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Abstract

The future survival of coral reefs in the Anthropocene depends on the capacity of corals to

adapt as oceans warm and extreme weather events become more frequent. Targeted

interventions designed to assist evolutionary processes in corals require a comprehensive

understanding of the distribution and structure of standing variation, however, efforts to map

genomic variation in corals have so far focussed almost exclusively on SNPs, overlooking

structural variants that have been shown to drive adaptive processes in other taxa. Here we

show that the reef-building coral, Acropora kenti (syn. tenuis) harbors at least five large,

highly polymorphic structural variants, all of which exhibit signatures of strongly suppressed

recombination in heterokaryotypes, a feature commonly associated with chromosomal

inversions.

Based on their high minor allele frequency, uniform distribution across habitats, and elevated

genetic load, we propose that these inversions in A. kenti are likely to be under balancing

selection. An excess of SNPs with high impact on protein coding genes within these loci

elevates their importance both as potential targets for adaptive selection and as contributors

to genetic decline if coral populations become fragmented or inbred in future.

Keywords: structural variation, conservation genetics, adaptation, coral

Introduction

Coral reefs are hyperdiverse marine ecosystems that provide crucial ecosystem services to

millions of people throughout the tropics. Threats to coral reefs, particularly from ocean

warming have placed the evolutionary biology of corals into the spotlight because it is now

clear that their long-term survival depends on whether they can adapt to keep pace with

climate change (1–4). Decision making in relation to protected area design(5), genetic

interventions(6) and reef restoration(1) must therefore be informed by a sound

understanding of the factors that shape genetic diversity in corals(7).

Over the past two decades, adoption of population genomic approaches has greatly

improved our understanding of evolutionary processes in corals. Using SNP and

microsatellite markers many studies have identified instances of fine-scale population

structure and cryptic speciation (8–13). More recently, the adoption of dense SNP marker

sets and whole genome sequencing has started to reveal the origins and drivers of

divergence(14, 15) as well as the architecture of key traits such as heat tolerance(16). So
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far, however, all population genomic work in corals has relied exclusively on SNPs, ignoring

structural variants, such as inversions. Inversions are a particularly important form of

structural variation because they can be large (multiple Mb in genomic extent) and can

strongly suppress recombination between inverted and ancestral karyotypes(17). These

characteristics make them potent evolutionary modifiers that can facilitate local or clinal

adaptive processes(18–20), often have strong phenotypic effects(21, 22), and may capture a

large fraction of the standing genetic variation in some species (23, 24).

The fact that inversions inhibit recombination over large genomic regions provides a

mechanism for local adaptation under gene flow(25) because an inversion that captures a

locally favourable combination of alleles will be protected from recombination with less

favourable alleles on the alternate arrangement(26, 27). Initially predicted from simple

theoretical models(27), this idea is now supported by an increasing number of examples

across a wide variety of taxa(18, 22, 28, 29) in which alternate arrangements of an inversion

are found to diverge in frequency between ecotypes. Inversion polymorphisms that become

established via such spatially divergent selection (classified as type I(30)) have received

considerable attention in the literature, perhaps because they can easily be detected as

large blocks of sharply elevated FST between ecotypes(31). Recent theoretical work also

suggests that such type I inversions are more likely to be large(32) and therefore more

discoverable than those established via other mechanisms.

There is increasing recognition that balancing selection plays a crucial role in the

establishment and persistence of many inversions(18, 19, 30, 33). Several recent studies

have shown that accumulation of recessive deleterious mutations within inversions can

directly favour the hetero-karyotype (22, 33–35), preventing inversions from reaching fixation

and supporting long-term persistence at high frequency throughout the population. Since

inversions maintained by this mechanism need not segregate strongly across ecotypes they

may be more challenging to identify, and their ecological roles less obvious, however,

evidence is emerging in support of the idea that inversions of this type (type II; (30)) may

form an important reservoir of genetic variation over and above that of the collinear genome.

Recent theoretical work(35) and empirical observations in sunflowers(36) suggest that type II

inversions may accumulate mutational load at a higher rate than type I inversions because

the relative lack of homokaryotypes inhibits purging of deleterious alleles. Since selective

forces on inversions may change over time, the reservoir of variation accumulated within

type II inversions may eventually become a target for positive selection. This idea is

supported by a recent global analysis(20) of the In(3R)Payne inversion in Drosophila

melanogaster which occurs as a balanced polymorphism in its ancestral African population
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but has now formed sharp latitudinal clines underlying climate adaptation in North

America(37) and Australia(38).

Although large polymorphic inversions have now been observed across a wide variety of

taxa(23, 24, 39–41), their role in corals, and more broadly in cnidarians, remains an open

question. Evidence from comparative genomics has shown that several large inversions

have accumulated between species of the genus Acropora(42), however, the prevalence of

polymorphic inversions within cnidarian species is unknown, and might vary widely between

species, as it does in Drosophila (43). There is growing consensus that some important traits

such as bleaching tolerance in corals are likely to be controlled by many unlinked genes of

small effect(16), however, inversions would complicate this paradigm because they can

capture multiple loci that collectively have a large influence on adaptive and speciation

processes(19). Since inversions can also harbour recessive deleterious variation it is

possible that they could play a role in genetic decline, for example, if a population becomes

fixed for an inversion after a bottleneck, exposing recessive phenotypes via homozygosity. A

comprehensive understanding of the contribution of inversions and other structural variants

to standing genetic variation in corals is therefore required in order to project their capacity to

adapt to climate change, forecast the consequences of genetic decline, and to plan genomic

interventions.

We set out to identify and characterise inversions and other genome-wide patterns of

genetic variation, in the reef-building coral Acropora kenti (syn. tenuis), sampled from five

inshore and four offshore reefs along the same 500km section of the central Great Barrier

Reef (GBR). Acropora kenti, previously classified as Acropora tenuis(44) has been the focus

of genetic, developmental and physiological studies for many years (12, 45, 46) and is the

target of research on potential genomic interventions to mitigate climate change impacts(47).

Our study sites were chosen to include a contrast between inshore and offshore reefs which

are spatially separated but likely to experience gene flow. Inshore reefs experience higher

turbidity, more variable temperatures and much greater terrestrial influence (nutrients,

pollution and freshwater runoff) than offshore(48–50). Evidence from previous studies

suggests that there are also differences in dominant algal symbionts harboured by corals at

different reefs in this region(12, 46). While these environmental gradients provide selective

pressures that might promote the formation of locally adapted ecotypes, they are also

subject to high levels of gene flow which would oppose local adaptation. Our goal was to

identify and characterise any polymorphic inversions present within this A. kenti population,

determine their roles (if any) in promoting local adaptation and as contributors to standing

genetic variation.
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Using patterns of heterozygosity, linkage disequilibrium and local genetic structure we

identified at least five inversions circulating at high frequency (MAF>0.17) and ranging in

size from 0.2 to 2Mb. None of these five showed patterns of elevated differentiation between

inshore/offshore or between colonies with different dominant symbionts that would

demonstrate a role in local adaptation. Instead, our analyses show that all these inversions

are highly polymorphic, harbour an excess of mutations with high impacts on protein coding

genes, and are deficient in homokaryotypes. This combination of characteristics is most

consistent with inversions that are maintained by forms of balancing selection that directly

favour the heterokaryotypic state such as associative overdominance. Our results highlight

the fact that structural variants such as inversions may be prevalent in coral populations and

play a significant role in structuring standing genetic variation.

Results

Population structure and symbiont diversity

To facilitate detection and characterisation of inversions in A. kenti we used the ANGSD

framework to call 3.8 million biallelic SNPs from shallow (2-5×) whole genome sequencing

data across 208 genetically distinct colonies sampled from nine reefs in the central Great

Barrier Reef (GBR) (Figure 1A). Full details of SNP calling and quality control are given in

methods. Analyses of population structure and admixture with PCAngsd showed that eight of

these reef populations formed a single genetic cluster that was distinct from Magnetic Island

(Figure 1B). The strong distinction of Magnetic Island has been observed in previous whole

genome sequencing (WGS) studies(12, 51) and is thought to reflect divergence around

500kya-1Mya. Despite this divergence, we observed four highly admixed individuals,

indicative of recent crosses between Magnetic Island and other reefs (Figure 1C). The eight

non-Magnetic Island reefs in our study include one location (Pelorus Island) that overlaps

with locations dominated by Cluster 1A identified by Matias et al(12), implying that this

lineage occurs across the full length of the GBR, and can be found in both inshore and

offshore locations(12).

Among the eight non-Magnetic Island reefs, we found no clear evidence for genetic structure

between reefs or between inshore vs offshore locations. This was evident in a PCA based

on non-Magnetic Island data (Supplementary Figure S4) and a tree inferred from the identity

by state (IBS) distance matrix between all pairs of samples (Supplementary Figure S5).

Since inshore and offshore samples were sequenced in separate batches such lack of
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structure suggests that batch effects (if present) are likely to have minimal influence on

population genetic inferences. Nevertheless, we found higher variability in individual

heterozygosity estimates for inshore samples than for offshore (Supplementary Figure S7),

suggesting that some minor batch effects may be present despite stringent data quality

filters and a common sequencing platform used for all samples. To minimise uncertainties

arising from possible sequencing batch effects, our results focus on patterns of genetic

structure that occur within batches, or which are genomically localised, and therefore robust

to genome-wide differences in sequencing data.

Figure 1: Population structure and sampling locations within the central Great Barrier Reef. Inset
shows a Principal Components Analysis with two main clusters (Magnetic Island: left, Northern
Reefs: right), for which the ancestry proportions are shown for each individual. Offshore reefs
sequenced in this study are: Arlington Reef (ARL), Taylor Reef (TAY), Rib Reef (RIB), and John
Brewer Reef (JB). Inshore reefs (sequenced in Cooke et al(51)) are: Fitzroy Island (FI), Dunk
Island (DI), Palm Islands (PI), and Pandora reef (PR) and Magnetic Island (MI).
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Taxonomic analysis of raw sequencing reads with Kraken (Supp Figure S8) showed that with

few exceptions all colonies harboured Cladocopium as the dominant symbiont. Further

investigation of symbiont reads mapping to the Cladocopium proliferum (syn. goreaui)(52)

genome revealed two distinct mitochondrial haplotypes (Figure 2; Supplementary Figure S9)

and two major clusters based on the d2s kmer-based distance metric (Supplementary

Figures S10). The geographic distribution of samples harbouring the two mitochondrial

haplotypes suggests that they correspond to Cladocopium types, C1 and C2, previously

identified using SSCP polymorphisms(46, 53) in A. kenti at Magnetic Island (C1; 22/28 of MI

samples) and Pelorus Island (C2; 18/30 of PI samples). While the C1 haplotype was strongly

associated with three inshore reefs (MI, PR, DI) the C2 haplotype was more broadly

distributed across inshore and offshore locations.

Figure 2: Symbiont mitochondrial haplotype network based on consensus sequences of reads
mapping to the Cladocopium proliferum (syn. goreaui) mitochondrial genome within coral whole
genome sequencing data. Individual haplotypes are shown as separate nodes with node size
reflecting the number of samples. Edges connect related nodes with cross bars indicating the
number of different sites. Sample location abbreviations and colours are the same as Figure 1.

Identification of inversion loci and genotyping of individuals for inversion karyotypes

Absent or weak (see below) population structure among the eight non-Magnetic Island reefs

allowed us to identify putative inversion polymorphisms using a scan for local genetic

structure based on principal component analysis (Galinsky et al., 2016; Meisner et al., 2021).
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This scan (performed using PCAngsd on genotype likelihoods) revealed five genomic

regions ranging in size from 200Kb to 2Mb exhibiting exceptionally strong population

structure compared with the genomic background (Figure 3A). A similar scan for the

Magnetic Island population failed to reveal any clear peaks in the strength of local population

structure (Supplementary Figure S11), however, this probably reflects a lack of statistical

power rather than absence of inversions at Magnetic Island (Supplementary Figure S11;

Methods). All five genomic regions with strong local population structure in the non-Magnetic

Island population also exhibited patterns of heterozygosity and linkage disequilibrium

indicative of strongly suppressed recombination in heterokaryotypes, a feature often

considered to be diagnostic for inversions(23, 24), although chromosomal fusions and

translocations may generate similar signatures(54). Firstly, visual inspection of population

structure within each region revealed three major clusters along PC1 (Figure 3B;

Supplementary Figure S12), as expected based on the three possible genotypes of an

inversion polymorphism (Huang 2020, Harringmeyer 2022). Heterozygosity within each

locus was highest in corals assigned to the central cluster (corresponding to

heterokaryotypes) (Figure 3C; Supplementary Figure S12), which is an expected

consequence of sharply reduced recombination between inverted alleles. Finally, linkage

disequilibrium was elevated within the inverted region for heterokaryotypes (Figure 3D) but

less so for homokaryotypes. This LD effect was clearly observable for putative inversions L1

and L2 but not for inversions L3-L5 likely due to their smaller sizes(0.2-0.5Mb) and

occurrence in less-contiguous regions of the assembled genome (Supplementary Figure

S13).
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Figure 3: Location and characteristics of highly polymorphic inversions in A. kenti. A: Manhattan
plot showing p-values derived from Galinsky statistics indicative of local population structure with
five putative inversions (L1-L5) visible as strong signals compared with the background. Genomic
coordinates reflect placement of A. kenti scaffolds via alignment to the Acropora millepora
chromosome level genome. Alternating green and grey points indicate chromosome membership
while pink points are on unplaced scaffolds. Plots B-D show the hallmarks of an inversion for L1
(similar plots for all other inversions are provided in supplementary figures S12 and S13). B
shows strong local population structure with three clusters along PC1. C shows individual
heterozygosity within the L1 region with individual corals genotyped for the L1 inversion
according to their corresponding cluster in B. D shows pairwise linkage (r2’ statistic) across a 3Mb
region centered on the L1 inversion. Top diagonal represents 93 heterozygous individuals and
bottom diagonal 76 individuals homozygous for the major allele (AA). Each grid square shows
the average value for all relevant SNPs. Pink box delineates inversion bounds inferred from
PCAngsd (part A).

In addition to genetic evidence for inversions presented in Figure 3 we used the structural

variant detection software Manta(55) to obtain direct read-based evidence for inversion

events for two samples for which we had sequencing data at greater depth (~20×). One of

these deeper sequenced samples (FI-1-3) was from the non-Magnetic Island population, and

the other from Magnetic Island (MI-1-4). PCA-based genotyping (eg Fig 3B) for the

non-Magnetic Island individual indicated that it was heterozygous for the L1, L3 and L4

inversions, however, of these only the L1 inversion was contained within a single scaffold of

our assembly and therefore suitable for analysis with Manta. In this individual, short-read

data showed clear support for a 1.2Mb inversion event (called by Manta and manually

verified; Supplementary figure S14) that closely matched the L1 region identified via local
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genetic structure (Figure 3). Although it was not possible to genotype the Magnetic Island

individual (MI-1-4) using local PCA due to the small sample size at that location, short-read

data confirmed that it was also heterozygous for the L1 inversion (Supplementary Figure

S14).

Figure 4: A: Distribution of karyotype frequencies for inversions across all non-Magnetic Island
sites. The letter A is used to denote the most frequent karyotype. B: Mutational load of inversions
in A. kenti. Proportions of SNPs rated as low, moderate and high impact by SnpEff are shown
across all allele frequency classes within inversions (red) and in the background collinear
genome (grey).

All five inversion loci detectable via our local PCA-based method were present at high

frequency (0.17-0.34) and were polymorphic across all reef sites (Figure 4A). None deviated

significantly from genotype proportions expected under Hardy Weinberg equilibrium (p>0.19)

as might be expected under strong spatially divergent selection (excess of homokaryotypes),

or if recessive mutations resulted in a lethal homokaryotype (excess of heterokaryotypes). To

investigate mutational load we used SnpEff(56) to predict the severity of impact of SNPs on

protein coding genes. SnpEff predicts coding effects such as start/stop codon gains or

losses, frameshifts and amino acid substitutions, and classifies these into categories ranging

from low (e.g. synonymous variant) to high impact (e.g. frameshift, premature stop codon).

Ignoring intergenic regions to avoid confounding effects from gene density, we compared the

predicted impact of SNPs within inversions and contrasted this with an equal number of

SNPs from a random selection of 100 × 50kb regions scattered throughout the genome. We

found that the predicted impact of SNPs within inversions was shifted towards higher values

compared with the genomic background (Figure 4B). Variants in the highest impact category

are predicted to cause major disruptions to the protein sequence and are therefore likely to
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be associated with deleterious effects. These highly disruptive variants were more abundant

in inversions across all allele frequency classes.

Signatures of selection are not associated with inversion loci

Since inversions can facilitate divergent selection under gene flow(19, 27) we identified two

pairs of contrasting environmental conditions against which such divergence would be

expected to occur in our study; (1) inshore versus offshore sites which differ strongly in

nutrient, thermal and turbidity regimes(48–50), and (2) individuals clearly harbouring C1 or

C2 dominant symbiont communities (most common haplotypes shown in Figure 2). Analyses

with AMOVA failed to identify any significant associations between allele frequencies of any

of the five inversions and reef, shore (inshore vs offshore) or dominant symbiont

(Supplementary Table S5).

To identify sites potentially under divergent selection in the non-Magnetic Island population

independent of inversions, we performed genome-wide scans of pairwise FST between

inshore and offshore, and between C1 and C2 dominant colonies. We found that none of the

five inversions overlapped with these highly divergent regions (FST z-score>6) and average

FST within all inversions was within 3 standard deviations of the mean in all cases. In

addition, levels of absolute divergence (Dxy) were not elevated in these highly differentiated

regions indicating that they are not regions of locally restricted gene flow (islands of

speciation (57)) or inversions that we did not detect via our PCA-based method. Further

analysis of highly differentiated regions in the non-Magnetic Island population revealed that

they did not generally have the characteristics of strong selective sweeps (reduced Tajima’s

D, reduced Dxy; Figure 5B,5D).

Despite a strong background level of divergence reflecting historical separation(51), we

identified two exceptionally differentiated regions between Magnetic Island and

non-Magnetic Island populations (Figure 5E). Tajima’s D in both these highly differentiated

regions was sharply reduced (Figure 5F) compared with the genomic background indicating

that divergence in these regions is associated with strong linked selection (selective

sweeps). One of these regions overlaps with a selective sweep that was previously identified

from inshore samples and contains a Tandem repeat of EGFR genes (51).

Inversions captured 214 genes with diverse functions, however, we found that there was a

strong enrichment (p=8e-5; Fisher Exact Test in topGO) for genes involved in DNA-binding

(GO:0003677) due to the presence of 14 genes with this GO term across the L1, L2 and L5
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inversions. Of these, 4 were involved in transcriptional regulation and 3 were ATP-dependent

helicases (1 on L1, 2 on L2), a protein family that plays crucial roles in recombination and

DNA repair.

Figure 5: Genome-wide scan for highly differentiated regions between colonies dominated by C1
or C2 symbionts (A,B), inshore and offshore reefs (C,D) and Magnetic Island and non-Magnetic
Island (E,F). Manhattan plots (A,C,E) show FST calculated within 20kb windows with the
horizontal line delineating extreme (z-score > 6) values. Boxplots (B,D,F) to the right of each
Manhattan plot show corresponding diversity statistics, FST, Dxy and Tajima’s D calculated in
extreme FST regions (blue) and contrasted with the genomic background (pink). Regions
identified as putative selective sweeps are indicated with stars in E.

Discussion

Our results clearly show that at least five chromosomal rearrangements, most likely

inversions, exist as common polymorphisms within Acropora kenti on the central Great

Barrier Reef. Elevated mutational load within these inversions and uniformly high

frequencies of the minor karyotype among reefs (Figure 4) suggests they are under

balancing selection. Inversions such as these (lacking strong spatial or ecological structure)

are relatively challenging to detect because they do not produce signatures of elevated

divergence (large blocks of high FST) and can only be identified through direct read-based

methods or local PCA (eg Figure 3). Moreover, datasets that include overall population

structure (in the collinear genome) might fail to detect inversions through local PCA analysis
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as signals from inversions would be difficult to distinguish from background population

structure. Our results also suggest that identifying inversions through local PCA analysis

requires a large sample size as we were unable to detect any signatures of inversions at

Magnetic Island (28 samples) despite direct read-based evidence from one individual

(MI-1-4) that at least the L1 inversion is present in this population. These factors suggest

that inversion polymorphisms of the type identified here may be present in many coral

populations, but have been overlooked until now due to a historical focus on signatures of

selection(14, 51) and population structure(8, 58) in coral genomic studies.

Our observation that mutational load (Figure 4B) was higher within inversions compared with

the background genome is consistent with similar findings in butterflies(33) and

sunflowers(36), as well as theoretical work(35) showing that reduced effective population

size within inversions contributes to higher rates of genetic drift. An important consequence

of accumulated mutational load within inversions is that if harmful mutations are completely

or partially recessive the heterokaryotype will have higher fitness leading to a balanced

polymorphism maintained by associative overdominance(19, 35, 59). Heterokaryotypes have

higher fitness under associative overdominance because recessive mutations accumulate at

different loci on each karyotype. In the case where these fitness differences are extremely

strong (e.g. lethal before maturity) they may lead to detectable deviations from Hardy

Weinberg equilibrium (HWE)(33, 34). Therefore, since none of the five inversions identified

in this paper deviated significantly from HWE (Figure 4A) they are unlikely to be associated

with recessive lethal effects. However, given the large number of high-impact SNPs found

within inversions by SnpEff some moderate fitness impacts are expected, and these may not

have generated detectable deviations from HWE as doing so requires much larger sample

sizes than used in our study (60).

Elevated mutational load at inversions in A. kenti may have important conservation genetics

implications. In particular, the presence of recessive harmful loci in linkage increases the

chances that population bottlenecks could result in inbreeding depression. This could be

mitigated in conservation management programs such as coral aquaculture or assisted gene

flow by screening colonies for spawning to ensure a diversity of inversion karyotypes. The

potential role of inversions in local or clinal adaptation should also be considered. Although

our study was unable to identify any ecological or spatial factors associated with adaptive

selection at inversions, future studies at different spatial scales, or that measure different

ecological variables should attempt to do so. This is important because inversions have

often been shown to underpin local adaptation and genetic interventions such as assisted

gene flow should seek to preserve locally adaptive variation.
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Structural variants including inversions are often large and have a major impact on

evolutionary processes(54) yet our ability to detect and study them remains limited. Our

results highlight the fact that structural variants such as inversions are present in corals, and

can have important impacts on genetic diversity and fitness. As technologies for structural

variant detection improve it is therefore important that SVs are considered alongside SNPs

as a key component of genetic variation.

Methods

Sample collection and sequencing

Offshore samples were collected in March 2017 from four locations in the central GBR under

Great Barrier Reef Marine Park Authority collection permit G16/38488.1. A. Reefs for

offshore samples were selected to approximately match the latitudes of four inshore

locations for which sequencing data was available from a previous study (51). A fifth inshore

location (Magnetic Island) was also included but since this is known to harbour a genetically

diverged population no matching offshore reef was considered necessary. This resulted in a

total of 228 samples, including 80 from offshore locations (Arlington Reef (ARL) n=20, Taylor

Reef (TAY) n=20, Rib Reef (RIB) n=20, and John Brewer Reef (JB) n=20) and 148 from inshore

reefs including Magnetic Island (Fitzroy Island (FI) n=30, Dunk Island (DI) n=30, Palm Islands

(PI) n=30, and Pandora reef (PR) n=30, Magnetic Island (MI) n=28).

All samples were sequenced using the same sequencing protocol (100bp paired-end) and

platform (Illumina HiSeq). Sequencing depth was generally shallow (2-5×) for most samples

but two (FI-1-3, MI-1-4) had much deeper coverage (>20×). Sequencing coverage for

offshore samples was slightly higher on average (4-5×) than inshore (2-3×). Mapping and

coverage statistics for all samples are summarised in Supplementary Figure S1 and

Supplementary Table S1.

Data pre-processing and mapping

We followed the gatk germline variant calling best-practices workflow to generate mapped

bam files from raw reads for each sample. Reads passing quality checks from each sample

and lane were converted to unmapped bam format (uBAM) files. Adapters were marked

using MarkIlluminaAdapters (Picard) before mapping to the reference genome assembly

using bwa (v0.7.17-r1188). After mapping, PCR and optical duplicates were marked using

MarkDuplicates (Picard). Two samples (FI-1-3, MI-1-4) sequenced at much higher coverage

(28×, 26×), were downsampled using sambamba (v0.8.2) to achieve a target depth of

approximately 3×.
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Removal of clones and misidentified samples

To ensure no cryptic species or misidentified samples were present in our data, we first

reconstructed a mitochondrial genome for each sample by aligning raw reads to the

reference mitogenome sequence of Acropora kenti (Genbank accession AF338425) and

then extracting the most common base at each position using the -doFasta 2 option in

ANGSD. These sequences of our samples were then used as queries to search the NCBI

non-redundant nucleotide sequence database (nt June 23 2022) using megablast (v0.8.2)

(Morgulis et al., 2008) with the option to output a maximum of five best matches with

taxonomy information. While the best match for most samples was the mitogenome of A.

kenti, nine samples from Arlington reef and one sample from John Brewer Reef matched

Acropora echinata or Acropora florida (Supplementary Table S2). Next, we inferred a

phylogenetic tree using IQ-TREE (v1.6.4) (Nguyen et al., 2015) based on the alignments

(mafft v7.394) (Katoh & Standley, 2013) of mitogenome sequences of all samples together

with the reference mitochondrial sequences of A. kenti (AF338425) and A. echinata

(LC201841.1). The resulting tree (Supplementary Figure S2) revealed that nine samples

from Arlington Reef and one from John Brewer Reef formed a distinct monophyletic clade

together with the A. echinata mitogenome. Since these same samples also had particularly

low mapping rates and genome coverage (Supplementary Figure S1), it is highly likely that

they were misidentified in the field. We therefore excluded these samples from all further

analyses.

Clones and closely related samples were identified by first estimating pairwise relatedness

statistics with ngsRelate v2 (Korneliussen & Moltke, 2015)

(https://github.com/ANGSD/NgsRelate). Pairs of samples with outlying relatedness were

then identified using R1 vs R0, and R1 vs KING-robust kinship plots(61). This revealed eight

pairs of closely related (expected kinship of 0.125) samples all of which were from Magnetic

Island (Supplementary Figure S3). Retaining samples with higher depth where possible we

then removed 6 samples to ensure that no close relatives were present in further analyses.

After removal of mis-identified samples and close relatives our final sample set contained

212 in total including 22 from MI, 30 each from inshore reefs PR, PI, FI and DI, 20 each from

offshore reefs RIB, TAY, 19 from JB and 11 from ARL.

Variant calling and genotype likelihood calculations

To account for the uncertainty of genotypes of each site due to low (2-5×) per-sample

sequencing coverage, we used ANGSD to estimate genotype likelihoods. These genotype
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likelihoods formed the basis of all population genomic analyses and unless otherwise

specified were generated as follows. ANGSD was run using the genotype likelihood (GL)

model from GATK (-gl 2), inferring major and minor alleles from GL data (-doMajorMinor 1),

estimating allele frequencies from GL data (-doMaf 1). Read data was filtered to include only

bases with a quality score of at least 30 (-minQ 30) and reads with a mapping quality score

of at least 30 (-minMapQ). SNPs were filtered to remove rare alleles (MAF >0.05), keeping

only sites with p value<10-6 (-SNP_pval 1e-6) and only sites with data for at least 100

individuals.

Analysis with ANGSD was restricted to a 258Mb subset of the genome to avoid duplicated,

low complexity and poorly assembled regions as follows. First, GENMAP (v1.2.0) (Pockrandt

et al., 2020) was used to estimate the mappability of each site. Mappability scores were

computed with k-mers with no more than 2 mismatches (-K 50 -E 2), and sites were retained

if they had a mappability score equal to one which suggests they can be uniquely mapped.

Second, we used mdust (v2006.10.17; default parameters) to identify and exclude

low-complexity regions in the genome. Third, we excluded any sites from short (< 1Mb)

scaffolds to reduce the influence of artefacts at the ends of fragmented reference

sequences. Finally, since regions with very high or very low mapping depth are often

associated with ambiguous mapping due to repeats, we removed sites with global depth

across all samples with a depth higher or lower than the range's 1% percentile (minimum

17×, maximum 1102×).

Population structure and admixture

We used PCAngsd (v1.10)(62) to explore population structure and calculate admixture

coefficients for all individuals. As input to PCAngsd we use genotype likelihoods calculated

with ANGSD (see above) across the entire dataset (212 samples). The output covariance

matrix estimated based on individual allele frequency was then used to compute eigenvalues

and eigenvectors using the R package eigen and to generate PCA plots. PCAngsd was also

used to automatically infer the best number of clusters (K=2, -admix_auto 10000) and

perform admixture analysis. This revealed four highly admixed individuals (MI-1-1_S10,

PI-1-16_S16, DI-2-4_S17, ARL_15_S69) that were excluded from further analyses. We also

used NGAdmix to explore admixture with alternative numbers of clusters (K=2, K=3). The

results for K=2 were qualitatively similar to PCAngsd and results for K=3 showed little

support for a third cluster. Results for NGSAdmix with K=2 are shown in Figure 1.

To confirm that structure within the non-Magnetic Island population was not obscured by the

presence of Magnetic Island samples we reran ANGSD and PCAngsd excluding all
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Magnetic Island samples and admixed samples. A PCA plot based on this analysis

(Supplementary Figure S4) showed no visible structure between inshore and offshore.

To complement PCAngsd analyses we built sample trees based on pairwise genetic

distances measured using the identity-by-state (-doIBS 1) calculation in ANGSD which

randomly samples a single read from each position from each sample within filtered

reference sites. The R function hclust was then used to generate a UPGMA tree from the

IBS distance matrix and this was visualised with ggtree (63) (Supplementary Figure S5).

Genome-wide estimates of genetic diversity within and between reefs

To calculate reef-specific diversity and divergence statistics, we first used the realSFS

program within ANGSD to estimate one-dimensional (1D) folded site frequency spectra

(SFS) for each of the nine reef locations separately, and two-dimensional folded SFS (2D)

for each reef pair. Before estimating the SFS with realSFS, a two-step procedure was first

implemented to generate a saf (site allele frequency likelihood) file followed by an

optimisation of the saf file using ANGSD (-dosaf 1). Pairwise nucleotide diversity (π),

Watterson’s θ, and Tajima’s D were estimated from the 1D-SFS of each reef using the

thetaStat function within ANGSD with a sliding-window size of 10kb and s step size of 4kb.

Global estimates of FST for each pair of reefs were computed directly from the 2D-SFS using

the Reich estimator implemented in realSFS (Reich et al., 2009). A bootstrapped UPGMA

tree based on pairwise FST was also generated using the R package ape (Supplementary

Figure S6).

Individual heterozygosity

The heterozygosity for each sample was estimated in ANGSD as the proportion of

heterozygous sites in the 1D-SFS of each individual. A saf file was generated for each

sample using ANGSD and used to estimate the 1D-SFS with the realSFS. The

heterozygosity rate is calculated by dividing the number of variant sites by the total number

of sites in R. This calculation was performed for each sample based on all available reads

and then again for each sample after down-sampling to 2× coverage to determine whether

differences in coverage could explain consistent differences between inshore and offshore

samples (Supplementary Figure S7). The same procedure for calculating individual

heterozygosity was also used within inversions by restricting the analysis to reads

overlapping each inversion.

Analysis of symbiont reads
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To identify the dominant genus of Symbioiniaceae within each sample, we used the moqc

pipeline (https://github.com/marine-omics/moqc) which performs a taxonomic classification

of raw reads with the program KrakenUniq(64). The database for KrakenUniq included a

representative full genome for each of the five major coral-associating genera as well as

sequences from common contaminants and the genome of the coral host. Full details of all

sequences used for database construction are provided as part of the moqc documentation.

Since KrakenUniq profiles for almost all samples showed Cladocopium as the dominant

symbiont we mapped deduplicated reads to the Cladocopium mitochondrial genome

(downloaded from http://symbs.reefgenomics.org/). We then used the doHaploCall function

within ANGSD to obtain the consensus base at each position and print only positions where

there is at least one variant allele (minMinor 1) and exclude positions where more than 10

individuals have an ambiguous base (maxMis 10). This resulted in alignment with 145

variable sites that we then cleaned further with goalign(65) to remove sequences from 29

samples that had more than 4% ambiguous bases. This alignment was used to generate a

haplotype network with PopArt (Figure 2), and was also used to generate a maximum

likelihood tree with IQ-Tree(66). IQ-Tree was run using ModelFinder to automatically detect

the best evolutionary model and with 1000 ultrafast bootstraps. Visual inspection of this tree

was used to identify individual samples belonging to the two most common haplogroups

(Supplementary Figure S9) referred to in the text as C1 and C2.

To verify that distinctions between C1 and C2 symbiont harbouring colonies are not due to

idiosyncrasies of mitochondrial genomes or difficulties calling consensus sequences from

low coverage, we used d2ssect (https://github.com/bakeronit/d2ssect) to calculate pairwise

distances between samples based on shared kmers within reads of symbiont origin using

D2S statistic(67). All deduplicated reads that mapped to the Cladocopium genome were

used for d2ssect analysis which generates a distance matrix based on d2s statistics. The

cmdscale function in R was then used to reduce this distance matrix to 2 dimensions for

plotting. The resulting plot, coloured by symbiont mito-haplogroup is shown in

Supplementary Figure S10.

Identifying and genotyping inversion loci

Inversion loci were initially identified using PCAngsd(68) as peaks in local genetic structure

(Figure 3). PCAngsd was run on all non-hybrid non-Magnetic Island individuals (n=187) with

the `-selection` option which calculates variant weights based on the first principal

component (Galinsky statistic). Results were converted into pseudo-chromosome

coordinates using RagTag(69) (see below) and Galinsky statistics were converted to
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p-values using the pchisq function in R. Results for individual variants were then smoothed

by calculating the average of -log10(p) within 100kb sliding windows with a 10kb step using

bedtools(70). Inversion boundaries were then calculated by finding the start and end points

of regions where -log10(p) exceeded 3 (p<0.001).

An attempt was made to replicate the inversion finding process described above for the 21

Magnetic Island individuals (excluding hybrids, clones and close-kin) but this did not yield

any peaks exceeding our p-value threshold. To demonstrate that this lack of signal was most

likely due to low sample size we performed the same analysis on a random subset of 21

individuals from the non-Magnetic Island population. The results of this analysis are shown

in Supplementary Figure S11.

To infer inversion genotypes we first extracted genotype likelihood data specific to each

inversion from the overall (genome-wide) genotype likelihoods calculated with ANGSD. A

separate PCAngsd analysis was then run on each of these genotype likelihood files and

genotypes were inferred by partitioning samples into three clusters along the first principal

component (Supplementary Figure S12). The central cluster was always assumed to

comprise heterozygotes (A/B) and clusters at the extremes were arbitrarily assigned to one

of the two potential homozygous genotypes (A/A or B/B). Clusters were inferred using

k-means clustering in R with k=3. Visual inspection of PC1 values and genotype

assignments clearly indicates that not all samples could be unambiguously assigned to a

single cluster, and it is therefore likely that our genotype assignments are not error-free.

Nevertheless, we found that genotype proportions for all inversions did not deviate

significantly from those expected under Hardy Weinberg Equilibrium (Supplementary Table

S4)

Heterozygosity, linkage disequilibrium and pairwise sample distances within
inversions

To calculate individual heterozygosity within each inversion we used ANGSD and realSFS to

generate a folded allele frequency spectrum for each sample and then calculated

heterozygosity as the proportion of heterozygotes to invariant sites.

Linkage disequilibrium was calculated for genomic regions including each inversion plus up

to 1Mb of flanking sequence at each end. Linkage disequilibrium statistics were then

calculated using ngsLD(71) on genotype likelihood data for SNPs within each of these

regions with individuals grouped into genotypes inferred via PCA (see section above). To

reduce computation time and output file size a random sample of 1% of SNPs was used for
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inversions L1-L4 and a sample of 50% of SNPs used for L5. Only SNPs with data for at least

25 individuals were included. Outputs from ngsLD were then further processed in R to

calculate average values of the EM r2 statistic for all SNPs in a regular 30×30 grid over each

interval.

To investigate the age of inversions relative to the split between Magnetic Island and

non-Magnetic Island populations we calculated genetic distances between pairs of

individuals at inversion loci using ngsDist(72) https://github.com/fgvieira/ngsDist. Starting

with ANGSD genotype likelihoods calculated on all 212 correctly identified unrelated

individuals, we extracted data for SNPs contained within each inversion and also for a set of

100, 50kb regions randomly sampled from the genome. We then used ngsDist to calculate a

pairwise genetic distance matrix for each of these data subsets, using the `--pairwise_del`

option to ensure that only sites with data for both individuals were used. We then used the

`hclust` package in R to generate a UPGMA tree based on pairwise distance matrices for

each of these datasets. These trees are shown in Supplementary Figure S14.

Variant severity in inversions

Since ANGSD variant calling focuses entirely on SNPs we used the bcftools mpileup variant

caller to call SNPs and small indels for the purposes of variant severity analysis. As input to

bcftools we used the same read alignment files that were used for ANGSD and we used the

-q 20 and -Q 20 flags to ignore low quality (Phred<20) basecalls and alignments

(MAPQ<20). We then filtered variant calls to retain only biallelic variants with at least a minor

allele count of 2 and with quality scores greater than 30. Variants were also removed if they

had more than 50% missing genotypes or a highly skewed allele balance (FS<20). The

resulting vcf file was then split into a component that overlapped with inversions and a

background component that overlapped with 100 randomly selected 50kb regions. We then

ran snpEff(56) (version 5.2a) on each of these files to predict variant impacts, restricting the

analysis to genic regions to avoid biases due possible differences in gene density between

regions. Variants were then tabulated according to the top 3 severity levels (low, medium,

high) and allele frequency. In general we found that variant count decreased as a function of

allele frequency, however, a relatively large number of variants with frequencies close to 1

(>0.99) were present. We removed these variants as they may represent assembly or

sequencing errors in the reference.

Significance of ecological variables in structuring genetic variance in inversions
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We used analysis of molecular variance (AMOVA)(73) to test the significance of various

factors in structuring genetic variance at inversion loci. For this analysis we used inversion

genotypes inferred using k-means clustering along PC1 (see above) and did not consider

SNPs within inversion haplotypes. Analyses for each inversion were conducted separately

with two models ~shore/reef and ~symbiont/reef where shore codes for inshore and offshore

reef locations. Only colonies that could be clearly assigned to either C1 or C2 dominant

symbionts were used for the symbiont analysis. AMOVA’s were calculated using the amova

function in the poppr package and statistical significance of variance components were

tested using the randtest.amova function with 999 random permutations. A summary of

p-values and phi statistics for all tests is provided in Supplementary Table 2.5.

Calculating sliding-window population genetic statistics

We used ANGSD to estimate genome-wide patterns of pairwise FST, genetic diversity, and

Tajima’s D. FST and Dxy were calculated for three pairwise contrasts between samples; 1)

inshore and offshore reefs excluding Magnetic Island, 2) non-Magnetic Island and Magnetic

Island and 3) samples that could be unambiguously assigned as harbouring C1 vs C2

symbionts.

For each sample grouping, realSFS was used to estimate the 1D SFS and then the 2D SFS

for each pair of groups. Pairwise FST was then calculated in sliding windows using (realSFS

fst stats2 -type 1) with a window size of 20kb and step of 4kb. For each sample grouping

theta statistics were estimated using thetaStat within ANGSD (thetaStat do_stat -type 1)

using the same sliding windows for FST scans. To avoid false signals resulting from

window-based statistics dominated by very little data in the window, we excluded windows

where the number of available sites (passing quality checks) was less than 10% of all sites.

We used a Perl script getDxy.pl

(https://github.com/mfumagalli/ngsPopGen/blob/9ee3a6d5e733c1e248e81bfc21514b0527da

967b/scripts/getDxy.pl) provided by the ngsPopGen toolset to calculate the DXY for every site

in the mafs files generated by ANGSD, non-bi-allelic sites were removed in the calculation.

Per-site DXY values were then grouped into sliding windows from FST estimates and the

average value was assigned as the value for each window using Bedtools intersect and

groupby.

GO term enrichment of genes captured by inversions

To investigate genes captured by inversions we used bedtools to find all 214 genes that

overlapped with inversion coordinates. Functional annotations for these genes, and all genes
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in the A. kenti genome were obtained from supplementary material in (51). Functional

enrichment of genes within inversions was tested using topGO with the weight01 algorithm

which reduces the likelihood of false positive enrichment in higher level terms. Statistical

significance of enrichment was assessed using Fisher’s exact test and terms with p<0.01 are

listed in Supplementary Table S6. For the most significantly enriched term (GO:0003677)

supporting genes are listed in Supplementary Table S7

Building a pseudo-chromosome reference

To facilitate the visualisation of genome-wide genetic statistics in manhattan plots, we used

ragtag v2.0.1 (Alonge et al., 2019) to align the Acropora kenti genome to the Acropora

millepora chromosome-level genome assembly (Fuller, Mocellin, et al., 2020) with default

parameters. 488 out of 614 A. tenuis scaffolds were placed accordingly, comprising 94.3% of

the assembly. The results were used to translate the base position in the original A. kenti

assembly into the pseudo-chromosome level assembly for visualisation purposes.

Read-based evidence for inversions

We ran manta(55) with default parameters to call structural variants from one deeply

sequenced individual at Fitzroy Island and one at Magnetic Island. Inversions were extracted

and overlapped using a consensus approach previously described (pubmed:31844586) and

visualised using IGV (pubmed: 22517427) for manual validation.

Detailed methods including code and additional data is available on github

https://github.com/bakeronit/acropora_kenti_wgs. Raw sequencing data is available under

the NCBI Bioprojects XXXXX and XXXXX.

Supplementary Figures

Supplementary Tables
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