
133 Samples of the branching cor&sriatoporahystrix (n = 3at each siteandPocilloporadamicornis(n
134 = 3at each site) were only collected in April 2014 at llii $éep andeferencesites (same as above).

135 Seawatemearbonate chemistry varies in response to bubble activity and wideranthe seep sites;

136 thus, at Illidlli'S8eep, corals experience a pH ratdgfined here as thé"&and 9%' percentilespf 7.28-
137 8.01 ‘avg.pCO, 624 natm) and at Dobu seep a pH range of 7@ @vg. pCO, 998 patm). At Illi
138 i referencesite the pH ranges from 7.98.09 @vg.pCO, 346 uatm) and at Dobueferencesite the

139 pH ranges from 7.98.10 @vg pCO, 368 patm) (Fabriciuset al. 2014) which is within the range of
140 future predictions for the ye@100(Mosset al.2010)
141 Coral fragments were collected using bone cutters or a hammer art arfdsplaced into

142  individual sections within a plastic tackle box, whiadtowed for water flow whilst underwater. After
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returning to the boat, samples were immediately placed intorfipgeawater sourced directly from the
collection site. Large pieces &forites spp.were chipped into smaller fragments, rinsed thoroughly
with sterile 0.02 pnifiltered seawater and placed in 50 rRalcon tubes with RNAlater (Ambion).
Samples were kept ia cooler with ice untiteturnedto the laboratories at the Australian Institute of
Marine SciencdAIMS) where they were processed.

Fragments were removed froRNAlater and soaked in 0.2 um filtered calcium and
magnesium free seawater for ~10 minutesoatn temperaturéCMFSW; 0.45M NaCl, 10mM KCl,
7mM NaSOz0:5mM NaHCQ and milli-Q water;(Esteveset al. 2016) to aid in the irtial removal
of tissues“from’the skeletoiissues were removed into the CMFSW using an air gun fitted with a
sterile tipy,Skeletons with tissues removed were pldeack into the original RNAlater collection
buffer and stored aB0°C until shipment to the University of Melbourne where DNA was isolated

from the'endolithic communitfsee below)

DNA isolation. library prepardion and sequencing

Total.DNA was isolated from coral skeletons using theaM Genomic DNA Purification
Kit (Promega)The manufacturer’grotocol for plant DNA was followedwith the exception of an
extended3. hr_incubationstepwith the firstextraction bufferto allow the DNA to leak out fromthe
limestone;ito.the solutionAmplified DNA products for library preparation were obtaimveith a two
step process describdny Marcelino and Verbruggerf2016) During the first PCR stepthree
metabarcoding_markers were amplified: the 1BSIA gene(Klindworth et al. 2013} the universal
plastid amplicon (UPA, which is a fragment of the 23S rRNA geriEresting 2006; Sherwood &
Prestings2007and the elongation factor TtufA), which targets green algae (Ulvophyce@&maet
al. 2002;Marcelino & Verbruggen 2016Puring the second PCR step, barcodes and lllumina adapters
were attached to both 3’ and 5’ ends of the amplicons. One negative corgrpé@med with each
amplification®@in total, one per marker and per amplification step) and seqdenith the library,
even though no DNA was detected in any negative control during quantifictianmock ‘blank’
extractions.were also performed along with the samplii#\ Dsolation processed through the
amplification"process and sequenced to furttoertrol for possible contamination. DNA isolation and
PCR preparation were carried out inside a dedicated-aiedmbx (PCR workstation) sterilized with
UV light'for 15 min prior to each useibraries were quantified using the QudnPicoGreen reagent
(Invitrogen),and pooleavith other samplesf another project. The library was sequenced using the
lllumina MiSeq platform (2x300 bp paired end reads) at the Centre rborslational Pathology,
University of Melbourne Further cbtails about the primers and library preparation previdedin

Supplementary materials.

Data processing

The MiSeq run yielded one file containing all ampliconsr pample which were

demultiplexedbased onthe primer sequencesThe 3' ends of readswere trimmedto improve
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consensus qualifyforward and reverse reads were mergsthg FLASH (Magoc & Salzberg 2011)
and segances havingverageguality scores smaller than 35 or lengths shorter than a thag&@b0bp

for 16S RNA gene 320 bp for UPA and 40Mp for thetufA) were filtered out using PRINSEQ
(Schmieder & Edwards 2011Jo verify that the data lost during quality control dict mdfect the
results, we also pexfmed the analyses with a less stringent quality filter{iSgpplementary
materials). Sequences were clustered into Operational Taxonomic Units (OTUs) us@iREE
(Edgar 2013)A similarity threshold of 98% was set fitre tufA marker, a threshold near species level
for this markenSauvageet al. 2016) For the other markerthe default threshold of 97% was used.
The 16S"RNA"geneOTUs were alignedvith PyNAST (Caporascet al. 2010a)while the UPA and
tufA datasets.were aligned with MAFKKatoh et al. 2002) A taxanomy affinity wasassignedo the
OTUs uging the Naive Bayesian Classifier (RDP) implement&IIME v.1.9.1(Wanget al. 2007;
Caporaseet.al«2010b) The Greengenes.13.8datase(DeSantiset al. 2006) wasused toclassify the
16SrRNA'genesequencesandcustommade reference datasétiescribed and ailable in Marcelino

& Verbruggen2017 were usedor tufA and UPA The resulting OTU table went through a filtering
process to'removeTUs found in the negative contr@g3 OTUs in the 16SRNA gene 5 OTUs in the
UPA and,2,0TUs in théufA datasetshandrare OTUs(i.e. OTUs with less than 5 reads across all
samplesand:@TUs from samples where they are present with 2 mdd3sOTUs werealsofiltered
based on, their taxonomic classification to focus on the taxonomic groupgatiatmarker best
characterize chloroplastsequencesvere excluded from the 168RNA genedatasetand bacterial
sequencewere excluded from thifA datasetFurther details about the data processing pipeline are

providedin the Supplementary materials.

Statisticalanalysis

There were no significant differences related to ttime of collection (Supplementary
materials)thereforeall Poritesspp.samples (n = 24) were used to investigate the effeq€0k in
endolithic'communities associated with this coral geRasefaction curves of the number of observed
OTUs pemumberof reads were constructed by randomly subsampling the re@IMix, allowing to
set a threshold*for each marker where the curgaches saturation (i.e. a plateau in the rarefaction
curve), which was ,200 reads in the 16S rRNA gene4d0 in thetufA and 7,000 in the UPA dataset
(Supplementary figuré). Sampleswvith sequencing depths lower than these threshwéats excluded,
resultinggin,20,samples in the 16S rRNA gene, and 22 samples in the UPAufndiatasets
(Supplementary Table S14lpha diversity indices (Chaol and observed OTUs) were calculated using
QIIME (Caporascet al.2010b) The relative abundance of individual OTUs and taxonomic gr(&ps
OTUs grouped at phylum level for bacteria and genus level for atgaepensiteswere tested for
significant differences with a Kruskawallis test (for OTUs) and ANOVA (for taxon gips) using
QIIME (Caporaset al.2010b)

To further investigate the distribution of green aldjaeages, a maximum likelihood
phylogeny was built with the green algalfA OTUs together with reference sequences (from

GenBank) usinga GTRrgammamodel of sequence evolution RAXML v.8.2.6 (Stamatakis 2006)
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220 OTUs present in less than 3 samples were excluded, their relatindamioes \wre normalized with
221 cumulative sum scalin(Paulsoret al. 2013)and visualized alongside a phylogenetic tree using the R
222  package phytoolRevell 212)

223 Potential differences in community composition between p&®, andreferencesites (beta
224 diversity) wereinvestigated with a combination oftistaal methods. Principal coordinate anadys
225 (PCoA) onweightedUniFracdistance matricesas performed using QIIMECaporascet al. 2010b;
226  Lozuponeet al.2011)and the results visualized using the ggplot2 package (WiBkham 2009) A
227 multivariate generalized linear model (M@ was used to investigate potential differences in
228 community composition betwednigh pCO, and reference site¥he MGLM was computedsing the
229 mvabund R packagéNang et al. 2012) considering a negative binomial distributiofihe null
230 hypothesis of no difference among sites watatisticallytested withanalysis of deviance usir@P9
231 bootstrap interactions (R scripts provided in Sumgletary materials)lo verify that the results are not
232 a conseguence of PCR bias, PCoA and MGLM analyses alsy@erformed with a distance matrix

233 based on Sgrensen similarity, which is a presence/abselme(Bupplementary materials).

234 The number of samples of the branching spe@ebystrixandP. damicorni} did not allow

235  statistical analyses to tefstr differences betweehigh pCO, andreferencesites,althoughit did permit

236 a comparison of the endolithic communities associated with the differeaithasts (Supplementary

237 Table 1).To investigate the community structure related to hostiepeararefaction thresholf 707

238 reads for the 16S rRNA gene, 713 for théA and 3257 for the UPAnarkerwasused allowing the

239 inclusion ofa‘larger number afamples in the analysis. Samples with sequencing siépafer than

240 these thresholdwere excluded, resulting in 35 samples in the 16S rRNA gene and UPA datasets and
241 27 in thetufArdatasets (Supplementary Table S1). Alpha diversity, Krugkallis test (for OTUS),

242  ANOVA™(for~taxon groups) PCoA and MGLM were performed on this dataset aswvously

243  described but here,samples from differenpCO, conditions from conspecific host species were

244 combinedn order to investigate the community structureghuassociated witboral host species.
245

246

247 Results

248
249  Effects 0pCO, conditions on the Poritespp.endolithic microbiome

250 A'total of 6,584,274 sequence reads were recovered for the samples analys¢@0®1236
251 belonging'toPoritesspp.samplegca. 25% of these reads belongedatmarkerthat isnot analysedn
252  this manuscript) After stringentpre and post OTlusteringand filtering, a total of 119,36716S
253 rRNA geng, 109,948 {ufA) and 393,816 (UPA) readsmained in th@nalysedPoritesspp.datasetA
254 less stringent quality filteringvhich resulted in inclusion of more sequence redisnot alter the
255  community patterngsee Supplementary material$he dpha diversity statistics, includinghaol and
256 observed OTUsindicatal that the species richnessf the endolithic communities associated with

257  Poritesspp.wasnot significantly differentbetween highpCO, andreferencesites (Table 1)Although
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the relativeabundance of some microbial taxa diffebetween highpCO, andreferencesites (Figure

1, see alsoSupplementary figure for a samplédased representatipnthe differencesvere not
statistically significant (Bonferronicorrectedp-values = }, neither at the OTU level (Supplementary
table S2) npat highertaxonomic leved (Supplementary table S3)\ccordingly, principal coordinate
analysisandMGLM did not reveal angignificantpattern between sites with all three markers (Figure
2).

We further investigated whethany of thedifferent phylogeneticlineagesin the endothic
algalcommunities differed in abundance at hildO, andreferencesites.A phylogenetic heatmap of
relative @bundanee Supplementary figure) indicatel that phylogenetic relatedness among green
algaeis notcorrelatedwith differentabundancgin high pCO, or referencesites.Notably, tiree algal

OTUs were present igitherhigh pCO, or referencesites but notin both(Supplementary figur8).

Taxonomic profiling ofthe Poritesspp.endolithic community

The microbial community observed the skeletons oPorites spp.was highly diverseand
variableamongsamples withirpCO, conditions Prokaryoticmembers of the microbiome (observed in
the 16S rRNA gene dataset) accaahfor most of tle speciedliversity (Table 1)andno bacterial
OTUs were"present in allPorites spp. samplesThe most abundant phylum recovered was
Proteobacteria followed by Bacteroidetesand Arclaea (FigurelA, Supplementary figur®). The
relative abundance of the nitrogéring order Rhizobiales(Alphaproteobacteriain all Porites spp.
sampleswas™91% = 4% standard deviation (hereafter + onlhgnd thephylum of green sulphur
bacteria Chlorobi, was 0.4%+ 1%. Members of theBacteroidetesvere twiceas abundanat high
pCOssites(12.1%+ 10%in referenceversus23.9%= 17%in high pCO, sites), mostly due to a higher
abundancsvithin the classe€ytophagia(4.8%+ 7% versus 10.4% 9%), Flavobacteria(2.2%+ 2%
versus 3.7%t 3%) and Saprospirae(2.4% + 5% versus 9.4%t 15%). We also observed a lower
abundance otie Archaeal clasBarvarchaean thehigh pCO, site (L.6%z=* 0.9%versus 11.6% 12%
in high pCO, andreferencesites, respectively)A representation of the relative abundances of bacterial
phyla on a“sampiby-sample basis can be found Supplementaryigure 2. These differencewsere,
however,not statistically significanbased o ANOVA and KruskalWallis testg(Bonferronicorrected

p-valiies'="1Supplementary tables S2 and S3)

The tufA dataset(Figure 1B) suggestd that the algal communitwas dominated (64.7%
36%) by lineagesof the OstreobiaceagChlorophyta, Bryopsidal@sAlthough notufA OTUs were
found to be omnipresent Poritesspp., siphonous green algae (order Bryopsidales) were presént in a
samplesganalysed heréndicating thatthey are ubiquitous members of the coral skeleton core
microbiome Ostreobiumclade #1 showed the highest relative abundaBgesi 40%), followed by
Ostreobiunclades #4, #3 and #2While the relative abundance dide #1 was similar between sites,
the relative abundance othe otherOstreobiumclades varied substantially, but not statistically
significant, betweenreferenceand highpCO, sites. Ahigh abundance of an unclassified group of
OTUsbelonging to the green algal order Bryopsidales alscobserved particularly in thereference
site (Figure1B).
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The prevalence of green algal lineages in the skeletoRsriiEsspp.wasalso suggested by
the UPAdataset (FigurdC), which shows that 86.8% 15% of the reads belong to tlggeen algal
orderBryopsidalesThere are no UPA reference sequence®fireobiumclades #1 and #2herefore
possible sequences of these clades might have been classifdades #3, #4 or “unclassified
Bryopsidales” by the RDP classifier, which may explain tlig¢ergnces in the abundances of
Ostreobiumclades between thfA and UPA dataset©ne UPA OTU was foundcrossall Porites
spp. samples (OTU_3)This OTU wasonly classified at the kingdom level as eakaryote
(Supplementarystable2$ and showed little similarity to known red algae and Strarpies species
(blastn evalues< 4e-79 but Identity< 79%). Differences in the relative abundances betweégrence

and highp€0Oasites weraninimal (Figure 1C, Supplementafigure 2).

Endolithic,communities across differartral hostspecies

The prokaryoticendolithic communitie®f Seriatopora hystrix and Pocillopora damicornis
weresignificantly lesgich thanthose found irPoritesspp, asindicated by Chaol and observed OTUs
indices(p=value =0.003, Table 3. A significant differencavas detecteth the relative abundances of
certain QTUs"belonging to thé&ndozoicimonaceaéamily between coral species, with the highest
abundance.i?..damicornig KruskalWallis, p-values <0.0002 Supplementary tablg4). The Porites
spp. samplesshad a higher relative abundance of an OTU related to theRbidebiales(genus
Afifella), and P. damicornisshowed a significantlfp-value = 0.03)higher abundance of an OTU
related..to..the. phyln Bacteroidetes(order Cytophagales Supplementary tables4). At higher
taxoromiclevels the relative abundance thfe phylaPlanctomycetes, Bacteroidetesd the bacterial
phylumsOD1 were significantly different amorapral hosts ANOVA, p-values = 0.007 and 0.01
respectively,Figure 3, Supplementary figure?, Supplementary tabl&5). Principal coordinate
analysis(PCoA) showed evidentifferences in thgrokaryotic microbiomeassociated wittdifferent
coral hosts:Porites spp.samples clusted together, clearly separated from the two branching species
(Figure 4A). The MGLM analysis confirmed a significant difference between the prokary

communitiesefdifferent coral hosts (Figure 4A).

The alphadiversity of greenalgae(i.e. Chao 1 and Observed OTWihin the tufA dataset)
was significantly different betweers. hystrixand Porites spp, but no significant differences were
observed witin the taxonomically broadespectrum of eukaryotic algae amplified with th@A
marker Table 3. The KruskaFWallis test suggestedno significant differencein the relative
abundances=of particular OTUs between host spénwither within thetufA nor within the UPA
dataset) atdeast when correctéBonferroni) p-values werdaken into consideration (Supplementary
tableS4)y, After rarefying the sequences, tiA dataset was reduced to a sinBledamicornissample
(Supplementary table $lthereforewe could not test for differences iralphadiversity or relative
abundancesn the P. damicornis community compared to other host corald/e observed a
significantly different relative abundance ©ktreobiumspp. (order Bryopsidalegimong coral hosts
within the UPA datasefANOVA, p-value = 0.000002)but not in theiufA dataseé (p-values > 0.05,
Figure 3B and 3CSupplementary figur@, Supplementary tabl85). Seriatoporahystrix hada high
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336 and variablg83%+ 57%) relative abundance @ndolithic lineages related the macroalg#lalimeda

337  spp.within the tufA dataset while this group constituted a minimal fraction (0.04% + 0.2f%6)he

338  endolithic community oPorites spp.(Figure B). No patternwas observedwithin the PCoA plotof

339 the community composition using thefA marker (Figure4B). The UPA marker, whicltomprised

340 more samples of the brarioh species, shoed that Porites spp.samples cluster togethand away
341 from SThystrixand P. damicornis although two outliers belonging to branching samplestetuwith

342  Poritesspp.(Figure 4C) The MGLM analysis suggested no significant differences between the algal
343 communitiessofsdifferent coral hosts (Figure 4B and C), except wheresenceabsence distance

344  matrixwas'used (Supplementary materigispplementary figuré).
345
346  Discussion

347 Ourfresults show that the prokaryotic and eukaryotic microbiome in the skeletGusitafs
348  spp.are highly‘diverse but indistinguishable between cordlabiting naturally highpCO, reefs and
349 ambient"conditionsOcean acidification is predicted to affeitte coral reef CaCQ budget andts
350 biologicalsasseciationgMeron et al. 2011; Andersson & Gledhill 2013; Morroet al. 2015) and
351 dependingronsthexperiment,endolithic communitiesvere shown teeither exacerbator bufferthe
352 effects oftheseenvironmental changg&ine & Loya 2002; Tribolleet al. 2009; ReyesNivia et al.
353  2013) Our.results sggestthat the composition ofndolithic communities, at least Rorites spp, is
354  virtually'unaffected by the surrounding higitO, water from a natural volcanic seep, and therefore
355 lesslikely to _be disturbed by OA thawe previously thoughtAlthough homogeneous betwehigh
356 pCO, andreferencesites, we show that the endolithic community is highlyedée ad structured

357 among.eoral hostpecies.
358
359 A stable microbiome

360 The mechanismimfluendng the structuref the endolithic microbioméegardless of variable
361 pCO,conditiond, arecurrently unknownWe raise here two hypothesst mayexplain our results
362  The "stable"habitdthypothesis assumes titae endolithic environment is highly homeostatithat
363 pH is,maintained inside the skeletoregardless of external changesthe surrounding wateThe
364  "tolerant endolith hypothesiss based orthe notion that endolithimicroorganisms have a wide pH

365 toleranceranggotentiallywider than the microbes associated with the tissues and mucus.

366 Thesfirst hypothesis is suppodtdy the ability of eme orals to upregulate the pH at the
367 tissueskeleton interface, which allows them to calcify and grow even undepfi@h (McCullochet
368 al. 2012;\Venret al.2013; Georgiowet al.2015) The pH within coral cells remains relatively comita
369 throughout the day (7.05.46 units)Jikely due to membrane transporters that extrude the excégs of
370 products ofphotosynthesis and respirationrmintaina stable intracellar pH (Laurentet al. 2013)
371 This processnay indirectlycreatea stablemicrohabitat within theoral skeletorthat is protected from

372  shifting pH in thesurrounding seawatefsee also Shashast al. 1997) The obsrvation that
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radioactivity in seawatémpacted coraldiving tissue but did not reach their endolithime¢gOdum &
Odum 1955%upports this notion.

One problem with thestable habitat hypothesis that the pH in the skeletsrof Porites
(compresspcan \ary daily from 7.7 to 8.5 pH units, mostly due te thy-products ofrespiration and
photosynthesis;of the coral aSymbiodiniunthat are exported téthe skeletor(Shashar & Stambler
1992) This daily variation isvell above the projections of OA for timearfuture, which predicts a pH
drop of 0.4 units by 2100, and up to Qunits by 2300(Ravenet al. 2005; HoegkGuldberget al.
2007) Areasonable counterargument is that the direction of the movement (pttioaddue to OA)
may be imore important than the daily variation within skeletofos example, microorganisms living
under 7.7t0 8.5 pH units not necessarily withstand a seawater pH shift Bdm 7.6 pH units. The
resilience of atleast some microbes might also be relatibeitdoring mechanisimwhichinvolves a
sophisticated control of intracellular pH (associated withiwal@umps and protons counteansport)
in endolihic cyanobacterigGarciaPichel 2006; Garci®ichel et al. 2010) Therefore our second
hypothesis that organisms exposeddéily pH fluctuations within the skeleton are adapted to cope
with a wide range opCO, conditions may be moraccurate Experimental work andemomic data of
endolithic organisms will help to test the toleramdolith and the stable habitat hypothesé€sr
example, specialization to the low ligeperiencedn the endolithic habitat has been obserirethe
plastid genomef Ostreobiumqgueketti (Marceino et al. 2016) andthe presumegH tolerancemay

alsobe reflectedn the genomes of endolithic organisms.

The lack of discernible differences ithe endolithic communitycompositionbetweenhigh
pCO, and referencecorals observedhereis in agreement with the results afi experimenihere
Balanophyllia“europaeand Cladocora caespitoseorals were transplanted to a naturally htO,
area(Meronetial.2012) In an aquariumbased experimemonducted over a shorter tinthebacterial
community composition present in the tisssieeleton and mucusf Acropora eurystomaverefound
to be affected byhigh pCO,, but further analysis using clone librarissggestedthat only the
prokaryotieseommunities of the mucus and tissue, not the skeleton, wertedtby low pH(Meronet
al. 2011) These different observations might be associated with the different time spdns a
experimental setups of the two studies, and it is likely tietmicrobial community associated with
different coral taxa have different responses to actifin. The resilience of endolithic algae to
acidification has also been observélie net photosynthesis and respiratioralgfae growing at the
surface of deadoral blocks vasseverely impacted upon exposure to higtO, treatments, while the
endolithic flora'was unaffectg@ribollet et al. 2006) Studies have @monstrated that endolithic algae
actually ‘benefit from low pH and tend to increase in biomass undep@8i@h conditions (Tribolletet
al. 2009;sReyesNivia et al.2013; Enochet al. 2016)

The ebservation that highCO, did not impact the endolithic community Bbritesspp.does
not necessaly imply that coral holobionts are immune to ocean acidification. It is posibtethe
methods used herare not sufficiently powerful to detect the effects of higEO, on endolithic
microbial communitiesHowever, he fact that weletectedsignificant differencemmongcoral hosts

eventhough the sampig size for the branching corals was smaller, indicates that our methods and
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sampling design are adequate @nid unlikely thatdifferences among highCO, andreferencesites
were presentbut went undetectedlt is possible though that highCO, impacts the endolithic
communities of other coral species that were natrexed. It is interesting to note that masddgites
spp. dominate the reef near volcanic seelpiée the presence of branching species (gogoporaspp.)
was largely reducefFabriciuset al. 2011) Our analyses are restricted to trecanic seeps of Milne
Bay, whichhaverelatively small areas under higifCO, and are surrounded by ambient seawater.
Further studies at additional sites impacted by p@, and across a wider range of coral species is
required:-torevaluate the results in our study across the broader ecologieat of effects of OA on

coral'microbiomes.

Diversity andpotential functional roles of thendolithicmicrobiome

Bacteria relate to Endozoicomonaspp. (classGammaproteobacteria) apeedictedto have a
key rolevin the coral holobionfThesebacteria have been shown @ endosymbiats forming
aggregations within coral tissu@deaveet al. 2017) potentially contributing to nutrient cyclingnd
structuring=efsthe microbiome throughe production of quoruraensing signalling metabolites and
antimicrebial'compound@Meyer et al. 2014; Morrowet al. 2015 and references thereihe relatie
abundance _oEndozoicomoniaceaeithin coral tissues appears to be sensitiveigh pCO, (Morrow
et al. 2015;. Websteet al. 2016) but in the skeletons dforitesspp.analysed herghey didnot differ
significantlybetween samples from differgn€O, conditions(Supplementary Table S2)Ve observed
a significantly higher relative abundance of twBndozoicomoniacea®TUs in the skeletons oP.
damicorniswhen compared tthe othertwo coral speciespossibly reflecting stable associations of
Endozoicomoniaceaspecies with this coral hogsee Neaveet al. 2017) Although some of the
sequences retrieved here may derive frtimer parts of the corabther studies have alstetected
members ofEndozoicomonaceam the endolithic communitfWilliams et al. 2015; Marcelino &
Verbruggen2016see alsd\insworthet al.2015.

Bacteria in the phylunBacteroidetesare often associated with coral disease &adebeen
shownto increase in relative abundance under reduced pH (Vega Thairaer2009) The average
relative [@abundance of this groulubled in endolithic communities from higiCO, sites, but this
difference was"not significarlikely due to the high level of variation in community compaosition
among“colonies within sige This increase was mostly due to a higher abundance otltsses
SaprospiragFlavobacteriaand Cytophagia which contain most of th&nown marinealgicidebacteria
(Furusaweetyal’2003; Mayali & Azam 2004; Zozaydaldeset al. 2015) It is plausiblethata higher
relativeabundance of these microorganisms is assocwit&dan increasén endolithic alghbiomass
under-highpCO, (see Reyedlivia et al. 2013, Johnsoet al. 2017) Rather tharcompromisingcoral
health these bacteria magontrol excessivendolithicalgal growthandmay help to maintain a stable

community composition under ocean acidification.

Microorganisms involved in nitrogen cycling may be fundamental to coliiene to ocean
acidificaion and climate chang&adecketet al. 2014; Santoet al. 2014; Radeckeet al. 2015) We
found a diverse community of nitrogenxifig (diazotrghic) microorganisms inhabiting coral
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skeletons The majority(in terms of relative abundarg}ebelonged to therder Rhizobialesa group

that appears to form stable symbiotic associations withlfiremaet al. 2014) Green sulphur (also
diazotrophic) bacteria in the phylu@hlorobi, previously documented as prevalent members of the
endolithic community in the corédopora(Yanget al.2016) were found at low relative abundances in
the samples analysed here and in a previous gtddycelino & Verbruggen 2016)Cyanobacteria
OTUscaptured with the UPA markemhile not abundant, were very diverse and mostly unclassified at
lower taxonomic levels. Cyanobactehave been shown fiix nitrogen in coral tissued.esseret al.
2004; Radeckeet=al 2015) and canbe responsible for a laggfraction of the nitrogen fation
observediirtheirskeletongCrossland & Barnes 1976; Daveyal.2007)

Endolithic algal biomasshas been shown tmcrease under higipCO,, as phototrophic
organismsenefit from thancreased availability of carbon dioxide for photosynthéEigollet et al.
2009; ReyedNivia et al. 2013) Indeed, we observed lagher relative abundance of aldstreobium
clades inPoritesspp.samples from higpCO, sites, but the variabilitamongreplicates (i.ePorites
spp. sampleswithin sites) was also high, making it difficult talraw conclusions about whether
Ostreobiumsppaare competitively superior to other endolithic algal lineages under \@Aether the
increase in algal biomass is a threat to corals under OA depends on whethsodfeeasbiomsion
levels will exceed reeéccretion (calcification)Besides increasing béoosion, excessive endolithic
algal growthcarpenetratehe coralliving tissue, possibly increasing their susceptibility to dtitens
(Peters 1984; Finet d. 2006) An increase in endolithic algae malgobe beneficial tothe coralby
providingsthem' with vital nutrients, which is especially importahiring coral bleaching events
(Schlichteretralr1995; Fine & Loya 2002)

Thegpossibility that the endolithic microbiome conttédsito the resilience of corals under
future "OA™conditions deserves further attention. Masd$tegites spp may be consideredmore
competitive under OAhan branching species based on their prevalence at naturallp@@hsites
(Fabricius.et al. 2011) We visibly observed that oumassivePorites spp. sampleshad higher
colonisationwith endolithic algaecompared tahe brancing speciesThe photosynthetic activity of
Symbiothium plays an important role imaintainingpH homeostasis within coral&ibbin et al.
2014) andit is possiblethatendolithicalgaeprovidea similar service within the skeletofhe biomass
of endolithic algae mayexceed that oSymbiodiniumby 16fold (Odum & Odum 1955@and can
contribute significantly to the buffering capacity of thadiiont (see Yamazaket al. 2008; Reyes
Nivia et al. 2014) It is noteworthy that several functionally importantcrabrganisms (e.g.
Endozoicomoniaceaand Bacteroidetek often found in coral tissues and mucus aisourin coral
skeletong(Sweetet al. 2010; Ainsworthet al. 2015; Willians et al. 2015; Marcelino & Verbruggen
2016; this'study)lt is possible that some tliese microorganisms welirgtially associated with polyp
tissues butremained after removing the tissues from the skeleton with pressaiizespecially in
Poritesspp. whichis a perforate coral with tissues that penetrate the skelet that they penetrated
the coral skeleton when the samples were placed in the storage bufferoiéworthy however that
multiple studies have found tissassociated microbes within coral skeletons, andtkigatmajority of
OTUs commonly found in healthy corals have also been found in bare corabskddet not in

seawater or in a diseased coral tisgbernandoet al. 2015) It is possiblethereforethat the coral
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491  skeleton serves as a reservoir for the microbiome and provides a sbbeseeficial bacteria to coral
492 tissues analogous tthe human appendixhich functions as a safe house &ymbioticmicrobes that
493 repopulate the intestine following acute illné&andal Bollingeret al. 2007) Acute environmental
494  stress canlisrupt symbiotic relatiofgps among hosts and symbio(gee Hiwkinset al.2013) and a

495  stable endolithic community may assist in the recovery of the coral bivone after environmental

496 (and/orphysiologicalyonditions stabilize.
497
498 Different.tost.speciesarbour distinct endolithic communities

499 Themendolithic communities of the branching cor&sriatopora hystrix Pocillopora
500 damicornis and, the massivePorites spp. contain significantly different relative abundances of
501 functionally.important members of the microbiome (including specieEnafozicimonaceaeand
502 Bacteroidetesand appear to separate based on morphology or tayo(asrboth branching species
503 belong tosthegfamilyPocilloporidad. First, the two branching species harboarreduced diversity of
504 bacteria"and“algadhe low relative abundance @fstreobiumspp.in the endolithic communities of
505 branchinggspecies is surprising, considerthg generally ubiquitous nature of this algm coral
506 skeletong@dum & Odum 1955; Tribollet 2008a; Gutrgoch & Fine 2011)Instead ofOstreobium
507 spp, the coralS. hystrixhasa high relative abundance of OTUs related to a malga(Halimeda
508 spp.) which.has only recently been reported in coral skeletoispossibé thatHalimedaspp.occur
509 in the coral skeletoim the formof rhizoids that have penetrated the limestone, or mkadyJias an
510 unknown_microscopic and endolithic life stagé two Halimeda species(H. discoideaand H.
511  micronesiédmthat are commonly presentin metabarcoding studies of endolithic communities
512 (Marcelino"& Verbruggen 2016; Sauvageal.2016; this study)

513 The observed differences in endolithic community composition among coralhagtbe a
514 result ofispecialization to particulahost traits or reflectco-evolution between coral hostand
515 endolithic speciesThe living tissue ofPorites (lobata) is about five times thickempenetrateghe
516 skeletonand contains a higher density ®ymbiodiniunthan the living tissue d?. damicornisandS.

517  hystrix (Yostet al. 2013) Tissue thickness would influence the amount of light that penetrates and
518 reflects (within the inner partsf the skeleton and may influence the composition of the endolithic
519 community:"Brancimg coral species also tend to grow faster than massive ¢@atss & Ainsworth
520 2011)"and"the branchips collected in this study may have a younger population of endoliths in
521 comparison‘te more mature sections of the colony tmgattern reported in Pied al. 2016) Future
522  studies would-benefit fra examining the microbiome associated vdiffierent areas of the colorand

523 possible specialization to skeletal features. Altevediti (and not mutually exclusivelygndolithic
524  lineages,might form stable community assemblies that haesawed with tie coral host, or theost
525 species have some control over the composition of the endolithic community byngebemneficial
526 taxa.Mutualistic relationships between corals and their endolithic associates have beenesligges
527  several studie@©dum & Odum 1955; Schlichtet al. 1995; Schlichteet al. 1997; Fine & Loya 2002;
528 Forsterra & Haussermann 2008; Titlyanev al. 2009) and futureresearchwould benefitfrom

529 characterizing possible @volutionary processes among coral species and endolithic mian@mga
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Conclusiors

This study reportsa diverse microbiome within the skeletonsof Porites spp, and
demonstratethatlittle discernible patternexistin this microbiomeacross ambient amaturally high
pCO, environment. We show that the endolithicommunity share several functionally important
microbesswithythe coral tissuayer. Environmental stress can induce corals to theér symbiotic
microorganismsanda diverseendolithic microbial community might serve as aergsir to recolonise
the microbiome. in the coral tissuafter the re-establisiment of their physiological equilibriunWe
found functionally important member&n the endolithic community, including members in the
Endozoicimonaceaand Bacteroidetesforming distinct associations ih the different host coral
families| an observationconsistentwith the endolithic reservoiproposition The diversity and
community structure observed in this stddym the baselindor future studiesaiming to investigate

the roles of’endolithimicroorganismén enablingcorals to endure climate change.
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844
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848

16S rRNA gene Chaol

Group1 Group2 Group1 mean Group1std Group2 mean Group2std tstat p-value
S. hystrix P. damicornis 29.087 29.494 21.514 15.705 0.507 1.000

S. hystrix Porites spp. 29.087 29.494 125.296 49.889 -4.363  0.003*
P. damicornis« Porites spp. 21.514 15.705 125.296 49.889 -4.854  0.003*
16SrRNA'gene observed OTUs

Group1 Group2 Group1 mean Group1std Group2 mean Group2std tstat p-value
S. hystrix P. damicornis 21.767 19.758 19.083 12.331 0.258 1.000

S. hysttix Porites spp. 21.767 19.758 101.274 37.282 -4.865 0.003*
P. damicornis™ " Porites spp. 19.083 12.331 101.274 37.282 -5.138  0.003*
tufA Chaol

Group1 Group2 Group1 mean Group1std Group2 mean Group2std tstat p-value
S. hystrix P. damicornis 2.033 0.858 3.450 0.000 1.168 1.000

S. hystrix Porites spp. 2.033 0.858 9.606 3.849 -3.264  0.006*
P. damicornis’  Porites spp. 3.450 0.000 9.606 3.849 -1.531  0.309'

tufA observed OTUs

Group1 Group2 Group1 mean Group1 std Group2 mean Group2std tstat p-value
S. hystrix P. damicornis 1.933 0.736 3.000 0.000 1.024 1.000

S. hystrix Porites spp. 1.933 0.736 9.330 3.623 -3.388  0.003*
P. damicornis"  Porites spp. 3.000 0.000 9.330 3.623 -1.673  0.192
UPA Chaeo,1

Group1 Group2 Group1 mean Groupt std Group2 mean Group2std tstat p-value
S. hystrix P. damicornis 19.353 14.158 13.386 16.038 0.624 1.000

S. hystrix Porites spp. 19.353 14.158 21.732 6.187 -0.591 1.000

P. damicornis  Porites spp. 13.386 16.038 21.732 6.187 -1.921 0.162

UPA observed OTUs

Group1 Group2 Group1 mean Group1std Group2 mean Group2std tstat p-value
S. hystrix P. damicornis 18.100 12.882 12.567 14.816 0.630 1.000

S. hystrix Porites spp. 18.100 12.882 19.539 5.572 -0.394  1.000

P. damicornis Porites spp. 12.567 14.816 19.539 5.572 -1.754 0.327

Table"2:"Comparison of endolithic community diversity indices betw®enites spp., Seriatopora
hystrixandPaocilloporadamicorniscorals. Chaol and Number of observed OTUs were compared with
a twosample dtest, p-values<0.05 indicate significant differences between host species and are

marked with-an asterisk. Std = standard deviations.

1- ThetufA dataset has only orfe damicornissample (after rarefaction), therefore the significance cannot be calculated. See

Suppkementary table S1 for number of samples.
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Figure 1: Relative abundances of the most common microbial taxa in coral
skeletons of Porites spp. from high pCO:2 and reference sites.
Results were based on all samples from each site, averaging the relative
| ] abundances at the taxonomic level displayed in the legend.

A) biodiversity survey targeting prokaryotes based on the 16S rRNA gene;
Ref?ﬁ{]scgrtile(iegpspp%%%ecteta%%%}gﬁi@%?%ﬂ%ggm?@@amembers of the microbiome based on

h C) bio rsity survey using the Universal Plastid Amplicon.
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Figure 2: Principal Coordinate Analysis of microbial communities present in limestone skeletons of Porites spp. from high pCO2
and reference sites. Theranalyses were based on weighted UniFrac distance matrices calculated with OTU-level abundances
for each metabarcoding marker: A) prokaryotic 16S rRNA gene marker; B) eukaryotic green algae tufA marker;

C) Universal Plastid Amplicon marker. The results of the MGLM analysis (Deviance and P value) are shown.
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Figure 3: Relative abundances of the most common microbial taxa in coral
- skeletons of Pocillopora damicornis, Seriatopora hystrix and Porites spp.
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Results were based on all samples from each coral species, averaging the relative
abundances at the taxonomic level displayed in the legend.
A) Biodiversity survey targeting prokaryotes based on the 16S rRNA gene;
This article is protected Byscoprighite Allkdglots grsenvadal members of the microbiome based on
the tufA marker; C) biodiversity survey using the Universal Plastid Amplicon
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