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SUMMARY

Coral reefs are the epitome of species diversity, yet the number of described scleractinian coral species,
the framework-builders of coral reefs, remains moderate by comparison. DNA sequencing studies are
rapidly challenging this notion by exposing a wealth of undescribed diversity, but the evolutionary and
ecological significance of this diversity remains largely unclear. Here, we present an annotated genome
for one of the most ubiquitous corals in the Indo-Pacific (Pachyseris speciosa) and uncover, through a
comprehensive genomic and phenotypic assessment, that it comprises morphologically indistinguishable
but ecologically divergent lineages. Demographic modeling based on whole-genome resequencing indi-
cated that morphological crypsis (across micro- and macromorphological traits) was due to ancient
morphological stasis rather than recent divergence. Although the lineages occur sympatrically across
shallow and mesophotic habitats, extensive genotyping using a rapid molecular assay revealed differenti-
ation of their ecological distributions. Leveraging “common garden” conditions facilitated by the overlap-
ping distributions, we assessed physiological and quantitative skeletal traits and demonstrated concurrent
phenotypic differentiation. Lastly, spawning observations of genotyped colonies highlighted the potential
role of temporal reproductive isolation in the limited admixture, with consistent genomic signatures in
genes related to morphogenesis and reproduction. Overall, our findings demonstrate the presence of
ecologically and phenotypically divergent coral species without substantial morphological differentiation
and provide new leads into the potential mechanisms facilitating such divergence. More broadly, they indi-
cate that our current taxonomic framework for reef-building corals may be scratching the surface of the
ecologically relevant diversity on coral reefs, consequently limiting our ability to protect or restore this
diversity effectively.
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INTRODUCTION

Tropical coral reefs are known for their high levels of biodiversity,
harboring hundreds of thousands of macroscopic and an un-
known number of microscopic species.” Interestingly, the contri-
bution of reef-building corals remains surprisingly moderate,
with only ~750-850 valid species accepted worldwide.? > Under
the current taxonomic framework, species are distinguished pri-
marily based on diagnostic skeletal characteristics, an approach
that originated from the early days of coral reef science, when
underwater observations were extremely challenging.®” Skeletal
traits at both the corallite and colony level are often highly vari-
able within species and across environments, posing a major
challenge to coral taxonomy.® Conversely, skeletal traits are
known to converge and can even obscure deep phylogenetic di-
vergences at the family level,®'° highlighting further challenges
to the use of the skeletal morphospace as a taxonomic frame-
work. Molecular approaches have helped resolve some of these
difficulties by differentiating morphological plasticity from actual
species traits,'"'? confirming species separation in the context
of subtle morphological differences,®™'° and clarifying deeper
evolutionary relationships within the order.®'° However, molec-
ular studies have also uncovered a wealth of undescribed
diversity within taxonomic species that cannot be readily ex-
plained.’" 6724

The notion that scleractinian coral diversity may be far greater
than acknowledged through conventional taxonomy is not novel.
A seminal review published over 2 decades ago highlighted the
ubiquitous presence of sibling species in the marine realm and
stressed the importance of exploring its ecological relevance.”®
Since then, molecular studies have indeed exposed “taxonomi-
cally cryptic diversity” (i.e., genetically distinct taxa that have
been erroneously classified under a single species name) within
many coral genera.’’**® However, much of this cryptic diversity is
being exposed through population genetic studies designed to
relate genetic patterns to geography,”® and consequently, it
usually remains unclear to what extent they represent
phenotypically and ecologically distinct entities (but see excep-
tions?” "), including whether lineages are truly morphologically
cryptic. In fact, well-studied examples of coral species
complexes are characterized by substantial morphological
differentiation,'*'®172027 and we still know little about the po-
tential for ecological or phenotypic differentiation when gross
morphology is largely constrained. The traditional use of only a
few genetic loci has further impeded an assessment of the evolu-
tionary context of cryptic diversification and the respective roles
of neutral versus selective processes on ecological or reproduc-
tive traits.?®*? Overall, the ecological relevance of cryptic diver-
sity in corals remains poorly understood and is rarely considered
in ecological studies or conservation planning.

To address this knowledge gap, we conducted a comprehen-
sive assessment to evaluate the nature of cryptic diversity in Pa-
chyseris speciosa (“serpent coral”; Figure 1A), one of the most
ubiquitous and abundant species across the Indo-Pacific.®
This zooxanthellate coral has one of the widest bathymetric dis-
tributions on tropical coral reefs—from close to the surface to
lower mesophotic depths (~5-95 m)**—and has therefore
been the focus of studies assessing its ecological oppor-
tunism.**>" Our initial assessment of its genetic structure
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indicated the presence of undescribed sympatric lineages, and
we therefore used this as an opportunity to explore the extent
to which cryptic diversity can obscure genomic, ecological,
and phenotypic divergence and how reproductive isolation
may be maintained in such closely related lineages. Specifically,
our study (summarized in Figure 1) involved the generation of an
annotated genome for P. speciosa using long-read sequencing,
which we used as a reference for reduced-representation
sequencing (nextRAD) of populations ranging from across the
geographic and bathymetric distribution of this species. Subse-
quent whole-genome resequencing (WGS) of representative
coral colonies was implemented for demographic modeling
and for the development of a cleaved amplified polymorphic
sequence (CAPS) assay to assess ecological, phenotypic, and
reproductive differentiation in the uncovered lineages from
Australia. Overall, our findings demonstrate the potential for
ecological and phenotypic divergence without substantial
morphological differentiation and highlight that conventional
skeleton-based taxonomy may be substantially underestimating
the ecologically relevant diversity of scleractinian corals on trop-
ical coral reefs.

RESULTS AND DISCUSSION

Genome assembly and annotation

We generated a highly contiguous reference genome for Pachy-
seris speciosa, assembled through PacBio single-molecule
long-read sequencing (Figure 1D; Table S2). The assembled
genome size is 984 Mb, representing one of the largest coral ge-
nomes reported to date and comprising 2,368 contigs with a N50
size of 766.6 kb (largest contig 4.6 Mb; Table S2). In total, 39,160
protein-coding genes were predicted —a number comparable to
that of two other recently sequenced corals from the “robust”
clade (i.e., one of the two major clades of extant corals)*®*°—
with the gene models being 90.5% complete and 5.1% partial
(based on conserved single-copy metazoan orthologous genes;
Table S2). De novo repeat annotation revealed that 52.2% of the
assembly is occupied by repetitive elements, which are generally
better resolved in long-read assemblies.’® The dominance of
transposable elements compared with other robust corals indi-
cates that the larger genome size may be substantially driven
by expansion of those transposons (Table S2).*!

Pachyseris speciosa represents a sympatric species
complex

The annotated genome assembly was used as a reference for
nextRAD sequencing, where we targeted P. speciosa colonies
(n = 501) from 32 sites in Australasia (the Great Barrier Reef
[GBR], the Western Coral Sea [WCS], and Papua New Guinea
[PNG]), Okinawa (OKI), and Israel (ISR) (Figures 1E and S1; Table
S1). Genetic structuring based on principal-component and
neighbor-joining analyses revealed the presence of four highly
divergent lineages (Figures 2 and S1C). One lineage represents
the geographically separated ISR population (Gulf of Agaba)
and indicates the existence of a distinct species in the Red
Sea region, consistent with patterns observed in other coral
genera.’**?% The other three lineages occurred sympatrically
at each of the sampled reefs in Australasia, hereafter arbitrarily
referred to as “green,” “blue,” and “red” lineage, with the
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Figure 1. Overview of the study system and sequencing/genotyping approach

(A) Pachyseris speciosa colonies at 40 m depth (Western Coral Sea).
(B) Predicted geographic distribution®®
(C) Sampled habitats and their corresponding water depths (+3 m).
(D) Genome assembly summary statistics.

of Pachyseris speciosa sensu lato and the five sampling regions.

(E) Circular phylogenetic tree summarizing the reduced-representation sequencing data (nextRAD; 8,536 SNPs) and showing the partitioning into four major
lineages. Sample region is indicated in the inner surrounding circle and sample selection for whole-genome sequencing is indicated in the outer surrounding

circle.

(F) Admixture proportion (PCAngsd) based on whole-genome resequencing (WGS; ~37M SNPs) of representative samples from the three lineages occurring on

the Great Barrier Reef.

(G) Geographic and ecological distribution of the lineages across habitats and regions (excluding Israel) based on the CAPS genotyping assay (1-3 markers per
sample) merged with the nextRAD data (note that assignments for Okinawa are based exclusively on nextRAD data).

assembled reference genome representing a genotype
belonging to the green lineage. Subsequent structure analyses
using a maximum-likelihood framework (snapclust) indicated
an optimum between four and six clusters, and the additional
two clusters (for k = 5 and 6) correspond to two populations
from OKI that grouped with, respectively, the blue and green lin-
eages but were substantially differentiated from those in eastern
Australia (Figures S1D and S1E). Beyond this expected
geographic differentiation of sub-tropical OKI, the overall struc-
turing demonstrates the presence of genetically distinct lineages
within the currently acknowledged species, P. speciosa.
Phylogenomic analyses demonstrate that the P. speciosa lin-
eages represent a closely related species complex, compared
to congeners Pachyseris rugosa and Pachyserisinattesa (Fig-
ures 3A, S2A, and S2B). Differentiation between the red, green,
and blue lineages is observed across the genome, and global
mean Fst values are much higher (average = 0.1256; range:
0.1032-0.1613) than between geographic regions within these
lineages (average = 0.0207; range: 0.0130-0.0339; Figures 2
and S1E). The two lineages in OKI are more related to the green
and blue lineages, respectively, from Australia than to each
other (global mean Fst = 0.1324; Figure S1E) and consistently
grouped together with those lineages in both concatenated
and species tree phylogenies (Figures 3A, S2A, and S2B). The
“purple” lineage exclusive to ISR (Red Sea) is, on average,
the most divergent of all the lineages and was consistently
placed as ancestral to the blue and “dark blue” lineages
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phylogenies. Deeper phylogenetic relationships between the
lineages are less clear, with low bootstrap support for the short
backbone internodes of the three major clades (red, “green/
dark green,” and “purple/blue/dark blue”; Figures 3, S2A,
and S2B). The apparent restricted distribution of the red lineage
in Australasia indicates that it may have originated in that re-
gion, and similarly, the consistent ancestral placement of the
purple lineage may indicate a potential origin of that clade
(“blue/purple”) in the Indian Ocean.

Indications of admixture (i.e., samples with a maximum
assignment <0.95) between the three lineages were minimal
with the exception of one F1 hybrid on the GBR (Figures 2
and S1F). This coral had a roughly equal assignment to the
green and blue cluster and a heterozygous genotype for 35
out of 39 genotyped SNPs that were alternatively fixed between
corals belonging to these two clusters. Admixture signatures of
most other putatively admixed samples were indicative of
analytical artifacts (e.g., due to admixture with an unsampled
population/lineage; Figure S1F). Overall, the limited admixture
and presence of only a single F1 hybrid (with its reproductive
viability being unknown), indicates that the three lineages
have evolved reproductive isolation. This, combined with their
widespread sympatric distribution, provides further support
that these lineages represent distinct species (with their formal
description underway; P.M. and P.B., unpublished data), add-
ing to the ever-growing number of (taxonomically) cryptic spe-
cies within the Scleractinia.?’*°
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Figure 2. Genetic structuring and genome-wide differentiation of P. speciosa lineages based on nextRAD sequencing

(A) Neighbor-joining tree with matching snapclust (k = 4-6) and STRUCTURE (k = 6) assignments for each coral colony (nextRAD; 1,861 distance-filtered SNPs).
Dots in the “location” column indicate sampling population (geographically arranged within region) with the color indicating STRUCTURE assignment (potentially
admixed samples in black). The Pachyseris rugosa outgroup (n = 3) is not included in the clustering analyses.

(B) Manhattan plots showing genome-wide distribution of Fst values for different P. speciosa lineage comparisons (nextRAD; showing 13,760 SNPs). SNPs are
plotted along pseudochromosomes (mapped to Acropora millepora for visualization purposes), showing only those that mapped and with the alternating colors
indicating the two lineages compared in each plot. Gray and black dots indicate SNPs that are alternatively fixed (large dot) or identified as pcadapt outliers
(medium-sized dot), with a black color indicating missense variants. Alternatively, fixed missense variants relating to the inter-comparison of the three Aus-
tralasian lineages are additionally labeled with their gene ID and the corresponding UniProt gene and protein names (note that two variants, identified as located in
Hecw?2 and an unidentified gene, are not mentioned here, as they did not map to A. millepora chromosomes).

See also Figure S1.

Morphologically cryptic lineages despite ancient
divergence

Gross morphological variation in P. speciosa has been charac-
terized as highly constrained, compared to the much more vari-
able congener P. rugosa.”*® This lack of macromorphological
variation was confirmed in an assessment of in situ photographs
of sampled colonies (n = 157) from the GBR and WCS. We did
observe variability in the height, continuity, and symmetry of
the carinae (i.e., the characteristic “ridges” of this species); how-
ever, this variation did not partition across the three different lin-
eages (Figure S3A). Similarly, an examination of qualitative traits
using skeletal specimens exposed variation in some of the traits
(mostly related to the carinae), but again, this was not partitioned
across the three different lineages (n = 36; Table S3), nor did it
align with one of the other five currently accepted species
described in this genus.” An initial assessment of micro-skeletal
features using scanning electron microscopy also did not reveal
differentiating characteristics between the three lineages (n = 15;
Figure S3B).

In contrast to the lineages being morphologically indistinguish-
able, they are divergent genomically with 146 alternatively fixed
SNPs among the three lineages in Australia (0.5% of 29,287
SNPs based on nextRAD sequencing; Figure 2B). This included
8 missense variants (i.e., a nonsynonymous substitution produc-
ing a different amino acid) located in genes of which 7 had

homology to UniProtDB genes (Figure 2B). This included the
fibroblast growth factor receptor 2 gene (Fgfr2) thought to be
involved in environmental sensing and larval metamor-
phosis,*®*° the Dix7a gene from the homeobox-containing su-
perfamily generally associated with morphogenesis,*® and the
Pappa gene encoding the pregnancy-associated plasma pro-
tein-A (which is upregulated during spawning in Orbicella franksi
and Orbicella annularis).”" Outlier analyses using pcadapt identi-
fied a total of 459 SNPs, which included 19 additional missense
variants. This included genes associated with the circadian clock
(Hcertr2), skeletal matrix (CADN_ACRMI, Fat1), and the thermal
stress response (Sacs).*>°* When comparing the three lineages
with the purple lineage from ISR, we identified alternatively fixed
missense variants in 16 additional genes. Several of these (Sacs,
Pxdn, Ipo9, and Park2) belonged to gene families known to be
involved in the coral heat stress response,® >’ potentially
related to the thermal resilience generally associated with corals
from this region.*®

Whole-genome resequencing of representative green, blue,
and red colonies from the GBR (n = 20 at 4-27x coverage)
further confirmed the strong genetic differentiation with minimal
admixture (Figure 1F). To assess whether the three lineages have
diverged recently and/or experienced differences in demo-
graphic history, we used the pairwise sequentially Markovian
coalescent (PSMC)>° approach for a subset of colonies that
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Figure 3. Phylogenetic relationships and demographic history of P. speciosa lineages
(A) Maximum-likelihood consensus tree (raxml) based on concatenated loci (nextRAD; ~1,7M distinct alignment patterns), with individual bootstraps (n = 400)
shown mirrored on the right. Dots on nodes indicate high bootstrap support (>95%), with crosses indicating a lower bootstrap support. Yellow circles highlight

uncertain backbone internodes (based on raxml and tetrad phylogenies).

(B) Demographic history as inferred through whole-genome resequencing. Changes in inferred, effective population size as estimated using MSMC for 10 deeply
sequenced coral colonies (WGS; ~0.8-1M SNPs) representing the three P. speciosa lineages occurring sympatrically in Australia. Smoothed lines in bold
represent averages for each of the three lineages. The timescale is shown in units of numbers of generations in the past, with the additional x axis showing time in
the past, assuming a generation time of 35 years. A mutation rate of 4.83e® was assumed for all calculations.**

See also Figure S2.

were sequenced at greater depth (14-27x coverage; n = 10).
Modeled demographic histories showed much greater variation
between than within lineages and fail to converge, suggesting an
ancient divergence as far back as 10 mya (Figure 3B) and that the
cryptic nature is due to morphological stasis rather than recent
divergence. All lineages peaked in effective population size
around 1-3 mya, which is consistent with PSMC analyses in
recent studies on other robust’* and complex® corals. Given
an ancient divergence, the short backbone internode observed
in phylogenetic analyses (Figures 3 and S2) may be indicative
of an “ancient rapid radiation,”®" with the observed geographic
patterns highlighting the potential role of vicariance events asso-
ciated with oceanographic barriers across the Indian Ocean and
the Indo-Australian Archipelago during the Late Miocene/Plio-
cene.’> We also constructed circularized mitochondrial ge-
nomes from the whole-genome resequencing data (~19 kbp
in length), which in contrast only showed a limited assortment
of mitochondrial haplotypes into lineage-specific groups (Fig-
ure S2D), potentially reflecting incomplete lineage sorting and/or
ancient introgression, combined with very low mutation rates
typical of anthozoans.®*** It also reiterates how mitochondrial
regions in corals for species-level phylogenetics should be
used cautiously.’®

Ecological and phenotypic differentiation of the

lineages

Given the lack of diagnostic morphological features discrimi-
nating the three P. speciosa lineages, we designed a CAPS
assay based on the nextRAD data to allow for high-throughput
or field-based genotyping. We used the rapid assay to expand
the number of identified genotypes (n = 1,442) to include a
broad range of reef habitats and locations and assessed
whether there are other ecological and/or phenotypic traits
that distinguish the three lineages. The genotyping confirmed
the ubiquitous sympatric distribution, with 39 out of 45 sampled
Australasian sites containing representatives of all three

2290 Current Biology 37, 2286-2298, June 7, 2021

lineages (Figure 4A). However, there was a significant overall
effect of habitat and region on the relative abundances of the
three lineages, with pairwise tests indicating significant differ-
ences between shallow (back-reef and 10 m) and mesophotic
(40 m and 60 m) habitats (confined to GBR and WCS; Table
S4). When assessing the proportions of individual lineages
over depth, the red lineage was significantly more abundant
on shallow (back reef and 10 m) as compared to intermediate
(20 m) and mesophotic (40 and 60 m) habitats, with the oppo-
site pattern observed for the green and blue lineages (Figure 4B;
Table S4). Although the red lineage was not found in OKI, the
divergent green and blue lineages appeared to be associated
with, respectively, shallow and mesophotic depths (Figures
1G and 4A), indicating there may also be distinct ecological dis-
tributions in that geographic region.

To examine potential phenotypic differentiation, we quantita-
tively assessed skeletal and physiological differences between
lineages in Australia. Principal component analyses based on
coral host skeletal traits (four traits; n = 54), physiological traits
(protein and lipid content; n = 69), and Symbiodiniaceae physio-
logical traits (cell density and five pigment traits; n = 70) revealed
separation between lineages despite high levels of variance (Fig-
ures 4D-4F). The green and red lineages differed significantly
across all three trait groups, whereas the blue and red lineages
differed in skeletal traits and blue and green in symbiont physio-
logical traits (Table S4). In terms of skeletal traits, the mean
density of septa (i.e., vertical blades inside the corallite) was
significantly lower in the red lineage, but not morphologically
diagnostic, given the overlapping ranges (Figure S4). Observed
ranges of physiological traits were similar to those reported in
other studies that include P. speciosa,>"*® but separating the
three lineages revealed differences in protein content, Symbiodi-
niaceae density, and photosynthetic pigment concentrations
(Figure S4). Although Pachyseris speciosa sensu lato is usually
restricted to shaded or deeper environments, it has been consid-
ered an efficient autotroph across its entire depth range.*®
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Figure 4. Ecological, phenotypic, and reproductive characterization of P. speciosa lineages

(A) Proportional composition of P. speciosa lineages across geographic locations and depth/habitat (based on CAPS and nextRAD genotyping). Gray back-
ground indicates that no sampling was conducted. Gray lines indicate significant pairwise differences (after Bonferroni correction), where *p < 0.05 and **p < 0.01.
(B) Boxplots summarizing relative abundances of P. speciosa lineages for each habitat and region (Great Barrier Reef and Western Coral Sea). Dots represent the
proportions for each individual population (n = 41; corresponding to those in A).

(C) Binary heatmap indicating the spawning status of 54 P. speciosa colonies (rows) over time (columns) and grouped by lineage. Colonies were collected at
Orpheus Island (Great Barrier Reef) and monitored ex situ between 3 and 9 days after the full moon in November 2017. Opaque cells indicate the release of eggs
(asterisk) or sperm (no symbol). Empty cells indicate that the colony was isolated and monitored but that no gametes were observed (e.g., no gamete release was
observed for the green lineage).

(D) Principal component analysis (PCA) for four host skeletal traits.

(E) PCA for two coral host physiological traits: protein and lipid content.

(F) PCA for six Symbiodiniaceae photophysiological traits.

(G) Principal coordinate analysis for bacterial community structure (based on 16S amplicon sequencing). Coral colonies are compared within their own depth
groups: shallow (top plots; 10-20 m) and mesophotic (bottom plots; 40-60 m), with most colonies originating from either 10 or 40 m. Skeletal and physiological
traits were measured for samples from the Western Coral Sea, whereas the bacterial composition included samples from both the Great Barrier Reef (square
shapes) and Western Coral Sea (circle shapes) regions.

See also Figure S4 and Tables S4 and S5.

However, we observed a tendency for different lineages to vary  (greater protein concentrations) hosted greater symbiont den-
in how they trade symbiont densities for chlorophyll concentra-  sities (Figure S4). Although sample sizes were small relative to
tion per symbiont cell, where lineages with thicker tissues the observed variance, the results demonstrate the existence
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of phenotypic differences between the morphologically cryptic
lineages, pointing toward distinct physiological strategies.

To explore whether the phenotypic differences may be attrib-
uted to differences in coral-associated bacteria or algal symbi-
onts (Symbiodiniaceae), these microbial communities were
compared among the three lineages. Associated bacterial com-
munities were assessed by genotyping the host lineages from
samples of a previously published 16S rRNA gene metabarcod-
ing dataset (n = 43).°” No significant differences were found in
the bacterial community structure, richness, and diversity of
the three lineages (Figure S2E), but regional patterns were pre-
sent (WCS and GBR; Figure 4G; Table S4), confirming earlier
findings.®” Three bacterial operational taxonomic units (OTUs)
from the genera Corynebacterium and Gluconacetobacter
were consistently found in the three lineages, across regions.
Despite the lack of differences in the overall bacterial commu-
nities, there were two unique OTUs that were only found in the
blue and red lineage, respectively. To investigate potential differ-
ences in lineage-associated Symbiodiniaceae communities, we
screened the nextRAD data for contaminating chloroplast or
mitochondrial Symbiodiniaceae loci. We found three organellar
loci that were genotyped for several hundred samples, but these
were largely invariant within Australian samples. This is in line
with a previous study (from West Australia) that observed a single
Symbiodiniaceae type in P. speciosa over depth,** although
some depth partitioning was observed in the Red Sea.*® More-
detailed mitochondrial characterization was conducted by align-
ing whole-genome resequencing data from the three lineages to
the Cladocopium goreaui genome (ITS2 type C1);°° this revealed
a highly reticulated haplotype network based on an 8-kb mito-
chondrial region with 99.7% similarity across samples (n = 16).
Out of the eleven haplotypes, two were shared between the
green and blue lineages, whereas the remaining haplotypes
were found only once or multiple times but in a single lineage
(Figure S2C). Overall, microbial associations appeared to be
either primarily driven by environment (in the case of the bacterial
communities) or were highly consistent (Symbiodiniaceae), indi-
cating that observed phenotypic differences between lineages
were unlikely driven by distinct microbial associations.

Reproductive observations

Given the limited admixture between the sympatrically occurring
P. speciosa lineages, we monitored the reproductive behavior of
shallow colonies from Orpheus Island on the GBR. Previous re-
ports from that location indicated spawning of P. speciosa be-
tween 5 and 6 days after the full moon.®® Colonies were collected
from the field just after the full moon in November 2017, geno-
typed using the CAPS assay (which identified 20 red, 7 blue,
and 27 green colonies), and monitored ex situ for spawning
from 3 to 9 days after the full moon. On day 5, half of the colonies
of the red lineage released gametes (with one colony releasing
also on day 4), with no colonies from the other two lineages
releasing gametes (Figure 4C). On day 7, nearly half of the col-
onies from the blue lineage released gametes (with one also
releasing on day 6; Figure 4C), with again no colonies from the
other two lineages releasing gametes. No gamete release was
observed for the green lineage within the monitoring period,
although the green colony from which the draft genome was con-
structed spawned 8 days after the full moon in December 2014
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(STAR Methods). Overall, the average spawning time of male
colonies was 19 min after sunset (n = 13) versus an average of
43 min for female colonies (n = 4; Table S5), in line with general
observations of males spawning earlier in broadcast spawning
corals.®” Attempts to preserve unfertilized eggs in filtered
seawater (at ambient temperature) for experimental inter-line-
ages crosses were not successful (complete degradation within
24 h).

The observed temporal segregation in the timing of gamete
release observed during the November 2017 spawning provides
a potential mechanism to explain the minimal admixture be-
tween these sympatrically occurring lineages. Temporal repro-
ductive isolation is a common strategy for minimizing interspe-
cific gamete encounters in scleractinian corals, with the timing
difference ranging from hours®®°° to months.”®”" Rather than
diurnal or seasonal cycles,’>"* the 2-day difference in gamete
release observed here (between colonies from the red and blue
lineages) could be due to entrainment by the lunar cycle.
Although the role of temporal reproductive isolation will have to
be confirmed through further work, the identification of fixed
high-impact gene variants related to environmental sensing,
development, and gametogenesis provides initial leads to the
genomic basis of this potential prezygotic reproductive barrier.

Given the predicted split-spawning (i.e., mass spawning
occurring across at least 2 consecutive months) in 2017, we
maintained a subset of the colonies (n = 36) for additional spawn-
ing monitoring after the full moon of December in that year.
Observations undertaken for those colonies saw gamete release
for only one colony of the blue lineage and one of the green lin-
eages (both on day 4 after the full moon). In total, two-thirds of
the colonies from the red lineage released gametes, with release
observed in the period between day 3 and day 8, with most of the
release occurring on day 4 (8 colonies versus 1-3 colonies on the
other days; Table S5). Although these observations confirmed
the occurrence of a split spawning, they may not reflect natural
release patterns, given the extended time these colonies were
removed from natural cues (e.g., exposure to lunar cycle and
lack of exposure to tides). In addition, their prolonged close prox-
imity to one another in the single tank (“raceway”) in which they
were kept may have affected the timing of release (e.g., due to
chemical signaling).”® The observations confirm the potential
for experimental inter-lineage crossings under artificial condi-
tions to assess the additional or alternative role of gametic in-
compatibility in reproductive isolation.

Geographic and habitat structuring within lineages

Within each of the three Australasian lineages, principal compo-
nent analyses identified considerable substructuring, which was
driven to a large extent by sampling region (GBR, WCS, and
PNG; Figures 5A and 5C). However, additional substructure
was identified (2 to 3 apparent clusters) in the GBR samples
that could not be linked to subregions, locations, or habitat (Fig-
ure 5C). Discriminant analysis of principal components (DAPC)
further confirmed the genetic differentiation among the three
sampling regions (Figure 5B), indicating restricted gene flow
between these regions, with some exceptions indicating recent
admixture. Although genetic differentiation between the GBR
and WCS has been observed previously in other coral spe-
cies,”>’® here, we identify further differentiation between
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(A) Map showing the Australasian sampling locations/regions included in the DAPC plots.
(B) DAPC assignment plots for each of the three lineages (from top to bottom: green, red, and blue) using location as prior (but ignoring habitat and grouping

“North” and “Far North” locations on the Great Barrier Reef).

(C) PCA for each of the three lineages, showing structuring by region as well as unexplained substructuring within the Great Barrier Reef populations.
(D) DAPC scatterplot for the Great Barrier Reef using habitat as prior. PCA and DAPC scatterplots show individual colonies connected to, respectively, region and
habitat centroids, and analyses are based on nextRAD data (6,129-6,576 SNPs) after the removal of outliers.

See also Figure S5.

individual WCS atolls, confirming their rather isolated nature as
they are surrounded by deep oceanic water. In contrast, only
very subtle substructuring was identified between the “North-
ern” and “Far Northern” regions of the GBR (Figure 5C). The
inability to detect distinct location- or region-associated clusters
on the GBR could indicate the potential for gene flow over large
distances, a pattern observed for other coral species and facili-
tated by the high density of reefs along the outer shelf.”>"°
Nonetheless, given the presence of substructuring within each
of the locations (a pattern frequently observed in scleractinian
corals),?? such “panmixia” should be interpreted with caution.
Where other studies found a clear partitioning of cryptic line-
ages across habitats,”*>° we observed substantial overlap be-
tween the depth distributions of the three P. speciosa lineages
(e.g., the red lineage is present at shallow and mesophotic
depths but at lower relative abundances in the latter). Surveys
during the 2016 mass bleaching found that most Pachyseris col-
onies down to 25 m were bleached, although fewer than half of
the colonies at 40 m depth were bleached.° Opportunistic gen-
otyping of 14 healthy and 3 bleached colonies collected from
40 m during this event found healthy representatives of all three
lineages (8 green, 5 red, and 1 blue healthy colony versus 2 green
and 1 blue bleached colony). The broad depth range of these lin-
eages combined with the strong depth attenuation of bleaching
in Pachyseris®° raises the question whether deep populations
may benefit those at shallow depth by acting as a refuge and
source of reproduction.®’ Unfortunately, genetic differentiation
between habitats (within each lineage) could not be adequately
assessed at individual locations, given the small sample sizes

after splitting into cryptic lineages. When merging individual lo-
cations on the GBR, DAPC showed some discrimination be-
tween habitat clusters (Figures 5D, S5A, and S5B). This separa-
tion was driven by many low-contributing and several high-
contributing alleles, indicating there may be potential limitations
to such vertical connectivity (Figure S5C). However, as con-
founding factors may be at play (due to merging locations), this
should be further explored through a replicated sample design
across multiple locations with sufficient colonies from each line-
age at each depth.

Conclusions

Tens of thousands of multicellular species have been described
in association with tropical coral reefs, yet this is estimated to
represent <10% of their actual species richness.' Reef-building
corals (Scleractinia) have been considered to contribute rela-
tively little to this estimated discrepancy, with the taxonomy
considered to be relatively complete compared to other less-
studied coral reef taxa." Molecular approaches have indeed
corroborated many of the current taxonomic species®® but
have also unveiled extensive undescribed diversity within the
traditional morphological boundaries.?*® This pattern is likely
to be accelerated given the transition to genome-wide
sequencing approaches, solving the resolution issues associ-
ated with traditional sequence markers.*"**#* The inability to
discriminate this diversity as readily identifiable taxonomic units
in the field (or even through close skeletal examination) has
raised concerns about the practicality and necessity of incorpo-
rating it into our systematic framework, particularly as the lack of
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morphological differentiation can lead to the assumption of
negligible physiological differentiation. Although we found no
diagnostic morphological characters distinguishing the three Pa-
chyseris lineages in this study, the genome-wide differentiation
was accompanied by substantial differences in ecological and
physiological traits, demonstrating how morphological stasis
can mask substantial ecological divergence. Failure to recognize
such cryptic diversity will result in erroneous interpretations of
species distributions, extinction risk, and spatial genetic differ-
entiation,?"+?° all with critical ramifications for conservation man-
agement. In light of the rapid degradation of the world’s coral
reefs, it is critical to acknowledge and start capturing this hidden
diversity to improve our understanding and ability to protect
these fragile ecosystems.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be sent to Pim Bongaerts (pbongaerts@calacademy.org).

Materials availability

This study did not generate any new reagents.

Data and code availability

The accession number for the Pachyseris speciosa genome assembly reported in this paper is NCBI: PRUINA686157, with the raw
sequence data for the genome and transcriptome assemblies available through ENA: PRJEB23386. Raw sequencing data for the
reduced-representation (nextRAD) sequencing is available through NCBI: PRUINA701715, and for the whole-genome resequencing
through NCBI: PRINA686482. Gene models, variant call datasets, electronic notebooks, and scripts are accessible through https://
github.com/pimbongaerts/pachyseris.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Specimen used for genome sequencing

For the reference genome, sperm from a single colony of Pachyseris speciosa was collected at Orpheus Island Research
Station (under GBRMPA permit G14/36802.1). The colony was collected on 8 December 2014 from the Island’s fringing
reef (518.608°, E146.489°) from 6 m depth, and kept in a flow-through aquarium with 0.5 micron filtered seawater. Every after-
noon, one hour before sunset, the colony was placed in a container with as little filtered seawater as possible to cover the
whole colony. Broadcast spawning of sperm was first observed on 14 December 2014 at 18:35 (exactly at sunset). The colony’s
holding water was then centrifuged in 50 mL falcon tubes to concentrate the sperm into a pellet, using an Eppendorf
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5702 R centrifuge at 3,000 g for 15 min. The resulting sperm pellet was snap-frozen in liquid nitrogen and stored at
—80°C. Additional tissue from the colony was sampled on 15 December 2014, and stored at —80°C for transcriptome
sequencing.

Coral specimen collections

For population-level assessments, small fragments from a total of ~2,500 P. speciosa colonies were collected (details in Table S1)
from the Great Barrier Reef and Coral Sea atolls in Australia, Kimbe Bay in Papua New Guinea, Okinawa in Japan, and Eilat in Israel.
Primary collections were performed across three distinct reef habitats: the back-reef (10 m + 3), shallow slope (10 m + 3) and deep
slope (40 m + 3), with additional populations collected at intermediate (20 m + 3) and lower mesophotic depths (60-85 m). Samples
were collected using SCUBA or a remotely operated vehicle (ROV; Seabotix vLBV300) between 2012-2017. Additional outgroup
samples for phylogenomic analyses were collected from Pachyseris rugosa (Great Barrier Reef), Pachyseris inattesa (Eilat), and Lep-
toseris (cf.) glabra (Great Barrier Reef). Small fragments of the collected specimens were stored in salt-saturated buffer solution (con-
taining 20% DMSO and 0.5 M EDTA) and/or in molecular-grade ethanol, and for a proportion of specimens a skeletal voucher was
bleached, rinsed in freshwater and dried. The overall predicted geographic distribution of P. speciosa was downloaded from the
IUCN Red List of Threatened Species.®®

METHOD DETAILS

Overall summary of methods

We assembled and annotated a de novo reference genome using PacBio sequencing (~95X coverage) of a sperm sample from a
Pachyseris speciosa colony from Orpheus Island on the Great Barrier Reef. This was used as a reference for reduced-representation
sequencing (nextRAD) of P. speciosa colonies (n = 501) from shallow and mesophotic habitats in five different regions (Great Barrier
Reef, Western Coral Sea, Papua New Guinea, Okinawa and Israel). Whole-genome re-sequencing of representative P. speciosa sam-
ples (n = 20) was then undertaken for historic demographic modeling at ~5X or ~20X coverage. Given the lack of diagnostic morpho-
logical characteristics distinguishing the lineages, we designed a cleaved amplified polymorphic sequence (CAPS) assay to increase
the number of genotyped colonies (n = 1,442), and assess ecological, phenotypic and reproductive differences. Morphological dif-
ferences between lineages were assessed through in situ photographs (n = 157 colonies), examination of qualitative traits in bleach-
dried skeletons (n = 36 colonies), and micro-skeletal features using scanning electron microscopy (n = 15 colonies). Quantitative
measurements were undertaken for five skeletal characters (n = 54 colonies). Physiological characterization was undertaken through
protein and lipid quantification, Symbiodiniaceae cell counts, and photopigment quantification using high-performance liquid chro-
matography (HPLC) (n = 73 colonies). Spawning behavior was assessed through reproductive monitoring of colony fragments (n = 54)
during November/December 2017 at the Orpheus Island Research Station. Microbiome characterization was undertaken by geno-
typing host colonies (n = 43 colonies) from a previous study based on 16S rRNA amplicon sequencing.®”

Genome assembly and annotation

High-molecular-weight DNA was extracted from sperm through homogenization in liquid nitrogen (based on the method of Blin and
Stafford'?"). Initial sequencing was undertaken on the lllumina HiSeq 2500 platform following the PCR-free library construction pro-
tocol developed by the Broad Institute (https://software.broadinstitute.org/software/discovar/blog/). For the genome assembly,
long-read sequencing was then undertaken on the PacBio Sequel platform at the Ramaciotti Centre for Genomics, across 92
SMRT cells to ~100x coverage. RNA was extracted from tissue collected from the same colony, with directional RNA-seq libraries
sequenced on an lllumina HiSeq 2500 at the Australian Genome Research Facility (AGRF). Prior to the assembly, genome size and
heterozygosity rate were estimated based on the paired-end short reads. FastQC v0.11.6 (https://www.bioinformatics.babraham.ac.
uk/projects/fastqc/) was first applied to screen the base quality, GC-content, overrepresented k-mers, and adaptors. Genome size
estimates were calculated using sga.preqc®® and GenomeScope®® based on a k-mer size of 31, and were respectively 886.1 and
749.6 Mb (Table S2).

The final genome assembly was achieved in three stages. First, the genome assembly was conducted using CANU v1.5*" with
default settings. This resulted in 10,783 contigs, 1,788 Mb assembled sequences and N50 size of 328 Kb. This is in line with the obser-
vation that the assembled size is nearly twice as large as the true genome size when the heterozygosity rate is high in a diploid
genome.'?® To reduce allelic redundancy, HaploMerger2®” was then employed, which successfully merged 44% of the sequences.
Finally, PacBio long reads were mapped to the assembly using BLASR®® and the mean coverage was calculated for each contig.
Contigs whose GC contents were greater than 45% (genome GC% = 39%) and read coverages were lower than 50X (~half of
the expected coverage) were considered as putative contaminants. These contigs were used as queries to perform blastn search
(E-value < 1e™®) against the NCBI non-redundant nucleotide database (https://www.ncbi.nim.nih.gov). Contigs that contained
more sequences significantly similar to non-metazoan sequences than to metazoan sequences were removed.

De novo identification of repeat classes was accomplished with RepeatModeler v1.0.11 (http://www.repeatmasker.org/
RepeatModeler) with parameter “-engine ncbi.” The classifier utilized two de novo repeat finding programs, RECON and RepeatSc-
out, and was built upon RepBase v20181026.'2° The resulting repeat library was used as input by RepeatMasker v4.0.8 (http:/www.
repeatmasker.org) to generate the repeat annotation. Protein-coding gene annotation was performed as described Ying et al.:*°
de novo and genome-guided transcriptome assembly was performed using Trinity,®® followed by PSyTrans to remove
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Symbiodiniaceae transcripts (https://github.com/sylvainforet/psytrans). Transcripts were then assembled to the genome assembly
using PASA,° from which a set of likely ORFs were generated. Based on their protein coding ability and completeness, these ORFs
were carefully assessed to produce a high confidence and non-redundant training gene set. This was used to train AUGUSTUS®" and
SNAP,*? and the resulting parameters were employed by the corresponding program from MAKER. The ab initio gene models were
predicted using the MAKER2% pipeline. In addition, putative transposable elements in the gene models were excluded based on
transposonPSI (http://transposonpsi.sourceforge.net) and hhblits” searches to transposon databases.

Both the genome assembly and gene model datasets were tested for the completeness of conserved core genes using Bench-
marking Universal Single-Copy Orthologs (BUSCO v3%%) under default parameters. The metazoan gene set (odb9), which contains
978 orthologs, was employed as the reference dataset. To further validate the gene models, the predicted protein sequences were
matched against the Swiss-Prot database and PFAM-A protein domain database. Swiss-Prot database (2018-08) was downloaded
from UniProt FTP site (ftp:/ftp.uniprot.org) and blastp was performed (E-value < 1e7°%). The annotated coral proteins were used as
queries and the curated database proteins were used as targets. The target coverage was defined as the percentage of the target
length in the alignment. To identify well-defined protein domains, HMMER v3°° was used to perform alignments to PFAM-A v31.0
hmm profile, and those with a combined E-value and c-E-value lower than 167 were selected.

Reduced-representation sequencing

Coral gDNA extraction was performed using a modified salt-extraction method,*? reducing Symbiodiniaceae contamination through
several centrifugation steps (“separation” method), unless this resulted in insufficient gDNA yield (< 150 ng gDNA) in which case the
extraction was performed directly on the sampled tissue (“standard” method; ~25% of sequenced samples). Quality and yield of
gDNA were assessed using gel electrophoresis and a Qubit fluorometer to select a subset of higher-quality samples within each
sampled population for downstream sequencing (giving preference to those where endosymbiont contamination was reduced;
n = 678). This included 3 replicates of the same sperm sample used for the reference genome, 7 additional technical replicates, 9
outgroup samples (Pachyseris rugosa, Pachyseris inattesa, and Leptoseris (cf.) glabra) and a Symbiodiniaceae sample isolated
from a P. speciosa colony using fluorescence-activated cell sorting (as described in Bongaerts et al.*?). Library preparation was car-
ried out using the nextRAD method (Nextera-fragmented, reductively-amplified DNA; SNPsaurus, LLC), which uses a selective
primer sequence (rather than restriction enzymes) to genotype loci consistently between samples. Genomic DNA was purified using
AMPure XP beads, and then fragmented and ligated with adaptor sequences using Nextera reagent (lllumina, Inc). Fragmented DNA
was then PCR ampilified (73°C for 26 cycles) with one of the primers matching the adaptor and extending into the genomic DNA using
a 9 bp selective sequence (“GTGTAGAGG”). Libraries were sequenced across 4 NextSeq 500 (lllumina, Inc) lanes using 150 bp sin-
gle-end chemistry and following the manufacturer’s recommended protocol. Parsing and analyses are detailed in an electronic note-
book (https://github.com/pimbongaerts/pachyseris), using generic Python scripts located in a separate repository (https://github.
com/pimbongaerts/radseq).

TrimGalore (https://github.com/FelixKrueger/TrimGalore) was used to trim Nextera adapters and low-quality ends (PHRED < 20),
while discarding reads shorter than 30 bp. Reads of each sample were then mapped to our P. speciosa genome using BWA-MEM.®”
To evaluate levels of contamination across the two extraction methods and the varying gDNA yields, we also independently mapped
the reads against the Cladocopium goreaui genome® (ITS2 type C1) (Figure S1A). Variant calling (for reads mapping to the
P. speciosa genome) was undertaken using the “UnifiedGenotyper” from the GATK pipeline,®® and hard-filtered using “VariantFiltra-
tion” for bi-allelic single-nucleotide polymorphisms (SNPs) with a minimum coverage of 10X, a minimum genotype quality of 30, and a
minimum allele frequency of 0.01. Initially, the overall dataset was reduced to those SNPs that were genotyped for at least 80% of
samples and those samples that were genotyped for at least 50% of SNPs (n = 501). Genotyping accuracy was verified from three
replicate sperm samples (99.8% similarity), as well as seven regular replicate pairs (separate gDNA extraction and library preparation;
98.9%-99.6% similarity), with only the highest-performing sample of each replicate set retained in the eventual dataset. Duplicate
genotypes (clones) were identified through the “vcf_clone_detect” script (https://github.com/pimbongaerts/radseq), using a conser-
vative manual threshold (< 97%) based on the determined genotyping accuracy (from technical replicates) and the distribution of
pairwise genetic similarities across all samples (Hamming-based), retaining the sample with the least missing data from each set
of duplicates (total of 24 potential clones removed). Given that the opportunistic sampling could have led to accidental resampling
of colonies, no interpretations were made regarding clonality rates.

To assess overall genetic structuring, we visualized the structure of the overall SNP dataset (with 468 remaining samples; 8,536
SNPs) using a Principal Component Analysis (PCA) in adegenet,’ and a neighbor-joining (NJ) tree based on genetic distance (Ham-
ming-based) using the Phylo module in the Biopython'? library. Both indicated the presence of 4 major clusters in our data (Figures 2
and S1C), which was then further explored using snapclust,'®' a maximum likelihood approach based on the Expectation-Maximi-
zation (EM) algorithm that offers goodness-of-fit statistics. We evaluated three different statistics (Akaike, Bayesian and Kullback In-
formation Criteria) using the “choose.k” function under increasing numbers of clusters (up to 20) across five replicate, subsampled
datasets (thinned to ensure a minimum distance of 2,5 Kbp between SNPs). We then ran snapclust for the indicated optimum window
(k = 4 to k = 6; Figure S1D), again using the same five replicate datasets, using the “Ward” algorithm to define initial group assign-
ments, and with 50 iterations of the EM. At k = 5 and k = 6, two additional geographic populations were separated out from the four
most divergent clusters, which was also supported in the NJ tree (Figure 2), and k = 6 was therefore chosen for subsequent analyses.
Using the “structure_mp”>? script (https://github.com/pimbongaerts/radseq) we then also ran STRUCTURE v2.3.4"'% for 20 repli-
cate, subsampled datasets (again thinned to ensure a minimum distance of 2,5 Kbp between SNPs) to further assess potential
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signatures of admixture between the 6 clusters. Runs were conducted using the admixture model with correlated allele frequencies
and not considering priors (50,000 repeats after a burn-in of 100,000). Individual runs were then aligned using CLUMPP v1.1.2,"% and
assessed for the presence of “ghost clusters” (i.e., clusters with no fully assigned samples), only retaining those runs that have a
maximum ancestry assignment of at least 0.99 across all clusters. Samples were then separated out to clusters using a “lenient”
(=0.8) and “stringent” (>0.95) mean ancestry assignment cut-off (marking samples below those thresholds as “unassigned”).
The assignment was compared to clustering in the NJ tree by coloring branch tips according to their “lenient” STRUCTURE assign-
ments (Figure 2). Potential admixed samples were identified by extracting those with a maximum ancestry assignment of < 0.95
across clusters. The potential of one specific sample to represent an F1 hybrid was assessed by quantifying heterozygosity for
SNPs that were established to be alternatively fixed for the two clusters the sample was assigned to.

To assess the extent and nature of divergence between the three lineages, a reduced SNP dataset was generated with only “strin-
gently” assigned samples, grouped by cluster and geographic region. Pairwise genome-wide, mean Fsr values'*® were calculated
between all groups (45 pairwise comparisons) to assess overall divergence between lineages versus geographic regions using
vcftools.'® Highly divergent SNPs were extracted by calculating pairwise allele frequency differentials (AFDs) between the three
Australian lineages (using the Great Barrier Reef and Coral Sea regions as “replicates”), and identifying those SNPs that across
both regions were alternatively fixed (AFD of > 0.95 to allow for some genotyping error). In addition, divergent SNPs were identified
through pairwise comparisons of lineages (grouping the Great Barrier Reef and Coral Sea together) using the first principal compo-
nent (after verifying it only separates samples based on lineage) in pcadapt v4,'%® and based on g-values with an expected false dis-
covery rate lower than 5%. Divergent SNPs were also identified using both methods for the Red Sea lineage (Israel). Genetic variants
were annotated and functional effects predicted using SnpEff,'°° with divergent SNPs manually assessed based on their UniProt IDs.
For visualization purposes only, we used RaGOO'%’ to assemble our 2,368 genomic scaffolds into pseudomolecules by mapping
them to a chromosome-level assembly of Acropora millepora,”® under the expectation that broad-scale synteny is expected to
be conserved (e.g., as demonstrated for Acropora digitifera and Nematostella).'>' We obtained Gene Ontology (GO) terms for all
SNPs using the UniProt portal (https://www.uniprot.org), and then used Gowinda'“® to conduct GO enrichment analyses. Gowinda
was run using the original genomic scaffolds in the “gene” mode (assuming complete linkage disequilibrium between SNPs within a
gene) for the alternatively fixed and pcadapt outlier SNP sets using 1,000,000 simulations and a 1,000 bp window upstream and
downstream. This window size represents a commonly used cut-off, to conservatively consider SNPs within limited distance outside
of gene introns/exons. Assessments of these SNPs for gene ontology (GO) enrichment did not identify significantly enriched GO
terms (although admittedly only a small proportion of the overall genome was assessed through the reduced representation
sequencing).

Phylogenetic relationships between the lineages were explored through a separate dataset where we selected 6 samples for each
of the 6 uncovered P. speciosa lineages (selecting those with the highest number of genotyped SNPs), as well as 3 P. rugosa samples,
3 P. inattesa samples, 3 Leptoseris (cf.) glabra samples, and 3 Agaricia fragilis samples (from Bongaerts et al.*?). We again used Trim-
Galore to trim Nextera adapters and low-quality ends (PHRED < 20), while discarding reads shorter than 30 bp. These samples (n =
48) were then mapped to our P. speciosa reference genome using ipyrad v0.9.62"'°° under default parameters. The resulting loci were
concatenated to generate maximum likelihood trees with RAXML, ' '° using the “GTRGAMMA” substation model and automatic boot-
strapping (“autoMRE”), which resulted in 400 bootstraps and 1,731,480 distinct alignment patterns. We also conducted species tree
inference based on SNPs using the SVDQuartets'*? algorithm as implemented in tetrad, ' using full quartet sampling and SNP sub-
sampling to ensure a minimum distance of 2,5 Kbp. Consensus trees and variation over the bootstrap replicates were visualized us-
ing the ggtree'"" and ape''? packages.

Genetic structuring within each of the three Australasian lineages was assessed by splitting the dataset based on the “lenient”
assignment cut-off (0.8), and removing samples below that threshold. These three datasets were filtered for SNPs genotyped for
at least 80% of samples (within each lineage), and with a maximum observed heterozygosity threshold of 0.5 (to filter out potential
paralogs). For each lineage, we also created a dataset that was more representative of neutral genomic diversity by removing SNPs
that were identified as outliers using pcadapt v4'% based on g-values with an expected false discovery rate lower than 10%. We
used pcadapt as it is generally robust under hierarchical population genetic structure and does not require a priori population infor-
mation, which is important given our nested sampling (region, location and habitat) and low population sizes at the deepest level
(habitat) associated with the splitting of the dataset (into three cryptic lineages). For both “neutral” and “overall” datasets, we
then assessed overall genetic structuring using principal component analysis (PCA in adegenet®), and evaluated structuring across
habitats, locations, and regions using discriminant analysis of principal components (DAPC''?),

CAPS marker development and genotyping

In order to develop a rapid and cost-effective diagnostic assay for three cryptic Australasian lineages, we screened the nextRAD
sequence loci for lineage-diagnostic mutations in the sequence motifs of commonly available restriction enzymes. As this was un-
dertaken prior to the establishment of the reference genome, clustering and variant calling of the nextRAD data was first analyzed de
novo using PyRAD v3.0.66' ' using a clustering threshold of 88%, a minimum sequence coverage of 6, and a maximum of 4 sites with
a PHRED quality below 20. Sites that could be targeted using cleaved amplified polymorphic sequence (CAPS) markers were then
identified using the pyrad_find_caps_markers.py script (https://github.com/pimbongaerts/radseq). An initial host genome assembly
and realigned whole-genome resequencing data was then used to manually align potential target loci, so that primers could be
designed to flank the loci (using Primer3''®), and the presence of additional adjacent restriction sites could be evaluated. After
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initial amplification, digestion and reproducibility screening for 20 different primer pairs, three markers were selected (named “Pspe-
Green-Cfol/Hhal,” “Pspe-Blue-Haelll,” and “Pspe-Red-Taqa1”) and further tested on samples with a known lineage assignment
(based on nextRAD) data to confirm genotyping reliability (3 out of 120 samples showed a different assignment compared to that
based on the RAD-seq data).

For the amplications, we used 0.5-1.0 pl of DNA, 1 ul 10x PCR buffer (Invitrogen), 0.3 ul 50 mM MgCI2, 0.2 ul 10 mM dNTPs, 0.5 pl
for both the forward and reverse primer (10 uM), 0.07 ul of Platinum Tag DNA Polymerase (Invitrogen) and dH,0 water to a total
volume of 10 ul per reaction. The cycling protocol was: 1 x 94°C (4 min); 31 x [1 min at 94°C, 1 min at 61°C, 1 min at 72°C]; 1 x
72°C (6 min). The restriction digest mix contained 1 uL enzyme buffer (10X), 0.1 or 0.05 pL restriction enzyme depending on the con-
centration (10.000 u/mL or 20.000 U/mL), 0.5 puL PCR product, and dH,0 water to a total volume of 10 pl per digest. The
restriction digest was run for 1 hour at 37°C (for Cfol, Hhal, or Haelll) or 65°C (for Taqal), and visualized by running 4 pl of digest prod-
uct on a 3% agarose gel with GelRed stain (120V for 40 min) immediately afterward. Field assays were performed using the
miniPCR thermal cycler and blueGel visualization system (Amplyus, Cambridge, MA, USA), using agarose gels with TBE buffer. Over-
all, 1,119 samples were genotyped using the assay (1-3 CAPS markers per sample), including those for the physiological, microbial,
and reproductive assessments in this study, and together with the RAD-seq data this led to a total of 1,442 genotyped samples
across regions.

Whole-genome re-sequencing

Representative samples (n = 20) of the three distinct lineages (as identified by the nextRAD sequencing) were selected for whole-
genome re-sequencing. These samples originated from back-reef habitats (10 m) in three regions on the Great Barrier Reef (Central
GBR: Myrmidon Reef, Northern GBR: Ribbon Reef 10, and Far Northern GBR: Great Detached Reef). Genomic DNA was purified
using AMPure XP beads (1.8:1 beads/DNA ratio), with separated barcoded libraries prepared for each individual using lllumina’s Nex-
tera kit following the manufacturer’s recommended protocol. Pooled libraries were sequenced on four lllumina Hiseq 2500 (lllumina,
Inc) lanes using 100 bp paired-end chemistry resulting in an average coverage of ~5X. Four additional lanes of sequencing were con-
ducted for ten representative samples (representing the three different lineages from both Myrmidon Reef and Great Detached Reef)
to obtain higher coverage (~20X) for demographic analyses. All commands used to analyze whole genome resequencing data and
perform demographic analyses are detailed in an electronic notebook (https://github.com/iracooke/pachyseris_wgs).

Raw reads were first pre-processed and mapped against the P. speciosa genome based on GATK best practices.''® Adapters
were marked using Picard,'’® mapping was performed using BWA-MEM;®” marking shorter split hits as secondary but with
all other parameters at their defaults, and PCR duplicates were marked using Picard. Since low coverage samples had insufficient
depth to reliably call genotypes, we used a genotype likelihood approach to investigate genetic structuring and assess admixture at
the whole genome level. To support this approach ANGSD v0.913"'® was used to call SNPs and calculate genotype likelihoods.
Variant sites (SNPs) were retained if they had a p value less than 1e™°® (GATK probability model), and a minor allele frequency greater
than 5%. Genotype likelihoods called using ANGSD were used to explore genetic structuring and admixture using PCAngsd
v0.973.""7

Demographic histories for each of the ten deeply sequenced colonies were inferred based on the distribution of heterozygous sites
using the PSMC’ method®® implemented in msmc2 v1.1.0."'® This method was used in favor of approaches based on allele frequency
spectra due to the substantial substructure encountered within our focal lineages. In order to avoid known inaccuracies due to frag-
mentation'®® or miscalled genotypes the analysis was restricted to scaffolds larger than 1Mb (a total of 390Mb) and genomic regions
with repeats, excessively low or high read coverage were excluded. Demographic histories for each colony were inferred by perform-
ing 100 bootstrap replicates and taking the average. Bootstrap data was generated by randomly sampling the genome in 0.5Mb
chunks and arranging these into 30 scaffolds of length 20Mb per replicate. Since this approach allows inference of historical effective
population sizes for each sequenced coral colony,*® it was possible to assess the consistency of these estimates within lineages. In
order to translate msmc results into real timescales and effective population sizes the spontaneous mutation rate, u and generation
time, g are required. In the absence of data required to independently calculate these parameters we used estimates (1. = 4.83e-8; g =
35y) recently published for Orbicella’* as these are the closest available in a phylogenetic sense. It should be noted that there is
considerable uncertainty in these estimates which affects the timescale and effective population sizes, however the shape of curves
shown in this figure are unaffected by changes in these parameters.

A reference mitochondrial genome for P. speciosa was assembled using deeply sequenced data from a single colony from the
“red” lineage, sampled at Myrmidon back reef (Central GBR). Mitochondrial reads were extracted from whole genome data, assem-
bled and scaffolded into a single contig of length 19,507 bp using MITObim v1.9""° with the complete mitochondrial genome of
Acropora digitifera (GenBank: NC_022830) as a bait. Manual inspection revealed overlapping sequence at both ends indicative of
a circular sequence. After trimming redundant bases a circular genome of length 19,007 bp with a single gap of length 30 bp was
produced. Annotation of this genome was performed with MITOS."?°

Consensus mitochondrial sequences for each of the whole-genome sequenced colonies were generated by mapping raw reads to
the reference mitochondrial genome. Mapping was performed with BWA-MEM®” and resulted in a high coverage (> 3000x) bam file
for each colony. Consensus sequences (n = 20) were then called using samtools v1.6 and bcftools v1.9'?" These were imported into
Geneious v11.0.2"%? as an alignment and trimmed to remove a 468 bp region where manual inspection of read coverage suggested a
potential misassembly or unresolved repeat. The trimmed alignment was exported to nexus format and visualized with PopArt v1.7"%°
as a TCS'?* network.
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Characterization of microbial communities
Basic characterization of associated Symbiodiniaceae was done by extracting “contaminant” nextRAD loci matching the plastid
genome of Cladocopium goreaui® (ITS2 type C1). For this, all loci from the de novo analyzed dataset (constructed with PyRAD
for the CAPS development) were mapped against the C. goreaui plastid and mitochondrial genomes using BWA-MEM,?” retaining
only loci that were genotyped for at least 100 samples. The loci were visually assessed, and the two most informative nextRAD loci
were extracted (both matched a single plastid genome scaffold) and evaluated. We also mapped the Nextera whole-genome re-
sequencing to the Cladocopium goreaui mitochondrial genome using BWA-MEM,®” then called the consensus sequence for a
7 kb high-coverage region of 16 P. speciosa samples using samtools v1.6,'?" and assessed haplotypes using PopArt v1.7.%°
Microbiome characterization was carried out in Hernandez-Agreda et al.,®” and we now determined the host genotypes for 43 of
those samples and reanalyzed the data for lineage-associated patterns. DNA was extracted using the modified protocol'** of MoBio
PowerPlant Pro DNA isolation kit, with the bacterial 16S rRNA gene PCR amplified using the 27F/519R (v1-v3 region) primers.>’ Li-
brary preparation was carried out using the lllumina TruSeq DNA library protocol and sequenced on the lllumina MiSeq (300 bp
paired-end). Sequence data were analyzed using Quantitative Insights Into Microbial Ecology (QIIME v1.9'%%). After discarding
low-quality sequences (ambiguous base calls, sequences < 200 bp and homopolymers > 6 bp), barcodes, primers, and chimeras
were removed . Operational Taxonomic Units were defined and identified with clustering at 97% similarity and RDP classifier'®®
and GreenGenes'°® database. After removing chloroplasts, mitochondria, unidentified, and unassigned OTUs, OTU tables were
normalized using fourth root transformation and standardized by total by sample. A second OTU table was generated by transform-
ing data into presence/absence. Core microbiome (100%) was identified for each genotype using QIIME script
‘compute_core_microbiome.py’.

Phenotypic characterization

Morphological and physiological characterization was undertaken for a subset of samples from the Western Coral Sea. First, gross
morphological appearance was visually assessed for colonies with in situ photographs of genotyped colonies (n = 157; Figure S3A).
Bleach-dried skeletons were examined under a stereomicroscope to assess the presence of discriminating, qualitative skeletal char-
acteristics (n = 36; Table S3). Quantitative measurements undertaken for five skeletal characters were measured for a subset of skel-
etons (n = 54-89): septa per 5 mm, diameter secondary corallite, ridge height, valley width between ridge bottoms, valley width be-
tween ridge tops (characters adapted from Budd et al.”*” and Terraneo et al.'*¥). Measurements were conducted in triplicate, except
for the diameter of secondary corallite which was dependent on the number of secondary corallites present. Additionally, a small
number of representative fragments was then visually assessed using scanning electron microscopy (SEM) to screen for obvious
discriminating characters (n = 15; Figure S3B).

Physiological characterization was undertaken for a subset of P. speciosa samples (n = 73) that were collected from 10, 20, 40 and
60 m depth at three different Osprey sites, and were snap-frozen in liquid nitrogen and subsequently stored at —20°C. Coral tissue
was removed using an air-brush and 10 mL filtered phosphate buffer. Following centrifugation of the homogenate, the supernatant
was frozen (—80°C) for host protein analysis. The pellet was resuspended in 3 mL filtered phosphate buffer and evenly separated into
three aliquots stored at —80°C until further processing for symbiont cell count and pigment quantification with high-performance
liquid chromatography (HPLC), keeping the third sample as a back-up. Symbiodiniaceae density (per cm?) was determined with a
Neubauer Improved Bright-Line haemocytometer and a Olympus BX43 light microscope with 6 replicate counts of diluted sam-
ples.'*%14% The Symbiodiniaceae counts were normalized against the surface area of the sample skeleton, which was determined
by weighing the coral skeleton three times before and after wax dipping. A calibration curve of objects with known surface area
was generated to calculate the surface area using the below equation. The Whitaker and Granum'*! methodology was used to obtain
the water-soluble protein content (mg cm2) from the host tissue suspension from the air-brushing procedure and standardized to the
surface area (cm?). The total lipid concentration (mg cm™) was determined using a modified method of Folch et al.’*? as described by
Dunn et al.’*® Frozen coral fragments of 2-3 cm? were used and resulting lipid content was standardized to the surface area (cm?)
of each fragment. Pigment concentration in Symbiodiniaceae cells were determined by high-performance liquid chromatography
(HPLC). Pigment concentrations (chlorophyll ., chlorophyll c2, peridin, fucoxanthin, diatoxanthin (Dtx), and diadinoxanthin (Ddx))
were measured with a HPLC using the method as described by Zapata et al.** and Dove et al.’*> and normalized to surface area
(cm?), Symbiodiniaceae cell count (pg cell™), and chlorophyll o (Chl o). Lastly, the total xanthophyll pool per chlorophyll o, (Dtx +
Ddx) Chl o) was calculated.

Reproductive characterization

Reproductive behavior was assessed at the Orpheus Island Research Station, where 54 large colony fragments were collected
from two nearby reef sites between 4-6 November, 2017. Coral colonies were kept in a raceway with flow-through, filtered
seawater, constant air bubbling, and a shading canvas to mimic a shaded environment. Colonies were genotyped as described
above in the CAPS genotyping section (with a subset of colonies genotyped in the field, and all colonies eventually genotyped in
the lab). Between 7-13 November, 2017 colonies were isolated into individual containers and monitored for spawning from
45 minutes before to 2 hours after sunset. Given the predicted split-spawning, 35 of the originally collected coral colonies
were kept in a single raceway until the December spawning. Between 7-12 December, 2017, colonies were again isolated
into individual containers and monitored for spawning from 30-45 minutes before to 1.5 hours after sunset. Spawning was
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defined as the vigorous release of gametes (no “dribbling” of either sperm or eggs was observed). All colonies were returned to
the reef after spawning observations as per permitting requirements.

QUANTIFICATION AND STATISTICAL ANALYSIS

Ecological differentiation

To assess ecological distributions in the Australasian region (n = 1,312; only considering populations with at least 7 samples), we
used PERMANOVA as implemented in the adonis function of the R vegan package (https://cran.r-project.org/web/packages/
vegan/index.html) based on Bray-Curtis dissimilarities. We tested for differences in relative proportions of the three lineages be-
tween habitats and regions (considering only the 10 m and 40 m habitats as those were sampled across all three Australasian regions)
using location as strata, followed by pairwise testing of all habitats within each region (with p-values adjusted using Bonferroni correc-
tion for multiple comparisons). To assess differences in the relative abundances across habitats (for each lineage separately), we
used one-way ANOVA (Type ll) testing for the GBR and WCS regions, followed by pairwise testing (Tukey’s test and p-values cor-
rected with single-step method) between habitats. Assumptions of normality and homoscedasticity were fulfilled (a square root trans-
formation was applied to the relative abundances of the “green” lineage).

Phenotypic differentiation

Statistical differences in quantitative morphological and physiological traits were assessed collectively using a permutational multi-
variate analysis of variance (PERMANOVA+'2), and individually with one-way ANOVA. Three multivariate matrices were generated to
evaluate host and symbiont characteristics collectively: morphological traits (septa (per 5mm), width between ridge tops, valley
width, ridge height), host (protein and lipids (mg cm™)) and symbiont physiological traits (Chlorophyll & and ¢, (Chl &™), Chlorophyll
a (pg cell™"), Peridin and Fucoxanthin (Chl o”"), Xanthophyll pool (Chl ') and Symbiodiniaceae (cm)). Collinearity was evaluated in
normalized matrices before the analyses. Differences between lineages and habitats were evaluated on Euclidean distance matrices
using Type Ill sum of squares and 9,999 permutations. The factor “site” was not considered because adequate replication lacked to
test it comprehensively (samples for physiology were collected prior to discovering the cryptic diversity), however the three sites were
located within 10km of each other. A principal component analysis was performed on the multivariate matrices, and only considering
samples with no missing data. Univariate analyses were carried out to compare lineages within each depth/habitat (considering those
with n > 3) with one-way ANOVA (type Il). Non-normal and heteroscedastic data was transformed, unless assumptions were still not
met (protein data). Here the ANOVA analysis was still used as it is robust against these violations. ' Significant results were further
examined with a Tukey’s test (p-values were adjusted using single-step method correction for multiple comparisons).

Microbial community structure

Differences in bacterial communities between genotypes, habitats, and regions were evaluated with a permutational multivariate
analysis of variance (PERMANOVA+,"?® Type Ill sum of squares and 9,999 permutations) on Bray-Curtis (structure), Sorensen
(composition) and Euclidian (richness, diversity, Delta+ and Lambda+) distances. Chloroplasts, mitochondria, unidentified, and
unassigned were removed, and OTU tables were normalized using fourth root transformation and standardized by total by sample.
A second OTU table was generated by transforming data into presence/absence.

e8 Current Biology 31, 2286-2298.e1-e8, June 7, 2021


https://cran.r-project.org/web/packages/vegan/index.html
https://cran.r-project.org/web/packages/vegan/index.html

	Morphological stasis masks ecologically divergent coral species on tropical reefs
	Introduction
	Results and discussion
	Genome assembly and annotation
	Pachyseris speciosa represents a sympatric species complex
	Morphologically cryptic lineages despite ancient divergence
	Ecological and phenotypic differentiation of the lineages
	Reproductive observations
	Geographic and habitat structuring within lineages
	Conclusions

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key Resources Table
	Resource Availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental Model and Subject Details
	Specimen used for genome sequencing
	Coral specimen collections

	Method Details
	Overall summary of methods
	Genome assembly and annotation
	Reduced-representation sequencing
	CAPS marker development and genotyping
	Whole-genome re-sequencing
	Characterization of microbial communities
	Phenotypic characterization
	Reproductive characterization

	Quantification and Statistical Analysis
	Ecological differentiation
	Phenotypic differentiation
	Microbial community structure




