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Abstract.—Distinguishing coral species is not only crucial for physiological, ecological, and evolutionary studies but also to
enable effective management of threatened reef ecosystems. However, traditional hypotheses that delineate coral species
based on morphological traits from the coral skeleton are frequently at odds with tree-based molecular approaches.
Additionally, a dearth of species-level molecular markers has made species delimitation particularly challenging in species-
rich coral genera, leading to the widespread assumption that interspecific hybridization might be responsible for this
apparent conundrum. Here, we used three lines of evidence—morphology, breeding trials, and molecular approaches—to
identify species boundaries in a group of ecologically important tabular Acropora corals. In contrast to previous studies, our
morphological analysis yielded groups that were congruent with experimental crosses as well as with coalescent-based and
allele sharing-based multilocus approaches to species delimitation. Our results suggest that species of the genus Acropora
are reproductively isolated and independently evolving units that can be distinguished morphologically. These findings
not only pave the way for a taxonomic revision of coral species but also outline an approach that can provide a solid basis
to address species delimitation and provide conservation support to a wide variety of keystone organisms. [Acropora; coral
reefs; hybridization; reproductive isolation; taxonomy.]

A working coral taxonomy is crucial for meaningful
physiological, ecological, and population genetic studies
of these keystone organisms, as well as for the effective
management and conservation of the ecosystems they
support (Knowlton et al. 1992; Knowlton 2001). Even
though climate and anthropogenic disturbances rep-
resent substantial threats to these ecosystems (Pandolfi
et al. 2003; Carpenter et al. 2008; Hughes et al. 2017,
2018a), the taxonomy and systematics of some of the
most vulnerable and diverse genera remain obscure
(Fukami et al. 2004b; Richards et al. 2016). Such is the
case for corals of the genus Acropora, the species of
which are among those most affected by global warming
(Marshall and Baird 2000; Carpenter et al. 2008; Hughes
et al. 2018b). The genus is abundant on most reefs
throughout the world’s tropical and subtropical oceans
and with more than 400 nominal species it is the most
diverse extant reef-building coral genus (Wallace and
Willis 1994; Wallace 1999). Consequently, ascertaining
species boundaries in this genus will not only advance
approaches to delineate species in corals but is also
critical to understand the global response of coral reefs
to climate change.

Distinguishing scleractinian coral species has always
been a challenge, particularly in species-rich genera
(Kitahara et al. 2016). The genus Acropora is emblematic
of these difficulties: traditional morphological taxonomy

has been mired in confusion, best highlighted by the
fact that only 122 of approximately 400 nominal species
were considered valid in the most recent revision of the
genus (Wallace et al. 2012). Similarly, standard molecular
approaches based on genetic distances or species-level
monophyly have failed to delineate species. Indeed,
closely related Acropora morphospecies usually turn
out to be interspersed in mitochondrial and nuclear
gene trees (Odorico and Miller 1997; van Oppen 2001;
Márquez et al. 2002; Suzuki et al. 2016), which has been
widely interpreted as evidence for ongoing hybridiza-
tion between coral species (the “syngameon” concept;
Veron 1995).

However, there are alternative interpretations of such
widespread nonmonophyly (Wallace 1999; Funk and
Omland 2003; Miller and van Oppen 2003). Polyphyletic
patterns observed in gene trees can result from the
incorrect identification of specimens, which is highly
likely in morphologically diverse groups with an intric-
ate taxonomy (Funk and Omland 2003). In addition, the
failure of alleles to sort after speciation can produce
nonmonophyletic species with intraspecific distances as
large as or even larger than interspecific distances (Flot
et al. 2010). Such incomplete lineage sorting is more
likely in species groups that have recently diversified
(e.g., Acropora ∼6 Ma; Fukami et al. 2000), as well as
in species with large effective population sizes. In such
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cases, single-locus species delimitation approaches that
require monophyly are bound to fail (Dellicour and Flot
2018).

Tabular morphospecies of Acropora have several fea-
tures that make them an intriguing group on which
to propose and validate novel taxonomic approaches
(Wallace and Willis 1994): a high overall morphological
similarity (Wallace 1999); the occurrence of multiple
morphospecies in sympatry (Wallace 1985); and a sub-
stantial time overlap in gamete release across multiple
described morphospecies (Harrison et al. 1984). Acropora
hyacinthus (Dana 1846) is considered the epitome of
tabular morphospecies and is regarded as the senior
synonym for eight other nominal species (e.g., A. bifurc-
ata Nemenzo 1971, A. conferta (Quelch 1886), A. pectinata
(Brook 1892), A. surculosa (Dana 1846); Wallace 1999;
Veron 2000), whereas genetic analyses suggest that it
is a complex of several species (Ladner and Palumbi
2012; Suzuki et al. 2016). In addition to incongru-
ence between molecular markers and morphological
groupings (Márquez et al. 2002; Suzuki et al. 2016),
the possibility of permeable cross-breeding barriers
between morphospecies (as documented in A. hyacinthus
vs. A. cytherea (Dana 1846)) casts further doubts on
current species boundaries (Willis et al. 1997) and makes
this group an exemplar system reflecting the challenges
that affect coral taxonomy as a whole.

Traditional coral taxonomy is based on features of
the skeleton that can confound species delimitation
due to morphological plasticity, potential homoplasy,
and cryptic diversity (Fukami et al. 2004b; Budd
et al. 2010). However, morphology provides baseline
information to identify primary species hypotheses that
can be subjected to further analyses (PSHs; Puillandre
et al. 2012). In addition, if the evidence supports such
groups as independently evolving lineages, morpho-
logical analyses can help single out characters that
are taxonomically informative (Wolstenholme et al.
2003). In this study, we compared three independent
lines of evidence (i.e., morphology, breeding trials, and
molecular approaches) to delineate species boundaries
and assess hybridization in three sympatric tabular
Acropora (Supplementary Fig. S1 available on Dryad at
https://doi.org/10.5061/dryad.k98sf7m5x), inhabiting
the outer reef of Sesoko Island, Okinawa, Japan (Fig. 1a).

MATERIALS AND METHODS

Colony Sampling
In the days preceding the full moon of May 2018

(29/05/2018), fragments (∼8 cm × 8 cm) from liv-
ing tabular colonies (n=36) of reproductively mature
Acropora (min. diameter >20 cm) were collected from
the outer reef (26◦ 37’44" N, 127◦ 51’44" E) located
south of the Tropical Biosphere Research Center (TBRC)
at Sesoko Island (Okinawa, Japan). The reproductive
condition of the colonies was assessed by breaking
branches to expose developing oocytes (Harrison et al.
1984; Baird and Marshall 2002), and avoiding peripheral

areas of the colony and tips of branches, as they usually
present no gametes (Wallace 1985). Tissue samples (∼2
cm3) from each colony were preserved in a guanidium
thiocyanate solution (4M guanidine thiocyanate, 0.1% N-
lauroylsarcosine sodium, 10mM Tris-HCl pH 8, 0.1 M 2-
mercaptoethanol; Fukami et al. 2004a) and alternatively
in 95% ethanol for subsequent DNA extraction.

Morphological Taxonomy Assessment

Each colony was photographed in the field using
an Olympus Tough TG-5 waterproof compact digital
camera at the time of fragment collection (Olympus,
Japan). After spawning, the fragments were bleached
with a commercial solution of ∼3–6% sodium hypo-
chlorite (NaOCl) for morphometric assessment and
then stored as vouchers at the Sesoko Station (speci-
men photos available on Morphobank Project 4065 at
http://morphobank.org/permalink/?P4065). In addi-
tion to the collected specimens, 38 tabular Acropora
skeletons deposited in the station from other field
campaigns (2015, 2019) were also used for morphometric
assessment (n=74 colonies in total, Data set S1—
Morphological data available on Dryad). Qualitative and
quantitative characters adapted from previous studies
were recorded and measured from the coral skeletons
(Supplementary Table S1 available on Dryad, see Wallace
1999; Wolstenholme et al. 2003; Wallace et al. 2012).

In order to provide a quantitative evaluation of
the morphological taxonomic units (morphospecies),
multivariate analyses of descriptive (qualitative), and
morphometric (quantitative) characters were performed
in R v3.6.2 (R Core Team 2018) through the Rstudio
console v1.2.5033 (RStudio Team 2017). Qualitative
characters along with categorized quantitative variables
(Supplementary Tables S1 and S2 available on Dryad)
were analyzed using hierarchical clustering analysis
(HCA) with simple match coefficient distances (nom-
clust package, v2.1.4) and the Ward clustering method
(cluster package, v2.1.0, Fig. 1b). Quantitative variables
with a normal distribution and homogeneity of variance
(Supplementary Table S2 available on Dryad) were
analyzed using linear discriminant analysis (LDA) with
the maximum likelihood (ML) estimator method (MASS
v 7.3-51.5 and flipMultivariates v1.0.0), and a multivariate
analysis of variance (MANOVA, stats package v3.6.2) to
test for significant differences (Supplementary Fig. S2
a available on Dryad). Finally, using the complete
morphological data set, a factor analysis of mixed
data (FAMD) was performed (FactoMineR, v2.3 and
factoextra v1.0.7) to identify morphological group-
ings supported by all features and to determine how
much each variable contributed to the differentiation
(Fig. 1c and Supplementary Fig. S2 b available on
Dryad). Morphospecies (groups) obtained from this
morphological assessment were used as primary species
hypotheses (PSHs; Puillandre et al. 2012).

https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab077#supplementary-data
https://doi.org/10.5061/dryad.k98sf7m5x
http://morphobank.org/permalink/?P4065
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab077#supplementary-data
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FIGURE 1. Morphology yields primary species hypotheses that are at odds with the mitochondrial phylogeny. a) Tabular Acropora at Sesoko
Island outer reef (Okinawa, Japan); photo by A.H. Baird). b) Hierarchical clustering analysis (HCA, agglomerative coefficient =0.95), along with
the main morphological features that contributed to the differentiation for each morphospecies: color of colonies in the field (left) and shape
and crowding of radial corallites along branches (right). c) Factor analysis of mixed data (FAMD) based on both qualitative and quantitative
characters, distinguishing three morphospecies: A. cf. bifurcata, A. cf. cytherea, and A. aff. hyacinthus. See also Figure S2 and Table S1 available
on Dryad for additional information. d) Maximum likelihood (ML) phylogeny of the mitochondrial control region (AcroCR) using ultrafast
bootstrap. Branches with less than 85% of bootstrap support (BS) were collapsed. e) Haplotype network of the AcroCR region shaded according
to morphospecies, with gaps recoded as single base changes. f) Histogram of the pairwise genetic distances of the AcroCR sequences within
and between morphospecies.

Field Identification and Taxonomic Identity of the
Morphospecies

Acropora bifurcata, A. cytherea, and A. hyacinthus were
identified in the field following Veron (2000). The

main field characters for each species are as fol-
lows; A. hyacinthus has tapered (gradually narrowing)
branches with labellate (liplike) radial corallites with
a flaring lip and colonies are orange-red; A. cytherea

https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab077#supplementary-data
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TABLE 1. A summary of the research into the taxonomic identity of the species used in the study

Nominal species, authority, Type material vs.
accepted name (if Type material (ID) and specimens in this study Ongoing and future
different), type locality current location (ON qual) perspectives

Madrepora hyacinthus Dana
1846, Acropora hyacinthus,
Fiji

Lectotype (USNM 246)
designated by Wallace
(1999), deposited at the
NMNH, SI (Washington
D.C., US)

Distinctive morphological
differences between
specimens and type
material, particularly in
branch shape and width
(“aff.”, affinity with a
known species)

Ongoing molecular and
morphological
comparison to topotypes
and other material from
the Indo-Pacific

Madrepora cytherea Dana
1846, Acropora cytherea,
Tahiti

Lectotype (USNM 423)
designated by Wallace
(1999), deposited at the
NMNH, SI (Washington
DC, USA)

Similar morphology,
including that of the
radial corallites (“cf.”,
specimens closely
resemble type material,
but this needs to be
confirmed)

Ongoing morphological
comparison to lectotypes
and molecular
comparison to other
material from the
Indo-Pacific

Acropora bifurcata Nemenzo
1971, Philippines

Holotype (UP C-1295),
collected by Nemenzo
(1971), deposited at UP,
ZD (Quezon City, PH)

Geographical proximity to
type location and similar
morphology, including
radial corallite shape
(“cf.”, specimens closely
resemble type material,
but this will require
confirmation)

Ongoing molecular and
morphological
comparison to topotypes
and other material from
the Indo-Pacific

Catalog numbers from type material (ID) are depicted. Open nomenclature qualifiers (ON qual) were attributed according to the degree of
uncertainty in identification following Sigovini et al. (2016) and Cowman et al. (2020): affinis (aff.) and confer (cf.). Refer to “Field Identification
and Taxonomic Identity of the Morphospecies” in Materials and Methods for further information.
USNM = United States National Museum; NMNH = National Museum of Natural History; SI = Smithsonian Institution; UP = University of
the Philippines; ZD = Zoology Department. Country codes: United States (US), Philippines (PH).

has terete (cylindrical) branches with labellate radial
corallites with an extended outer lip and colonies are
dark brown; A. bifurcata has terete branches with labellate
radial corallites with a square lip and colonies are light
brown (see images in Fig. 1b, color of colonies in the field
and shape of radial corallites). Most local coral research-
ers would readily agree with the field identifications
of A. cytherea and A. hyacinthus, however, A. bifurcata
is not generally accepted as a valid species as it was
considered a junior synonym of A. hyacinthus in the last
major revision of the genus (Wallace 1999). In contrast,
Veron (2000) accepted the species as valid but did not
record it in Japan. However, field images in Nishihira
and Veron (1995, see middle panel at p. 128) indicate
that this species does occur in Japan but was identified
by these authors as A. hyacinthus. Further information
regarding type material and ongoing research into the
taxonomic status of these species is presented below and
summarized in Table 1.

Acropora hyacinthus (Dana 1846) has a type location
in Fiji. A comparison of the colonies collected in this
study to the lectotype designated by Wallace (1999,
USNM 246; see http://n2t.net/ark:/65665/3fdf539df
-6f98-4b91-a91c-53aa88a67457) indicates that there are
significant differences in morphology. For example, the
branches of the colonies at Sesoko are wider with more
of a taper, which suggests that the species is distinct from
that in Fiji. Consequently, the open nomenclature “aff.”
is used to indicate that the colonies found in Sesoko have
affinities with A. hyacinthus but most likely belong to a
distinct species.

Acropora cytherea (Dana 1846) has a type location in
Tahiti. A comparison of the colonies from Japan to the
lectotype designated by Wallace (1999; USNM 423, see
http://n2t.net/ark:/65665/367cd18b6-2f69-4451-a32b-6
ae18bacd0ab) suggests that the species is
morphologically similar to A. cytherea. In particular,
colonies of both species have labellate radial corallites
with an extended lip. Here we use the open
nomenclature qualifier “cf.” to suggest that this
species is possibly A. cytherea but further information is
required to confirm this assessment.

Acropora bifurcata Nemenzo 1971 has a type location
in the Philippines. Given the proximity of Okinawa to
the Philippines and the morphological similarity of the
colonies to the holotype (UP C-1295, see http://www.
coenomap.org/fact-sheet/acropora-bifurcata/), not-
ably the labellate radial corallites with a squared
margin, we used the open nomenclature qualifier “cf.”
to suggest the species is probably A. bifurcata but further
information is required to confirm this.

Breeding Compatibility Experiments
Half of the collected colonies (n=18) were kept in

running seawater tanks and separated in individual
buckets a few hours before the predicted time of
spawning. Immediately after spawning, buoyant gamete
bundles containing eggs and sperm were collected at the
water surface of each container for the first two colonies
that spawned from each morphospecies (n=6). Once the
eggs and sperm were separated, eggs were collected and

http://n2t.net/ark:/65665/3fdf539df-6f98-4b91-a91c-53aa88a67457
http://n2t.net/ark:/65665/3fdf539df-6f98-4b91-a91c-53aa88a67457
http://n2t.net/ark:/65665/367cd18b6-2f69-4451-a32b-6ae18bacd0ab
http://n2t.net/ark:/65665/367cd18b6-2f69-4451-a32b-6ae18bacd0ab
http://www.coenomap.org/fact-sheet/acropora-bifurcata/
http://www.coenomap.org/fact-sheet/acropora-bifurcata/
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FIGURE 2. Cross-fertilization experiments suggest no hybridization potential. a) Gamete combinations (sperm × eggs) performed between
representative colonies of each tabular Acropora morphospecies. b) Fertilization success (%) in each category of breeding trial, including the
“eggs only” [top cells with bold border in a)] and the “self” fertilization controls [diagonal cells with bold font in a)] to account for sperm
contamination and potential self-compatibility, respectively.

serially washed in 0.2 �m-filtered seawater to remove
sperm and decrease the potential for self-fertilization.
A portion of the eggs (“eggs only”—control) was kept
aside in order to control for gamete separation and
fertilization that may arise from leftover sperm in the
eggs sample (Willis et al. 1997). The concentrated sperm
obtained from the bundles was diluted approximately to
1:50 by adding filtered seawater before performing the
crosses. In order to evaluate fertilization compatibility
between the different morphospecies, approximately 100
washed eggs of each individual were added to each
sperm dilution according to the breeding trial matrix
(Fig. 2a, Data set S2—Breeding trials data available on
Dryad).

Briefly, crosses were performed with gametes from 6
colonies for a total of n=6 eggs only controls and n=36
crosses: 6 self-control, 6 within morphospecies, and 24
between morphospecies, with at least two replicates for
each combination. The numbers of regularly shaped
embryos (prawn chip stage) and unfertilized eggs were
counted under a stereomicroscope approximately 10

h after the breeding trials started. Mean fertilization
success (%) was calculated as the average proportion
of embryos divided by the number of embryos plus
the remaining unfertilized eggs (Data set S2—Breeding
trials data available on Dryad). Nonparametric Kruskal–
Wallis rank sum test (stats package v3.6.2) was per-
formed to test for significant differences in the mean
proportion fertilized, and further posthoc tests (PMCMR
v4.3 and PMCMRplus v1.4.4) were implemented in R
(RStudio Team 2017; R Core Team 2018) to determine
which particular crosses had significantly different
fertilization success (Fig. 2b).

Preliminary Screening of Available Molecular Markers
To assess the species-level resolution of previously

reported loci (Supplementary Table S3 available on
Dryad), DNA was extracted from the 36 tissue samples
preserved in guanidium thiocyanate solution using the
NucleoSpin Tissue kit (Macherey-Nagel, Germany) and
following the manufacturer’s protocol. DNA integrity

https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab077#supplementary-data
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was assessed on agarose gels (1%) and quality checked
with a NanoDrop spectrophotometer (Thermo Fisher
Scientific, USA). We used the primers and proto-
cols detailed in Supplementary Table S4 available on
Dryad to perform PCR-based amplification then Sanger
sequencing of the mitochondrial putative control region
(AcroCR) and two nuclear exon-primed intron crossing
(EPIC) markers (Ladner and Palumbi 2012): a plasma
membrane calcium-transporting ATPase (PMCA) and
a frizzled-4 like homolog (FZD or exon 5491). Due to
the relatively short span of these markers (545 and 639
bp, respectively), we redesigned primers to extend the
product length of the FZD marker. For this purpose, we
mapped FZD sequences previously obtained for tabular
Acropora (Ladner and Palumbi 2012), to the available
genome assemblies (see Supplementary Table S5 avail-
able on Dryad) of Acropora digitifera (Shinzato et al.
2011), Acropora millepora (Ying et al. 2019), A. hyacinthus
(ReFuGe 2020 Consortium 2015; Liew et al. 2016), Acro-
pora cervicornis and Acropora palmata (Kitchen et al. 2019)
using Bowtie2 v2.3.4.3 (Langmead and Salzberg 2012)
in local configuration. The unambiguously mapped
contigs of each genome were recovered and converted
to BAM files using SAMtools v1.9 (Li et al. 2009), then
transformed into BED formatted files with BEDtools
v2.26.0 (Quinlan and Hall 2010). The mapped regions in
the BED files were extended at least 200 bp upstream and
downstream, to be then recovered from the contig FASTA
files using Seqkt v1.3 (Li 2013). Alignment between the
extended mapped regions and FZD original sequences
was performed using Mafft (E-INS-i method; Katoh et al.
2008). The consensus sequence for FZD (including ambi-
guities) was obtained from the alignment using SeaView
v4.6.4 (Gouy et al. 2010) and used as a target to design
primers using Primer3web v4.1 (Untergasser et al. 2012),
by maximizing product length and allowing for a differ-
ence of 2◦ C in melting temperature between primers.

Sanger sequencing of the products was performed
at GenoScreen (Lille, France). Sequencher v5.4.6
(GeneCodes, USA) was used to edit the chromatograms
(Data set 3—Chromatograms available on Dryad). Mul-
tiple sequence alignments for each locus were generated
using the E-INS-i method (Katoh et al. 2008) in the
online implementation of Mafft v7.471 (available at
https://mafft.cbrc.jp/alignment/server/; Katoh et al.
2008). For the mitochondrial putative control region
(AcroCR), alignments were used directly for the down-
stream analyses. For the sequences obtained of the
EPIC markers, two different complementary phasing
approaches were used. Sequences of heterozygous indi-
viduals displaying alleles of the same length (without
indel), were phased using SeqPHASE (Steps 1 and
2 available at https://eeg-ebe.github.io/SeqPHASE/;
Flot 2010) PHASE v2.1.1 (Stephens et al. 2001; Stephens
and Donnelly 2003). When length-variant heterozy-
gotes were found in the data set, Champuru v1.0
(Flot et al. 2006; Flot 2007) was used to phase those
sequences in a first step. Subsequently, they were input-
ted as “known haplotype pairs” during SeqPHASE’s
step 1, thereby contributing to the phasing of the

other individuals. Allele pairs with posterior probab-
ility ≥ 0.9 were chosen, except when more than one
possible pair with similar posterior probabilities was
found. In such cases, alleles shared with the highest
number of individuals or that were connected with
the most frequent haplotypes in the network were
selected.

Model-based genetic clustering of the phased EPIC
sequences was performed using STRUCTURE v2.3.4
(Pritchard et al. 2000), with admixture model, correlated
allele frequencies, and no prior. Implementing StrAuto
v1.0 (Chhatre and Emerson 2017), values from 1 to
10 for the inferred number of populations (K) were
used (20 runs per K, 250,000 burnin, 1,000,000 MCMC
generations) to compute in parallel the probabilities
of membership of each individual. Runs were further
aligned, combined and finally merged using CLUMPP
v1.1.2 (Jakobsson and Rosenberg 2007) and the Pophelper
package v2.3.0 in R (Supplementary Fig. S3 a,b avail-
able on Dryad; Spöri and Flot 2020; R Core Team
2018). Various species delimitation approaches were
performed.

For the allele sharing-based approach (Flot et al.
2010), the EPIC markers phased sequences were input
directly into the online program HaplowebMaker
(available at https://eeg-ebe.github.io/Haploweb
Maker/; Spöri and Flot 2020), from which haplowebs
and the corresponding putative species or fields for
recombination (FFRs; Doyle 1995) were obtained
(Supplementary Fig. S3 c available on Dryad). For the
distance-based approach, the best model of evolution
was identified using the Bayesian information criterion
(BIC) value criterion in ModelFinder (Kalyaanamoorthy
et al. 2017). After converting the DNA alignments to bins
using fasta2DNAbin (adegenet package v2.1.2), pairwise
genetic distances using the closest available model to the
best BIC score list were computed by dist.dna function
(ape package v5.3) and histograms were plotted using
ggplot2 v3.3.0.9 in R. Further phylogenetic analyses
were performed under maximum likelihood (ML)
with IQ-TREE v2.0.3 (Nguyen et al. 2015), using 1000
ultrafast bootstrap replicates (-B 1000) and an additional
step to optimize trees by nearest-neighbor interchange
(-bnni; Minh et al. 2013). Branches of the consensus trees
with nodes with less than 85% of bootstrap support
were collapsed using multi2di function (ape package
v5.3). Trees (Supplementary Fig. S3 e available on
Dryad) were visualized and formatted using FigTree
v1.4.4 (Rambaut 2018). Genomic regions of A. millepora
(Ying et al. 2019) that mapped to each nuclear loci
with Bowtie2 v2.3.4.3 (–local; Langmead and Salzberg
2012), were used as outgroup for the phylogenies. For
AcroCR, the closest A. millepora match found using
megaBLAST (against the nr/nt database, available at
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=
BlastSearch; Altschul et al. 1990) with GenBank
accession number KY408102.1 was used for that purpose
instead (100% query coverage, 99.85% identity and
E-value=0).
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Overall, the mitochondrial AcroCR (Fig. 1d–f) and the
nuclear EPIC markers (Supplementary Fig. S3 available
on Dryad) from the literature did not provide enough
resolution at the species level. Model-based genetic
clustering of the two EPIC markers was only able to
recover two clusters (Supplementary Fig. S3 a available
on Dryad), neither congruent with the primary species
hypotheses (PSHs) inferred from morphological species
delimitation (Fig. 1b,c), nor with the fertilization success
in breeding trials (Fig. 2b). Similarly, haplowebs obtained
from these markers (Supplementary Fig. S3 c available
on Dryad) were not able to resolve them. Each morpho-
species showed some private alleles but shared alleles
connected individuals from different morphospecies
into single fields for recombination (FFRs). Pairwise
genetic distances and gene trees did not recover groups
congruent with the other lines of evidence either
(Supplementary Fig. S3 d,e available on Dryad). For
these reasons, we explored target enrichment followed
by high-throughput sequencing to assess more accur-
ately the species boundaries in this case study and to
target for loci with enough resolution at the species level
that could be amplified in a larger data set.

Target-Enrichment Using the Scleractinian Bait Set
To find molecular markers that provide better resolu-

tion at the species level (Supplementary Table S3 avail-
able on Dryad), we performed target-capture sequencing
for nine of the samples (n=9, three from each morpho-
species) preserved in 95% ethanol (Supplementary
Table S6 available on Dryad). DNA was extracted, its
quality assessed and then sent to Arbor Biosciences
(Ann Arbor, USA) for library preparation (following
Quattrini et al. 2018) and target capture sequencing
(detailed in Cowman et al. 2020). For target enrichment
of conserved elements (derived from exonic loci and
ultraconserved elements (UCEs); Faircloth et al. 2012),
we implemented a new set of baits (Cowman et al.
2020), that was redesigned from a set that originally
targeted anthozoans (Quattrini et al. 2018). The new
bait set targets hexacorallians (hexacoral-v2 bait set,
scleractinian subset—2,476 target loci) and has been suc-
cessfully tested in a comprehensive sample of acroporids
(Cowman et al. 2020). Demultiplexing, trimming, and
assembly were performed according to the parameters
and software previously tested in Acropora (Cowman
et al. 2020). Subsequently, the contigs assembled for
the nine tabular samples (Supplementary Table S4
available on Dryad) were matched to the baits employing
PHYLUCE (Faircloth 2016) with default parameters
(phyluce_assembly_match_contigs_to_probes). As a result,
2060 loci (1026 exons and 1034 UCEs) were extrac-
ted into FASTA (phyluce_assembly _get_match_counts &
phyluce_assembly_get_fastas_from_match_counts) to pro-
ceed with allele phasing using two different pipelines,
described in the following sections (see Supplementary
Table S3 available on Dryad for a summary).

Genetic Clustering and Preliminary Species Trees Using the
Target-Enrichment Data Set

First, to generate a broad subset of loci that could be
used to evaluate genetic clustering and estimate a pre-
liminary species tree, loci were aligned (phyluce_align_
seqcap_align –incomplete -matrix –no-trim –aligner mafft)
and globally trimmed using Gblocks (Castresana 2000;
Talavera and Castresana 2007) with default paramet-
ers (phyluce_align_get_gblocks_trimmed_alignments_from_
untrimmed). Phasing of the aligned loci was per-
formed following the phase_everyone v0.1 or “Lanin-
sky” pipeline (Baca et al. 2017; Alexander 2018a). Once
alleles were obtained, they were aligned and processed
following Steps 5–8 from the pipeline reference_ align-
ing_to_established_loci v0.0.3 (Baca et al. 2017; Alex-
ander 2018b). Then, single nucleotide polymorphisms
(SNPs) were pulled out from each locus and filtered to
ensure that only loci with data for at least one individual
per morphospecies were included in the downstream
analyses. SNPs for the resulting 1889 loci (1022 exons
and 867 UCEs) were used to perform a STRUCTURE
analysis (Pritchard et al. 2000) parallelized through
StrAuto (Chhatre and Emerson 2017), with K values from
1 to 9, admixture model, correlated allele frequencies
and no prior (20 runs per K, 250,000 burnin, 1,000,000
MCMC generations). CLUMPP (Jakobsson and Rosen-
berg 2007) and pophelper package tutorial (available at
http://www.royfrancis.com/pophelper/articles) were
used to align, combine and merge the runs. Evanno
�K plots (Evanno et al. 2005) were used to determine
the most likely number of clusters (K, Fig. 3a). Using
ggplot2 v3.3.0.9 in R, the corresponding bar plots
depicting the probability of individual membership
to each cluster were obtained for the suggested K
values (K =3 or K =5), from which K=3 depicted better
stratification of the samples according to their allele
frequencies and suggested that there does not seem
to be population structure within the putative species
(Fig. 3b).

In addition, the most likely species tree was estimated
with SNAPP v1.5.1 (Bryant et al. 2012) through the
CIPRES gateway (Miller et al. 2010). SNPs were extracted
from the concatenated FASTA of a subset of 210 loci
present in all the samples (128 UCEs and 82 exons) using
fasta2DNAbin (adegenet package v2.1.2) and storing
them in a Nexus file using the write.nexus.data function
(ape package v5.3). This file was used to create the
XML input file in the Bayesian Evolutionary Analysis
Utility (BEAUti) v2.6.3 (Bouckaert et al. 2014, 2019).
Five independent runs of BEAST were performed with
MCMC length of 10,000,000, preburnin of 100,000,
sampling frequency of 1000, and default model para-
meters. Output trees and log files were combined using
LogCombiner v2.6.3 (Bouckaert et al. 2014, 2019). After
10% burnin, combined logs were input into Tracer v1.7.1
(Rambaut et al. 2018) to check MCMC convergence
and effective sample sizes (ESS) > 200. TreeAnnotator
v2.6.2 (Bouckaert et al. 2014, 2019) was used to generate
maximum clade credibility trees and DensiTree v2.2.7
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FIGURE 3. Screening of target capture-derived markers. a) Evanno �K plot (above) depicting two possible optimal cluster (K) values (dashed
lines) and bar plots (below) displaying the individual probability of membership assigned using model-based clustering for each K value (1889
loci). The most frequent SNAPP tree (using 210 loci present in all samples) is depicted on the left side of the plots. b) ASTRAL resolved extended
species tree with phased sequences according to the molecular species delineated by SODA, where alleles were mapped to individuals and
nodes with less than 10% of local posterior probability (LPP) or low branch support were collapsed. c) Conspecificity score (CS) matrix for a
subset of 79 target-enrichment sequenced loci used to perform a preliminary allele sharing-based species delimitation. d) Haplowebs of three
loci displaying putative species delimitation under mutual allelic exclusivity criterion, congruent with model-based genetic clustering, species
trees and the primary species hypotheses (PSHs) based on morphology and breeding trials.

(Bouckaert 2010) to plot the corresponding consensus
tree (Fig. 3b, left).

Estimation of a Resolved Extended Species Tree Using the
Target-Enrichment Data Set

Loci were first aligned and edge trimmed
(phyluce_align_seqcap_align –taxa 9 –incomplete-matrix)
using PHYLUCE (Faircloth 2016). Subsequently,
following the phasing tutorial (available at https:
//phyluce.readthedocs.io/en/latest/tutorial-two.html;
Andermann et al. 2019), loci were phased into alleles
for each individual. Allelic sequences were aligned
(phyluce_align_seqcap_align –no-trim –ambiguous –
incomplete-matrix) and globally trimmed (phyluce_
align_get_gblocks_trimmed_alignments_from_ untrimmed).

To remove sequences with unphased bases (N)
that could cause problems in downstream analyses,
loci alignments were further screened and filtered
(phyluce_align_screen_alignments_for_problems). The
resulting subset of 79 loci (TC79loci hereafter) was used
to perform species delimitation from the data available
for the target-enriched samples. To achieve this, we
estimated a resolved extended species tree using the
frequency of the quartet topologies of the individual
gene trees build from the phased loci alignments.
However, instead of mapping individuals to species
as in an extended species tree (Rabiee et al. 2019), the
resulting guide tree was obtained by mapping alleles to
individuals.

Similar to the preliminary screening, IQ-TREE
(Nguyen et al. 2015) was implemented to obtain
individual ML trees from the phased FASTA alignments

https://phyluce.readthedocs.io/en/latest/tutorial-two.html
https://phyluce.readthedocs.io/en/latest/tutorial-two.html
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obtained from the TC79loci data set. Those trees were
used as input to run ASTRAL-III v5.7.3 (Zhang et al. 2018;
Rabiee et al. 2019) and to estimate a resolved extended
species tree following the ASTRAL tutorial (available at
https://github.com/smirarab/ASTRAL/blob/master/
astral-tutorial.md#running-astral). After pruning
branches with low support or local posterior probability
(LPP) < 10% (Junier and Zdobnov 2010), the gene trees
were used to generate a resolved extended species
tree without constraining each morphospecies to be
monophyletic and incorporating a mapping file that
assigned each allele sequence to an individual (-a
option, Fig. 3c). Moreover, we used the same data
set to perform multilocus species delimitation using
quartet frequencies implementing Species bOundary
Delimitation using Astral (SODA) v1.0.1 (Rabiee and
Mirarab 2020) with the default alpha (�) threshold of
0.05 (Fig. 3c, right).

Screening for Loci with Species-Level Resolution in the
Target-Enrichment Data Set

To screen for markers providing resolution at species-
level, we used the mutual allelic exclusivity criterion to
define species boundaries. This criterion is always met
before or at the same time as reciprocal monophyly;
thereby it provides a more sensitive criterion to
delineate species (Flot et al. 2010). Consequently, allele
sharing-based species delimitation was performed
on the TC79loci data set using both haplowebs and
the corresponding conspecificity matrix (Debortoli
et al. 2016) obtained using the online programs
HaplowebMaker and CoMa (Spöri and Flot 2020). There,
a conspecificity score (CS) was calculated for each pair of
individuals by subtracting the number of markers/loci
that do not support them being conspecific (H,
different species or heterospecific) from the number of
markers/loci for which they are considered conspecific
(C, same species or partition) [CS = C-H]. According to
these scores, the matrix was then clustered and plotted
(Fig. 3d) using the R package heatmap3 v1.1.7 with the
Ward agglomeration method from the hclust function
(stats package v3.6.2). Loci with at least one individual
per genetic cluster (as identified in STRUCTURE)
were kept, and their corresponding haplowebs were
individually explored to assess their congruence with
the conspecificity matrix, and the primary species
hypotheses (PSHs) inferred from the morphological
assessment and supported by the breeding trials. We
selected loci with haplowebs depicting partitions (FFRs)
congruent with the PSHs, and that provided resolution
(genetic clusters containing different PSHs did not lump
in the same FFR) even when gaps were considered as
missing data. From this reduced subset, three loci with
different variability degrees were chosen as candidate
regions to develop markers at species level (2 exons and
1 UCE loci, Fig. 3e). GenBank megaBLAST (Altschul
et al. 1990) searches were implemented (nr/nt database)
to find the closest annotated match for each locus and

code them accordingly (TDH, DOPR, and ASNA, see
Supplementary Table S7 available on Dryad).

Developing Target-Enrichment Derived Markers for Larger
Data Sets

To delineate species boundaries without resorting
to high-throughput techniques, we used an identical
approach to that previously employed to extend the
length of the EPIC markers (see primer redesign
performed in the section Preliminary Screening of Available
Molecular Markers and Supplementary Table S5 avail-
able on Dryad). From the DNA extracted of the 36
tissue samples of Acropora preserved in the guanidium
thiocyanate solution (Fukami et al. 2004a), PCR-based
amplification followed by Sanger sequencing of the
three target-enrichment derived loci was performed
(Supplementary Tables S3 and S4 available on Dryad).
Sequences obtained from GenoScreen (Lille, France)
were processed and phased as for the preliminary
screened EPIC markers (PMCA and FZD).

In a first step, genetic clustering, potential population
structure, and admixture within the sympatric putative
species was assessed using model-based genetic clus-
tering for the derived target-capture markers (TDH,
DOPR, and ASNA). The corresponding �K plot and
the bar plots to evaluate individual probability mem-
bership were performed using K=1 – 10 and the same
parameters as before (Fig. 4a,b). Additionally, to detect
clusters based on genetic similarity and without relying
in evolution models, a discriminant analysis of principal
components (DAPC; Jombart et al. 2010) was completed
using the package adegenet v2.1.2 in R (following
Quattrini et al. 2019; Fig. 4c,d).

Molecular Delineation of Species Boundaries Using the
Target-Enrichment Derived Markers

Sampling pattern, speciation rate, species richness,
mutation rate, and effective population size tend to
exert widely different effects and biases onto species
delimitation methods (Dellicour and Flot 2018). To over-
come these issues, we performed different approaches
to delineate species boundaries in this tabular Acropora
study case. Distributions of pairwise genetic distances
were first evaluated in search of a barcode gap (see
Supplementary Fig. S4 available on Dryad, right). As
such, distance-based approaches might not work for
recently diverged species, on which intraspecific dis-
tances may not be substantially smaller than interspecific
ones. Consequently, we also used haplowebs and their
corresponding conspecificity matrices to delineate spe-
cies under the mutual allelic exclusivity criterion (Fig. 4e,
Supplementary Table S8 available on Dryad). Instead
of taking into account the genetic distances, such allele
sharing-based approaches aggregate individuals based
on the haplotypes they share, providing a more sensitive
criterion to delineate closely related species (Flot et al.
2010).
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FIGURE 4. Molecular evidence supports the primary species hypotheses in Acropora corals. a) Evanno �K plot highlighting the most likely
number of genetic clusters. b) Bayesian model-based genetic structure plot depicting the probability of individual membership to each cluster
when K =3. c) Optimal cluster number for the Discriminant analysis of principal components (DAPC) according to the Bayesian Information
Criterion (BIC) statistic with the most likely K value highlighted (K =3). d) DAPC scatterplot depicting clustering based on genetic similarity
among the individuals using two discriminant functions (DF). e) Haplowebs delineating putative species based on the co-occurrence of alleles
for each one of the nuclear markers defined from target-capture sequencing, coded according to morphospecies. f) Conspecificity score (CS)
matrix summarizing the fields for recombination (FFRs) found using the allele sharing-based approach to delineate species with the three
target-capture defined loci. The conspecific groups delineated by the FFRs of the three markers are congruent with the morphospecies and with
the results from breeding trials (see Figs. 1 and 2).

To evaluate species boundaries under the reciprocal
monophyly criterion, maximum likelihood phylogenies
of individual (left in Supplementary Fig. S4 available on
Dryad) and concatenated genes (Supplementary Fig. S5
a available on Dryad) were performed on the target-
capture derived loci as described for the preliminary

screening of available molecular markers. Additionally,
the CIPRES gateway (Miller et al. 2010) was used to
perform SNAPP and estimate the posterior distribution
of trees from the SNPs extracted from the three loci.
Independent runs of BEAST v2.6.3 (Bouckaert et al.
2014, 2019) were performed with MCMC length of
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10,000,000, preburnin of 100,000, sampling frequency
of 1000, and default model parameters. After 10%
burnin, the output trees and log files were combined
and examined for MCMC convergence. A cloudogram
depicting the most frequently recovered species trees
with individuals as terminal tips (Supplementary Fig. S5
b available on Dryad) was generated from this analysis.
In addition, individual ML trees obtained from the
phylogenetic analyses performed with IQ-TREE, were
used in a resolved extended species tree estimation
using ASTRAL on the three loci, both when constraining
each morphospecies to be monophyletic (top left inset
in Supplementary Fig. S5 c available on Dryad), and
without such constraint (main resolved extended species
tree in Supplementary Fig. S7 c available on Dryad). In
both cases, alleles were mapped to individuals to obtain
the final tree (using ASTRAL’s -a option). Due to the
small number of loci, species delimitation with SODA
was not performed on this data set.

To test for alternative species models a SNAPP
coalescence-based analysis was performed
(Supplementary Table S9 available on Dryad). The
alternative models tested were: 1) a single species-
model that includes individuals from the three
morphospecies, in one complex; 2) the two species-
model supported by the current taxonomy in which
A. hyacinthus and A. cytherea are considered different
species but A. bifurcata is a synonym of the former;
and 3) a three species-model (A. hyacinthus, A. cytherea,
and A. bifurcata), supported by the morphological and
breeding trial approaches from this study. Five runs
of SNAPP were performed using BEAST, with 48 path
sampling steps, 100,000 MCMC and 10,000 of preburnin
(following Herrera and Shank 2016; Quattrini et al.
2019). Finally, ranking of the models was performed
using Bayes factor delimitation (BFD; Grummer et al.
2014; Leaché et al. 2014) by comparing the marginal
likelihood estimates (MLE) obtained for each model by
calculating the Bayes factor (BF; Kass and Raftery 1995)
between the current taxonomy model (model 1, i.e., two
accepted species) and the alternative species models
(model x) , as suggested in the tutorial (BF= 2 * [model
1 - model x]; Leaché and Bouckaert 2018).

Additionally, a joint Bayesian analysis of species
delimitation and species tree estimation was performed
using Bayesian Phylogenetics and Phylogeography v4.2
(BPP; Yang 2015). We performed the A11-type analysis
(Flouri et al. 2020), using Phylip alignments for each
target-capture derived loci obtained with the fas2phy
function of the R package chopper v0.1.8. BPP was
run for 200,000 generations, with a burnin of 20,000,
and a sample frequency of 1 (following McFadden
et al. 2017). Comparison of replicate runs performed
with each rjMCM algorithm, different starting tree
topologies and initial seeds was performed to assess
overall convergence. The influence of prior distributions
of the ancestral population size (�) and root age (�0),

was evaluated under three scenarios (similar to Leaché
and Fujita 2010): 1) large ancestral population size
and deep divergence, 2) small ancestral population
size and shallow divergence, and 3) large ancestral
population size and shallow divergence among species
(Supplementary Table S10 available on Dryad).

RESULTS AND DISCUSSION

Morphology Yields Primary Species Hypotheses
We first examined our collected specimens for a series

of morphological characters (Tables S1, S2 and Data
set S1 available on Dryad; Wallace 1999; Wolstenholme
et al. 2003; Wallace et al. 2012). Multivariate analysis
clearly distinguished three morphospecies (Fig. 1b,c
and Supplementary Fig. S2a available on Dryad; n=74,
P ≤ 0.001), tentatively identified by comparison with the
relevant type material as A. cf. cytherea, A. aff. hyacinthus
and A. cf. bifurcata (see Table 1, Wallace 1999; Veron 2000;
Wallace et al. 2012). The main features that contributed
to the discrimination achieved by this analysis were
the color of the colonies in the field, the shape, and
extent of crowding of the radial corallites (Fig. 1b)
and the median length and width of the branches
(Supplementary Fig. S2b available on Dryad).

Mitochondrial Marker Analyses are at Odds with
Morphology

As in previous studies of the genus Acropora (van
Oppen 2001; Márquez et al. 2002), neither maximum-
likelihood phylogeny (Fig. 1d) nor pairwise genetic
distances (Fig. 1e) obtained from the mitochondrial
putative control region (AcroCR) recovered groups
congruent with the morphological analyses. Instead,
specimens from the three morphospecies were scattered
throughout the tree, a pattern that may result from incor-
rect identification of the colonies (caused for instance
by morphological stasis or by phenotypic plasticity),
incomplete lineage sorting, or hybridization (Funk and
Omland 2003).

Due to considerable overlap in the time of spawning
among Acropora species (Harrison et al. 1984; Baird et al.
2009) and their high rates of interspecific breeding in
vitro (Willis et al. 1997), hybridization has often been
evoked as the most likely cause for the lack of species-
level monophyly in this genus (Miller and van Oppen
2003; Ying et al. 2019). However, in groups with relat-
ively recent diversification and significant population
size, such as the A. hyacinthus species group (∼2.58
Ma; Wallace 1999), shared ancestral polymorphisms
caused by large expected coalescent time should be
considered as an alternative explanation. Distinguishing
among these competing hypotheses requires several
independent markers, which is impossible using only
mitochondrial sequences (Sang and Zhong 2000).
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Cross-fertilization Experiments Suggest no
Hybridization Potential

In such a situation, breeding trials not only supply
an important layer of biologically relevant information
for delimiting sympatric species but also provide a
litmus test to assess hybridization potential based on
in vitro fertilization success (Wallace and Willis 1994).
Consequently, we evaluated mating compatibility by
performing cross-fertilization experiments using rep-
resentative colonies from each of the three morpho-
species (Fig. 2a). Significant fertilization success only
occurred in crosses performed within morphospecies
(Kruskal–Wallis chi-squared =23.26, df =3,P= 3.565e-
05), whereas all the other crosses resulted in almost no
fertilization (Fig. 2b). The reproductively isolated groups
delineated using this approach comprised only indi-
viduals of the same morphospecies, thereby supporting
the boundaries inferred from morphology.

Molecular Evidence Supports the Primary Species
Hypotheses

Since breeding compatibility experiments can only be
performed between colonies that reproduce synchron-
ously or within a few hours of difference (Willis et al.
1997), we extended the scope of the cross-fertilization
trials by looking at patterns of genetic clustering and
allele sharing, i.e. using genetic similarity and mutual
allelic exclusivity as indirect evidence for reproductive
isolation (Supplementary Table S3 available on Dryad).
Molecular approaches stemming from high-throughput
techniques have recently overcome long-standing meth-
odological limitations of molecular studies such as
the small number of markers available and lack of
species-level resolution (Cowman et al. 2020; Erickson
et al. 2021). Here, three individuals per morphospecies
(n=9) were analyzed applying an enrichment procedure
designed to capture conserved elements (derived from
UCEs and exonic loci) with a set of baits targeting hex-
acorals (Quattrini et al. 2018; Cowman et al. 2020). Using
this approach, more than two thousand phased loci were
recovered (1026 exons and 1034 UCEs, Supplementary
Table S6 available on Dryad).

Model-based genetic clustering using STRUCTURE
(Fig. 3a,b), as well as an ASTRAL resolved extended
species tree (Fig. 3c) of subsets of these loci (1889 and 79
loci, respectively), identified groups that were consistent
with both morphology and breeding trials. To verify this
across a larger number of specimens, we screened the
captured loci for candidate markers displaying allelic
exclusivity for each cluster (79 loci, Fig. 3d). As a
result, three nuclear loci—L-threonine 3-dehydrogenase
(TDH), dopamine receptor 2 (DOPR), and ATPase
ASNA-1 (ASNA) (Fig. 3e)—were selected for PCR-
based amplification of the 36 individuals in the tabular
Acropora data set followed by various molecular species
delimitation approaches (Supplementary Tables S3, S4,
and S7 available on Dryad).

Genetic clustering of the specimens (n=36) differ-
entiated three groups that were congruent with both
morphospecies hypotheses and breeding compatibility
results (Fig. 4a–d). As previously observed with the mito-
chondrial control region, the pairwise genetic distances
between and within morphospecies overlapped for each
marker (Supplementary Fig. S4 available on Dryad,
right), and neither the individual gene phylogenies
(Supplementary Fig. S4 available on Dryad, left), a
concatenated tree (Supplementary Fig. S5 a available
on Dryad) nor a cloudogram (Supplementary Fig. S5 b
available on Dryad) inferred from these loci supported
the reciprocal monophyly of the three species.

By contrast, each of the three species was recovered
as monophyletic in the resolved extended species tree
obtained using ASTRAL (Supplementary Fig. S5 c
available on Dryad), albeit with uncertain topology
and low support for some clades. In addition, the
haplowebs inferred from these three loci (Fig. 4e) and
the conspecificity matrix summarizing them (Fig. 4f and
Supplementary Table S8 available on Dryad) all unequi-
vocally supported the grouping of our samples into three
reproductively isolated units. Similarly, coalescence-
based (Supplementary Table S9 available on Dryad) and
Bayesian species delimitation analyses (Supplementary
Table S10 available on Dryad) supported the three-
species model with decisive values (Bayes factor >10 and
posterior probability > 0.95, respectively).

These results challenge the generally accepted idea
that morphospecies of Acropora cannot be distinguished
using molecular approaches because of hybridization.
On the contrary, despite being closely related these spe-
cies appear to be reproductively isolated. It was possible
to delineate them using target-enrichment followed by
genomic sequencing (which probes thousands of mark-
ers but can yield incomplete data matrices) as well as
using traditional PCR amplification followed by Sanger
sequencing (which targets only one marker/individual
at a time but yields high-quality, complete data sets).
Hence, our results are different from other examples
of successful molecular species delimitation based
exclusively on high-throughput genomic sequencing
(Quattrini et al. 2019; Erickson et al. 2021).

CONCLUSIONS

By using approaches sensitive enough to detect diver-
gence at both the morphological and molecular levels,
congruence between the three lines of evidence (i.e.,
morphology, breeding trials, and molecular approaches)
demonstrates that it is possible to develop a robust
coral taxonomy, thus helping to solve one of the greatest
taxonomical conundrums since Linnaeus (Kitahara et al.
2016). Comparing evidence from multiple independent
sources improved confidence in coral species boundaries
by illustrating that Acropora species, once considered
a taxonomic nightmare, are actually reproductively
isolated and independently evolving units that can be
distinguished morphologically.
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Our findings show that allele sharing-based and
coalescence-based multilocus approaches to species
delimitation outperform mainstream methodologies
relying on the monophyly and genetic distance as the
criteria to delineate boundaries, particularly between
closely related species. Although our methodology was
focused on the taxonomic revision of coral species, the
approaches outlined here are in principle applicable to
a wide variety of plant and animal taxa.

SUPPLEMENTARY MATERIAL

Data available from the Dryad Digital Repository:
https://doi.org/10.5061/dryad.k98sf7m5x

The main sequence data sets generated for this study
have been placed in GenBank and SRA repositories (see
Supplementary Tables S4 and S5 available in Dryad).
All photographical records of the specimens used for
this study have been deposited in MorphoBank (Project
4065, http://morphobank.org/permalink/?P4065).
Alignments, trees and examples of scripts and
commands used can be found in the GitHub repository
(https://github.com/catalinarp/SpeciesDelimitationTa
bularAcropora).
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