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Recent advances in scleractinian systematics and taxonomy have been achieved through the
integration of molecular and morphological data, as well as rigorous analysis using phyloge-
netic methods. In this study, we continue in our pursuit of a phylogenetic classification by
examining the evolutionary relationships between the closely related reef coral genera
Merulina, Goniastrea, Paraclavarina and Scapophyllia (Merulinidae). In particular, we address
the extreme polyphyly of Favites and Goniastrea that was discovered a decade ago. We
sampled 145 specimens belonging to 16 species from a wide geographic range in the
Indo-Pacific, focusing especially on type localities, including the Red Sea, western Indian
Ocean and central Pacific. Tree reconstructions based on both nuclear and mitochondrial
markers reveal a novel lineage composed of three species previously placed in Favites and
Goniastrea. Morphological analyses indicate that this clade, Paragoniastrea Huang, Benzoni
& Budd, gen. n., has a unique combination of corallite and subcorallite features observable
with scanning electron microscopy and thin sections. Molecular and morphological evidence
furthermore indicates that the monotypic genus Paraclavarina is nested within Merulina, and
the former is therefore synonymised.
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Introduction
Merulinidae Verrill, 1865 is a reef coral family that com-
prises 139 species in 24 genera (Huang et al. 2014a; see
also Veron 2000). It is widely distributed throughout the
Indo-Pacific and Caribbean, but absent in the eastern Paci-
fic. Many merulinid species are among the most ecologi-
cally dominant reef corals in various regions of the world
(Goreau 1959; Veron et al. 1977; Chen 1999; Bellwood &
Hughes 2001; Huang et al. 2014b).
Initially included within Fungacea by Verrill (1865),

Merulinidae (type genus Merulina; see Table 1 for classifi-
cation and authorities of genera mentioned in this study)
was not recognised as a valid family by subsequent authors
(Quenstedt 1881; Quelch 1886; Vaughan 1918; Hoffmei-
ster 1925; Faustino 1927; Matthai 1928; Yabe et al. 1936),
until Vaughan & Wells (1943) revived it to include Meruli-
na, Boninastrea, Clavarina and Scapophyllia (see also Wells
1956). This arrangement became convention through the

use of this classification in Veron & Pichon (1980) and
Veron (1985, 1986, 2000). Minor modifications were pro-
posed by Veron (1985) who added Hydnophora and Para-
clavarina to the family and synonymised Clavarina with
Merulina (Table 1; see also Umbgrove 1940; Chevalier
1975).
In the last decade, phylogenetic analyses employing

molecular (Fukami et al. 2004b, 2008; Huang et al. 2009,
2011; Benzoni et al. 2011; Arrigoni et al. 2012) and mor-
phological (Huang et al. 2009; Budd & Stolarski 2011;
Budd et al. 2012) data have revealed that this conventional
grouping masks the evolutionary relationships of its con-
stituent genera. Indeed, the taxon is polyphyletic and
nested within a clade popularly known as ‘Bigmessidae’
(Budd 2009), which also includes species from Faviidae,
Pectiniidae and Trachyphylliidae (Huang et al. 2011).
Based on molecular phylogenies by Fukami et al. (2008)
and Huang et al. (2011), as well as morphology at the
corallite and subcorallite scales (Budd & Stolarski 2011),
Merulinidae was expanded to include all members of ‘Big-
messidae’ – Faviidae was demoted to subfamily Faviinae as
a group limited to the Atlantic, and the remaining two
families were synonymised (Budd et al. 2012).
At the genus level, the polyphyly of Favia, Favites, Go-

niastrea and Montastraea as traditionally delineated has been
a considerable hurdle for taxonomic revisions (Huang et al.
2011). Fortunately, a phylogenetic classification started to
emerge with the resurrection of Dipsastraea (Pacific ‘Favia’),
Phymastrea (Pacific ‘Montastraea’) and Orbicella (‘Montast-
raea’ annularis complex; Budd et al. 2012). To eliminate
most of the polyphyly in the above genera, Huang et al.
(2014a) enacted further changes, that is, synonymising Bar-
abattoia and Phymastrea as Dipsastraea and Favites, respec-
tively, resurrecting Astrea and Coelastrea and establishing a
new genus, Paramontastraea (Table 1).
Challenges remain in Favites and Goniastrea, however, as

F. russelli and G. australensis render their respective genera
paraphyletic, but these have yet to be revised due to uncer-
tain phylogenetic placements and insufficient sampling
(Huang et al. 2011). Merulina, Goniastrea and Scapophyllia
also remain entangled and unresolved within a major me-
rulinid subclade (A sensu Budd & Stolarski 2011; Huang
et al. 2011, 2014a). Furthermore, specimens used in recent
phylogenetic reconstructions of Merulinidae were mostly

Table 1 List of genera mentioned in the text (see also Huang et al.
2014a)

Genus Authority

Family Merulinidae
Merulina Ehrenberg, 1834: 328
Astrea Lamarck, 1801: 371
Barabattoia
(junior synonym of Dipsastraea)

Yabe & Sugiyama, 1941: 72

Boninastrea Yabe & Sugiyama, 1935: 402
Clavarina
(junior synonym of Merulina)

Verrill, 1864: 56

Coelastrea Verrill, 1866: 32
Dipsastraea de Blainville, 1830: 338
Favites Link, 1807: 162
Goniastrea Milne Edwards & Haime, 1848: 495
Hydnophora Fischer von Waldheim, 1807: 295
Orbicella Dana, 1846: 205
Paraclavarina Veron, 1985: 179
Paramontastraea Huang & Budd in Huang et al. 2014a
Phymastrea
(junior synonym of Favites)

Milne Edwards & Haime, 1848: 494

Scapophyllia Milne Edwards & Haime, 1848: 492
Trachyphyllia Milne Edwards & Haime, 1848: 492
Family Montastraeidae
Montastraea de Blainville, 1830: 339
Family Mussidae
Favia Milne Edwards & Haime, 1857: 426
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samples collected outside of species’ type localities. Given
that Fukami et al. (2008) and Huang et al. (2009, 2011)
recovered different interspecific relationships, it is also pos-
sible that some samples were misidentified by one or the
other team. Both teams have joined efforts here to resolve
these inconsistencies.
In this study, we present a phylogenetic analysis of the

merulinid genera in subclade A, Merulina, Goniastrea, Para-
clavarina and Scapophyllia, based on nuclear and mitochon-
drial DNA sequences. To avoid misidentifications, we
include samples collected from type localities and compare
the present collection with type material. We also examine
corallite and subcorallite skeletal morphology in search of
diagnostic characters for clades (see Cuif et al. 2003;
Forsman et al. 2009, 2010; Kitahara et al. 2012, 2013; Luck
et al. 2013; Marti-Puig et al. 2014; Schmidt-Roach et al.
2014). Our results show that Goniastrea australensis, G. de-
formis and Favites russelli constitute a novel clade with
unique morphological features, resulting in the establish-
ment of a new genus Paragoniastrea Huang, Benzoni &
Budd. The separation of Paraclavarina from Merulina is
also deemed unnecessary, and the former is thus synony-
mised.

Material and methods
Molecular

Corals were sampled from a large proportion of Merulini-
dae’s geographic range in the Indo-Pacific, extending from
Saudi Arabia in the Red Sea to Fiji in the central Pacific
(Table S1). Species identifications followed original
descriptions, aided by Veron et al. (1977), Veron & Pichon
(1980, 1982) and Veron (1986, 2000, 2002), and species
delimitations were based on the phylogenetic (diagnosable)
species concept (Nelson & Platnick 1981; Cracraft 1983;
Nixon & Wheeler 1990; see also de Queiroz 2005a,b,c,
2007). In total, 145 specimens spanning 16 species were
collected for this study (Table S1). These belong to Coelas-
trea, Favites, Goniastrea, Merulina, Paraclavarina and Scapo-
phyllia, which are primarily associated with subclades A and
B according to Budd & Stolarski (2011) and Huang et al.
(2011).
We photographed each colony in the field and collected

between 10 and 100 cm2 of coral from each colony using a
hammer and chisel, with ~2 cm2 of tissue preserved in
100% ethanol or CHAOS solution (Sargent et al. 1986;
Fukami et al. 2004a; Huang et al. 2008; Nunes et al. 2008,
2009). The rest of the colony sample was cleaned with a
powerful water jet prior to being bleached in dilute sodium
hypochlorite. The skeletons were rinsed in fresh water,
dried and deposited at the Lee Kong Chian Natural His-
tory Museum (LKCNHM, Singapore; specimens with HD
code), University of the Philippines Marine Science

Institute (UP, the Philippines; TB code), Museum of
Tropical Queensland (MTQ, Australia; GB, LH and SL
codes), King Abdullah University of Science and Technol-
ogy (KAUST, Saudi Arabia; SA code), Scripps Institution
of Oceanography Benthic Invertebrate Collection (SIO,
USA; FJ and SC codes), University of Miyazaki Division of
Fisheries Science (MUFS, Japan; JP code), Kyoto Univer-
sity Seto Marine Biological Laboratory (SMBL, Japan; JP
code) and University of Milano-Bicocca (UNIMIB, Italy;
DJ, MY, NC and PFB codes).
DNA extraction and polymerase chain reaction (PCR)

protocols followed Huang et al. (2011). Three molecular
markers were amplified and directly sequenced from the
samples, namely the nuclear histone H3 (Colgan et al.
1998), nuclear internal transcribed spacers 1 and 2 (ITS;
including 5.8S rDNA, with only one chromatogram peak
detected per sample; Takabayashi et al. 1998a,b; see also
Chen et al. 2004; Forsman et al. 2005) and mitochondrial
non-coding intergenic region (IGR; between cytochrome
oxidase subunit I and the formylmethionine transfer RNA
gene; Fukami et al. 2004a). Sequences were organised into
three separate data matrices using Mesquite 2.75 (Maddi-
son & Maddison 2011). The histone H3 data set was sup-
plemented with all sequences from Huang et al. (2011),
while 13 other species across the Merulinidae clade were
included as out-groups for the ITS and IGR data sets
(Table S1). Alignments were carried out using the E-INS-i
option in MAFFT 7.110 (Katoh et al. 2002, 2009; Katoh &
Toh 2008; Katoh & Standley 2013) under default parame-
ters. Phylogenetic reconstructions were performed sepa-
rately for each marker and also on the concatenated data
set partitioned by gene.
Three phylogenetic tree optimality criteria were

employed. First, maximum likelihood trees were inferred
using RAxML 7.7.9 (Stamatakis 2006; Stamatakis et al.
2008) with the GTRGAMMA model and 50 random start-
ing trees. Multiparametric bootstrap analyses were carried
out using 1000 bootstrap replicates. Second, for Bayesian
analyses, we determined the most suitable model of molec-
ular evolution for each gene partition using jModelTest
2.1.4 (Guindon & Gascuel 2003; Posada 2008; Darriba
et al. 2012), testing for a total of 24 models based on the
Akaike Information Criterion (AIC). Bayesian inferences
were carried out in MrBayes 3.2.2 (Huelsenbeck &
Ronquist 2001; Ronquist & Huelsenbeck 2003; Ronquist
et al. 2012). Four Markov chains of 6 million generations
were implemented in two runs, logging one tree per 100
generations. MCMC convergence among runs was moni-
tored using Tracer 1.5 (Rambaut & Drummond 2009),
which determined that the first 10001 trees from each
analysis were to be discarded as burn-in. Third, under the
maximum parsimony framework, heuristic searches in
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PAUP* 4.0b10 (Swofford 2003) were carried out with
10000 random additions. Nodal supports were assessed
using 1000 bootstrap replicates (100 random additions per
replicate).

Morphology

Coral skeletal structure was examined using methods
described by Budd & Stolarski (2009, 2011). Morphological
features from three scales – macromorphology, micromor-
phology and microstructure – were the basis of taxonomic
classifications proposed by Budd et al. (2012) and Huang
et al. (2014a).
Briefly, observations of macromorphology were made

using a stereomicroscope to study the structure and devel-
opment of the colony, calice, septa, columella, theca and
coenosteum (Vaughan & Wells 1943; Wells 1956; Beauvais
et al. 1993; Johnson 1998; Wallace 1999; Budd & Smith
2005; Huang et al. 2009). Micromorphology was visualised
via scanning electron microscopy (SEM) at magnifications
<2009 of calices mounted on stubs (Budd & Stolarski
2009, 2011), revealing the shapes of teeth along the wall,
septa, columella and septal face granulations (Hoeksema
1989; Beauvais et al. 1993; Cuif & Perrin 1999; Cuif et al.
2003; Budd & Smith 2005). For microstructure, each calice
was cut transversely, impregnated with epoxy and sectioned
to a thickness of ~30 lm prior to visualisation under a ste-
reo or light microscope at magnifications <1009 (Budd &
Stolarski 2009, 2011). The resulting thin sections enabled
the examination of rapid accretion deposits and thickening
deposits or fibres within the wall, septa and columella (Al-
loiteau 1952; Chevalier & Beauvais 1987; Beauvais et al.
1993; Stolarski & Roniewicz 2001; Cuif et al. 2003; Stolar-
ski 2003; Nothdurft & Webb 2007; Brahmi et al. 2010;
Cuif 2010).
Morphological data for 12 of the 16 species examined

here were derived from the 44-character matrix in Huang
et al. (2014a). The remaining four species were character-
ised for macromorphology; micromorphology was exam-
ined for G. minuta Veron, 2000, Merulina scheeri Head,
1983 and Paraclavarina triangularis (Veron & Pichon,
1980), with the latter further characterised for microstruc-
ture. In addition to vouchers deposited in the institutions
mentioned earlier, specimens and type material from the
following museums were studied: Hunterian Museum and
Art Gallery, University of Glasgow (GLAHM, UK);
Muséum national d’Histoire naturelle de Paris (MNHN,
France); MTQ; Natural History Museum, London
(NHMUK, UK); Naturalis Biodiversity Center (RMNH,
the Netherlands); Paleontology Repository, University of
Iowa (SUI, USA); Tôhoku Imperial University (TIU,
Japan); Florida Museum of National History, University of
Florida (UF, USA); National Museum of Natural History,

Smithsonian Institution (USNM, USA); Yale Peabody
Museum of Natural History (YPM, USA); and Museum
f€ur Naturkunde, Berlin (ZMB, Germany). All specimens
illustrated here for micromorphology and microstructure
are figured for the first time and designated as hypotypes.
The morphological matrix, here with 16 in-group and 12
out-group species (similar to the ITS and IGR data), was
analysed via maximum parsimony as described earlier to
infer apomorphies for the novel clade.

Results
Three aligned DNA data sets were assembled and analysed
(Data S1). The histone H3 data consist of 375 base pairs
(bp; 77 parsimony-informative characters, or PICs) repre-
sented by 247 tips. The ITS data contain 970 bp (282 PICs)
from 150 taxa, and the IGR data comprise 1226 bp (484
PICs) from 144 taxa. The best nucleotide substitution mod-
els are K80 + G for histone H3, GTR + I + G for ITS and
GTR + G for IGR. Due to conflict in topology between
the IGR and nuclear gene trees, we focus on the results of
each gene rather than the concatenated analysis (Fig. S1).
The broad-based histone H3 tree recovered the same

groups as before (Huang et al. 2011), including the
clades Diploastraeidae + Montastraeidae, Merulinidae and
Lobophylliidae, although only the latter is considered well
supported (Fig. 1). All of the Merulinidae subclades defined
by Budd & Stolarski (2011) and Huang et al. (2011), except
D/E, are supported by all optimality criteria – maximum
likelihood, Bayesian and parsimony. Merulina ampliata
(Ellis & Solander, 1786), the name-bearing type of the
family, is nested within the well-supported subclade A,
which comprises most of the taxa collected for this study –

Merulina, Paraclavarina, Scapophyllia and most of Goniastrea.
Species falling out of subclade A include Coelastrea aspera
and C. palauensis, which were extracted from Goniastrea by
Huang et al. (2014a) for their positions in subclade B, as
well as G. australensis and G. deformis that form a clade
with F. russelli and an unidentified Favites species.
The nDNA ITS tree contains the same Merulinidae

subclades above, but with better resolution (Fig. 2). Gonias-
trea within subclade A is an unsupported monophyletic
group, while Merulina is polyphyletic and split into three
clades. Only M. scheeri forms a well-supported group, sister
to several M. scabricula sequences with P. triangularis nested
within. The remaining M. scabricula terminals are indistin-
guishable from M. ampliata in the deepest-branching clade
of subclade A.
Analyses based on the mtDNA IGR marker recovered

nearly all of the ITS clades within subclade A, but with
considerable topological differences (Fig. 2). Subclade A is
split into two deeply divergent clades, with G. retiformis,
G. minuta and G. stelligera within one (A1 + A2), and all
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0.01

Lobophylliidae (3 spp.)
Cyphastrea (3 spp.)

Orbicella annularis

Diploastraeidae (Diploastrea heliopora)
Montastraeidae (Montastraea cavernosa)

Echinopora (5 spp.)
Paramontastraea salebrosa

'Favites' russelli
'Favites' sp.
'Goniastrea' deformis

'Goniastrea' australensis

Merulina (3 spp.)
Goniastrea (6 spp.)
'Paraclavarina' triangularis
Scapophyllia cylindrica

Astrea curta

Favites (10 spp.)

Favites pentagona
Hydnophora (3 spp.)

Leptoria (2 spp.)
Platygyra (9 spp.)

Coelastrea (2 spp.)
Dipsastraea (15 spp.)
Trachyphyllia geoffroyi

Plesiastrea
versipora

Caulastraea (3 spp.)
Oulophyllia (2 spp.)

Mycedium (2 spp.)
Pectinia (4 spp.)

Merulinidae

A

D/E

F

G

B

H

C
I

100/1/100

85/1/84

98/1/94
94/1/86

98/1/95

63/0.97/57
68/0.94/52

57/0.98/53

97/1/96

72/0.92/65

65/1/71

79/1/76

51/0.99/-

76/1/70
83/1/79

77/0.96/67

95/1/96

92/1/92

82/1/74

89/1/86

Paragoniastrea
gen. n.

-/0.92/-

Fig. 1 Maximum likelihood phylogeny of the reef coral families Diploastraeidae, Montastraeidae, Merulinidae and Lobophylliidae (clades
XV–XX sensu Fukami et al. 2008) based on the nuclear histone H3 gene. Subclades within Merulinidae are labelled A to I according to
Budd & Stolarski (2011) and Huang et al. (2011), with vertical extent of clades proportional to sample size. Numbers adjacent to branches
represent support values (maximum likelihood bootstrap ≥50/Bayesian posterior probability ≥0.8/maximum parsimony bootstrap ≥50; lower
values of support not shown).
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other species in the second (including Goniastrea clade A3).
The first clade, sister to G. australensis + G. defor-
mis + F. russelli + F. sp., is subtended by an extremely long
branch resulting partly from a 175-bp region in the middle
of the IGR data set that was difficult to align for members
of the clade (see Data S1). Removal of this region weakens
the support for the grouping, which we regard as unreliable
and thus defer to the nDNA trees for the placement of
A1 + A2. Further differences between the ITS and IGR
trees are evident in the relationships between Merulina,
Paraclavarina and Scapophyllia.
The molecular grouping of P. triangularis with M. scab-

ricula is supported by every morphological feature

examined. The monotypic genus shares all character states
with Merulina, including the <3 cycles of septa (<24 septa)
per centre, thus uniting Merulina and Paraclavarina to the
exclusion of Scapophyllia (see also Huang et al. 2014a).
None of the Goniastrea species within clades A1 and A3

can be distinguished via sequence similarity based on any
of the three markers. Uncorrected intra- and interspecific
pairwise distances (Srivathsan & Meier 2012) completely
overlap for the nDNA ITS and mtDNA IGR sequences
(Fig. 3). Not surprisingly, distances between the three Go-
niastrea clades (A1–A3) are generally larger. For IGR in
particular, even the smallest interclade distances do not
overlap with intra- or interspecific distances.

Dipsastraea rosaria
Coelastrea palauensis

Coelastrea aspera (GB017; HD107)
Coelastrea cf. palauensis

Coelastrea cf. aspera (SA0221, 0574, 0596)
Dipsastraea favus

Dipsastraea mirabilis
Dipsastraea aff. valenciennesi

Dipsastraea lizardensis Trachyphyllia geoffroyi
Caulastraea tumidaOulophyllia crispa

Mycedium elephantotus
Pectinia lactuca

'Goniastrea' deformis
(JP003, 030, 060, 062, 064, 123)

'Favites' russelli (LH0034, 4636)
'Favites' sp. (JP009, 065) 

'Goniastrea' australensis
(GB005; JP020, 063, 067, 069;
LH4553, 4557, 4560, 4612, 4620;
SL1614, 3884, 3900, 3906)

Goniastrea stelligera
(FJ009, 038, 044, 055;
SA0134, 0491, 0543; TB141)

Goniastrea minuta
(SC002, 011, 021)

Goniastrea retiformis
(DJ193, 278; FJ012;
HD083, 094, 131; MY179;
SA0286, 0517, 0547, 0588;
SC022, 023, 025; TB119)

Merulina ampliata (DJ258; FJ008; MY327)

Merulina ampliata (HD134; NC867; TB106)

Merulina 'scabricula' (FJ020, 021, 022, 063)

Scapophyllia cylindrica (HD060, 132)

Merulina scheeri
(DJ006, 140, 246; SA0196, 0339, 0439, 0485, 0540)

Merulina scabricula
(FJ031, 052; GB065; HD135; NC849; TB114)

'Paraclavarina' triangularis (PFB351, 352)

Goniastrea edwardsi
(DJ126, 279; FJ019; GB034;
HD045, 117; SA0140, 0306,
SA0477, 0483, 0493, 0536;
SC001, 005, 014, 024, 029)

Goniastrea cf. edwardsi
(SA0534)

Goniastrea favulus
(DJ054, 118, FJ010, 018,
FJ034, 039, 041, 043, 064;
GB006; HD022, 091; MY180)

Goniastrea pectinata
(GB008, 023, 030, 035, 037,
GB053, 054, 056, 058; HD043;
SA0102, 0258, 0370, 0481,
SA0494, 0535, 0544; TB110)

Goniastrea aff. pectinata
(HD088, 098; SA0305)

85/0.95/-

94/1/93

100/1/96

65/0.97/65

91/1/83
87/1/88

86/1/90

76/1/99

71/0.98/82
86/1/85

52/-/64

81/0.97/74

78/1/66

51/0.84/-

85/1/97

81/0.97/66

-/0.84/-

Dipsastraea rosaria
Coelastrea palauensis

Coelastrea aspera (GB017; HD107)
Coelastrea cf. palauensis

Coelastrea cf. aspera (SA0221, 0574, 0596)
Dipsastraea favus

Dipsastraea mirabilis
Dipsastraea aff. valenciennesi

Dipsastraea lizardensis
Trachyphyllia geoffroyi Caulastraea tumida

Oulophyllia crispa
Mycedium elephantotus

Pectinia lactuca
Echinopora gemmacea

Echinopora horrida

'Goniastrea' deformis
(JP003, 030, 060, 062, 064, 123)

'Favites' sp. (JP009, 065) 
'Favites' russelli (GB024; LH0034, 4636)

'Goniastrea' australensis
(GB005; JP020, 063, 067, 069;

LH4553, 4557, 4560, 4612, 4620;
SL1614, 3884, 3900, 3906, 3908, 3958)

Goniastrea stelligera
(FJ009, 038, 044, 055;

SA0134, 0491, 0543; TB141)

Goniastrea minuta
(SC002, 011, 021)

Goniastrea retiformis
(DJ193, 278; FJ012;

HD083, 094, 131; MY179;
SA0286, 0517, 0547, 0588;

SC022, 023, 025; TB119)

0.35
substitutions/site

Merulina ampliata (DJ258; MY327)

Scapophyllia cylindrica (HD060, 132)

Merulina scheeri
(DJ006, 140, 246; SA0196, 0339, 0439, 0485, 0540)

Merulina ampliata (HD134; NC867)

Merulina 'scabricula' (FJ020, 021, 022, 063)

Merulina scabricula
(FJ031, 052; GB065; HD135; NC849; TB114)

'Paraclavarina' triangularis (PFB351, 352)

Goniastrea edwardsi
(FJ019; GB034; HD045, 117;

SA0140, 0306, 0483;
SC005, 024, 029)

Goniastrea cf. edwardsi
(SA0534)

Goniastrea favulus
(DJ054, 118, FJ010, 018,

FJ034, 039, 041, 043, 064;
GB006; HD022, 091; MY180)

Goniastrea pectinata
(GB008, 023, 030, 035, 037,

GB053, 054, 056, 058; HD043;
SA0102, 0258, 0370, 0481,

SA0494, 0535, 0544; TB110)

Goniastrea aff. pectinata
(HD088, 098; SA0305)

B

D/E

A

B

D/E

nDNA
ITS

mtDNA
IGR

0.05
Substitutions/site

51/0.89/-

I

95/1/88

92/1/97

98/1/96

95/-/88

64/-/-

81/1/76

77/1/84

A2

A1

A3

A1

A2

A3

Paragoniastrea
gen. n.

Paragoniastrea
gen. n.

Fig. 2 Maximum likelihood phylogeny of Merulina, Goniastrea and Scapophyllia (subclade A sensu Budd & Stolarski 2011; Huang et al. 2011)
based on the nuclear internal transcribed spacers (ITS; left) and the mitochondrial intergenic region (IGR; right). Clades are arranged in
the same top-to-bottom order on both trees, except where indicated. Trees are rooted by Paramontastraea salebrosa (subclade I), with
subclades B and D/E constituting other out-groups. Numbers adjacent to branches represent support values (maximum likelihood bootstrap
≥50/Bayesian posterior probability ≥0.8/maximum parsimony bootstrap ≥50; lower values of support not shown; major clades and in-group
only). Filled circles indicate well-supported clades (bootstrap ≥98 and posterior probability of 1). Bold specimen numbers denote topotypic
material.
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As shown with the histone H3 tree, ITS and IGR place
Coelastrea firmly within subclade B, most closely related to
Dipsastraea and Trachyphyllia. Unexpectedly, sequences
from Saudi Arabian specimens putatively identified as
C. aspera and C. palauensis are distinct from those derived
from the central Indo-Pacific.

The well-supported clade formed by G. australensis,
G. deformis and F. russelli is present in all three reconstruc-
tions (Figs 1 and 2). The Favites species from Japan
(JP009, JP065) is closely related to F. russelli and G. defor-
mis, but morphologically, its septa and walls are not as
irregular. They also exhibit no signs of separate walls and
extremely thickened first-order costosepta (as in F. russelli),
or ‘groove and tubercle’ formation (as in G. deformis).
Overall, this novel clade is distinct from both Goniastrea
and Favites, except in the case of the IGR tree, which
recovers the long branch of three Goniastrea spp. as its sis-
ter group. However, morphological evidence at each of the
three examined scales is unequivocal in uniting the new
group to the exclusion of the rest of Goniastrea in having
higher calice relief (3–6 mm), spongy columellae (>3
threads), internal lobes that are only uniaxial (paliform),
greater septal tooth height (0.3–0.6 mm) and spacing (0.3–
1 mm), walls formed by dominant paratheca without abor-
tive septa and wider spacing between costal centre clusters
(0.3–0.6 mm; Figs 4 and 5; see also Fig. S2).

Discussion
Molecular phylogeny

This study presents the most comprehensive phylogeny to
date of Merulinidae subclade A (sensu Budd & Stolarski
2011), which comprises the family’s type genus Merulina,
as well as Goniastrea, Paraclavarina and Scapophyllia. Com-
plete species sampling has been achieved for these genera
except Goniastrea. The phylogenetic positions of G. colu-
mella Crossland, 1948; G. ramosa Veron, 2000; and G. the-
cata Veron, DeVantier & Turak, 2000 are still unknown,
although they are probably related to either Goniastrea or
the new clade recovered in this study (see Huang 2012;
Huang & Roy 2013). Unfortunately, only skeleton material
is known for Boninastrea (Best & Suharsono 1991), and no
tissue samples are available.
Our results are based on nuclear markers histone H3

and ITS, as well as the mitochondrial IGR (Figs 1 and 2).
The nuclear gene trees are congruent with each other,
although higher resolution is achieved using the ITS (see
Flot & Tillier 2006; Flot et al. 2008b). Between IGR and
the nuclear markers, however, there are a number of
conflicts, most notably in the placement of Goniastrea clade
A1 + A2 and the position of Echinopora among the
out-groups. Minor variations are also evident in the rela-
tionships between Merulina and Scapophyllia species. The
extremely long branches produced by the mitochondrial
data (e.g. the branch leading to A1 + A2) suggest an under-
lying problem with using certain mtDNA sequences as
phylogenetic markers (Aranda et al. 2012; see also Flot
et al. 2008a). Reconstruction using the concatenated data
set gave mixed results – some parts of the combined
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Fig. 3 Bar plots showing frequencies of uncorrected pairwise
comparisons at each range of Goniastrea (excluding G. australensis
and G. deformis) sequence divergence. Data for the nuclear internal
transcribed spacers (ITS; top) and mitochondrial intergenic region
(IGR; bottom) are portioned into distances within species
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smallest interspecific distances (Meier et al. 2006, 2008).
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A B C

D E F

G H I

J K L

Fig. 4 Species in subclade A have small to medium calices (≤15 mm) that are of low relief (<3 mm), compact columellae and well-
developed paliform lobes. Septal teeth (white arrows) are low (<0.3 mm) and narrowly spaced (<0.3 mm). Walls formed by strong abortive
septa (black arrows). A–C. Merulina ampliata (Ellis & Solander, 1786) —A. Macromorphology, holotype GLAHM 104015, unknown
locality (photograph by Kenneth Johnson) —B. Micromorphology (scanning electron microscopy), hypotype USNM 100519, Madagascar
—C. Microstructure (transverse thin section), hypotype USNM 100519. D–F. Merulina scabricula Dana, 1846 —D. Macromorphology,
syntypes YPM 1927A and 1927B (inset), Fiji —E. Micromorphology, hypotype USNM 93775, Madang, Papua New Guinea —F.
Microstructure, hypotype USNM 93775. G–I. Merulina triangularis (Veron & Pichon, 1980) —G. Macromorphology, holotype NHMUK
1983.9.27.2, Bushy Island-Redbill Reef, Australia —H. Micromorphology, hypotype UNIMIB PFB351, Madang, Papua New Guinea —I.
Microstructure, hypotype UNIMIB PFB351. J–L. Goniastrea retiformis (Lamarck, 1816) —J. Macromorphology, holotype MNHN
IK-2010-693, unknown locality —K. Micromorphology, hypotype UP P1L02149, Batangas, the Philippines —L. Microstructure, hypotype
UP P1L02149.
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phylogeny are congruent with the ITS tree (e.g. Echino-
pora), and others agree with the IGR tree (e.g. exclusion of
A1 + A2 from subclade A; Fig. S1). Nevertheless, we draw
support for taxonomic changes only from well-supported
relationships that are common among all markers.

Merulina, ‘Paraclavarina’ and Scapophyllia

One of the most significant issues addressed by our study is
the species boundaries of M. ampliata, in part because it is
the type species of Merulina, but also because some speci-
mens identified as M. scabricula are nested among its repre-
sentatives. Note that these putative M. scabricula specimens
were collected from the type locality of Fiji. On the one

hand, this identification follows the original description of
the syntype of M. scabricula, a branching colony with
‘obtuse truncate extremities of the branches, as broad as
below, and with the lamellae as close and even’ (Dana
1846: 275; Fig. 4D). On the other hand, the primarily
branching specimens close to this description (FJ020,
FJ021, FJ022 and FJ063) form a clade with M. ampliata
that is moderately supported on the ITS tree (Fig. 2) and
thus should be considered as M. ampliata instead.
It is worth noting that taxonomists have had much

difficulty differentiating these two species, for example ‘les
diff�erences entre M. scabricula et M. ampliata n’ont pas �et�e
d�efinies avec pr�ecision’ (Chevalier 1975: 225).

A B C

D E F

G H I 

Fig. 5 Paragoniastrea Huang, Benzoni & Budd, this study, has medium-size (4–15 mm) and medium-relief (3–6 mm) calices, spongy
columellae and well-developed paliform lobes. Septal teeth (white arrows) with medium height (0.3–0.6 mm) and spacing (0.3–1 mm).
Walls formed by dominant paratheca (black arrows). A–C, E, F. Paragoniastrea australensis (Milne Edwards & Haime, 1857) —A.
Macromorphology, holotype MNHN IK-2010-409, Australia —B, E. Micromorphology, hypotype MTQ G61876, Pelorus Island, Australia
—C. Microstructure, hypotype MTQ G61876 —F. Microstructure, hypotype RMNH 14150, New Caledonia. D. Paragoniastrea deformis
(Veron, 1990), macromorphology, holotype MTQ G32487, Kushimoto, Japan. G–I. Paragoniastrea russelli (Wells, 1954) —G.
Macromorphology, holotype USNM 45004, Bikini Atoll, Marshall Islands —H. Micromorphology, hypotype MTQ G61895, Orpheus
Island, Australia —I. Microstructure, hypotype MTQ G61895.
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Contemporary interpretations of M. scabricula tend to
emphasis the ‘lamellae’ part of the description (Fig. 4D,
inset), rather than the ramose form. None of the photo-
graphs and descriptions depicting this species in Veron’s
(1986, 2000) monographs display the latter morphology.
Instead, the author sets the thin laminar colony of M. scab-
ricula in contrast to the thicker and coarser skeleton of
M. ampliata (Veron 2000). Our results support this view as
the M. scabricula clade members comprising laminar colo-
nies (FJ031, FJ052, GB065, HD135, NC849 and TB114)
have thin and delicate theca and septa. We surmise that
Dana’s (1846) separation between the two species is accu-
rate, but greater emphasis should be given to the thin lami-
nar morphology rather than the branching patterns.
M. ampliata is almost as likely as M. scabricula to have a
ramose colony form despite the holotype exhibiting no
branching at all (Fig. 4A).
The fully branching P. triangularis (Veron & Pichon,

1980), originally described in the context of currently syn-
onymised genus Clavarina, has affinities to M. scabricula,
which is the type species of Clavarina in the first place
(Verrill 1864; Veron & Pichon 1980). However, Veron
(1985) deemed P. triangularis to be distinct from Merulina.
Our results show that this generic distinction is unneces-
sary because its close relationship with M. scabricula is well
supported by both nuclear and mitochondrial markers
(Fig. 2). Furthermore, there are no diagnosable morpho-
logical differences between Merulina and Paraclavarina
(Fig. 4). The amount of ramosity and cross-sectional shape
of tip branches have conventionally been used to separate
P. triangularis from Merulina species (Veron 1986, 2000).
Based on the original descriptions, branching intensities of
colonies increase in the order of M. scheeri, M. ampliata,
M. scabricula and P. triangularis. The latter is fully branch-
ing, but the type series of M. scabricula (Fig. 4D) and many
M. ampliata specimens we analysed (e.g. FJ020, FJ021,
FJ022 and FJ063) are almost entirely branched save for a
reduced laminar base. Therefore, the extent of colony
branching can neither be unambiguously traced on the
phylogeny, nor reliably used to separate all species. P. tri-
angularis is perhaps unique as a species in being completely
branched, but this character confers limited utility to dis-
tinguish it at the genus level. Similarly, the ‘three-pointed
star-shaped’ (Veron & Pichon 1980: 225) tip branches are
used to describe P. triangularis (Veron 1986, 2000), yet
M. ampliata (e.g. FJ020, FJ021, FJ022 and FJ063) and
M. scabricula (e.g. syntypes USNM 165, YPM 1927A;
Fig. 4D) also have triangular tip branches, albeit not nearly
as sharply defined because of their thicker skeletons.
Integrating both molecular and morphological lines

of evidence, we propose to move Clavarina triangularis
Veron & Pichon, 1980 into Merulina. This follows Best &

Suharsono (1991), who cogently expressed that, ‘this bushy
Merulina species is a distinct species, but to place it in a
separate genus Clavarina Veron & Pichon, 1979 [sic] or
Paraclavarina Veron, 1986 [sic], is not realistic if only based
on the triangular form of the branches. M. triangularis
branches show a triangular form at the periphery, but so
do the branches in M. scabricula’ (Best & Suharsono 1991:
339). We note that an alternate classification is to revive
Clavarina for C. scabricula + C. triangularis, but this renders
the taxon Merulina all the more indefensible because
M. ampliata and M. scheeri are comparatively more distant
to each other on both ITS and IGR trees.
The paraphyly of Merulina and Scapophyllia on all molec-

ular trees remains a problem. However, the branch sup-
ports and lengths defining this grade are low on the ITS
tree, and some clades are in conflict with the IGR topology
(e.g. M. ampliata in the former and M. scheeri + S. cylindri-
ca Milne Edwards & Haime 1849a in the latter). There-
fore, we refrain from oversplitting these genera until
nDNA-based trees with better resolution are available to
test their interrelationships.

The Goniastrea clades
Goniastrea retiformis (Lamarck, 1816), the type species of
Goniastrea Milne Edwards & Haime, 1848, is most closely
related to G. minuta (clade A1; Fig. 2). Its sequences,
including those collected from the type locality of Sey-
chelles, are closely allied with those of G. stelligera (clade
A2) including samples from the type locality, Fiji. This
lends support to the new combination G. stelligera (Dana,
1846) first proposed by Huang et al. (2014a).
Goniastrea retiformis and G. minuta are indistinguishable

from each other on the phylogeny. The main morphologi-
cal character used by Veron (2000, 2002) to separate the
two species is corallite size, but this trait showed extensive
overlap. Deeper corals were observed to have smaller cali-
ces, within the range of 2–3 mm in diameter for G. minuta,
but they also possessed larger ones. It is noteworthy that
Milne Edwards & Haime (1849b) described Lamarck’s
(1816) holotype of Astrea retiformis as ‘grande diagonale des
calices, 3 millim�etres environ’ (Milne Edwards & Haime
1849b: 161). Their and our observations indicate that
G. retiformis may possess small corallites comparable to
G. minuta that Veron (2000, 2002) described. As it is likely
that the type of A. retiformis Lamarck, 1816 was collected
from the shore of Seychelles at a non-diving depth, we
included a specimen from the Mah�e intertidal (SC025) in
the analysis. Expectedly, its sequences fell within clade A1
comprising both G. retiformis and G. minuta (Fig. 2). Nev-
ertheless, we preserve the status of G. minuta because we
were unable to examine samples from its type locality in
Papua New Guinea.
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Our analyses incorporated samples from the type locali-
ties for G. edwardsi (Seychelles; Chevalier 1971), G. favulus
(Fiji; Dana 1846) and G. pectinata (Red Sea; Ehrenberg
1834). Two specimens in the same clade (HD088 and
HD098) were previously identified as G. australensis
(Huang et al. 2011), but evidently this name should apply
to specimens in the novel clade (GB, LH and SL codes),
which were collected mostly from the type locality of Aus-
tralia. Specimens HD088 and HD098 from Singapore have
consequently been reidentified as Goniastrea aff. pectinata
(Fig. 2). All inferred trees further demonstrate the para-
phyly of every species in this clade (A3; Fig. S3), but we
preserve these species groups as they do form distinct mor-
photypes in the present collections (Fig. S4).
For Goniastrea clades A1 and A3, we caution against

identifying species based on any of the markers used in this
study. Even for the more variable ITS and IGR, intra- and
interspecific distances within and among these species,
respectively, overlap (Fig. 3). The lack of a ‘barcoding gap’
(sensu Meyer & Paulay 2005) for each of these markers is
evident, and especially so because the smallest interspecific
distance for every species is 0% for both markers, except
for G. edwardsi’s most similar allospecific ITS sequence
(0.98% vs. G. favulus). In other words, a Goniastrea speci-
men from clade A1 or A3 cannot be reliably identified to
species based on either ITS or IGR because its sequence
will match the wrong species virtually all the time (Meier
et al. 2006, 2008). Until more variable markers become
available for species in these clades, corallite macromor-
phology (Veron et al. 1977; Veron 1986, 2000, 2002)
remains the only means to identify them.

The novel clade

The recovery of the clade comprising G. australensis, G. de-
formis and F. russelli is a fascinating result, first and fore-
most because it is well supported in all three gene trees.
None of the previous reconstructions have recovered this
grouping – the five-gene phylogeny of Huang et al. (2011)
showed G. australensis and F. russelli as a paraphyly with
A. curta nested within them, while Arrigoni et al. (2012)
supported the sister relationship between F. russelli and
A. curta. The histone H3 tree built here indicates that
A. curta is most closely related to Favites and phylogeneti-
cally distant from this novel clade (Fig. 1). The IGR data
could not be reliably aligned with A. curta and was thus
omitted from the combined analysis of Huang et al. (2011).
It is possible that the missing data could have played a role
in the association of A. curta with F. russelli.
Indeed, the phylogenetic placement of A. curta remains

uncertain, with different gene trees showing distinct sister
group relationships – to Cyphastrea based on cytochrome
oxidase I (Fukami et al. 2008; Benzoni et al. 2011; Huang

et al. 2011), Favites based on histone H3 (Huang et al.
2011; this study) and Platygyra based on ITS (Benzoni et al.
2011). Morphologically, it is nested within Astrea, its cur-
rent genus (Huang et al. 2014a). Astrea curta has never
been associated with the novel clade recovered here based
on any single marker, so its previous affiliation with
F. russelli is possibly an artefact of missing data.
Another interesting feature of this clade is that its mem-

bers are morphologically more similar to one another than
any of them are to Goniastrea or Favites, particularly at the
subcorallite scale (Fig. S2). They can be distinguished eas-
ily from Goniastrea by their dominant paratheca, and from
Favites with their weaker costal centre clusters and lack of
transverse septal crosses (Figs 4 and 5; see fig. 13C, F, I, L
in Huang et al. 2014a).

The out-groups

The placement of C. aspera and C. palauensis sequences in
subclade B, grouping with Dipsastraea and Trachyphyllia
spp., is well supported for all three markers. Once again,
their previous association with Goniastrea is shown to be
superficial; microstructurally, they possess parathecal walls
with no abortive septa, strong costa and septum medial
lines, as well as transverse septal crosses, features not pres-
ent in Goniastrea (Huang et al. 2014a). We note that the
genetic diversity of Coelastrea spp. is much higher than pre-
viously thought (cf. Huang et al. 2011), now that samples
outside of the central Indo-Pacific have been analysed. Our
trees show that both species of Coelastrea exhibit deep
intraspecific divergences between the central Indo-Pacific
and Indian Ocean (Red Sea) populations, a pattern first
observed by Arrigoni et al. (2012) among Dipsastraea and
Favites species. Further instances of this phenomenon may
be anticipated, but none of the other species we have
examined here show such divergences. Better geographic
sampling of Coelastrea spp., particular in the central Indian
Ocean, is needed to unravel their intraspecific diversity.

A final word

Overall, we have demonstrated that robust phylogenetic
analyses of critical species derived from their type localities,
integrated with an evolutionary perspective of coral mor-
phology, can help resolve the extreme polyphyly of tradi-
tionally defined genera such as Goniastrea. The type
material of centuries-old species, devoid of any soft tissue,
does not allow for molecular investigation. Nevertheless,
examination of new material comparable to these speci-
mens in terms of morphology and locality can certainly be
illuminating.

Systematics

Merulina Ehrenberg, 1834: 328.
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Synonyms. Clavarina Verrill, 1864: 56 (type species:
M. scabricula Dana, 1846: 275; pl. 16: figs 2, 2a, b; original
designation, Verrill 1864: 56); Paraclavarina Veron, 1985:
179 (type species: C. triangularis Veron & Pichon, 1980:
223; figs 375–384; original designation, Veron 1985: 179).

Merulina triangularis (Veron & Pichon, 1980: 223; figs
375–384; Best & Suharsono 1991; Fig. 4G–I).

Material examined. Merulina triangularis: holotype from
Bushy Island-Redbill Reef, 5 m depth, dry specimen
(NHMUK 1983.9.27.2); 2 specimens from Madang, Papua
New Guinea, dry specimens (UNIMIB PFB351, PFB352;
Fig. S4).

Remarks. Clavarina triangularis Veron & Pichon, 1980:
223 is the only species to have been placed in Paraclavari-
na. Our analyses show that there are no diagnosable mor-
phological differences between Merulina and Paraclavarina
(Fig. S2), and genetically, C. triangularis is more closely
related to M. scabricula than are the other species of Meru-
lina (Fig. 2). Therefore, we validate Best & Suharsono’s
(1991) combination of M. triangularis, effectively synony-
mising Paraclavarina with Merulina.

Paragoniastrea Huang, Benzoni & Budd, gen. n.
Type species. Prionastræa australensis Milne Edwards &

Haime, 1857: 520; by original designation (Figs 5 and 6).

Etymology. The name alludes to its superficial similari-
ties with Goniastrea, particularly its well-developed paliform
lobes, but is distinguished from the latter based on molecu-
lar and subcorallite characteristics.

Diagnosis. Colonial (Fig. 6); mostly intracalicular bud-
ding, with some degree of extracalicular budding in
monocentric species. Corallites monomorphic; discrete
(1–3 centres) or uniserial; monticules absent. Walls gen-
erally fused, but may also occur as double walls. Coe-
nosteum, if present, limited and costate. Calice width
medium (4–15 mm), with medium relief (3–6 mm).
Costosepta may be confluent. Septa in 3 cycles (24–36
septa). Free septa present but irregular. Septa spaced 6–
11 septa per 5 mm. Costosepta generally unequal in rela-
tive thickness. Columellae trabecular and spongy (>3
threads), <1/4 of calice width, and continuous among
adjacent corallites. Paliform (uniaxial) lobes well devel-
oped. Epitheca well developed. Endotheca low-moderate
(tabular) (Fig. 5A, D, G).
Tooth base at mid-calice circular. Tooth tip at mid-

calice irregular; tip orientation perpendicular to septum.
Tooth height medium (0.3–0.6 mm) and tooth spacing
medium (0.3–1 mm), with >6 teeth per septum. Granules

scattered on septal face; irregular in shape. Interarea pali-
sade (Fig. 5B, E, H).
Walls formed by dominant paratheca and partial septo-

theca; abortive septa absent. Thickening deposits fibrous.
Costal centre clusters weak; 0.3–0.6 mm between clusters;
medial lines weak. Septum centre clusters weak; generally
0.3–0.5 mm between clusters, but may be closer in some
septa; medial lines weak. Transverse crosses absent. Colu-
mella centres clustered (Fig. 5C, F, I).

Species included. Paragoniastrea australensis (Milne
Edwards & Haime, 1857: 520); holotype from Australia,
dry specimen (MNHN IK-2010-409; Fig. 5A). Paragonias-
trea deformis (Veron, 1990: 142; figs 48–50, 83); holotype
from Kushimoto, Japan, 4 m depth, dry specimen (MTQ
G32487; Fig. 5D). Paragoniastrea russelli (Wells, 1954: 460;
pl. 174: figs 7, 8); holotype from seaward slope of Bikini
Atoll, Marshall Islands, 53–77 m depth, dry specimen
(USNM 45004; Fig. 5G).

Taxonomic remarks. Paragoniastrea gen. n. is hereby
established based on a combination of molecular and mor-
phological evidence from Huang et al. (2011, 2014a) and
the present analysis. Of its three constituent species, P. de-
formis is the first to be examined phylogenetically. Based
on mitochondrial cytochrome oxidase I and cytochrome b
genes, Fukami et al. (2008) recovered it as the deepest-
branching lineage within subclade A (sensu Budd & Stolar-
ski 2011), the clade containing Merulina, Goniastrea and
Scapophyllia. It is clearly distinct from two of the three
clades of Goniastrea as defined here (A2 and A3; Fig. 2).
Later, a suite of five genes, including the three used in this
study, showed that P. australensis and P. russelli are outside
subclade A (Huang et al. 2011).
The present study is the first to place all three species of

Paragoniastrea in the same context, with data pointing to a
well-supported monophyly that defines this new genus.
Based on the histone H3 marker, Paragoniastrea is sister to
the least inclusive clade comprising Merulina and Dipsast-
raea, but this relationship is not supported (Fig. 1).
Together, they form a relatively well-supported clade that
excludes Echinopora and Paramontastraea. With the latter as
out-groups, the nuclear ITS recovers Paragoniastrea as sis-
ter to subclade A with moderate support, while mitochon-
drial IGR groups the new genus with the clade containing
G. retiformis, G. minuta and G. stelligera (A1 + A2; Fig. 2).
However, we note above that the extremely long branch
produced by the IGR data suggests that this grouping may
not be reliable. Taken together, Paragoniastrea is distinct
from all other merulinid genera but is likely to be the sister
group to subclade A as suggested by the ITS tree. Parago-
niastrea and subclade A could also be a paraphyly with

542 ª 2014 Royal Swedish Academy of Sciences, 43, 5, September 2014, pp 531–548

Phylogeny of Indo-Pacific reef corals � D. Huang et al.



respect to the least inclusive clade comprising Caulastraea
and Dipsastraea, although this has received much less sup-
port from histone H3.
Paragoniastrea is widely distributed on reefs of the Indo-

Pacific, recorded as far east as the Pitcairn Islands in the
southern hemisphere (Glynn et al. 2007) and Marshall
Islands in the northern hemisphere (Wells 1954; Veron
et al. 2009, 2011).

Morphologic remarks. Paragoniastrea is morphologically
similar to Goniastrea and Favites, with members being
classed in these genera prior to the present revision. Due
in part to several symplesiomorphies shared between Para-
goniastrea and members of subclade A on the morphologi-

cal phylogeny (e.g. well-developed paliform lobes and
absence of transverse crosses), no unambiguous synapomor-
phies could be inferred (Fig. S2). A transition from moder-
ate (<corallite diameter) to limited coenosteum amount
occurred on the Paragoniastrea branch, but the walls
became fused in P. australensis and P. deformis. Wall fusion
also independently evolved within subclade A (in Merulina,
Scapophyllia and most Goniastrea spp.), C. aspera and Oulo-
phyllia crispa.
Paragoniastrea can be distinguished macromorphological-

ly from Goniastrea in having higher calice relief (3–6 mm),
spongy columellae (>3 threads) and internal lobes that are
only uniaxial (paliform). For subcorallite features, Parago-
niastrea has greater septal tooth height (0.3–0.6 mm) and

A B C

D E F

G H I 

Fig. 6 Paragoniastrea Huang, Benzoni & Budd, this study; in situ photographs of corals analysed. A–C. Paragoniastrea australensis (Milne
Edwards & Haime, 1857) —A. GB005, MTQ G61876, Pelorus Island, Australia —B. SL3958, MTQ, Solitary Islands, Australia —C.
LH4553, MTQ, Lord Howe Island, Australia. D–F. Paragoniastrea deformis (Veron, 1990) —D. JP060, MUFS C74, Kushimoto, Wakayama
—E. JP062, MUFS C75, Kushimoto, Wakayama —F. JP064, MUFS C77, Kushimoto, Wakayama. G, H. Paragoniastrea russelli (Wells,
1954) —G. FJ035, SIO Co2761, Moturiki, Fiji —H. LH4636, MTQ, Lord Howe Island, Australia. I. Paragoniastrea sp., JP065, MUFS
C78, Kushimoto, Wakayama.
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spacing (0.3–1 mm), walls formed by dominant paratheca
without abortive septa, and wider spacing between costal
and septum centre clusters (0.3–0.6 mm).
Paragoniastrea has fewer morphological characters sepa-

rating it from Favites – smaller number of septal cycles
(24–36 septa), less abundant endotheca, weaker costal cen-
tre clusters and no transverse septal crosses (see fig. 13 in
Huang et al. 2014a).
The three species in Paragoniastrea can be distinguished

based on their macromorphology (Fig. 6). Paragoniastrea
australensis is the only species with uniserial corallites and
walls that are always fused between adjacent valleys
(Fig. 5A; Milne Edwards & Haime 1857), while P. deformis
possesses more irregular skeletal elements and the ‘groove’
and tubercle’ formation, as in the holotype (Fig. 5D; Veron
1990). Paragoniastrea russelli exhibits varying degrees of wall
fusion and coenosteum development, and unlike its conge-
nerics, it usually has considerable size differentiation
between costoseptal cycles, the first being greatly thickened
and exsert (Fig. 5G; Wells 1954). The unidentified Parago-
niastrea sp. from Japan has affinities to both P. deformis and
P. russelli but has more regular corallite features (Fig. 6I).
It may be a new species, but its boundaries are in need of
clarification with more extensive sampling.
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Fig. S1. Maximum likelihood phylogeny of Merulina,

Goniastrea and Scapophyllia (subclade A sensu Budd & Sto-
larski 2011; Huang et al. 2011) resulting from a partitioned
analysis of the concatenated molecular dataset.
Fig. S2. Strict consensus of 20 equally most-parsimoni-

ous trees based on morphological data.
Fig. S3. Maximum likelihood phylogenetic relationships

among species in Goniastrea clade A3 (derived from Fig. 2).
Fig. S4. Merulina Ehrenberg, 1834; Goniastrea Milne

Edwards & Haime, 1848; and Scapophyllia Milne Edwards
& Haime, 1848; in situ photographs of corals analysed.
Table S1. List of specimens analysed in this study,

detailing sampling localities, voucher information (see text
for institution abbreviations), and GenBank accession num-
bers (bold = new sequences) for nuclear histone H3, inter-
nal transcribed spacers 1 and 2 (ITS), and mitochondrial
non-coding intergenic region (IGR).
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mony trees obtained from the phylogenetic analyses.

548 ª 2014 Royal Swedish Academy of Sciences, 43, 5, September 2014, pp 531–548

Phylogeny of Indo-Pacific reef corals � D. Huang et al.


