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ARTICLE INFO ABSTRACT

Keywords: Scleractinian corals are a diverse group of ecologically important yet highly threatened marine invertebrates,
Biogef)graph.y which can be challenging to identify to the species level. An influx of molecular studies has transformed scler-
Cryptic species actinian systematics, highlighting that cryptic species may be more common than previously understood. In this
I;’E;;g;g:::;ze study, we test the hypothesis that Plesiastrea versipora (Lamarck, 1816), a species currently considered to occur

Plesiastrea versipora throughout the Indo-Pacific in tropical, sub-tropical and temperate waters, is a single species. Molecular and

Systematics morphological analyses were conducted on 80 samples collected from 31 sites spanning the majority of the
species putative range and twelve mitogenomes were assembled to identify informative regions for phylogenetic
reconstruction. Congruent genetic data across three gene regions supports the existence of two monophyletic
clades aligning with distinct tropical and temperate provenances. Multivariate macromorphological analyses
based on 13 corallite characters provided additional support for the phylogeographic split, with the number of
septa and corallite density varying across this biogeographic divide. Furthermore, micromorphological and
microstructural analyses identified that the temperate representatives typically develop sub-cerioid corallites
with sparse or absent coenosteal features and smooth septal faces. In contrast, tropical representatives typically
develop plocoid corallites separated by a porous dissepimental coenosteum and have granulated septal faces.
These data suggest that at least two species exist within the genus Plesiastrea Milne Edwards & Haime, 1848.
Based on examination of type material, we retain the name Plesiastrea versipora (Lamarck, 1816) for the
temperate representatives of the genus and resurrect the name Plesiastrea peroni Milne Edwards & Haime, 1857
for the tropical members. This study highlights how broadly distributed hard coral taxa still need careful re-
examination through an integrated systematics approach to better understand their phylogeographic patterns.
Furthermore, it demonstrates the utility of integrating micro-, macro-morphological and genetic datasets, and the
importance of type specimens when dealing with taxonomic revisions of scleractinian taxa.
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1. Introduction

Species identification is fundamental to biological science and
threatened-species conservation (Cracraft, 2002; Mace, 2004; Tahseen,
2014). Cataloguing biodiversity is also integral to understanding the
ecological functioning of natural systems (Agapow et al., 2004; Isaac
et al., 2004) and interpreting the impacts of climate change (Fiser et al.,
2018). In the marine environment, speciation has been prolific
(Gonzalez et al., 2018). As of 2022, over 240,000 marine species have
been formally described to date (WoRMS Editorial Board, 2021),
approximately one-third of which occur in coral reef ecosystems (Reaka-
Kudla, 2005). However, the total number could be at least three times
higher once undescribed and undetected marine species are accounted
for (Appeltans et al., 2012).

Cryptic species are defined as two or more morphologically similar
but genetically distinct species that are erroneously classified under one
species name (Bickford et al., 2007; Fiser et al., 2018; Knowlton, 1993;
Saez and Lozano, 2005). Cryptic species often remain undetected until
in-depth phylogeographic (Arrigoni et al., 2019, 2020; Fouquet et al.,
2007; Mitsuki et al., 2021; Williams et al., 2006) or population genetic
studies reveal unexpected divergences (Gonzalez-Castellano et al., 2020;
Griffiths et al., 2010; McKeown et al., 2020). A large proportion of major
metazoan taxa contain cryptic species (Pérez-Ponce de Leén and Poulin,
2016; Pfenninger and Schwenk, 2007); hence cryptic speciation presents
ubiquitous and complex challenges to anyone attempting to use
morphological similarities to identify species. It also provides significant
challenges to managers tasked with protecting biodiversity and imple-
menting effective species conservation strategies (Bickford et al., 2007;
Chenuil et al., 2019; Witt et al., 2006).

Scleractinian corals are an ideal model group to study cryptic di-
versity due to their established propensity for interspecific hybridisation
(Richards et al., 2013; van Oppen et al., 2001), morphological conver-
gence (Arrigoni et al., 2014; Benzoni et al., 2012; Budd et al., 2012;
Fukami et al., 2004; Gittenberger et al., 2011; Richards et al., 2010) and
environmental plasticity (Ow and Todd, 2010; Pfennig et al., 2010;
Todd, 2008). Hybridisation promotes diversification in numerous
genera (Hobbs et al., 2021) due to gametic admixture during mass
spawning events aided by the experimentally-proven ability for many
coral species to have semi-permeable reproductive boundaries (Willis
et al., 2006). Hybridisation can occur between species with a recent
common ancestry or within syngameons (Mao et al., 2018; Richards
et al., 2013). It can be a driver of evolutionary novelty (Richards and
Hobbs, 2015), but it can also obscure species boundaries (Vollmer and
Palumbi, 2002). Where hybrid offspring show morphological similarity
to one of the parental lineages, it can lead to morphological gradients
and difficulties detecting cryptic species.

Convergent evolution (whereby distinct lineages independently
evolve similar traits, i.e. homoplasy) is another process that confounds
the ability to reconstruct evolutionary relationships and detect cryptic
species (Losos, 2011; Stern, 2013). A study by Richards et al. (2010)
discovered an Acropora species of uncertain identity (‘Pacific Elkhorn’)
in the Pacific Ocean that shared the same colony architecture and
macro-morphological features as the critically endangered Atlantic
Ocean species A. palmata (Lamarck, 1816). Molecular systematics
resolved these biogeographically separated elkhorn corals as highly
divergent lineages and distinct species (Richards et al., 2010). Molecular
data has also helped identify evolutionary convergence in at least five
other scleractinian coral families (Dendrophyllidae: Arrigoni et al.,
2014; Fungiidae: Benzoni et al., 2012; Gittenberger et al., 2011; and
Mussidae: Merulinidae, and Lobophylliidae, Budd et al., 2012; Fukami
et al., 2004).

Intraspecific variation and phenotypic plasticity have also presented
challenges to coral taxonomists (Kitahara et al., 2016) and hampered the
ability to detect cryptic species. The ‘ecomorph’ or ‘ecotype’ concept
(Veron, 2013; Wijsman-Best, 1974, 1972) suggests that intraspecific
skeletal variations occur as a result of phenotypic and/or genotypic
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responses to environmental conditions (Gattuso et al., 1991; Veron,
2013). This concept led to the ‘lumping’ of ecomorphs together (e.g.
Wallace, 1999), especially by field biologists, rather than ‘splitting’
species into more finely resolved units. The Pocillopora damicornis
complex has been a critical example in helping to understand the rela-
tionship between ecomorphs and species (Schmidt-Roach et al., 2014;
Veron and Pichon, 1976).

The growing body of genetic data obtained across large spatial scales
are starting to reveal that corals display complex patterns of genetic
structure (Arrigoni et al., 2019, 2020; Flot et al., 2011; Richards et al.,
2016; Stefani et al., 2008). Such complexity can only be untangled using
multiple lines of evidence (Forsman et al., 2009), including reproductive
data, behavioural information, biogeographic data, ecological insight
and detailed taxonomic and molecular systematic data (Fiser et al.,
2018). It is now becoming apparent in corals (Benzoni et al., 2010;
Gittenberger et al., 2011; Kitano et al., 2014; Luck et al., 2013; Luzon
etal., 2017) and beyond, that a total evidence approach (also referred to
as collaborative [Fisher and Smith, 2008], combined [Malhotra and
Thorpe, 2004], integrative [Padial and De la Riva, 2009; Tan et al.,
2010], multidimensional [Sbordoni et al., 1991], or multidisciplinary
[Lucas et al., 2002; Luckett, 2012]) is needed to formulate robust hy-
potheses about species relationships (Dayrat, 2005; Pante et al., 2015;
Schlick-Steiner et al., 2010).

Plesiastrea versipora (Lamarck, 1816) sensu lato is an encrusting to
massive zooxanthellate coral present across tropical and temperate
waters (Burgess et al., 2009; Cairns and Parker, 1992; Gilmour et al.,
2015; Madsen et al., 2014; Precoda et al., 2018; Veron, 2002), which is
evolutionarily distinct within the Robust clade of Scleractinia (Benzoni
etal., 2011; Kitahara et al., 2016). The genus Plesiastrea Milne Edwards
& Haime, 1848 is monotypic, but P. versipora is the senior synonym of six
other nominal species. Plesiastrea versipora is unusual among hermatypic
corals, in that its wide latitudinal distribution spans Indo-Pacific equa-
torial waters to as far south as the Bass Straight, Australia (39° S; Ling
et al., 2018), where the species must tolerate 12° C water temperatures
and low-light levels (Rodriguez-Lanetty et al., 2001). This species is also
found across the Indo-Pacific oceans, from the Red Sea (Benzoni et al.,
2011) to the eastern Pacific islands of the Tuamotu Archipelago
(Adjeroud et al., 2000; Glynn et al., 2007), and as far north as the
Ryukyu Archipelago, Japan (24-28° N; Rodriguez-Lanetty and Hoegh-
Guldberg, 2002). Preliminary studies of the phylogeography of
P. versipora as a host for Symbiodiniaceae in the western Pacific Ocean
show evidence of unexpected patterns of genetic structuring whereby
high-latitude temperate populations are differentiated from tropical
populations (Rodriguez-Lanetty et al., 2001; Rodriguez-Lanetty and
Hoegh-Guldberg, 2003, 2002). Given the wide distribution of
P. versipora and evidence of structuring among Symbiodiniaceae, further
investigation of genetic structuring within this monotypic genus is
warranted.

This study examines the phylogeographic diversity of P. versipora in
the Indo-Pacific using an integrated taxonomic approach. We hypothe-
sise that the entity currently known as P. versipora comprises of more
than one distinct species. To test this hypothesis, we examine the level of
phenotypic variation exhibited within P. versipora across a broad spatial
scale and generate mitogenomes and gene trees to explore possible
evolutionary relationships amongst morphological variants.

2. Material and methods
2.1. Specimen collection and identification

A total of 86 Plesiastrea specimens were collected via SCUBA or
snorkelling from 31 Indo-Pacific localities spanning the majority of its
known distribution (Fig. 1, Table S1). Specimens that fall between the
Tropic of Cancer (latitude 23°26'11.2"N) and Tropic of Capricorn
(latitude 23°26'11.2"S) were assigned as “tropical” and everything
outside this region “temperate”. In this regard, the temperate region
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Fig. 1. Map of sampling localities and type localities indicated by dots (blue dots = temperate and orange dots = tropical sampling localities; red dots = holotype
localities determined in this study; black dots = type localities of Plesiastrea junior synonyms determined in this study). Areas shaded lilac indicate the currently
known distribution of material identified as Plesiastrea versipora (Best et al., 1989; Huang et al., 2015; Jonker and Johan, 1999; van der Meij et al., 2010; Veron et al.,
2016). Location abbreviations are as flows; Arlington Reef, Queensland, Australia (AR); Barkan Island, Saudi Arabia — Red Sea (BI); Buccaneer Archipelago, Western
Australia (BU); Coogee, Western Australia (CO); Dampier Archipelago, Western Australia (DA); Deal Island, Tasmania, Australia (DI); Faafu Atoll, Maldives (FA);
Flinders Bay, Western Australia (FB); De Freycinet Islet, Western Australia (FI); Geographe Bay, Western Australia (GB); Gnaraloo Bay, Western Australia (GN);
Hamelin Bay, Western Australia (HB); Hillarys Boat Harbour, Western Australia (HH); Joe Smith Island, Houtman-Abrolhos, Western Australia (JS); Kingston Spit,
Western Australia (KS); Lord Howe Island, Australia (LH); Malamal Island, Papua New Guinea (MI); Maud Sanctuary, Western Australia (MS); Nosy Sakatia,
Madagascar (NS); Pilbara Shelf, Western Australia (PS); Fairlight Beach, Sydney Harbour, New South Wales (SH); Shelter Island, Albany, Western Australia (SI);
South Mole, Western Australia (SM); Socotra Island, Yemen (SO); Steep Point, Western Australia (SP); Thuwal, Saudi Arabia — Red Sea (TH); Vlaming Head, Western
Australia (VH); Vulcan Island, Western Australia (VI); West End, Western Australia (WE); and Yemen — Gulf of Aden (YE).

includes sub-tropical localities (~29-31°N and S). Two additional
specimens from the family Merulinidae; Cyphastrea decadia Moll &
Borel-Best, 1984, and Favites micropentagonus Veron, 2000, were
collected from the Kimberley, Western Australia, and used as outgroups.
Where possible, Plesiastrea colonies were photographed in-situ using an
Olympus TG-5 camera and depth was recorded using a Shearwater
Perdix Dive computer. A 5 x 5-cm? fragment of each colony was
sampled using hammer and chisel, assigned a unique identification
code, and a 1 x 1-cm? subsample placed in 100% ethanol. The
remainder of the sample was bleached in 30% sodium hypochlorite
solution for 48 h to remove any tissue, then rinsed in fresh water and
dried. Specimens sampled for this study were deposited at King Abdul-
lah University of Science and Technology, University of Milano-Bicocca,
The Australian Museum, and Western Australian Museum (Table S1).

Samples were collected or obtained under the appropriate licensing, and
export permits see Table S2.

Specimens were identified as Plesiastrea versipora (Lamarck, 1816)
based on skeleton morphology following Lamarck (1816: p. 264), Milne
Edwards and Haime (1848: p. 494; 1849: pp. 118-119), Matthai (1914:
pp. 103-104), Veron et al. (1977: pp. 149-153), Wijsman-Best (1977:
pp- 93-97), Dai and Horng (2009: p. 150), and Benzoni et al. (2011).
Additionally, reference was made to holotype illustrations and de-
scriptions of Plesiastrea versipora Lamarck (1816: p. 568; Fig. 2C) and its
junior synonyms (see Fig. 2): Favia ingolfi Crossland (1931: pp.
386-387), Orbicella annuligera (Vaughan, 1907: pp. 252-253), Orbicella
gravieri Vaughan (1918: pp. 85-86), Plesiastrea peroni Milne Edwards &
Haime (1857: p. 492; Fig. 2E), Plesiastrea proximans Dennant (1904: p.
9), Plesiastrea quatrefagiana Milne Edwards & Haime (1849: p. 119), and
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Plesiastrea urvillii Milne Edwards & Haime, 1848b (Milne Edwards and
Haime, 1849: pp. 117-118; Fig. 2A). For further nomenclatural details
see Table S3 and Supplementary file 2.

2.2. DNA extraction and mitochondrial genome library construction and
sequencing

Total genomic DNA (gDNA) was extracted from a 2-4-mm? sub-
sample from the 86 samples (Table S1) using DNeasy Blood and Tissue
kit (Qiagen Inc., Venlo, the Netherlands), with minor modifications to
the tissue lysing step. For detailed methods of the DNA extractions,
quality, quantification, and PCR amplification, see Table S4.

Twelve morphologically distinct P. versipora specimens spanning the
widest distribution range possible with the specimens available (Indian
and Pacific Oceans, the Red Sea, near equatorial locations, and southern
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Fig. 2. Colony and corallite morphology of
Plesiastrea type material and additional
specimens (including synonymised taxa and
specimens examined in this study). (A) Ho-
lotype of Plesiastrea urvillii MNHN733. (B)
Plesiastrea SI 2199 at Shelter Island, Albany,
Western Australia (this study). (C) Holotype
of Astrea versipora Lamarck, 1816; MNHN IK-
2012-10624. (D) Plesiastrea HB 2144 at
Hamelin Bay, Western Australia (this study;
topotype of Plesiastrea versipora MNHN IK-
2012-10624). (E) Holotype illustration of
Plesiastrea peroni Milne Edwards & Haime,
1857; * 4+ 0.4 cm. # + 2 mm. (F) Plesiastrea
AR 2098 at Arlington Reef, Queensland,
Australia (this study). (G) Plesiastrea LH 2181
at Lord Howe Island, Australia (this study).
(H) Plesiastrea FA 2210 at Faafu Atoll,
Maldives (this study). White bars in circle
inserts are a scale of 1 mm.

most specimens [Shelter Island, Western Australia and Deal Island,
Tasmania, Australia]; see section 2.5), and two outgroups (C. decadia and
F. micropentagonus) were selected for mitochondrial genome sequencing
with the aim of identifying new informative barcoding loci based on
hyper-variable regions. A larger subset (n = 74) of Plesiastrea specimens
was then sequenced using these newly developed primers (see section
2.3).

A gDNA library was prepared for each sample using QIAseq FX DNA
library kit (24; Qiagen Inc., Venlo, the Netherlands) targeting the 10 ng
of input gDNA to enzyme ratio protocol. Pooled libraries were size
selected (200-600 bp) using a Pippin Prep (Sage Sciences; Massachu-
setts, USA). The genomic library was sequenced on an MiSeq platform
(Illumina, San Diego, CA, USA) with standard 500-cycle V2 chemistry
(250 bp paired-end sequencing runs). For further detail of the mito-
chondrial genome library sequencing methods see Table S5.
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Construction of the 12 Plesiastrea and two outgroups mitochondrial
genomes was completed using Geneious version 10.1.3 (Biomatters Ltd,
Auckland, New Zealand), with comparison to genomes obtained from
GenBank (January 2019) of P. versipora (KY094480; Daya Bay, Guang-
dong, China; 15,320 bp; Niu et al., 2020) and Orbicella faveolata (Ellis &
Solander, 1786) (NC007226; 16,138 bp; Bocas del Toro, Panama;
Fukami and Knowlton, 2005). Three iterations of mitogenome builds
were undertaken using the ‘Map to Reference’ function in Geneious.
Further improvement iterations of the mitochondrial genome build
involved the extraction of the consensus sequence generated from the
first initial build using O. faveolata (NC007226) and returning to the raw
data (Readl and Read2) for each sample. Thirdly, additional refinement
was carried out with ‘Map to P. versipora (KY094480)’, in addition to
providing gene annotations. Assembled mitochondrial genomes were
then aligned with O. faveolata (NC007226) using the ‘Alignment’ tool.
The gene order and associated annotations were confirmed with the
Type SII Scleractinian gene arrangement from Lin et al. (2014). Addi-
tionally, the gene order and annotations were cross-referenced with
MITOS (Bernt et al., 2013) de novo output of the Plesiastrea SI 2124
mitogenome assembled in this study because of its largest sequencing
coverage (890x). For detailed methods of P. versipora mitochondrial
genome construction see Table S5. Sequences were submitted to the
GenBank database (NCBI) and corresponding accession number are lis-
ted in Table S1.

2.3. Mitochondrial and nuclear primer design, sequencing and sequence
determination

2.3.1. Primer design

Mitochondrial and nuclear primers were designed using Primer3
version 2.3.7 in Geneious (Table 1). Variable regions within the 12
mitochondrial genomes were identified within the COI (Cytochrome ¢
oxidase I — upper section), COIII-COII (partial Cytochrome c oxidase III
to partial Cytochrome c oxidase II) loci for mitochondrial primer design
(Table S6). The nuclear primer set ITS (Internal transcribed spacers ITS 1
& 2 including 5.8S; Table S6) were designed around the GenBank ITS
sequence of P. versipora (HQ203307; Pulau Jong, Singapore; Huang
et al., 2011). Similarly to the mitochondrial genome construction, the
raw data for each sample (Read 1 and Read 2) was queried using the
‘Map to P. versipora (HQ203307, ITS)’. The consensus ITS was aligned
and examined for intraspecies variation areas for targeted primer
design. For detailed methods of the P. versipora nuclear ITS primer
development see Table S7. Both mitochondrial and nuclear primer
development followed stringent guidelines for performance and opti-
misation (Bustin and Huggett, 2017). For details of primer optimisation,
validation and testing see Table S8.

2.3.2. DNA amplification and sequencing of COI, COIII-COII and ITS
DNA amplification for Sanger Sequencing involved three PCR assays
per sample each with 2ul of gDNA (Table S6). The thermal cycling
conditions were: initial denaturation at 95 °C for 5 min, followed by 40
cycles of 95 °C for 30 s, annealing at primer-specific annealing

Table 1
Molecular markers and locus utilised for phylogenetic reconstruction. Total
characters (informative) does not include outgroups. Protein-coding gene (PCG).

Locus Primer Pairs (5'-3') Total base pairs AIC
(informative) Model

CoI Pv_COI 14413 F1 728 (17) HKY + 1
Pv_COI_15398 R1 + G

COIII-COII Pv_C02-3.10805_F1 447 (13) HKY + 1
Pv_C02-3.11384 R1 +G

Mt Genome High throughput 11,682 (96) HKY + I

(13PCGs) sequencing
ITS Pv_ITS_827bp_F1 715 (49) TIM3 + G

Pv_ITS_827bp_R2
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temperature (Table S6) for 30 s, extension at 72 °C for 50 s (longer
extension time assigned to larger sized fragments), and a final extension
at 72 °C for 10 min. PCR product was purified using Qiagen Qiaquick
PCR purification kit (Venlo, the Netherlands) and sequenced via Mac-
rogen Inc. (Seoul, South Korea). Forward and reverse chromatogram,
were assembled and manually checked using Geneious and primers were
removed. The consensus sequence from each gene and sample was used
for further analyses. Sequences were submitted to the GenBank database
(NCBI; Table S1).

2.4. Phylogenetic analyses of mitochondrial and nuclear regions

Three gene alignments were compiled for phylogenetic inference
from sequences obtained from Sanger sequencing. Sequences were
globally aligned pairwise in Geneious using a cost matrix of 93% simi-
larity (5.0/-9.026168); two mitochondrial loci and one nuclear marker
alignment. Mitochondrial loci were COI (n = 89; including COI extract
from P. versipora - KY094480 and outgroups), as well as COIII-COII (n =
89; including COIII-COII extract from P. versipora - KY094480 and
outgroups). The nuclear loci was ITS, where a consensus ITS sequence
was compiled for each taxa from this multi-copy marker (n = 62;
including P. versipora - HQ203307 and outgroups). Variable single
nucleotide polymorphisms (SNP’s) across each loci and taxa were
compiled and analysed (Table S9).

Complete annotated mitochondrial genome sequences (n = 13;
including P. versipora - KY094480) were viewed in Geneious ‘Sequence
Viewer’, and each protein-coding gene (PCG) was extracted to produce a
mitochondrial genome sequence alignment containing 13 protein-
coding genes and a total length of 11,682 bp for further analysis.

Separate phylogenetic analyses for each DNA locus and the mito-
chondrial PCG sequences were conducted. The optimum phylogenetic
models were assessed using the program jModelTest version 2.1.10
(Darriba et al., 2012), under the Akaike Information Criterion (AIC)
(Table 1). AIC modelling was chosen for the Bayesian inference analyses
as AIC shows more precision in modelling when more complicated
substitution models are applied (Kadane and Lazar, 2004; Luo et al.,
2010; Posada and Crandall, 2001). COI and COII-COIII sequences were
concatenated in TextWrangler version 5.5.2 (Bare Bones Software,
North Chelmsford, USA). Phylogenetic analyses were conducted under
Bayesian inference. Bayesian inference analyses were performed in
BEAST version 2.4.6 (Bouckaert et al., 2014). BEAST file sequence
model was created in Beauti version 2.4.6 (Bouckaert et al., 2014) using
the Package jModelTest version 1.0.4 (Bouckaert and Drummond, 2017)
for Bayesian model test for nucleotide substitution models, gamma rate
heterogeneity and invariant sites. ITS and concatenated COI, COIII-CIII
were run separately on a relaxed clock log-normal prior using a Coa-
lescent Bayesian Skyline inference (Drummond et al., 2005).

To estimate the relative divergence time, a fossil calibration was
applied to the phylogenetic reconstruction of the PCGs using a Coales-
cent Bayesian Skyline inference and relaxed clock log-normal prior
(Drummond et al., 2006; Heled and Drummond, 2012; Sauquet, 2013).
Following (Nguyen and Ho, 2020; Simpson et al., 2011) and the
Palaeobiology Database (https://paleobiodb.org), the stratigraphically
oldest confirmed fossil occurrence of P. versipora (specimen Fig. S1) was
used to create a calibration prior, probability gamma distributed with a
skewed peak. Based on the first appearance datum (P. versipora fossil,
specimen FLV1.2_53; Bromfield and Pandolfi, 2012), with a time range
of 16.0-13.8 Mya, Gamma ShapeScale was set at 2.0« and 18.0p with an
offset of 13.8.

Four Markov chains of 100 million generations were implemented in
ten separate runs, saving a tree every 1000th generation. Markov Chain
Monte Carlo (MCMC) convergence among runs was monitored using
Tracer version 1.7.1 (Rambaut et al., 2014) and checked for effective
sampling size (ESS) including unimodal posterior distribution. The first
10% of trees sampled were discarded as burn-in following indications by
Tracer, and summarised output trees were compiled using
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TreeAnnotator version 2.4.6 (Bouckaert et al., 2014). Tree files for the
respective analysis were combined using Log Combiner version 2.4.6
(Bouckaert et al., 2014). Combined tree posterior probability was
visualised in FigTree version 1.4.4 (Rambaut, 2012) and final tree figure
edited in Adobe Illustrator version 21.1.0 (San Jose, USA).

2.5. Macro-morphological analyses

2.5.1. Skeletal morphometrics

To explore the extent of morphological variation in specimens across
their distribution range, macro-morphological characterisation was
carried out on 80 Plesiastrea colonies (Table S1). Seventeen informative
characters were chosen pertaining to the corallum and the internal
features of the calice (Budd and Stolarski, 2011; Cairns and Kitahara,
2012; Huang, 2012; Rocha et al., 2014; Veron, 1993; Veron et al., 1977;
Veron, 2000); Fig. S2, Table S10, definitions in Table S11). Character
states were quantified from six randomly-selected corallites per colony
observed with a Fluorescent Stereo Microscope Leica M165 FC with an
integrated CCD Camera Leica DFC7000 T, using Leica Application Suite
X Version 4.9.0 LAS software. Corallite choice randomisation was car-
ried out by inputting a skeletal colony image into CPCe version 4.1
(Kohler and Gill, 2006) and using the point overlay tool to randomly
choose six corallites for analysis.

2.5.2. Macro-morphological skeletal analyses

Morphological variability in 17 characters was initially examined
using a draftsman plot to investigate the collinearity of characters using
PRIMER-E version 7 (Clarke and Warwick, 2001; Fig. S3). Three char-
acters, C14 (number of primary septa; S;), C15 (number of secondary
septa; Sp), C16 (number of tertiary septa; S3; Table S10) displayed linear
combinations with C17 (total number of septa) and were removed from
the analyses. Additionally, C12 (columella state) was also removed
because only a single character state was conserved across all samples.
Similarity matrices of the remaining 13 morphometric characters of all
Plesiastrea specimens (n = 80) and a subset of those collected from
Western Australian (W.A.) localities (n = 60) were constructed using the
Euclidean distance measure (Clarke and Warwick, 2001; Table S12).

To address the hypothesis that undetected phylogeographic struc-
turing exists within Plesiastrea, we examined colony morphology using
multivariate techniques across the range of samples, testing for differ-
ences between plausible groups based on geographic locations (using
ecoregions as defined by Spalding et al., 2007), between Indian and
Pacific Oceans, and either side of the Tropic of Capricorn. These analyses
were necessary to help infer whether significant spatial morphological
variation was present, and to identify the morphological character(s)
driving variation. These findings were then applied to groups identified
by phylogenetic analyses to support these results under the integrated
approach (see section 2.5.3).

A One-way Analysis of Similarity (ANOSIM; 999 permutations) was
performed to test for significant differences between sampling locations.
Data were then grouped according to defined marine ecoregions
(Table S13) and a two-way nested ANOSIM was used to examine dif-
ferences between 14 ecoregions nested within their respective oceans
(Indian or Pacific). Along the Western Australian coast, sampling
covered six ecoregions spanning the Kimberley (Bonaparte) ER141 to
South-West Australia (Leeuwin) ER209 (Fig. 1, Table S13), these ecor-
egions were examined for significant differences in morphometrics using
a one-way ANOSIM (Table 516).

A hierarchical CLUSTER analysis (group average) was constructed to
group localities based on Euclidean distance (Fig. S4), and any signifi-
cant separation overlayed on the PCoA of localities. Spearman rank
correlation of > 0.1 was overlayed on the PCoA of ecoregions. Finally, a
Similarity Percentages Analysis (SIMPER) was performed to identify
unifying morphological characters within ecoregions and key discrimi-
nating characters between ecoregions.
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2.5.3. Integration of skeletal macro-morphology, molecular work and
analysis of type specimens

To investigate whether morphometrics were significantly different
across clades established from the concatenated COI, COIII-COIII
phylogenetic analysis, samples were grouped according to their
respective clades (temperate n = 48, tropical n = 32). A one-way
ANOSIM (999 permutations) was used to test for significant differ-
ences based on morphometrics between clades, and SIMPER analysis
was used to identify key characters contributing to differences. After
distinguishing key discriminating characters (using SIMPER, see section
2.5.2), images of type specimens were examined and these characters
recorded, where possible. A similarity matrix (Euclidean distance) was
constructed and an nMDS ordination produced to visually compare the
alignment of type specimens with clades identified in molecular ana-
lyses, based on informative morphological characters.

The multivariate analysis described above allows the identification
of morphological characters driving differences between clades (via
similarity matrices), however, it does not distinguish additional char-
acters related to the corallum that are expressly useful for taxonomic
identification. Thus, each character was subject to a one-way ANOVA in
R (R Version 3.6.2) to determine whether it differed significantly be-
tween clades, which allowed further investigation of the usefulness of
that character for traditional taxonomic morphological identification.
Assumptions of normality (Shapiro-Wilk Test) and homogeneity of
variance (Levene’s test, Q/Q-plots and boxplots) were tested using
package ‘car’ (Version 3.0-6). Character C11 (average distance among
corallites) was log-transformed prior to analysis to meet normality for
analysis of variance. Characters C3 (corallite density per 10 mm?), C5
(calyx longest diameter), C6 (shortest corallite diameter), C7 (columella
maximum diameter), C8 (corallite height), C9 (average primary septa
thickness over theca) and C11 (met normality for analysis of variance)
were individually fitted to a general linear model and tested using a one-
way ANOVA with Clade as factor. Characters C2 (type of budding), C4
(corallite longest diameter), C10 (number of adjacent corallites), C13
(orders of septa), C14, C15, C16 and C17 were not from a normal dis-
tribution based on Shapiro-Wilk Test and were tested using the non-
parametric Kruskal-Wallis rank sum test (Zar, 2010). Additionally, C1
(corallite structure) was ordinal data and tested using the Kruskal-Wallis
rank sum test.

2.6. Skeletal micro-morphological and micro-structural analyses

Skeletal micro-morphology was visualised using Thermo Fisher
(Philips) XL20 scanning electron microscope (SEM); all samples were
sputter coated with platinum and photographed. SEM was also used to
visualize the micro-structural features of polished sections that were
lightly etched in Mutvei’s solution following Schone et al., (2005).
Skeletal micro-structure was also examined using polished sections and
photographed with Nikon Eclipse 80i transmitted light microscope fitted
with a DS-5Mc cooled camera head. Thin sections and skeletal fragments
attached to microscope stubs are housed at the Institute of Paleobiolgy,
Polish Academy of Sciences (ZPAL; Table S1). 3D visualization of the
internal structure of the coralla was made with Zeiss XRadia MicroXCT-
200 system (referred to as Micro-CT). Scans were performed using the
following parameters: voltage: 60 kV, power: 10 W, exposure time: 6 s,
pixel size: 19.47 pm, 1201 projections. Three-dimensional images were
obtained by processing with the AVIZO7.1 Fire Edition software. All
micro-morphological and micro-structural analyses were performed at
the Institute of Paleobiology, Polish Academy of Sciences.

3. Results
3.1. Mitochondrial genome architecture

Mitochondrial genome architecture followed Type SII scleractinian
gene arrangement (Lin et al., 2014; Fig. 3). The level of single nucleotide
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Fig. 3. Mitochondrial genome architecture of Plesiastrea versipora based on Type SII Scleractinian (Lin et al., 2014). Gene arrangement and mitochondrial sequence
length were determined from 12 mitochondrial genomes. Inside scale markers indicate sequence length positions of 2.5 kb.

polymorphism (SNP) variation observed in the 12 novel P. versipora
mitochondrial genomes (sequence coverage ranged from 31x to 890x;
Table S14) was 100 SNPs (0.7%) with no indels observed. 93 SNPs
(0.8%; Table S9) occurred among the 13 protein-coding genes used in
the mitochondrial phylogenetic analysis and three more were found
when a published mitogenome of P. versipora (KY094480) was included
in the alignment. Among the 13 protein-coding genes, the COI gene was
identified as the longest contiguous gene (1516 bp; Table S15), noting
the ND5 gene occurred in two different regions (ND5 Part 1 and Part 2)
and totalled 1,820 bp. ATP8 was the shortest PCG (198 bp; Table S15).

3.2. Concatenated COI, COIII to COII phylogeny

Eighty-nine sequences from 32 locations were used in the phylo-
geographic analysis. A segment (1175 bp) consisting of concatenated
COI and COIII-COII mitochondrial loci were aligned, and 30 informative
sites (COI and COIII-COII combined; Table 1). The consensus tree was
from drawn from ten independent BEAST runs that resulted in effective
sampling size (ESS) values > 250. The COI and COIII-COII phylogenetic
tree showed two strongly supported clades (posterior support 0.98) that
correlated with a divide at the Tropic of Capricorn (herein referred to as
temperate and tropical clades; Fig. 4).

The tropical clade contained 39 samples with a southern-most lati-
tude of 23°26'11.2"S (Tropic of Capricorn). There was 0.98 posterior
probability support for samples from Lord Howe Island to group in the
tropical clade, with samples from Arlington Reef (Great Barrier Reef);
the Kimberley (W.A.); Papua New Guinea; the Gulf of Aden; the
Maldives; the Red Sea; and Madagascar (Fig. 4). Additionally, the Red
Sea sample from Barkan Island, Saudi Arabia (BI) located 27°54'21.2"N

latitude fell within the tropical clade.

The temperate clade contained 47 samples with a northern-most
latitude 23°26'11.2"S (Tropic of Capricorn). There was 0.94 posterior
probability support for Western Australian samples from Gnaraloo Bay,
Shark Bay and Abrolhos Islands to cluster with samples from Geographe
Bay (Fig. 4). Overall, the samples within Plesiastrea created two distinct,
highly supported, reciprocally monophyletic lineages in the mitochon-
drial gene tree. It is important to note Gnaraloo Bay samples (GN), which
belong to the temperate clade, were only geographically separated from
the Maud Sanctuary (MS) samples (which fell in the tropical clade) by
70 km (Fig. 1).

3.3. Nuclear ITS locus phylogeny

To examine if the tropical/temperate division was also present in the
nuclear DNA, a phylogenetic tree was built from an alignment of 61 ITS
sequences from 28 geographic locations (715 bp in length with 49
polymorphic sites and five indels observed; Table 1).

The ITS region amplification was a challenge for Sanger sequencing
due to its multi-copy nature leading to overlapping peaks and signal loss
in the electropherogram. Hence the ITS phylogeny is a subset of termi-
nals from the mitochondrial phylogeny. The consensus tree was drawn
from ten independent BEAST runs that resulted in ESS values > 380. The
nuclear ITS phylogenetic tree was found to be congruent with the
mitochondrial COI and COIII-COII 1186 bp dataset, revealing two
strongly supported clades; tropical and temperate (posterior support 1.0;
Fig. 5).

In contrast to the mitochondrial reconstruction, based on the ITS
phylogeny, Gnaraloo Bay (W.A.) samples clustered within the tropical
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Locality Abbreviations

Arlington Reef, Queensland, Australia (AR)
Barkan Island, Saudi Arabia - Red Sea (BI)
Buccaneer Archipelago, Western Australia (BU)
Coogee, Western Australia (CO)

Dampier Archipelago, Western Australia (DA)
Deal Island, Tasmania, Australia (DI)

Flinders Bay, Western Australia (FB)

Faafu Atoll, Maldives (FA)

De Freycinet Islet, Western Australia (FI)
Geographe Bay, Western Australia (GB)
Gnaraloo Bay, Western Australia (GN)
Hamelin Bay, Western Australia (HB)

Hillarys Boat Harbour, Western Australia (HH)
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clade (posterior support 0.9; Fig. 5) (with Maud Sanctuary and Cape
Vlaming Head) (Figs. 5, 6). This discordance was also noted for a sample
from Nosy Sakatia, Madagascar, which in the ITS phylogeny clustered in
the temperate clade (Fig. 5), but clustered within the tropical clade of
the mitochondrial phylogenies (Figs. 4, 6). Samples from Lord Howe

Island were present in the tropical clade (Fig. 6), consistent with the
concatenated mitochondrial reconstruction (Fig. 4). Overall, the ITS
analysis showed weak internal node support within the temperate and
tropical clades.
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Fig. 5. Bayesian phylogenetic analysis of Plesiastrea based on nuclear ITS. Branch support values at nodes represent Bayesian posterior probabilities > 0.9. For ease of
interpretation, the two main clades are labelled as tropical and temperate based on a split at the Tropic of Capricorn. Orange labels = tropical collection locality; Blue
labels = temperate collection locality. (*) Indicates specimens where there is discordance between the mitochondrial (COI-COIII-II) and nuclear (ITS) phylogenies
(compare with Fig. 4).

3.4. Mitochondrial genome phylogeny and tropical vs temperate clade congruent phylogeny with the ITS and concatenated mitochondrial
divergence timing analysis separating tropical and temperate clades (> 0.98; Figs. 4-6).
Like the concatenated mitochondrial analysis, the full mitochondrial

The Bayesian analysis of the full mitochondrial genomes recovered a genome analysis also places the samples collected from Gnaraloo Bay (a
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Fig. 6. Bayesian phylogenetic analysis of Plesiastrea based on 13 mitochondrial protein-coding genes (11,682 bp). Red star = node of minimum age constraint with
the oldest stratigraphically fossil occurrence of Plesiastrea versipora, 16.0 — 13.8 Ma (Bromfield and Pandolfi, 2012). Node values are posterior probabilities (>0.9),
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temperate collection locality. The two main clades are labelled as tropical and temperate based on a split at the Tropic of Capricorn.
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tropical location and part of the Ningaloo Reef system), in the temperate
clade (Fig. 6) yet they cluster in the tropical clade within the ITS phy-
logeny (Fig. 5). Lord Howe Island (LH) samples, which were collected at
latitude 31°33'S, in a temperate location, was recovered in the tropical
clade in all phylogenetic reconstructions (Figs. 4-6).

There is also evidence of further sub-structuring within the major
clades (Fig. 6). For example, within the temperate clade there was
posterior probability support of 1 for samples from Gnaraloo, W.A. (GN)
and Steep Point, Shark Bay W.A. (SP) to be a sister group to samples from
Rottnest Island, W.A. (KS); Albany W.A. (DI); Tasmania (DI); and Sydney
N.S.W (SH). Within the tropical clade, there was also posterior proba-
bility support of 1 for samples collected from the Pilbara W.A. (PS) and
Great Barrier Reef (AR) to belong to a sister group to those collected in
the Red Sea (TH); Maldives (FA); Madagascar (NS); Lord Howe Island
(LH); and Daya Bay, Guangdong, China (KY094480; Niu et al., 2020).

Our mitochondrial time-calibrated phylogeny suggest that the most
common recent ancestor of the Plesiastrea tropical and temperate clades
lie in a 95% highest posterior density (HPD) interval between 13.85 and
62.70 Mya (Fig. 6). The divergence time estimate for both the Plesiastrea
tropical (12.314 Mya, 95% HPD; 3.77-25.32; Fig. 6) and temperate
(15.228 Mya, 95% HPD; 4.6-31.77; Fig. 6) clades suggest they occurred
in the Miocene epoch.

3.5. Comparative skeletal macro-morphometrics

Multivariate analysis revealed that the morphology of Plesiastrea did
not differ at an oceanic scale (Indian vs. Pacific Ocean, Global R = 0.054,
p = 0.6; Fig. S5A). However, there were distinct differences in
morphology based on whether samples were collected north or south of
the Tropic of Capricorn (23°26'11.2"S). Character C17 (total number of
septa) was found to be the character driving differences between trop-
ical and temperate locations. Colonies collected in tropical locations
consistently had between 23 and 42 (x = 30 + 5.4) septa whereas col-
onies in temperate locations had 28 — 45 (x = 36 + 3.1 SD). 87.5%
tropical and 85.4% temperate samples were correctly identify based on
the total amount of septa at < 35.6 (x + SD) and > 32.9 (x - SD)
respectively. Character C3 (corallite density per 10 mm?) was also a
distinguishing character with tropical colonies being more widely
spaced than temperate colonies (compare Fig. 2A-D with Fig. 2E-H). For
further details of character variations see Table S16.

Significant differences were observed between 14 ecoregions nested
within oceans (Global R = 0.37, p = 0.001; Fig. S5B). Furthermore, in-
dividual localities differed from one another (n = 29; Global R = 0.362,
p = 0.001), clustering into two groups at the > 10.0 resemblance slice
(Fig. S4) using hierarchical cluster analysis (Cophenetic correlation co-
efficient = 0.77; Fig. S5C). Statistical comparisons of samples collected
in the six Western Australian ecoregions revealed significant differences
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in macro-morphology (n = 6, Global R = 0.223, p = 0.001). Morphology
did not differ between the two temperate ecoregions (ER211, ER209, all
pairwise ANOSIM p > 0.05) however samples collected from the tropical
Kimberley, W.A. (ER141), and Exmouth to Broome (ER144) differed
from Ningaloo Reef (ER145) and Shark Bay (ER210), see Table S16. This
suggests morphological affinities may occur within Plesiastrea specimens
either south or north of the Tropic of Capricorn.

3.6. Macro-morphological skeletal features: Congruence with molecular
data and Plesiastrea type specimens

A consistent result of this study is that the samples split into two main
clades falling north and south of the Tropic of Capricorn. With a small
number of exceptions, there was congruence between all gene trees and
with morphometric data. Characters C17 (total number of septa) and C3
(corallite density per 10 mm?) were the key distinguishing characters
driving the significant difference between tropical and temperate clades
(n = 2; Global R = 0.322, p = 0.001; Fig. 7).

Univariate tests found that all morphological characters, except for
C2 (type of budding) and C14 (number of primary septa; S;), were
significantly different between tropical and temperate clades (Table S17
and S18), including the characters identified by SIMPER to be dis-
tinguishing between clades (C3: Fy 78 = 4.108, P = 0.046; C17: ;(2 1) =
22.466, P = <0.001). However, these characters were not useful for
distinguishing between the tropical and temperate clades (i.e. as a
taxonomic key) because of high variation and overlap.

Measurements for the two key distinguishing characters (C17, C3)
were made on images of the type specimens of species that are currently
synonymised with Plesiastrea versipora and visualised in multivariate
space. The MDS visualisation showed type specimens of F. ingolfi; O.
gravieri; P. peroni fell within the ordination space of the tropical clade
and type specimens of P. urvillii; P. quatrefagiana; P. versipora fell within
the temperate clade (Fig. 8). From these combined results, it is inferred
that Plesiastrea versipora belongs to the temperate clade and the tropical
members may be either F. ingolfi, O. gravieri or P. peroni. For further
nomenclatural discussion, see section 4. Systematic Account.

3.7. Micro-morphological, micro-structural skeletal features: Congruence
with molecular data

As a final test of the congruence of morphological and molecular
data, and our principal finding that Plesiastrea samples belong to two
main clades (tropical and temperate), micro-morphological and micro-
structural features were examined with SEM and Micro-CT. From this
work, one of the most distinct differences between representatives of
both tropical and temperate groups is the extent of inter-corallite contact
(Fig. 9). Representatives of the tropical clade typically develop plocoid
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Fig. 7. PCoA based on Euclidean Distance similarity matrix of the morphological characters derived from skeletal sample morphometrics (n = 80), with samples
coded by tropical (orangev, n = 32) or temperate clade identity (bluea, n = 48) based on the phylogenetic analysis of concatenated mitochondrial markers COI and
COIII-COIL Blue and orange shading indicates Euclidean resemblance level > 10 of similarity at a Cophenetic correlation of 0.77; Fig. S4.
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Fig. 8. MDS ordination of specimens
based on key distinguishing characters
(corallite density [C3] and the total
number of septa [C17]; SIMPER). Sam-
ples coded by tropical (orangev, n = 32)
and temperate clades (bluea, n = 48)
based on the phylogenetic analysis of
concatenated mitochondrial markers
COL and COIII-COIL Included type
specimens were Favia ingolfi (type lo-
cality Tahiti, French Polynesia); Orbi-
cella gravieri (type locality Djibouti,
French Somaliland); Plesiastrea peroni
(type locality Australia); Plesiastrea qua-
trefagiana MNHN IK-2010-476 (type lo-
cality unknown); Plesiastrea urvillii
MNHN 1K-2010-691 (type locality
Albany, Western Australia); and Plesias-
trea versipora MNHN IK-2012-10624
(type locality Hamelin Bay, Western
Australia) (indicated by stars). Stress =
0.01.

Fig. 9. Direct comparison of skeletal
micro-morphological and some micro-
structural characters of representatives
of tropical (A-K) and temperate (L-V)
clades of Plesiastrea versipora (Lamarck,
1816). A-K. Plesiastrea PS 2222 (ZPAL
H.25/134: section) Pilbara Shelf, West-
ern Australia; L-V. Plesiastrea DI 2137
(ZPAL H.25/126: section) Kent Group,
Tasmania, South-East Australia. A-E and
L-P Micro-CT images (A, L virtual lon-
gitudinal and D, E, O, P transverse sec-
tion); F, G, Q, R. Transmitted light
optical microscopy images; H,I and S,T
scanning electron microscopy images of
colony (H, S) and septal (I, T) surfaces
and transverse polished and slightly
etched septa (J, K, U, V). Arrows in J and
U point to RADs that correspond to
granulations at distal septal edge.
Segmented line in K and V indicate
regular growth bands within thickening
deposits (TDs).
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colonies with corallites separated by dissepimental coenosteum (Fig. 9A,
B, D, E, H). In contrast, representatives of the temperate clade typically
develop cerioid colonies with often polygonal corallites closely packed
with no or sparse coenosteum (Fig. 9L, M, O, P, S). The dissepimental
coenosteum is porous in topical specimens vs. dense in temperate
specimens, whereby the corallite walls are thickened or lacking and
sparse coenosteum exists throughout skeletal astogeny (Fig. 9D, E vs.
90, P, respectively). Individual corallites in colonies of the tropical clade
typically show better-developed granulations on septal faces, whereas
septal faces of corallites of temperate representatives are smoother
(Fig. 9C, Tand 9 N, T, respectively). There were no major differences in
overall microstructural organization of the skeleton between two clades:
septa sectioned transversely, are composed of a centrally located zone
composed of rapid accretion deposits (RADs; see Stolarski, 2003) which
form a discontinuous zone with individual segments ca. 100 ym in
length (Fig. 9F, G, J and 9Q, R, U). Thickening deposits (TDs) which
consists of bundles of fibres perpendicular to the septal face develop on
both sides of RADs and show regular growth increments typical of
zooxanthellate corals (Fig. 9K,V; see also Frankowiak et al., 2016; Sto-
larski, 2003). Segmental micro-structural organization of septa corre-
sponds to lobate/denticulate septal margins (Fig. 91, T). Additional
transverse section of colonies belonging to tropical and temperate clade
representatives across a phylogeographic range can be seen in Fig. S6,
S7.

4. Systematic account

Based on the integrated molecular, macro- and micro-morphological
results of this study we revise the nomenclature of the genus Plesiastrea
to clarify that Plesiastrea versipora represents the mainly temperate
members of the clade (south of the Tropic of Capricorn). We also elevate
the name Plesiastrea peroni Milne Edwards & Haime, 1857 out of syn-
onymy to distinguish the mainly tropical members (those occurring
north of the Tropic of Capricorn). The rationale for elevating P. peroni is
based on Rules 23.1 and 23.3.5 (Principal of Priority, which state the
valid name of a taxon, is the oldest available name applied to it) of the
International Commission on Zoological Nomenclature et al. (1999). For
further information, see the remainder of the systematic account below
and Supplementary file 2.

Order Scleractinia Bourne, 1900.

Family Plesiastreidae Dai and Horng, 2009 (p. 149).

Genus Plesiastrea Milne Edwards & Haime, 1848a (p. 494).

Type species. Astrea versipora Lamarck, 1816; =Plesiastrea versipora
(Lamarck, 1816; Fig. 2C) designated by Milne Edwards and Haime
(1848a: p. 494).

Species included. Plesiastrea versipora (Lamarck, 1816), Plesiastrea
peroni Milne Edwards & Haime, 1857.

4.1. Plesiastrea versipora (Lamarck, 1816)

Plesiastrea versipora (Lamarck, 1816), (Fig. 2A-D, 9L-V, 10A-L,
S6E-H, S7A,E,F, Supplementary file 3).

4.1.1. Synonymy
Astraea (Fissicella) versipora Lamarck, 1816 (Dana, 1846: pp.

233-234).

Astraea versipora Lamarck, 1816 (Chevalier, 1954: p. 167; Ehrenberg,
1834: p. 317; Veron et al., 1977: p. 149).

Astrea versipora Lamarck, 1816 (Budd et al., 2012: p. 470; Lamarck,
1816: p. 264).

Favia versipora Lamarck, 1816 (Chevalier, 1954: p. 170; Ehrenberg,
1834: p. 317; Matthai, 1914: p.103, 1924: pp. 16-17; Veron et al., 1977:
p. 149).

Orbicella versipora Lamarck, 1816 (Chevalier, 1954: p. 167; Eguchi,
1938: p. 341; Gardiner, 1899: p. 753; Umbgrove, 1940: p. 276; Vaughan,
1918: pp. 85-86; Veron et al., 1977: p. 149).
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Plesiastraea urvillei Milne Edwards & Haime, 1848b (Folkeson, 1919:
p. 16; Milne Edwards and Haime, 1857: p. 490; Quelch, 1886: p. 104;
Tenison-Woods, 1878: p. 323; Verrill, 1866: p. 36).

Plesiastrea urvillei Milne Edwards & Haime, 1848b (Sheppard, 1987:
p- 30; Squires, 1966: p. 170; Veron et al., 1977: p. 149).

Plesiastrea urvillii Milne Edwards & Haime, 1848b (Milne Edwards
and Haime, 1848b: pl. 9, 1849: pp. 117-118).

Plesiastrea quatrefagesana Milne Edwards & Haime, 1849 (Veron
et al., 1977: p. 149).

Plesiastrea quatrefagiana Milne Edwards & Haime, 1849 (Milne
Edwards and Haime, 1849: p. 119; Veron et al., 1977: p. 149).

Plesiastraea quatrefagesana Milne Edwards & Haime, 1849 (Milne
Edwards and Haime, 1857: p. 491; Veron et al., 1977: p. 149).

Plesiastrea proximans Dennant, 1904 (Dennant, 1904: p. 9; Squires,
1966: p. 170; Veron et al., 1977: p. 150; Wijsman-Best, 1977: pp.
93-94).

For more detailed information see Supplementary file 2 and
Table S3.

4.1.2. Type material examined

Plesiastrea versipora (Lamarck, 1816) (holotype MNHN IK-2012-
10624; type locality Indian Ocean), Plesiastrea urvillii Milne Edwards &
Haime, 1848b (holotype MNHN IK-2010-691; type locality Australia),
Plesiastrea quatrefagiana Milne Edwards & Haime, 1849 (holotype
MNHN 1K-2010-476; type locality unknown), Plesiastrea proximans
Dennant, 1904 (holotype examined from illustration; type locality Gulf
of St Vincent, South Australia), see Supplementary file 2.

4.1.3. Other material examined

Australia: CO 2087 (WAM Z100500), CO 2089 (WAM Z100502), CO
2090 (WAM Z100503), Beagle Anchorage, Western Australia
(32°06'18.0”S; 115°45'38.2"E), 14/04/2018 (coll. D. Juszkiewicz); DI
2137 (WAM Z100544), DI 2138 (WAM Z100545), DI 2139 (WAM
7Z100546), Deal Island, Tasmania (39°29'34.4"S; 147°20'31.6"E), 03/
06/2018 (coll. G. Soler); FB 2103 (WAM Z100513), FB 2104 (WAM
7100514), FB 2105 (WAM Z100515), Flinders Bay,Western Australia
(34°21'10.1”S; 115°10'07.3"E), 03/08/2018 (coll. D. Juszkiewicz); GB
2148 (WAM Z100555), GB 2149 (WAM Z100556), GB 2150 (WAM
7Z100557), Busselton, Western Australia (33°37/51.0”S; 115°20'19.3"E),
06/08/2018 (coll. D. Juszkiewicz); GN 2122 (WAM Z100531), GN 2123
(WAM Z100532), GN 2124 (WAM Z100533), GN 2125 (WAM
7100534), GN 2126 (WAM Z100535), GN 2127 (WAM Z100536),
Gnaraloo Bay, Western Australia (23°46'05.5”S; 113°32'21.1"E), 20/
05/2018 (coll. D. Juszkiewicz); HB 2142 (WAM Z100549), HB 2143
(WAM Z100550), HB 2144 (WAM Z100551), Hamelin Bay, Western
Australia (34°13'04.4”S; 115°01'28.6"E), 05/08/2018 (coll. D. Jusz-
kiewicz); HH 2109 (WAM Z100519), HH 2110 (WAM Z100520), HH
2111 (WAM Z100521), Hillarys, Western Australia (31°49'34.7"S;
115°44'13.9"E), 28/07/2018 (coll. D. Juszkiewicz); JS 2494 (WAM
7100594), JS 2495 (WAM Z100595), JS 2496 (WAM Z100596), JS 2497
(WAM Z100597), JS 2498 (WAM Z100598), JS 2499 (WAM Z100599),
Joe Smith Island, Western Australia (28°40'55.2"S; 113°51’41.4"E), 28/
10/2018 (coll. D. Juszkiewicz); KS 2173 (WAM Z100585), KS 2174
(WAM Z100586), KS 2175 (WAM Z100587), Kingston Reef, Western
Australia (31°59'21.1”S; 115°34'35.8"E), 09/09/2018 (coll. D. Jusz-
kiewicz); SI 2197 (WAM Z88634), Vancouver Peninsula, Western
Australia (35°03'32.0”S; 117°56'20.0"E), 11,/04/2018 (coll. A. Hosie);
SI 2199 (WAM 788636), Shelter Island, Western Australia
(35°02/59.0”S; 117°41'37.0"E), 11/04/2018 (coll. A. Hosie); SI 2202
(WAM Z88644), Frenchman Bay, Western Australia (35°05'22.0”S;
117°56'59.0"E), 12/04/2018 (coll. A. Hosie); SM 2092 (WAM
7Z100505), SM 2093 (WAM Z100506), SM 2094 (WAM Z100507),
Bathers Bay, Western Australia (32°03'24.8"S; 115°44/23.6"E), 14/04/
2018 (coll. D. Juszkiewicz); SP 2128 (WAM Z100537), SP 2129 (WAM
7100538), SP 2130 (WAM Z100539), Steep Point, Western Australia
(26°08'30.5”S; 113°10'06.2"E), 26,/06/2018 (coll. D. Juszkiewicz); WE
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2483 (WAM Z100591), WE 2484 (WAM Z100592), WE 2485 (WAM
7100593), Cape Vlamingh, Western Australia (32°01'09.5"S;
115°27'08.3"E), 16/10/2018 (coll. D. Juszkiewicz).

4.1.4. Description

Colonies vary from massive to flat encrusting with a range in colony
sizes that are frequently lobed (Veron, 2000; Wijsman-Best, 1977).
Budding is extra-tentacular, however intratentacular budding has been
observed in a few specimens from larger developed corallites. The col-
ony corallite structure exhibits a cerioid to sub-cerioid arrangement
(Fig. 2A-D, 10C, G, K, Supplementary file 3 with no or sparse coenos-
teum. Corallites are 3.9-6.1 mm in diameter (on average 4.5 mm + 0.4
SD) with a density of 5-11 corallites per 10 mm? (on average 8 per 10
mm? + 0.4 SD). There can be 5-7 corallites adjacent to each individual
corallite (average 6 + 0.3 SD). They consist of a developed columella
that is small and papillose with a true pali (Benzoni et al., 2011; Veron
et al., 1977; Fig. 10D). Average total number of septa amongst corallites
is 36 (£3.1 SD). The corallite has three cycles of septa (S;.3) with a well-
developed palar structure (Benzoni et al., 2011; Veron, 2002; Fig. 10D,
H). In the S; (10-16 septa) and Sy (3-10 septa) can be equal, or the Sy
can be sometimes shorter than S;. S3 (14-21 septa) can be observed to be
Y. of the length of S; or significantly reduced. S; always extends to the
columella; S, only reaches the columella if it is as developed as the S1
(Benzoni et al., 2011). Septal faces are smooth (Fig. 9T). Living colony
colours range from green (Fig. 10A) to brown (Fig. 10I) and blue-grey
(Fig. 10E).

4.1.5. Molecular phylogeny
A monophyletic lineage (temperate clade) with high node support
values in all phylogeny reconstructions is presented in this study

Colony skeletal fragment

In situ living colonies

S
5
I

'rea peroni
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(Figs. 4-6). This species is sister to the lineage P. peroni.

4.1.6. Habitat

Occurs in depths of 1 to 17 m though has been observed at depths
>20 m (DJJ, pers. obs.). Thrives in most temperate reef environments,
especially shaded locations such as overhangs and protected bays. It can
be found on rocky foreshores protected from strong wave action (Veron
et al., 1977). It can also occur in very muddy and turbid waters (Wijs-
man-Best, 1977). A high abundance can occur on artificially constructed
reefs and limestone seawalls (DJJ, pers. obs.). It has also been observed
to grow in other marginal habitats such as macroalgae and attached to
rubble (DJJ, pers. obs.).

4.1.7. Distribution

Plesiastrea versipora is found only in Australia. On the west coast of
Australia, it is distributed from Gnaraloo Bay (23°45'59.4"S
113°32/49.8"E) on the Ningaloo Reef and extends down to Cape Leeu-
win (34°22/33.4”S 115°08'10.9”E) in the south-west of Australia. It is
found along the Australian Southern Ocean coastline including north of
Tasmania and into the Pacific Ocean as far north as Sydney
(33°48'00.4"S, 151°16'30.8"E).

4.1.8. Remarks

The type locality of P. versipora (Lamarck, 1816) is Hamelin Bay,
Western Australia. This was determined after tracing the collections
made on the Baudin Expedition and the type redescription by Milne
Edwards and Haime (1849: p. 119; for more information see Supple-
mentary file 2). While the original description of P. versipora is rudi-
mentary, results of this study in tandem with results of prior studies
(Benzoni et al., 2011; Veron et al., 1977; Veron, 2000) have enabled

Colony morphology

Close up of corallite morphology

Fig. 10. In situ living and skeletal colonies, including corallite morphology of specimens of Plesiastrea. (A-D) Plesiastrea versipora DI 2137 at Deal Island, Tasmania,
Australia; (A) Encrusting colony with a typical green colouration; (D) Showing 31 septa with a colony average of X = 32. (E-H) Plesiastrea versipora HB 2144 at
Hamelin Bay, Western Australia; (E) encrusting colony with a pale green colouration; (H) showing 35 septa with a colony average of X = 35. (I-L) Plesiastrea versipora
GN 2124 at Gnaraloo, Western Australia at the intermediate zone distinguishing the two Plesiastrea species in this study; (I) massive colony with typical brown
colouration; (L) showing 40 septa with a colony average of X = 38. (M—P) Plesiastrea peroni TH 2493 at Thuwal, Red Sea, Saudi Arabia; (M) massive colony with pale
brown colouration; (P) Showing 24 septa with a colony average of x = 23. (C, G, K) colonies are displaying sub-cerioid corallite structure with a density of 9 corallites

+ 1 per 10 mm?; (O) colony displaying plocoid corallite structure with a corallite density of 7 per 10 mm?.
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greater insight into the morphological features that distinguish this
species from sister taxa and confirm that P. versipora, based on current
records, is restricted to temperate latitudes south of 23°26'11.2"S.

The type locality of Plesiastrea quatrefagiana Milne Edwards &
Haime, 1849 is unknown and assignment as a synonym to either the
tropical or temperate localities is useful. Based upon morphological
characters (sub-cerioid corallite arrangement and total amount of
septa), we assign P. quatrefagiana to a temperate locality, thus
concluding it is a junior synonym of P. versipora (see Table S3 and
Supplementary file 2).

4.2. Plesiastrea peroni Milne Edwards & Haime, 1857

Plesiastrea peroni Milne Edwards & Haime 1857, (Fig. 2E-H, 9A-K,
10M—P, S6A-D, S7B-D, Supplementary file 4).

4.2.1. Synonymy
Plesiastraea peroni Milne Edwards & Haime, 1857 (Milne Edwards

and Haime, 1857: p. 492).

Plesiastrea peronii Milne Edwards & Haime, 1857 (Tenison-Woods,
1878: p. 324).

Orbicella annuligera Vaughan, 1907 (Gravier, 1911: p. 57; Vaughan,
1907: pp. 252-253, 1918: pp. 85-86; Wijsman-Best, 1977, p. 93).

Orbicella gravieri Vaughan, 1918 (Vaughan, 1918: pp. 85-86; Veron
et al., 1977: p. 150; Wijsman-Best, 1977: p. 93). Not Astrea annuligera
Milne Edwards & Haime, 1849 (see Supplementary file 2).

Favia ingolfi Crossland, 1931 (Crossland, 1931: pp. 386-387; Veron
et al., 1977: p. 150; Wijsman-Best, 1977: p. 93).

For more detailed information see Table S3 and Supplementary file
2.

4.2.2. Type material examined

Plesiastrea peroni Milne Edwards & Haime, 1857 (holotype examined
from illustrations; type locality Australia), Orbicella gravieri Vaughan,
1918 (holotype; type locality Djibouti, French Somaliland), Favia ingolfi
Crossland, 1931 (holotype; type locality Pa’ea Lagoon, Tahiti, French
Polynesia), see Supplementary file 2.

4.2.3. Other material examined

Australia: AR 2097 (WAM Z100510), AR 2098 (WAM Z100511), AR
2100 (WAM Z100512), Arlington Reef, Queensland (16°41'11.8"S;
146°03'50.8"E), 01/05/2018 (coll. Monsoon Aquatics); BU 2232 (WAM
766116), Mavis Reef, Western Australia (15°30'18.7”S; 123°36'29.7"E),
21/10/2011 (coll. Z. Richards); BU 2233 (WAM Z66150), King and
Conway Islands, Western Australia (15°52/17.9”S; 123°39'48.5"E), 24/
10/2018 (coll. Z. Richards); DA 2236, DA 2237, DA 2238, Dampier
Archipelago (20°27'35"S; 116°43'38"E), 27/03/2017 (coll. Z.
Richards); FI 2227 (WAM Z42202), FI 2228 (WAM Z66047), Long Reef,
Western Australia (13°51/24.1”S; 125°49'29.3"E), 18,/09/2016 (coll. Z.
Richards); FI 2229 (WAM Z66080), Champagny Islands, Western
Australia (15°19'56.7”S; 124°14'09.5”E), 15/10/2011 (coll. Z.
Richards); FI 2230 (WAM Z66235), De Freycinet Island, Western
Australia (14°59'19.2”S; 124°31’58.9”E), 13/10/2011 (coll. Z.
Richards); FI 2231 (WAM Z66242), Hedley Island, Western Australia
(14°56'04.5"S; 124°39'39.6"E), 14/10/2011 (coll. Z. Richards); LH
2179, Gower’s Pinnacle, New South Wales (31°27'16.0"S;
159°03'40.2"E), 12/03/2018 (coll. A. Baird); LH 2180, Erscott’s Hole,
New South Wales (31°32'44.2"S; 159°03'35.0"E), 13/03/2018 (coll. A.
Baird); LH 2181, Hogan’s Hook, New South Wales (31°32'12.3"S;
159°09'04.3"E), 15/03/2018 (coll. A. Baird); MS 2154 (WAM
7Z100561), MS 2156 (WAM Z100563), MS 2160 (WAM Z100567),
Monck Head, Western Australia (23°09'25.2”S; 113°45'58.0"E), 26/08/
2018 (coll. D. Juszkiewicz); PS 2222 (WAM Z981010), Poivre Reef,
Western Australia (20°58'52.0”S; 115°16'11.3"E), 17/06/2013 (coll. E.
Morello, G. Fry, M. Miller, D. Thomson, and D. Bearham); PS 2224
(WAM Z98093), Rosily Islands, Western Australia (21°15'52.3"S;
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115°01'42.4"E), 16/06/2013 (coll. E. Morello, G. Fry, M. Miller, D.
Thomson, and D. Bearham); PS 2225 (WAM Z98119), McLennan Bank,
Western Australia (20°45'51.0”S; 116°05'22.0"E), 20/06/2013 (coll. E.
Morello, G. Fry, M. Miller, D. Thomson, and D. Bearham); SH 2188, SH
2189, SH 2192, Fairlight Pool, New South Wales (33°48'02.9"S;
151°16'31.8"E), 01/09/2017 (coll. A. Baird); VH 2177 (WAM
7Z100526), VH 2118 (WAM Z100527), VH 2119 (WAM Z100528),
Lighthouse Bay Sanctuary, Western Australia (21°47'06.0"S;
114°09'54.0"E), 18/05/2018 (coll. D. Juszkiewicz); VI 2234 (WAM
766431), Vulcan Shoal, Western Australia (12°47'57.5"S;
124°16'00.1”E), 06/10/2013 (coll. Z. Richards); Madagascar: NS 2216
(UNIMIB-MD272), Nosy Sakatia (13°19'01.6"S; 48°08'49.9"E), 18/06/
2010 (coll. F. Benzoni); Maldives: FA 2203 (UNIMIB-MA0318030), FA
2204 (UNIMIB-MA0318055), FA2210 (UNIMIB-MA0318105),
Magoodhoo Island (3°04'37"N; 72°58'23"E), 17/03/2018 (coll. D.
Maggioni); Papua New Guinea: MI 2217 (UNIMIB-PFB245), Wongat
Island (5°08'12.8”S; 145°49'11.8"E), 17/11/2012 (coll. F. Benzoni);
Philippines: TB 137, Batangas, Talim Point, 29/08/2009 (coll. D.
Huang); Saudi Arabia: BI 2493, Jazirat Burqan (27°54'21.2"N;
35°03'33.1"E), 28/09/2013 (coll. F. Benzoni); TH 2218 (KAUST-
SA0569), Palace Reef, Thuwal (22°18'19.6”"N; 38°57'44.0"E), 28/04/
2013 (coll. R. Arrigoni); TH 2219 (KAUST-SA0586), Abu Madafi Reef,
Thuwal (22°03'43.5"N; 38°45'49.3"E), 29/04/2013 (coll. R. Arrigoni);
TH 2220 (KAUST-SA3628), Shi’b Nazar, Thuwal (22°19'51.6"N;
38°51'46.8"E), 15/04/2018 (coll. R Arrigoni); Singapore: HD 127
(HQ203307), Pulau Jong, 18/09/2009 (coll. D. Huang); Yemen: SO
2215 (UNIMIB SO115), Socotra Island (12°28'35.3"N 53°52/24.8"E),
17/03/2010 (coll. F. Benzoni and M. Pichon); YE 2213 (UNIMIB-
MU146), Al Mukallah (12°55'46.9"N; 48°10'15.6"E), 19/03/2007 (coll.
F. Benzoni and M. Pichon); YE 2214 (UNIMIB-BA123), Bir Ali
(14°00'44.6"N; 48°20'55.0"E), 23/11/2208 (coll. F. Benzoni and S.
Montano).

4.2.4. Description

Colonies vary from massive to flat encrusting, with a range in colony
sizes that are frequently lobed. Budding is extratentacular, and the
colony corallite structure exhibits a plocoid arrangement (Fig. 2E-H)
separated by dissepimental coenosteum. Corallites are 3.4-5.3 mm in
diameter (x = 4.2 mm =+ 0.4SD) with a density of 5-11 corallites per 10
mm? (on average 7 + 1.5 SD). They consist of a well-developed paliform
crown (Fig. 2F, H, 10P) composed of a true pali that is papillose
(Fig. 10P). Average total number of septa amongst corallites is 30 + 5.4
SD. Septa are exert with developed granulation on their faces (Fig. 9H,
D). In the S; (10-17 septa) and S (2-8 septa) can be equal in length, or
the Sy can be sometimes shorter than S;. S3 (9-20 septa) can be observed
to be % of the length of S; or significantly reduced. S; always extends to
the columella; S, only reaches the columella if it is as developed as the
S;. Living colony colours range from brown to pale yellows and blue-
greys with cream derivatives (Fig. 10M).

4.2.5. Molecular phylogeny

A monophyletic lineage (tropical clade) with high node support
values in all phylogeny reconstructions is presented in this study
(Figs. 4-6). This species is sister to the lineage P. verispora.

4.2.6. Habitat

Occurs in depths of 0 to 50 m. Thrives in most reef environments and
can be found on lower reef slopes where the current is strong. It has also
been observed to grow in other marginal habitats such as macroalgae
and mangrove ecosystems (DJJ and ZTR, pers. obs.). It can also occur in
the pools of intertidal reef flats (DJJ, pers. obs.).

4.2.7. Distribution

Plesiastrea peroni is distributed from the Red Sea and East Africa as far
as the Madagascan coastline to the Ryukyu Archipelago southwest of
Japan and across to Tuamotu Archipelago in the Pacific Ocean. In
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Australia, it occupies the northern boundaries of continental Australia
with Cocos-Keeling and Christmas Islands, stretching from Coral Bay
(23°08'32.0”S 113°46'08.2"E), Western Australia, through the north of
Australia down to the coast of Queensland and Great Barrier Reef. It is
also found at Lord Howe Island (31°33’19.1”S 159°04/55.7"E), eastern
Australia.

4.2.8. Remarks

The type locality of P. peroni is Australia (Milne Edwards and Haime,
1857: p. 492) however the exact location cannot be determined. Based
on morphological features of the type specimen, we assume that
P. peroni was first collected from a northern Australian locality because
of the small number of septa (x = 25, + 0.66 SD), plocoid corallite
arrangement, and presence of coenosteum between corallites. In
accordance with Article Rule 23.1 and 23.3.5. (International Commis-
sion on Zoological Nomenclature et al., 1999) we formally elevate Ple-
siastrea peroni out of synonymy because it is the oldest available name
relating to taxa that have morphological features matching those
occurring in tropical locations (older than Favia ingolfi Crossland, 1931;
Orbicella gravieri Vaughan 1918). Plesiastrea peroni is genetically distinct
from P. versipora based on ITS and mitochondrial genes. Additionally,
P. peroni shares the same mitochondrial genome architecture as P. ver-
sipora (Fig. 3). Plesiastrea peroni can also be distinguished from
P. versipora by the significantly smaller number of septa (~30 v 36).
Plesiastrea urvillii (=P. versipora Lamarck, 1816) Milne Edwards &
Haime, 1848b (type locality Albany, Western Australia) was initially
distinguished from P. peroni from the number of septa in the calices
(Milne Edwards and Haime, 1857; Squires, 1966) which indicated prior
evidence of morphological differentiation between types. Plesiastrea
peroni has a plocoid corallite arrangement separated by a porous dis-
sepimental coenosteum, whereas P. versipora has a sub-ceroid corallite
arrangement with minimal dense coenosteum. Plesiastrea peroni also
displays a granulated septal face whereas P. versipora is smoother dense
coenosteum. Plesiastrea peroni also displays a granulated septal face
whereas P. versipora is smoother. Favia ingolfi Crossland, 1931 and
Orbicella gravieri Vaughan 1918 are here considered junior synonyms of
P. peroni because of their tropical type localities (see Table S3). Addi-
tionally, Orbicella annuligera Vaughan, 1907, is a senior synonym of
O. gravieri described from the same type specimen from Djibouti, French
Somaliland, therefore also a junior synonym of P. peroni.

As the holotype of P. peroni has been lost, we designate specimen
WAM 7981010 (this study Plesiastrea PS 2222) as a neotype (Fig. 9A-K,
S6B, S8A-C, Supplementary file 4. Specimen WAM Z98101 was collected
at Poivre Reef, Pilbara Shelf, Western Australia (20°5852.0”S
115°16'11.3"E) by collectors E. Morello, G. Fry, M. Miller, D. Thomson,
and D. Bearham, on the 17 June 2013, from a depth of 14.3 m. A
mitochondrial genome (MT849379) and nuclear ITS (MT946959) se-
quences have been uploaded to the NCBI GenBank database from this
specimen. Specimens WAM 798093 (this study Plesiastrea PS 2224) and
WAM Z98119 (Plesiastrea PS 2225) are considered additional repre-
sentatives of P. peroni from the Pilbara Shelf, Western Australia
(Fig. S8D-I).

5. Discussion

This study explored the phylogeographic structure within Plesiastrea,
using macro- and micro-morphology and molecular phylogenetics. We
provided robust evidence that two reciprocally monophyletic lineages
within the genus Plesiastrea relate to two distinct species. Multiple lines
of evidence substantiate that the phylogeographic structure aligns with
a tropical and temperate split around the Tropic of Capricorn
(23°26'11.2"S) with a small region of overlap on the east Australian
coast (Lord Howe Island). We formally consider that the temperate
lineage corresponds to Plesiastrea versipora described by Lamarck
(1816), and the tropical lineage corresponds to another distinct species,
which we designate here as P. peroni and subsequently elevate out of
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synonymy.
5.1. Integrated taxonomy and the characterisation of cryptic species

This study adds to a growing number of scleractinian studies that
have detected unexpected patterns of structure and led to a re-
evaluation of formally accepted taxonomic entities and formal de-
scriptions of cryptic species (Arrigoni et al., 2017, 2019; Marti-Puig
et al., 2014; Mitsuki et al., 2021; Pinzon and Weil, 2011; Stefani et al.,
2011). In some of these cases, including the Plesiastrea case presented
here, debates exist about whether species can be defined as cryptic
because the definition of ‘cryptic’ is controversial (de Leon and Nadler,
2010; Korshunova et al., 2019; Struck et al., 2018). For example, some
consider ‘cryptic species’ as those classified under one species name due
to superficial morphological similarity and erroneous taxonomic con-
clusions (Bickford et al., 2007; Fiser et al., 2018). Hence, ‘cryptic spe-
cies’ have been described as short term taxonomic problems waiting to
be resolved (Heethoff, 2018). Jorger and Schrodl (2013) argue that ‘fully
cryptic species’ have no morphological variation between species.
Hence, even when all current technology and knowledge are applied,
the macro- and micro-morphological characters for an organism (or
species complex) overlap (Korshunova et al., 2019; Lajus et al., 2015). In
the case of corals, it is increasingly common to find that previously
overlooked discrete morphological characters can distinguish between
species when micro-morphology is examined (Arrigoni et al., 2019,
2020; Knowlton, 2000; Mitsuki et al., 2021).

Regardless of the semantics, the ability to detect cryptic, or pseu-
docryptic species is a function of sampling intensity, learning by expe-
rience, methodological strength and biogeographic coverage. In this
study, an integrated approach using molecular data coupled with macro-
and micro-morphological data applied to samples collected from a vast
geographic extent has produced a robust result: the existence of two
species of Plesiastrea with superficially similar morphology that can be
distinguished based on two micro-morphological characters and genetic
data. Based on these findings, we determine Plesiastrea peroni provided a
fresh example of a cryptic species, and that the genus Plesiastrea is not
monotypic.

5.2. Plesiastrea diversity and biogeography

Phylogeographic analyses revealed two distinct lineages of Plesias-
trea, which occur either north or south of the Tropic of Capricorn. This
tropical/temperate clade split was clear for the vast majority of sam-
pling locations, however there were two notable exceptions. Specimens
from Lord Howe Island and Gnaraloo Bay occurred in clades opposite to
their position relative to the Tropic of Capricorn. Plesiastrea specimens
collected from Lord Howe Island (located at 31°33'S), were recovered in
the tropical clade for both the ITS and mitochondrial sequences. Lord
Howe Island lies in the path of the East Australian Current (EAC), a
north-to-south flow of warm tropical waters along Australia’s east coast
(Harriott and Banks, 2002; Ridgway and Godfrey, 1997; Rodriguez-
Lanetty and Hoegh-Guldberg, 2002), and is considered to be a region
of biogeographic importance because it occurs in a region of overlap
where a diverse assemblage of tropical and temperate coral and fish
species live side by side (Cameron and Harrison, 2016; Dalton and Roff,
2013; De Vantier and Deacon, 1990; Harriott et al., 1995; Keith et al.,
2015; Zann, 2000).

On Australia’s west coast, Plesiastrea specimens collected from
Gnaraloo (23°45’S) also showed discrepancy in clade delineation; ITS
reconstruction placed specimens within the tropical clade, however, this
is contradicted with the mitogenomic reconstruction, which placed
them within the temperate clade. Oceanic currents are also likely
responsible for creating this anomaly — the southward flowing Leeuwin
Current takes warm waters offshore, whereas the Ningaloo Current
draws colder water from the south along the near-coastal regions and is
responsible for cooler waters within the inner reef (Feng et al., 2009;
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Taylor and Pearce, 1999). Thus, Ningaloo Reef is another zone flushed
with waters of mixed origins, meaning both tropical and temperate
species inhabit this region (Przeslawski et al., 2013; Schonberg and
Fromont, 2012; van Keulen and Langdon, 2011). The action of currents
in the vicinity of Ningaloo Reef is likely to explain the northerly
occurrence of temperate clade representatives at Gnaraloo, and the
discordance between samples collected at Maud Sanctuary (only 70 km
away). Altogether, this data concurs with that reported for other groups
(Baird et al., 2017; Harriott et al., 1995; Schonberg and Fromont, 2012)
and suggests that the region between ~ 29-31°S on both the east and
west coasts of Australia is functioning as a transition zone creating a
significant biogeographic divide.

Non-congruence between mitochondrial and nuclear reconstructions
in corals is not surprising given the lack of intragenomic variation in the
ribosomal nuclear DNA, and slow evolving mitochondrial genes in
Scleractinia (Hellberg, 2006; Kitahara et al., 2016; Shearer et al., 2002).
Genetic differentiation between tropical and temperate populations on
the west coast of Australia has also been observed in the coral Turbinaria
reniformis (Evans et al., 2021), and in Pocillopora damicornis (Thomas
et al., 2017). The lack of reciprocal monophyly (between mitochondrial
and nuclear data) in the intermediary temperate/tropical transition
zone (e.g. Gnaraloo, Western Australia) requires further study to explore
if this is the result of incomplete lineage sorting, hybrisisation or refugia
populations all previously observed in Scleracitina (Cunha et al., 2019;
Forsman et al., 2010; Nakabayashi et al., 2019; van Oppen et al., 2004).
More thorough sampling is required throughout this dynamic region
using integrated phylogenetic and population genetic approaches.
Further research into the evolutionary relationships and connectivity
patterns of corals living in transition zones is important, given the spe-
cies composition of these regions are rapidly changing under global
warming.

5.3. Additional evidence of phylogeographic structure in Plesiastrea

The hypothesis that there may be more than one lineage of Plesiastrea
was first proposed by Squires (1966) and later by Veron et al. (1977).
Veron et al. (1977) mention that P. versipora colonies from the Great
Barrier Reef belonged to a single species but purported that the southern
forms were a separate species, P. urvillii (including its synonym
P. proximans Dennant, 1904) due to wide morphological variation
(Squires, 1966; Veron et al., 1977). Despite this, Veron et al. (1977)
synonymised P. urvillii with P. versipora. Further evidence of the possi-
bility of multiple lineages arose after the finding that two distinct ge-
notypes of Symbiodiniaceae exist on the East Coast of Australia. The
genus Breviolum was present in high latitude temperate P. versipora
populations (Gulf of St Vincent, South Australia; Batemans Bay and Port
Jackson, New South Wales), and the genus Cladocopium was detected in
tropical and subtropical waters (Moreton Bay and Orpheus Island,
Queensland) (Rodriguez-Lanetty et al., 2001; Rodriguez-Lanetty and
Hoegh-Guldberg, 2002). For the most part, Symbiodiniaceae genera are
associated with specific host genera or species (Keshavmurthy et al.,
2017; LaJeunesse et al., 2004, 2018), and future investigation of sym-
biont type may provide further support for a temperate/tropical split.

Although reproductive biology was not examined, the deep diver-
gence suggests different spawning times are likely. It has been observed
that spawning events in temperate localities such as Sydney Harbour,
Australia occur in January and February (Madsen et al., 2014) like
Rottnest Island, Western Australia (Dee, 2016; Gilmour et al., 2015).
Interestingly, P. versipora populations did not spawn with other sub-
tropical corals on the central east coast of Australia during summer
(Fellegara et al., 2013). Further investigation of reproductive patterns
(including hybridisation) is required, especially at Gnaraloo Bay,
Western Australia (Fig. 10. I-L) where contrasting clade groupings were
recovered.
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5.4. The value of types in resolving complex taxonomic problems

This study has provided a valuable case study demonstrating the
importance of type material for making robust taxonomic decisions.
While finding of cryptic diversity within the extensive range of Plesias-
trea is not unusual, in many prior studies, putatively new cryptic species
have been left undescribed due to taxonomic uncertainty (e.g. Ladner
and Palumbi, 2012; Suzuki et al., 2016; Taninaka et al., 2021; Under-
wood et al., 2020; Warner et al., 2015; Wepfer et al., 2020). Taxonomic
uncertainty can relate to insufficient spatial and statistical sampling but
often broadly relate to inadequately described, missing, lost or mis-
placed type specimens that prevent robust taxonomic interpretations.

In this study, we were presented the challenge of not knowing the
type locality of Plesiastrea versipora and by the fact that 18 other species
were placed in its synonymy. To resolve this problem, we referred to the
original descriptions and holotypes of the seven junior synonyms
currently synonymised with Plesiastrea versipora (Hoeksema and Cairns,
2022). Details about the type locality of P. versipora are vague and were
reported in the taxonomic literature as Indian Ocean (Habite I'Océan
indien; Lamarck, 1816). Further exploration of historic taxonomic re-
cords revealed that the holotype (Fig. 2C; MNHN IK-2012-10624) was
collected during the Baudin expedition (See Supplementary file 2).
Later, taxonomic descriptions of P. versipora by Milne Edwards and
Haime (1849) provided a reference to the collectors, Francois. A. Péron
and Charles. A. Lesueur. Both men were part of the crew on the
Géographe during the Baudin Expedition (Baudin et al., 1807; Jones,
2017; Péron et al., 2006). Unlike Péron, Lesueur only joined the Baudin
Expedition (Baudin et al., 1807; Chinard, 1949; Hansen, 2013; Péron
et al., 2006), confirming that the P. versipora holotype was collected
during the Baudin Expedition.

During the Baudin Expedition marine specimens were collected at
Shark Bay, Western Australia (W.A.) and north of Cape Naturaliste, W.
A., where sampling took place using a dredge designed for coral (Baudin
et al., 1807; Christensen, 2008; Jones, 2017; Péron et al., 2006). At
Shark Bay, W.A., only specimens of Mollusca, Asteroidea and one
branched Madrepora (Pocillopora) coral were collected (Baudin et al.,
1807; Christensen, 2008; Jones, 2017; Péron et al., 2006) and well
documented in illustrations by Lesueur housed in the National Museum
of Natural History in Paris (Jones, 2017). Illustrations of specimens
collected during dredging at Cape Naturaliste, W.A., are unaccounted
for despite personal diary entries from Péron, that he and Lesueur spent
countless hours drawing specimens collected from dredging north of
Cape Leeuwin around Hamelin Bay, W.A. (Baudin et al., 1807; Péron
et al., 2006; see Supplementary file 2). With no provenance information,
the exact collection location of Astrea versipora Lamarck, 1816 (Plesias-
trea versipora) cannot be confirmed unless the drawings of Lesueur are
located. Hence based on the available information, we hereby restrict
the type locality of Plesiastrea versipora to Hamelin Bay, W.A. This new
information also suggests that the P. versipora specimen was collected in
1801 (Baudin et al., 1807; Péron et al., 2006).

Examination of the holotype of P. peroni (Milne Edwards and Haime,
1857) revealed that it was morphologically similar to the tropical
samples in this study (i.e. total amount of septa and corallite density).
The exact type locality of P. peroni is not known however it was collected
from Australia (Habite I’Australie; Milne Edwards and Haime, 1857).
Based on the morphological similarity to the tropical specimens, we
infer the tropical clade is Plesiastrea peroni (Fig. 4E) based on Article 23
Principle of Priority (International Commission on Zoological Nomen-
clature et al., 1999) because all other junior synonyms of P. versipora
relate to specimens collected in temperate waters. See Table S1 and
Supplementary file 2 for further discussion of nomenclatural decision-
making.
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5.5. Promising prospects for the use of newly developed mitochondrial
markers and the challenges of ITS

Exploring phylogenetic patterns within scleractinians can present
challenges because of slow evolutionary rates within their mitochon-
drial genes (Hellberg, 2006; Huang et al., 2008; Shearer and Coffroth,
2008) and elevated intraspecific and intraindividual variation in the
nuclear ITS DNA region (Chen et al., 2004; van Oppen et al., 2002;
Vollmer and Palumbi, 2004). Studies using the first section of the COI
barcode have discouraged its use for scleractinian species delineation,
finding it uninformative in resolving phylogenies (Benzoni et al., 2011;
Fukami et al., 2007; Huang et al., 2011; Shearer et al., 2002). However,
our study demonstrates the potential of the second upper end of the COI
to function as a more informative barcode region to aid species delin-
eation in Plesiastrea, and we recommend this part of the gene to be
further explored in other genera.

The challenges of using nuclear ITS barcodes for species delineation
has been well documented in previous scleractinian coral studies (Ali-
doost Salimi et al., 2021; Benzoni et al., 2011; Huang et al., 2014). In this
study, the ITS region provides moderate support for a tropical/
temperate Plesiastrea split (albeit with mitochondrial and nuclear
discordance within Indo-Pacific localities of Lord Howe Island, Gnaraloo
and Madagascar). Sanger-based methods for ITS barcode sequencing can
be unfavourable because ITS sequence variation in an individual may
differ as much as 30% depending on the coral species (Lam and Morton,
2003; Marquez et al., 2003; Odorico and Miller, 1997; van Oppen et al.,
2001; Vollmer and Palumbi, 2004) and the results will only produce one
sequence copy per individual. Nevertheless, the traditional use of ITS1
and ITS2 barcodes for phylogeographic studies in scleractinians have
been proven to be informative (van Oppen et al., 2002;Yiu et al., 2021),
and methods combining nuclear and mitochondrial loci have been
adequate for defining coral species boundaries (Arrigoni et al., 2014,
2016, 2021; Kitahara et al., 2010; Mitsuki et al., 2021).

5.6. Alternative hypotheses for biogeographic differences in morphology

The split between tropical/temperate clades is partly supported by
the results of macro- and micro-morphological skeletal analyses. Scler-
actinia evolved 400Mya and in that time the macro-morphological
characters that make up colonial growth forms are homeomorphic in
nature and have remained relatively constant between genera (Drake
et al., 2020; Stolarski, 2003; Stolarski et al., 2011). Previous integrative
approaches of coral genera have indicated that morphology can in some
cases, be uninformative when compared to molecular phylogenies
(Arrigoni et al., 2016; Kitahara et al., 2016; Terraneo et al., 2016).
Nevertheless, our study demonstrated two morphological characters had
sufficient power to support the temperate/tropical clade split. Repre-
sentatives of the tropical clade typically develop plocoid colonies with
corallites separated by dissepimental coenosteum, whereas representa-
tives of the temperate clade typically develop cerioid colonies with no or
sparse coenosteum. Considering that dissepiments are the skeletal ele-
ments growing rapidly (Brahmi et al., 2012), more extensive develop-
ment of these structures in tropical clade representatives may point to
their faster growth in comparison to temperate clade forms. Such an
interpretation is consistent with generally thicker walls in temperate
forms, whose slower vertical extension would be compensated by skel-
etal thickening (thus also masking of sharp granulations on septal faces);
this hypothesis needs to be supported by in-situ growth rate measure-
ments. Mixed tropical-temperate morphological features of some rep-
resentatives of the tropical clade may suggest that separation of
biomineralisation strategies within these lineages is not sharp.

5.7. Future directions and conclusions

This study provides robust morphological and molecular support for
a previously undetected cryptic species within the currently accepted
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concept of Plesiastrea versipora. In addition, the results presented here
indicate further population structuring within the tropical and
temperate clades, and we recommend that future studies further
examine this hypothesis within both the southern and northern hemi-
spheres. Modern advancements in high throughput sequencing such as
RAD-seq and exon capture can explore the within-clade spatial structure
and has proven useful in species delimitation and phylogenies within
recently and rapidly diverged groups (Arrigoni et al., 2020; Cowman
et al., 2020; Grinblat et al., 2021; Wepfer et al., 2020). Concurrent
research on symbionts and reproductive biology may also provide
additional valuable lines of evidence to help understand the level of
diversity within Plesiastrea. This study highlights the importance of
using an integrated taxonomic approach in phylogeographic studies
exploring species complexes. By grounding future phylogeographic
studies with sound taxonomy, museum-vouchered specimens and type
specimens, there is a greater likelihood that taxonomic problems in
other cosmopolitan species or species complexes can be solved. This
integrated approach will strengthen inferences about species relation-
ships and their relation to ecological niches, assisting coral biodiversity
conservation to prevent the loss of phylogenetic diversity.
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