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Abstract

Spatially adjacent habitats on coral reefs can represent highly distinct environments, often
harbouringdifferentcoral communities. Yet, certain coral species thrive across divergent
environments. It is unknown whether the forces of selection are sufficiemthgsty overcome
the counteracting effects of the typically high gene flow over short distances, anchlor |
adaptation to.eccur. We screened the coral genome (using resisité-associated sequencing
[RAD-seq), and characterized both the dinoflagellate photosymbiont and tissoetated
prokaryote microbiomes (usimgetabarcodingof a reef flat and slope population of the reef-
building coral,Pocillopora damicornis, at two locations on Heron Island in the southern Great
Barrier Reef. Reef flat and slope populations were separated by <100 m hdsizodat5 m
vertically and-the two study locations were separated by ~1 km. For the coral host, geneti
divergencebeteen habitats was much greater than beti@sations, suggesting limited gene
flow between the flat and slope populations. Consistent with environmentaiselectlier loci
primarily belonged to the conserved, minimal cellular stress response, éRelsting adaptation
to the differenttemperature and irradiance regimes on the reef flat and slope. Similarly, the
prokaryote.community differed across both habitat and, to a lesser extent, locati@asithe
dinoflagellate photosymbionts differed by habitat but not location. The observedpet#ic
diversity associated with divergent habitats supportsetimtonmental adaptation involves

multiple members of the coral holobiont. Adaptive alleles or microbial associations present in
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coral populatias from the environmentally-variable reef flat may provide a source of adaptive
variation for assisted evolution approaches, thrasgisted gene flovayrtificial crossbreeding

or probiotic inoculations, with the aim to increase climate resilience isitipe populations.

I ntroduetion

Adaptation.to lecal environmental conditions is a common phenomenon in both thieiaérres

and the marine‘environment (Sanford & Kelly 2011; Shafer & Wolf 2013), including cofal ree
ecosystemgBay & Palumbi 2014; Dixomt al. 2015; Edmundst al. 2012). Local adaptation in
reetbuilding corals has occurred over a range of spatial scales, i.e., between (Roagh=t al.

2011) between.adjacent se@fowellset al. 2016), along latitudinal gradient8erkelmans &

van Oppen2006pcross the continental shéfferkelmans & van Oppen 2006), and between
habitats onthe'same rd@ay & Palumbi 2014). Compared to reef slope habitats, reef flat or
back reef habitats are far more variable in temperature, light and pagiatipe of carbon

dioxide pCO,) (Albright et al. 2015; Ohde & van Woesik 1999; Prigteal. 2012; Santost al.

2011; Shavetal; 2012) Corals from environmentally variable locations are generally better able
to withstandsstress through phenotypic plastifsrshiset al. 2013; Kenkel & Matz 2016;

Oliver & Palumbi 2011) and have greater adaptive poteiieClanaharet al. 2007) compared

to those thatlive in more stable environments. The potential of such populationsetasar

source forfadaptive genetic variation for surrounding habitats remains poorly dxplore
Potentially, these populations can yide adaptive alleles that could be harnessed in assisted
gene flow or selective breeding initiatives that aim to increase climate resilience in the receiving
populatiens«(Heegh-Guldberjal. 2008; van Oppes&t al. 2017; van Oppest al. 2015).

Reetbuilding corals harbour a diverse microbiome comprised of bacteria, archaea, dinoflagellate
photosymbientsSymbiodinium spp.), fungi, chlorophytes, viruses and other micro-organisms
(Blackall etal.,2015). It is well known that the endosymbidBenbiodinium community plays an
important role in coral nutrition and calcification, as well as the ability of corals to tolerate and
recover from environmental stre@ay et al. 2016; Berkelmans & van Oppen 200@)th not all
Symbiodinium types providing the same benefits to the host (van Og#n2009) Prokaryotes
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are critical for nitrogen fixation, sulphur cycling, and coral host immunity (Bogtrale 2016
Thompsoret al. 2014). Differences in the prokaryotic community composition in conspecific
corals from distinct environment&laslet al. 2017a; Hernandez-Agreétal. 2016a)may be a
signature“of-acclimatization and/or adaptation. Experimental heat stress induced chtrges in
bacterial community composition 8£ropora hyacinthus colonies acclimatized to a relatively
cooler and stable environment, but not in those that were acclimatized to a\aachmore
variable environment, suggesting coaalociated bacteria may ¢abute to coral thermal
tolerance in this speci¢Ziegleret al. 2017). Conversely, stable cnidariassociated prokaryote
communities®under simulated environmental chaigebsteret al. 2016)or in different habitats
(Muller et al. 2016)have also beereported, and it is not yet clear to what extent the prokaryotic

community=eontributes to the acclimatization/adaptation of corals to diffexef environments.

The brooding-eeraRocillopora damicornis, is a common and widespread reef species that
inhabits awidesrange of reef habitats, including reef flats and deeper reef Bibjies.

recruitment in this species is often localized, it is supplemented by dispersal ohskddng-
distancemigrants(Tordaet al. 2013a). It is not known whether the forces of selection on the reef
flat versus slepe can overcome the homogenizing effects of gene flow and lead to local
adaptation between these spatially adjacent sites. Previous studies havstideebtnat
conspecific coral populations which inhabit different habitats cagehetically distinct (Benzie

et al. 1995; Bongaertst al. 2015; Bongaertst al. 2011; Bongaertst al. 2010; Souter & Grahn
2008; Warneetal. 2015), but the underlying causes of these patterns have been difficult to
interpret (Tordaet al. 2013b). Further, the genomic pathways and loci under selection were not
identified in these earlier studié@®ongaertst al. 2013).Here, we examine the occurrence of
local adaptationnin multiple compartments of Ehelamicor nis holobiont,between the
environmentally divergent, but spatially adjacent (<100 m) reef flat and reefrelbpatsof P.
damicornisatHeron Island in the athern Great Barrier Reef (GBR). Specifically, divergence
was assessed at the level of (1) the coral host by using gevidmsingle nucleotide
polymorphismi(SNP) analysis, (2) the associated photosynthetic endosymlidgmisodinium

spp.) by ribosomaDNA (rDNA) internal transcribed spacer 2 (ITS8gtabarcoding, and (3)
tissueassociated prokaryote members of the microbiome by 16S ribosomal RNA (rRNA)
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metabarcoding. Our experimental design included two replicate locations, with 24 colonies
sampled from each of the reef flat and slope sites at the two locations that are ~1 km apart, Coral

Canyons and Coral Gardens.

M aterials and-M-ethods
Sample collection, local seawater temperatures and light levels

Fragments,of.9€. damicornis colonies (24 fromach of four sites) were haphazardly collected
between 27/02/2012 and 11/03/2012 from the reef flat (1-2 m depth) and slope (4-6 m depth) at
two locations near the Heron Island Research Station on the Great Barrier Reef: “Coral Gardens”
(flat: 23°26'48.50”S, 151°54'46.34" E; slope: 23°26'50.54"S, 151°54'45.46” E) and “Coral
Canyons”(flat: 23°2714.50"S, 151°55'34.55” E; slope: 23°27'18.8@51°55'28.29” E) under

Great BarriersReef Marine Park Authority permit G12/34753dmples were coded as follows:

GF = Coral'Gardens flat [samples 2224], GS = Coral Gardens slope [samples 201-224], CF =
Coral Canyons flat [samples 3@24], CS = Coral Canyons slope [samples 401-438awater
temperature"was monitored at the collection sites (~30 cm above thetsumistaery 10 min
between 03/03/2012 and 16/08/2013 usmgtu temperature loggers (Sensus Ultra, ReefNet).

The température logger failed at the Coral Gardens sites in August 2012 and, hentzear® da
available fromethis site after this date. Photosynthetically active radiation (PAR) was measured
underwateratthe collection sites (~30 cm above the substratum) between 9 am and 3 pm from
05/03/2012 — 02/04/2012 and 25/03/2013 - 16/08/2013 using integrating light sensors (Odyssey
Dataflow Systems The light sensors were fitted withpersdesigned to keep the instrument

clean from unwanted deposits such as mudbémdouling during deployment, a setup prone to
technical failureDue to the short interval measured in 2012 these data were not indhadzd.

were only cellected for four months at the Canyons slope site in Pddfles were

indistinguishable between habitats when they could be compared and henite aoyplete

2013 data series from the Garden location was displayed. Although not measured here, the
location of the Garden reef was more exposed and it is likely the corals here would experience

higher rates of water flow. Ocean chemistry was not measouegH and $solved inorganic
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carbon, dissolved oxygen and other parameters have been found to vary on daily cycles in the
Heron Island lagoon (Kline et al 2012; Santos et al 2011). We did not have access torgquivale
datasets for the slope anblencedo not discss this further except to note that the reef flat sites

were likely'exposed to a range of variable environmental conditions.

DNA extractions, RAD-seq library preparation and sequencing

Total genamic DNA (gDNA) was extracted from ethanol-preserved specimensjrusifg a
saltprecipitation method including both RNAse A and Proteinase K treatment (van @@ben
2011). Total gDNA was normalised to around 75uhg. by fluorometry using the Quatiit-
PicoGreen dsDNA quantification kit (Thermo Fisher), anélgp assessing the high molecular
weight (HMW)-band against an uncut lamtldA standard on agarose gels. DNA purity was
determinedsspectrophotometrically from Nanodrop 1000 (Thermo Scientific) 26av2i3
260/280 nm absorbance ratidRAD-seqlibrary construction and sequencing was conducted at
Floragenex Inc. (Eugene, USA) following the protocol described by B&aid (2008). In short,
gDNA was'digested using the Sbfl restriction endonuclease (6 bp recognition sequence
TGCAGG),and "barcoded” by ligating sequencing adapters with a set of index nucleotides.
Reactions were pooled and sheared, after which they wersederted and taken through
several purification steps. RABeqfragment libraries were sequenced using siregel100 bp
chemistry on the Illlumina HiSeq 2000 platform using the manufacturer's recommenti@bpr
with a subset'of the samples sequenced across multiple runs to increase cBdbageq data
are available as fastq files on NCBI Sequence Read Archive (accession RIRIb450871),
and VCE files onsDryad €loi:10.5061/dryad.j09c05c).

Coral |D7assay

All collected colonies were of tHe damicornis morphology (SchmidRoachet al. 2013), and
their species ID was confirmed by a molecular asEag assays based on PCR amplification of

a portion of the mitochondrial putative control region, which shosistent and easily
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160 identifiable fragment size differences after Alul restriction enzyme digestion of the amplicons
161  (Tordaet al. 2013c).
162

163 ldentification"of'coral host loci

164  Clustering-of:RADseqgloci and SNP variant calling was carried out using PyRAD v3.0.6 (Eaton
165  2014)to allow for indel variation (common in marine invertebrates), using a minimum coverage
166  of 6, a clustering threshold of 88%, and a maximum of 4 low-qustigin reads (using a

167 PHREDthreshold of 20). Further parsing and analyses were carried out using custom Python

168  scripts (available throudhttps://github.com/pimbongaerts/radseqless otherwise indicated.
169  One representative sequence was then extracted for eaclségddzus to identify only those
170  loci belonging to the coral host. Putative coral host loci that both mapped (usinglBW&A,;
171 Durbin 2009)-and matched (using BLASTn; max. e-value dP)l@gainst at least one of thriee
172 damicornistranscriptome referencélsundgrenet al. 2013; Mayfieldet al. 2014; Traylor-

173 Knowleset'al. 2011)were retained. Remainirfymbiodinium contamination was identified
174  using a BLASTn comparison (max. e-value of-J(against genomes &/mbiodinium B1

175  (Shoguchietal,2013)andSymbiodinium C1 (Liu et al. 2017) and transcriptomes of C and D
176  types(Ladneret al. 2012; Levinet al. 2016).

177
178  QC of SNPs and identification of clones

179  Given a slight overrepresentation of SNPs toward the end of readss&f\D¢i were truncated

180 to 80 bp.Remaining SNPs were evaluated for significant deviations from Hakeipberg

181  equilibrium using Arlequin (arlecore v3.5.2.2; Excoffier & Lischer 2010), and loci withsSNP

182  that either deviated (excess or deficit) in at least three populations or had a significant excess in at
183  least one population (to filter out potential paralogous loci) were removed. Genetic similarity

184  (Hammingbased)vas calculatethetweenall individuals and thoseavith >94% similarity were

185 considered clone matéssed omdistinct break in the frequency distributiohsimilarities

186  (using the "vcf_clone_detécscript). Two separate data sets were then compiled: one with clones

187  and one without clones. In both datasets, only SNPs with a minimum representation of 30% in
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each populatiomwere retained in the dasets, and minor alleles that occurred as singleton or
doubleton were removed (to reduce elimination of non-erroneous alialas through a

frequency filter).

Outlier analyses.and putatively neutral SNPs

Initially, outliers were identified for the overall dataset (considering only biallelic SNPs) and for
each pairwisepopulation comparison using both LogAataoet al. 2008) and BayeScd#oll
2012), with a threshold of 0.99 and a false discovery rate (FDR) of 0.1. To conservatively
identify betweenhabitat outlier SNPs, i.e., SNPs that are under selection from different
environmental conditions in the two habitats, seéected those that met all of the following
criteria: (1)'identified by both Bayescan and Fdist as “overall” outliersgéitified by Fdist as
outliers in‘at'least two crogwmbitat comparisons, and (3) never identified by Fdist as outliers in
within-habitat, betweet#ocation comparisons (i.doetween locations)his strategy provides a
high level of confidence in the identified loci being under selection due to hapéaific
differencesLoei,containing outliers were annotated by BLASTx search of the corresponding
transcriptome-contig to ZoophyteBase (Durdapl. 2013).This database was used because it

has good annotations.

To identify.asubset of putatively neutral SNPs, the outlier analyses weate@psing a cubff
of 0.95 (lower)and a FDR of 0.1 (the same), and retaining SNPs that were never idienéfig
of the overall analyses. Again, separate data were compiled for those with clones and without

clones.

Genetic structure

Genetic clustering and potential admixture was assessed using thilnalnversion of both the
overall and "neutraltiatasets using the “structure_ngetipt(Bongaertst al. 2017)for
STRUCTURE(Pritchardet al. 2000). STRUCTURE was run for a K ranging from 2 to 6 using
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the admixture model and correlated allele frequencies with no priors, an MCM@hhafrn-
100,000 chains and 50,000 replications. Ten indepemepintatesvere run for each K, using a
different subsetdf SNPsfor each replicatéone per locus, sampledth replacement with

results stimmarized in CLUMRRBakobsson & Rosenberg 2007), and estimators for the most
likely K calculated as iPuechmaill§2016) and Evanno et al. (200Bairwise genetic distances
(Fst) were calculated in the “adegenet” R pack@genbart & Ahmed 2011).

Prokaryote community composition

DNA was dilutedtenfoldwith MilliQ water prior to PCR. PCR was carried out in Applied
Biosystems 2720 thermal cyclers under the following cycling conditions: 1 cycleCaf@35L5
min; 30 cyeles'of 9% for 30 s, 55 for 30 s, 7 for 30 s; and one final extension cycle of
72'C for 7 min™Triplicate 15 pL reactions were set up for each sample. Each reaction consisted
of 7.5 uL Qiagen Multiplex PCR mastermix reagent, one pL of template DNA, andlbpm
eachof 16SrRNA geneV4 515F (5'-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGYCAGCMGCCGCGGTAAZ,;
Apprill etal=2015)and 806RK5’-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACNVGGGTWTCTAAT-3';
Paradaet al-'2015)primer. The underlined segmentepresent Illumina adapters (lllumina, San
Diego, CA, USA).Three pL of PCR product were run on a 2.5% agarose, 0.5x TBE gel to

confirm successful amplification. Ten pL from each of the triplicate PCRs for each sample were
pooled and sent to a sequencing service proviti@m@ciotti Centre for Genomitise University

of New Seuth-Wales) for PCR purification, amplicon library construction and HamiSeq

analysis. Sequencing was conducted using Illlumina MiSeq 300 bp paired-end chemistry.
Retrieved raw reads plus respective metadata have been deposited in the NCBI Sequence Read
Archiveunder BioProject accession number PRINA380D6fnultiplexed reads were analysed

in QIIME (version 1.9.0)Caporasat al. 2010).Pairedend eads werenerged into contigs,

quality trimmed using default thresholds (and a minimum Phred quality scoreari@pyimers

removed. Chimeric sequences were removed using useditgdr 2010ps implemented in
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QIIME, with both de novo and reference based detection, and a total of 1,240,976 reads (mean
length 203 bp- 38 SD) included in the analyse&hort reads representing caratochondrial

16S orSymbiodinium chloroplast 16S reads were removed. Clustering was based on 97%
similarity cutoff value and no singletons. Sequences were aligned and classified against the
SILVA database (release 123) (Pruestsal. 2007). Chloroplaséssigned reads were removed, as
well as rare OTUs (i.ecomprising <0.005% of all sequences), often associated with spurious
reads(Bokulichet al. 2013) All alpha and betadiversity analyses of microbial communities

were based onrelative abundances at OTU level (97% similarity) and were performed in R
(R_Development_Core_Team 2013) using packages ‘vegan’, ‘labdsv’, ‘MASS’, ‘cluster’,
‘indicspecies’, ‘permute’, ‘dplyr’ and ‘tidyr’. Firstly, 800 sequences were ramgpioked from

each sample‘in;order to correct for different sequencing depths; sequencing produced thany hos
16S mitochondrial reads, as well as 16S chloroplast reads that were removed before analyses,
resulting in a low number of prokaryote reads for some sanfpdesfaction curves indicated

that even with only 800 sequences, saturatias approached in almost all samples (data not
shown). OTU richness and Shannon-Weaver diversity for the different sampling groeps wer
compared by*Analysis of Variance (ANOVA). To determine whether habitat anéblodaive

the variation.in"community assemblagegse factors were included in a Canonical
Correspondence Analysis (CCA), which applied an automatic backward and forward model
selection tool for constrained ordination methods (‘ordistep’, based on AIC indkxa wi

maximum of 200 permutations) beéofinal significance was determined by an ANO\ike
permutation test based on 9999 permutations. To visualize variation in community ¢mmposi
among habitatsrand locations, a moatric multidimensional scaling ordination (nMDS, after

9999 permutations) was run based on Btaytis dissimilarities of relative abundance data.
Differences in community structure were tested by analysis of similarity (ANOSIM; 9999
permutations) and by permutational multivariate analysis of variance (RERMA, 9999
permutations).after confirming for homogeneity of multivariate dispersimg asmeasure of
betadispersion (PERMDISP). The OTUs significantly associated with the distinct levels of
significant community drivers were detected by Indicator Values (IndVal) analysish

resolves the taxonomic groups with the highest probability of specificity and fidehty t

particular sampling group.
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Symbi odi nium community composition

PCR and sequencing proceeded as described for the prokaryotic community, with ptierexce
that primeg targetingthe Symbiodinium nuclear DNA ribosomapartial 5.8S, the entire ITS2 and
the partial.28gene (tsD 5-GTGAATTGCAGAACTCCGTGS3 and its2rev2's
CCTCCGCILTACTTATATGCTTF3; Pochoret al. 2001)were used in place of the prokaryote
16S V4 primersRetrieved raw reads plus respective metadata have been deposited@Bthe
Sequence Read Archive under BioProject accession number PRINA383Hat2assembly,
denoising‘and chimera removal weerfamed in QIIME (version 1.9.Q)Caporaset al. 2010)

as described above. Only assembled reads for which both forward and reverse primers were
found were kept in the analysis, comprising a total of 3,453,257 reads with a mean length of 300
bp 11 SD). To assign taxonomic identity to sequences, we employed a three-step clustering
approach IIQHME. Firstly, we performed a rough clustering at 80% similarityaftibgainst
representative.sequences of each recogrdgeldiodinium clade (A, B, C, D, E, F, G, Hand I)
retrieved from alatabase compiled by At al. (2014). This database includes 433 distinct ITS2
types takensfrom the GeoSymlfferanklinet al. 2012) Scott Santos’
(www.auburn.edu/~santosr/sequencedatasetsdnichTodd LaJeunesse’s SGED
(https://131.204.120.103/srsantos/symbiodinium/sd2_ged/database/vievaafaiases. This

allowed remeving nor8ymbiodinium reads (such as sequencing errors or reads belonging to

other dinoflagellate taxa) and assigning 3,449 @@ibiodinium ITS2 sequences to their

respective clades. Secondly, classigned sequences were clustered at 97%asityicutoff

(shown to cluster ITS2 intragenomic variants into a si@Qji&J; Arif et al. 2014 against all ITS2
types available in the Arif database for that particular clade using a -ckfeeence approach.

Finally, the failed assignments of the secetep (i.e., not assigned to the reference database)
were clustered at 97% similarity with an opefierence OTU picking method using usearch61
(Edgar 201Q)Resulting OTU tables were then merged into a single summary file representing all
ITS2 types found (across &ymbiodinium clades), from which singletons and rare OTUs (i.e.,
comprising <0.005% of all sequences) were removed. All further statistidptesavere

performed orBymbiodinium OTUs at 97% similarity following the approach described above for
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the prokaryotic community after rarefying abundance distributions to 2@y@@fodinium reads
per sampldi.e., the lowest number of reads among thepsash Effects of host genetic structure
on Symbiodinium communities was tested by PERMANOVA, ANOSIM, and CCA as explained
above fortheprokaryote 16S rRNA gene data.

Results
Environmental variables

In situ measurements at the sites of collection over an 18 months period showed thadtewvhile t
mean seawateritemperatures were similar between the reef flat and slope sites, temperature
ranges were much larger on the flat compared to the Gopeal range flatl5.8 - 33.2C;

slope: 18.7.- 28.0°C; Fig. 1A and Supplementary Fig. SRhotosynthetically active radiation
(PAR) varied between the flat and the slope sites andappsoximately three times higher and
four times more variable on the flat compared to the slope (daily PAR betweeartleBrpm at
flat: 150 15400 pmol photons’hs?, andslope ~106 400 pmol photons.ts?) (Fig. 1B).

Mean of PAR over the period &fchAugust 2013 was 781, 743 and 84 pmol photofisfmat
Gardens reef flat, Canyons reef flat and Gardens reef slope, respectively.

Coral ID

All samples, except GS203 and GS221, were successfully PCR amplified and RE digasgted usi
the protocol of Tordat al. (2013c). All of these were confirmed to Bedamicornis, although
GS209 showed'a restriction digestion pattern suggestive of incomplete digestiooldnd ¢

therefore not.be confidently identified.

Coral host genetic partitioning
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Sequencing of the RABeq libraries resulted in an average .6fillion readgper sampleA
total of 23,350 SNPs in 5,063 RA§eqgloci were identified across 92 damicornis individuals
(two samples failed). We only retained the 2,091 loci that mapped to publicly available
Pocilloporatranscriptomes, and that did not have matches against av&jatideodinium
genomes and transctgmes. Additional filteringas described in the Material and Methods
section,reduced this data set to 2,268 SNPs acros$880opora transcriptome loci. We
identified 10 sets of highly similar individuals94%allelic similarity), likely representing
clones. Eight pairs occurred at the same site, and one individual of eaclpaionas removed
from the data'set (GF105, GF108, GF112, GF120, GS204, GS207, GS209, &Svef)as
three individuals from a clorset (CS412, CS420, CS423). Where clonéesaccurred at
different collection sites, both individuals were retained within the skttCF301 and GF115,
CS407 and*GS213, GS211 and CS420). This resulted in a non-clonal dataset of 83 individuals.

Strong genetiespartitioning occurred between habitats rather than betweenb(fags. 2A and

B). Underithe assumption of two genetic clusters (K=2), the Bayesian ivaskd-clustering
analysis implemented in STRUCTURE (Fig. 2A) showed a partitioning between reef flat versus
slope populations for both the overall and "neutdaltasetswith a small number of individuals

with mixed probability of assignment to both genetic clusters, particularly ire#idlat sites.
Additional structuring within habitats became apparent for @d@ntified as'optimal K" using

both estimatermethods for the "neutral” dataset), however for replicate runs this structure
occurred alternatively in the flat and slope habitat. At K=4 (Fig. 2A), the subs&wgas

identified in"both habitats. AlthougdTRUCTURErestts for the overall dataset atideutral”

SNPs (2,084 SNPsyere similar, the "neutral” ruonly identifiedtwo admixed individuals: one

on the reef flat and one on the reef slope of Coral Gardens (Supplementary Fig. S2). We did not
observe anyrevidencerforosshabitat migrants, and the general lack of admixture (except for the
two individuals‘mentioned above) is indicative of limited gene flow between haBitdatsthe

genetic partitioning between habitats and further differentiation within baktre confirmed

by a Principal"€omponent Analysis (PCA) (Fig. 2B). Global painkigedistances (i.e., genetic
differentiation based on all SNPs) between habitats were roughly double thath&iestions

(Coral Canyons and Coral Gardens) (SupplementaryeTab).
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Our conservative outlier analysis, which only included SNPs that were outlizoghreplicate
slope - flat comparisons and were not identified as outliers betweenCzomabns and Coral
Gardens, revealed 16 outlier SNR4.3 loci (Fig. 3). The loci were mapped back to the longer
contigs in‘thepublicly availabRocillopora transcriptomes and those contigs were annotated
using BLASTx in ZoophyteBas®unlapet al. 2013). Ten of the outlier loci had a robust
annotation based onvelues (<10) and bit scores (Table 1), four of which match genes
involved inithe innate immune response, four are environmental stress response genes, one is
involved inflipidimetabolism and one plays a role in DNA proces8atienin is a protein
encoded by th€LN3 gene that is involved in the lysosome system. Lysosomes are membrane
bound organelles that contain hydrolytic enzymes, including lysozyme, which is regauaiesl a
of the keyrinnate immune effector molecules agdmasteria by causing bacterial lyS¥=-«p is

a ‘master’simmunity regulatdiDavy et al. 2012).The NF-« inhibitor-like protein 2 is a
transcription factor that regulates the innate immune response; it acts as negative regulator of the
Toll-like recepto.and interferofregulatory factor signaling pathways. As such, it contributes to
the negative regulation of transcriptional activatiolNBfx/ target genes in response to
endogenous=-proinflammatory stimuli. Cannabinoid receptor 2 is involved ield@seof nitric

oxide (NO). NO'is a direct signaling molecule betw8gmbiodinium and coral host that may
initiate a bleaching cascaf/eis 2008) Histamine receptor H2 is an integral membrane protein
and mediates the actions of histamine; histamimev@ved in local immune responses to foreign
pathogens. Ubiquitiprotein ligasesi3, UBR3, UBR5, EDD1) andubiquitin thioesterase

(CYLD, USLP2) have functions in the ubiquitin system which is responsible for the selective
degradationsef-proteing\paH, bis (5'-nucleosyletraphosphatadeydrolyzes diadenosine 5',5"-

P1,P4tetraphosphate, a regulatory metabolite of stress conditions, to yield ADP.

Coral tissue-associated prokaryotes

PCR using primers targeting the 16S rRNA V4 region yielded two amplicons (~330 and ~410 bp
in size) in three of the four populations, and only the shorter product in the reef slogipopul

of Coral Gardens. Sequence analysis indicated this shorter product was oftEial onigin,
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therefore, no prokaryote 16S rRNA gene data were obtained for this population. Hoether, t
prokaryote communities in the water column above the sampled coral colonietvere n
examined and it can therefore not be ruled out that essadeiated communities were shaped by
differences’irthe communities present in the water column in the two habitats. We consider this
explanation unlikely given that connectivity among water-borne microbiomesassgphay <100

m distance Is likely higkFradeet al. 2016; Martinyet al. 2006) Nevertheless, the differences in
prokaryote.community composition between reef flat and slope habitats wébddszinow need

to be taken'with,some caution. Samples from the remaining three sites yieldeghbEd@eand
20,187 prokaryotic reads. Samples with <800 reads (five samples) were removed, leaahg 35 fl
and 20 slope samples with a mean number of reads of 7,348 + 4630 (SD) and a median of 6,691
for furtherramalyses. Taxonomic assignment (see Supplementary Fig. S3 foe addandances)
revealedhat-operational taxonomic unit (OTU) diversity was low (~27 OTUs per sample, range
= 13-55) compared to other studies that show 100s-1000s of OTUs per (&lckall et al.

2015; Bourneet al. 2016; Hernandez-Agreddhal. 2016a). Rarefaction at 800as per sample

will have contributed to the low diversity observed. Furtbgcessive production of mucus

during collection in the field would have diluted the mucus-associated microbielwaty, and
EtOH preservation of the samples remosethe otthe coral mucus where a taxonomically

diverse community of prokaryotes resides. Hence, the OTUs identified (n = 20@ydnékely

associated with the coral tissue.

The reef flat was significantly less rich in OTUs than the reef slope (observed OTU richness
23+ 6 and 34'% 9, respectively;dz 1) = 32.88, p<0.001), and also less diverse (Shaweaver
diversity of 1.18+ 0.41 and 1.64 + 0.26 for reef flat and reef slope, respectivelyi= 20.95,
p<0.001), consistent with previous findings for tekated coral specie&riatopora hystrix
(Pantoset alv»2015). When nomarefied data were usethe rumbe of OTUs resolved increased
to 38 + 9 forthe flat, and 78 + 11 for the slope, an approximatelydigancrease in richness
comparedto the rarefied data. Shannon diversity was stable at 1.19 + 0.40 and 1.67 = 0.26,
respectively forflat and slope, showing that by rarefying we only excluded very rareemseof
the microbiome (likely with uneven distributions)o differences in alphdiversity were found

between locations.
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As with the host genome data, ordination analysis of the prokaryotic community assemblages
(betadiversity) showed a clear division between habitats (i.e., reef flat and skapeCoral
Canyons where this could be assed (Fig. 4; Supplementary Figs. S4B)- Differences
between'reef habitats were statistically supported by two distinct approaches (PERMANOVA
pseudo Fsz 1) = 34.402; p<0.001; and ANOSIM statistic R = 0.6042, p<0.001). Constrained beta-
diversity comparisons via Canonical Component Analysis (CCA) showed that both (fabita
(53,176.5572, p<0.001) and location ¢k 1~=1.6006, p=0.0323) were significant drivers of
prokaryotic .community compositiodlon-overlapping distributions of reef flat samples
belonging to'the two distinct locations in the maetric multidimensional scaling (nMDS)
ordination (Fig. 4) supports that in addition to partitioning between habitats, ddfésrén
prokaryotescommunitgeexist betweethe locationsCoral Canyons and Coral Gardefbe
non-homogeneous multivariate dispersion verified among reef locations (PERMIgESP=-F
13.466; p<0.001) precluded any further statistical comparison based on dissimilarity
distributiors. Host population genetic structure (based on K = 4 in the STRUCTURE analyses)
within habitats did not explain amdditionalvariation (Supplementary Figs. S4C, D).

The differenee.in prokaryotic community composition between the reef flat and slopatmsul

of P. dami€ornis was driven by a dominance Bhdozoicomonas sp. (Gammaprotobacteria,
Oceanospirales, Hahellaceae) on the flat, while the slope population shedeahicance of
Endozoi comenas:sp. andBrevibacterium sp. Actinobacteria, Micrococcales, Brevibacteriaceae)
Other taxa'were present mostly below 1% relative abundance (Archaea <0.1% relative
abundance) (Supplementary Fig. S3). Twahtge OTUs were significantly associated with a
particular habitat (Fig. 5), ten of which belongedtevibacterium sp. andvhich were
significantindicatorgGlaslet al. 2017b) of the reef slope community. The most abundant of
these OTUWsrhad an affinity &revibacterium marinum (AM421807;Lee 2008, reaching on
average 28t5% of the reads retadvrom the reef slope samples, compared to only 2.2% on the
flat. This,was also the most dominant OTU within the genus, with an average ratatinaance

of >96% of theéBrevibacterium sp. reads across habitats and locations (Supplementary Fig. S4A).
Two low-abundanc&ndozoicomonas-affiliated OTUs were also identified as indicators for the
reef slope, despite the fact thatdozoicomonas spp. were overall more abundant on the flat. The
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most dominanEndozoicomonas OTU (KC669021 Bayeret al. 2013 was ubiquitous and
represents >73% of the reads within the genus across all samples (SuppleRFign4B).

Other indicator taxa for the reef slope (Fig. 5) includ®&tbvskia sp. (Gammaproteobacteria,
Xanthomonadales, Nevskiaceddylomonas salina (Gammapoteobacteria, Oceanospirillales,
Halomonadaceae),Bradythizobium sp. (Alphaproteobacteria, Rhizobiales, Bradyrhizobiaceae),
aDietzia sp. (Actinobacteria, Corynebacteriales, CorynebacteriaesaaCorynebacterium sp.
(Actinobacteria, CorynebacterialgSorynebacteriaceae). The only OTU pinpointed as a
significantdndicator for the reef flatas aTenacibaculum sp. (Bacteroidetes, Flavobacteriales,

Flavobacteriaceae).

Intracellular photosymbionts in the genus Symbiodinium

Eighty-nine samples across the four sampling sites yielded between 21,179 and 56,014
Symbiodinium ITS2 reads, with a mean number of reads of 37,806 + 7567 (SD) and a median of
37,417. IThese corresponded to 55 distinct OEUghe 97% sequence similarityteff),

including 45 clade C types and one clade B type assigned from the Arif et al. défaliasteal.
2014), and=nine:new OTUs (Fig. 6). Compared to the reef slope, the reef flat showed higher
Symbiodiniumrichness (44:-2 against 35 5 OTUSs; Fgz,1)= 100.7, p<0.001) and Shannon-
Weaverdiversity (1.35+- 0.09 against 0.75 + 0.22;47 1y = 291.9, p<0.001)TS2 sequence

types C33 and C42 were dominant on the reef slope and reef flat, respectively, wdbkther
othersequence typesith matctes to C1, C1.8 and C23 (Fig. 6). It should be noted that our
approach_could not distinguish C42 from C42a (as they have identical sequences indha Arif
databasesforsthe region sequenced in this study) or C33 from C33a (as divergembéawgd be
captured by the,similarity cut-off value applied). However, when clustering wasmed at a

99% sequence similarity coff, the majority of C33ssociated sequences were reassigned to
C33a, with only a minor fraction (5-15%) of those sequences assigned to C33. Because
sequences types C33a, C33 and C42 have previously been identiietdmi cornis colonies

from the slope at a Heron Island reef nearby our collection(Steapayat al. 2007) we

assume the san®mbiodinium types are present in the colonies from Coral Canyons and Coral
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Gardens. Differences ®ymbiodinium community structure between the reef flat and slope (Fig.

6) were confirmed by PERMANOVA (pseudqgf1) = 807.16; p<0.001) and ANOSIM statistic

(R =0.9817, p<0.001) after verifying for homogeneous multivariate dispersions between the two
habitats.Constrained beta-diversity comparisons (via CCA) showed that only habitat (F
85,1=215.7771, p<0.001) was a significant driveSgafnbiodinium community assemblage.

Location was not a significant structuring factoSymbiodinium alphadiversity or community
structure parametera/ith mostsamples within each habitaaving near identicaklative

abundances dymbiodinium sequencedHost population genetic structusgthin sitesalsodid

not explain variation in th8ymbiodinium communities, and there was no correlation between

Symbiodiniumand prokaryote community compiben (Fig. S5)

Discussion

This study demonstrates genomigle differentiation between adjacent populations of the reef
building coraliPecillopora damicornis, which inhabit the reef flat and slope at Heron Island in
the southern-GBR. Of the 2,268 SNPs included in the analyse%p w@&fzconservatively
identified as outliers between the flat and slope habitats, indicating thetampeiof
environmental'selection on the coral host genome. Community composition of intracellula
photosymbiontsS§ymbiodinium spp.) and coral tissuessociated prokaryotes also differed
significantly between the reef flat and slope populatiora démicornis. Few previous studies
have examined divergence between habitats in the coral host genome (rather thamhgst ge
based ons0nes0r a few neutralrkes) simultaneously with the associa8ychbiodinium
communitiegBarshiset al. 2013; Bongaertet al. 2017); onlytwo haveexamined all three
compartments (coral hoSymbiodinium and prokaryotes) at the same time, but no functional
analysiswof loci under selection was conductédr(zalezZapataet al. 2018; Pantost al. 2015).
Our novel findings indicate that local adaptation to the distinct reef habitdtantl slope, has
occurred through selection on at least three members of the coral holobiont: thesgriés

Symbiodinium and thelissueassociated prokaryotes.
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496
497  dgnatures of local adaptation in the coral genome

498  The majority of the outlier genes identified fardamicornis from the reef flat and slope at

499  Heron Island are involved in immune and environmental stress responses {T bdodg 1

500 temperature.and lighéVels, as well as a number of other stressors, cause an increased generation
501 of Reactive:©Oxygen Species (ROS) and Reactive Nitrogen Species (RNS) by the coral

502  photosymbionts$ymbiodinium spp., and to some extent by the coral host mitocho(ids&ser
503 2006; Lesser 2011; Wess al. 2008). High ROS levels can stimulate innate immiikee-

504 pathwaysinithe coral ho@tdawkins & Davy 2012; Perez & WeR006)that are part of the

505 conserved minimal cellular stress respofk@dtz 2005). Certain components of the stress

506 response are evolutionarily highly conserved and recruited by a number of diffexesbist

507 (Kultz 2003). For example, in marine oysters it has been demonstrated that both biotic

508 (pathogens).and abiotic (e.g., acidified water) stressors affect mitochdadcigon, the

509 cytoskeleton, energy production and ROS generation. These stressors causaitmentof the
510 same cellular pathwaygndersonet al. 2015)involving genes encoding antioxidant enzymes
511 (e.g., superoxide dismutaseSODs), chaperones (e.g., heat shock proteidSRs), removal of
512  macromolecular debris generated by stress (ubiquitin/proteasome pathwaip;sh@athway
513 and genesiinvolved in apoptosis and cytoskeleton remod@liiitg 2003) Transcriptome

514  analysis in the damselfisAcanthochromis polyacanthus, showedmmune and stressesponse
515 as well as'metabolic genasderpin transgenerational acclimatiorelevated temperature

516  (Veilleux etal’2015).The coral heastress response is also known to involve chaperones, such
517 as heat"shock'proteins, and the ubiquitin sygtesaszaet al. 2009; Desalvat al. 2008;

518 DeSalvoetal. 2010; Maor-Landavet al. 2014; Voolstraet al. 2009). Further, a growing body of
519  evidence supports local adaptation to different environmental factors, inclacipgriature,

520 involves selegction on genes in the ubiquitin systBarshiset al. 2010; Bay & Palumbi 2014; Jin
521 etal. 20163Lundgreret al. 2013; Thomast al. 2017). Our results oR. damicornis are

522  consistent with previous findings and highlight the prevalent role of the ubiquitimmsiystbe

523  coral acclimatization and adaptive responses to environmental differences.
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524
525  Salection on coral-associated microbial communities

526  While we provide compelling evidence for local environmental selection on the caral hos

527 genome, the differences in the community compositiddywbiodinium and prokaryotes hosted
528 by slope and.flat coral populatioasggesthe coral microbiome also plays important roles in
529 local adaptatiemmnd theability of coralsto adjust to environmental differences and change.

530  Symbiodinium communities associated wikh damicornis colonies located between 3 and 19 m
531 depth at Heron Island have previously been assessed using Denaturing Gradient Gel

532  Electropharesis analysis of the ITS2 region (Samhgb 2007)and sequence analysis of a the
533 ITS2 and otherregions (Sampagtal. 2009). However, this earlier study only included samples
534 from the reef slope and no reef flat colonies were examined. The spatially closest sampling
535 location intheeprevious stuesto our reef locations is Harry’s Bommie600 m away from

536  Coral Canyons.sThB. damicornis colonies at Hag's Bommie were dominated by a

537 combination of ITS2 sequence types C33 and C33a, consistent with our results for the slope
538 populationsSequenceypes C42 and C1 were also present in our and the previousssarnd,

539  as expected.for the higher resolution amplicon next generation sequencing methodyveslobse
540 additional sequence types previously reported from cloning methods (Saehphy2009; Fig.

541  6). These eeoccurring sequence types likely represent single but diSynaiiodinium types in

542  P.damicornis.colonies on the reef flat versus the slope. Conspecific coral colonies that are
543  dominated by distincBymbiodinium types can differ considerably in physiological performance
544  and envirgnmental toleran¢Blackall et al. 2015; van Oppest al. 20), and we hypothesize

545 that adaptation‘to the reef flat and slope environmenB tdgmicornis at Heron Island is partly

546  contingent on the distin@ymbiodinium communities harboured.

547  Community composition of prokaryotes associated witHPthlgamicornistissues differed

548  betweenrthe slope and flat at the location where this could be assessed, with onendicdt®? i
549  OTUs being identified for the flat and slope respectively. Additional genetic structure was
550 present between locations but this divergenas smaller than that between habitats. Other

551  prokaryotic taxa associated with the coral surface mucus layer may also differ between the two
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habitats put these organisms were not examined Here.corals inhabiting the reef flat were
dominated byEndozoicomonas spp. (Gammaprotobacteria, Oceanospirales, Hahellaceae), while
the slope population showed co-dominancErafozoicomonas sp. andBrevibacterium sp.
(Actinobacteria, Micrococcales, Brevibacteriace&aylozoicomonas spp. are commonly
associated with/redjuilding corals, and can aggregate inside the tissue of corals in the family
Pocilloporidae (Bayeret al. 2013; Blackalket al. 2015; Morrowet al. 2015; Morrowet al. 2012;
Neaveet al..2016a; Neavet al. 2016b; Pantost al. 2015). The most domina&nhdozoicomonas
OTU matches'an OTU associated with another pocillop8iythphora pistillata, from the Red

Sea (Bayeetal. 2013). Another OTU is a perfect match toEalozoicomonas discovered irP.
damicornis colonies from the Redea KC668747;Bayeret al. 2013. These findings are
concordantwithy recent observations of strong specificity of cefetanzoicomonas OTUS in
Pocilloporawerrucosa, although the authors argued that this may be related to their broadcast
spawning behaviouiNeaveet al. 2016b) P. damicornisis primarily an asexual brooder, but has
been observed to also release gam@ebmidtRoachet al. 2012).Brevibacterium spp. are less
well known from corals. Neverthele®r,evibacterium aureumwas present at a mean relative
abundancerof=31% in dMorites lobata colonies sampled from the Persian/Arabian Gulf
(Hadaidiet al..2017).Brevibacterium was also found to be the dominant taxon among culturable
bacteria'isolated from the mucus and tissue of three coral species from the Arabian Gulf
(Mahmoud & Kalendar 2016)

Our findings of 'strong habitat differentiation in the prokaryotic communities of a dep#ralist

(P. damicornis occurs from the reef flat down to ~55 m of def@hdgeet al. 2012 align with

those of Glasét al. (2017a), who concluded that corals with a relatively broad depth distribution
show strueturing in tissdassociated prokaryotic communities across their depth range.
Environmentalifactors can drive coadsociated nokaryotic community composition
(Hernandez=Agredet al. 2016b; Littmaret al. 2009; Pantost al. 2015) and may explain the
patterns.ebserved . damicornis at Heron Island. Alternatively, the differences in prokaryote
community composition between the flat and slope populations may be caused by both the coral
host and th&ymbiodinium photosymbiont having undergone divergence and niche

diversification (Bongartset al. 2015; Bongaertst al. 2013; Bongaertst al. 2010). This could
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in turn has led to the existence of particular holobiont microniches to which at least a small
fraction of the microbial community is adapt@slaslet al. 2017a). The challenge wds to
determine how the different prokaryote communities affect the functioning of thiehodobiont
across these different habitats, and the extent to which adaptation of theosb&id its

microbiome are linked.

Implications for human intervention strategies that aim to enhance coral climate resilience

The GBR [off/the east coast of Australia spans 14 degrees of latitude and a mean sea surface
temperature (SST) gradient of*€3 hence, corals in the northern GBR have evolved to cope
with higher.temperatures compared to their southern counterparts (Berkelmans 2RO &es

& Willis 1999; Howellset al. 2013). Translocation of corals from warm to cooler locations (i.e.,
assisted gene flow) has been suggested as a strategy to incremaéttilerance in the cooler
locations (Hoegh-Guldberg al. 2008; Weeket al. 2011), especially if the translocated colonies
breed with.the corals native to the cooler but warming environ(@&xn et al. 2015; van

Oppenet al. 2014). When corals frotte northern (warmer) and central (cooler) GBR were
crossed initheslaboratory, their regional hybrid larval offspring showed higher rezahtm

under laboratory conditions than purebreds from the cooler location, especiallynibttner was
sourced frarthe warmer locatio(Dixon et al. 2015). These results indicate that north to south
translocation along the GBR may be a valuable strategy to assist soufeico@l populations

to adapt to.a warming ocean. A common concern regarding translocations betweent differe
locales s the risk of introducing pathogens or parasites from the donor into tiegece
populatien;mnegatively affecting the health of the Iqtt@ikre et al. 2010) Reduced resistance of
migrants to local pathogens has also been rep@@satlyet al. 2015; Van der Putten 2012).
Further, translocated adult colonies may be maladapted to other envirdntnadiions at the

new locations and may not survive to reprodiitewellset al. 2013) A safer alternative may
therefore be to harness the adaptive variation contained in distinct temperature habitats on the
same reef. Our results demonstrate that coral populations from the reef flat @chslde

genetically divergent and adapted to their local environments. The limited geneefiween
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slope and flat populations is likely due to maladaptation to environmental conditioersthetn
physical restrictions to larval dispersal given the $sptial distances between habitats (<100
m) (Marshallet al. 2010). Assuming these populations are still cfessie, artificial ex-situ
habitaterosses'may provide an avenue to breed increased thermal tolerance into conspecific
slope populations, the reef habitat where coral cover tends to be highest. Inoculdkions
microbiomes (probioticDamjanovicet al. 2017; Peixotet al. 2017)isolated from the reef flat
corals may.be another avenue that can be explored to increase thermal resiliensiepe the

populations.
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966  Genotype frequencies of the 16 habitat-outlier SNPs, with the hues indicatingqtienfre of
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This article is protected by copyright. All rights reserved



971
972
973
974
975
976

977
978
979
980

981

982
983
984
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domain, ‘phylum, class, order, family, genus and species level, respectively. Erivesrbe

brackets represent NCBI Accession Numbers for known representative sequences of each OTU

(or “new” in_case no match was found above 9larity in the SILVA database)

Figure 6: Relative abundance of the ten most abur@anidiodinium ITS2 sequence types (plus
‘others’ shewn.as one category) at the two reef flat and two slope sites. CF= Coral Canyons Reef
Flat, CS= Coral Canyons Reef Slope, GF= Coral Gardens Reef Flat, GS= Coral Gardens Reef
Slope.

Table 1: Annotation of outlier loci based on BLASTx in ZoophyteBase. Dark grey background
indicates genesiinvolved in the immune response, light grey background indicatesganed

in environmental stress responses, white background indicates ‘other’.

Contig Annotation of top BLASTX hit Putative function | E- Bit Query
name (KEGG) value | score cover
(%)
427 Battenin (BTS, CLN3) Cellular 356%™ [ 161.4 |50.1
Processes

Lysosome system

2762 5-hydroxytryptamine receptor 7 Environmental | 1.06”° | 260.4 | 97.1
Information
Processing

Ligand-receptor

interaction
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HRH2, histamine receptor H2

Environmental
Information
Processing:
Ligand-receptor
interaction,
involved in local
immune responses
to foreign
pathogens

9.3e't

58.9

27.9

4491

NF-kB inhibitor-like protein 2

Genetic
information
processing:
Transcription
factor in innate

immune response

2.2e*

83.2

11.9

3837

apaH, bis(5hucleosyl)

tetraphosphatase

Metabolism:
regulatory
metabolite oktress

conditions

2.8¢°

56.2

62.4

804

Ubiquitin-protein ligase (UBR3, E3)

Genetic
information
processing:

Ubiquitin system

9.5e>®

200.7

89.1

28

Ubiquitin-protein ligase (EDD1,
UBRS5, E3)

Genetic
information
processing:

Ubiquitin system

1004.2

39.2

2255

Ubiquitin thioesterase (CYLD,

Metabolism:

8.0¢e®

53.1

6.6
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USLP2) Ubiquitin system
1133 ATP-dependent DNA helicase Genetic 9.9¢e |206.8 13.37
(PIF1) information %8
processing: DNA
replication proteins
3046 Ectonucleotide Metabolism: 0 562.0 |89.8
pyroephosphatase/phosphodiesteralsmpid
family member 6 (ENPP6) Metabolism

®Second best match was to cannaboid receptonal(e 1.0&°, bit score 112.5, query cover 76.3
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