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- ABSTRACT —

Traditional classification of scleractinian coralfCnidaria, Anthozoa,
Scleractinia) have been conducted on the basikedéton macromorphology and
arose from detailed studies of skeletal structwfelsoth recent and fossil corals.
However, the commonly used skeletal characterplagued by a host of factors,
such as phenotypic plasticity, intraspecific vaoiat and morphological
convergence, that render challenging the definibbtaxa boundaries and fail to
recognize most natural evolutionary lineages. Riecdeanlecular studies have
revolutionized the conventional taxonomic schemesggesting remarkably
different phylogenetic relationships when comparetth those based on
macromorphology and providing new reliable chanmactéo establish the
evolutionary history of these animals. In the ldstade, the integration of this
increasing amount of genetic data and new microhwggical and
microstructural traits has led to a better undeditay of evolutionary relationships
between hard corals and opened the way to the reeaf €oral taxonomy.

In this context, the Indo-Pacific family Lobophydlae Dai and Horng, 2009
potentially represents an interesting case study“retiprocal illumination”
between genetics and morphology. This taxon ha® beeently defined on a
combination of phylogenetic analyses and micromolquical observations,
although it still remains poorly understood. In tfaemost lobophylliids are
unstudied and the evolutionary relationships withia family unknown as well as
detailed micromorphological analyses still havéoéoconducted. This dissertation
aims to fill this gap in knowledge through the istigation of evolutionary
relationships of the Lobophyllidae and startinge titimpending process of
taxonomic revision of this family as a result of amegrated molecular and
micromorphological approach.

A molecular phylogeny reconstruction of one of ttiwee major groups
recovered in the order Scleractinia, the Robusiawhich the Lobophyllidae

belong was presented. Based on the partial mitabfe@dnCOI gene and the




ribosomal ITS region, the representatives of tlamily were recovered in a
cohesive lineage for the first time and the phyfege relationships with the other
closely related families were discussed. The armsalyas then expanded analyzing
more species and samples and focused exclusivellgeohobophylliidae in order
to produce the most comprehensive molecular phypgeconstruction of this
group to date. A total of 32 species ascribed twe rgenera were investigated
seguencing one mitochondrial and one nuclear |ddus.monophyly of the family
was strongly supported and nine main monophyletinug-level lineages were
recovered within the Lobophyllidae. All analyzedolygypic genera,i.e
AcanthastreaEchinophyllig Lobophyllia Micromussa Oxypora andSymphyllia
were not monophyletic and resulted in need of em&btaxonomic revision.

Subsequently, to further investigate the evolutddnthe Lobophylliidae, the
complete mitochondrial genome d@fcanthastrea maximavas sequenced. The
species based on a combination of data includisg réstricted geographic
distribution, evolutionary distinctiveness, and #npapulation size was revealed
be a potential case of priority for future conséinrastrategies. This mitochondrial
genome represented the first sequenced mitogenbraenm@mber of this family
and suggested potential informative markers forigsnetic studies of the other
lobophylliid genera. Being 18,278 bp in lengthisitthe longest sequence among
the robust corals sequenced mitogenome to datde e GC content and the
gene arrangement are similar to those of the aitieractinian corals.

Finally, integrating multi-locus molecular phyloges and detailed gross- and
fine-scale morphologic observations three caselyzadh in the family provided
examples of how reverse taxonomy can be usefut@derstanding the evolutionary
history of the Lobophylliidae: I) a taxonomic reas for the monotypic genus
Australomussarevealed to be a junior synonym Bérascolymia was proposed,;
Il) the long-ignored monospecific gen&lerophylliawas resurrected and the
unforeseen sister relationships betw&efterophyllia margariticolaandA. maxima
led to the placement of the latter specieSaterophyllia 11l) the closely related

generaHomophylliaandMicromussawere revised with the description of two new
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species,Micromussa pacificasp. nov. andMicromussa indianasp. nov., and
Symphyllia wilsoni a South-western Australian endemism, was plaged i
Hydnophyllia gen. nov. based on an unique combination of médecand
micromorphological data.

Overall, the results stemming from the data pravidethe framework of my
thesis significantly improve our understanding ofolation of the family
Lobophylliidae. Furthermore they represent a solide for the importance of an
integrated morpho-molecular approach in resolvaeghomy and systematics of
this ecologically important group of marine animaish notable consequences on

their biogeography and conservation strategies.




- CONTENT -

Abstract 2

List of Figures 9

List of Tables 18

List of Appendices 20

Chapter 1: General Introduction 23
1.1 From traditional to reverse taxonomy 23
1.2 The family Lobophyllidae Dai and Horng, 2009 30
1.3 Aims of the dissertation 33

Chapter 2. Molecular phylogeny of the Robust Clade clade (Raidae,
Mussidae, Merulinidae, and Pectiniidae): An IndianOcean perspective

34
2.1 Abstract 35
2.2 Introduction 36
2.2 Materials and methods 40
2.3.1 Sampling and specimen identification 40
2.3.2 DNA extraction, PCR amplification, and seqtieg 43
2.3.3 Phylogenetic analyses 43
2.4 Results 45
2.4.1 Sequence data characteristics 45
2.4.2 Phylogenetic analyses 46
2.5 Discussion 49

2.5.1 New contributions to the phylogeny of Favidand Mussida 49

2.5.2 Within species divergences between Indian d&uatific Ocean
populations 51

2.5.3 Molecular and phylogenetic implications 56

Chapter_3: Lobophylliidae reshuffled (Cnidaria, Scleractinia): pervasive non-

monophyly at genus level 60
3.1 Abstract 61
3.2 Introduction 61
3.3 Materials and Methods 63
3.4 Results and Discussion 66




Chapter_4: The complete mitochondrial genome ofAcanthastrea maxima

(Cnidaria, Scleractinia, Lobophylliidae) 72
4.1 Abstract 73
4.2 Introduction 73
4.3 Materials and methods 74
4.4 Results and Discussion 75

Chapter 5: Taxonomy and phylogenetic relationships of the cal genera

Australomussa and Parascolymia (Scleractinia, Lobophylliidae) 77
5.1 Abstract 78
5.2 Introduction 78
5.3 Materials and methods 83

5.3.1 Sampling 83
5.3.2 Morphological analyses 87
5.3.3 Molecular analyses 88
5.4 Results 90
5.4.1 Macromorphology 90
5.4.2 Micromorphology 94
5.4.3 Molecular analyses 97
5.5 Taxonomic account 101
5.5.1 Examined material 101
5.5.2 Taxonomy 102
5.6 Discussion 104
5.6.1 Morphology ofP. rowleyensisand P. vitiensisand consequences for
taxonomy 104
5.6.2 Molecular phylogeny d&. rowleyensigaindP. vitiensis 107
5.6.3 Utility of the examined molecular markers 081

Chapter_6: Forgotten in the taxonomic literature: resurrection of the
scleractinian coral genusSclerophyllia (Scleractinia, Lobophylliidae) from the

Arabian Peninsula and its phylogenetic relationship 111
6.1 Abstract 112
6.2 Introduction 112
6.3 Materials and methods 115

6.3.1 Sampling 115
6.3.2 DNA extraction, amplification, and sequencalgses 120
6.3.3 Morphological analyses 122
6.3.4 Ancestral character state reconstruction 2 12
6.3.5 Museum collections and other examined spasme 123




6.4 Results 123

6.4.1 Phylogenetic and haplotype network analyses 123
6.4.2 Morphological analyses 129
6.4.2.1 Macromorphology 129
6.4.2.2 Micromorphology 134
6.4.3 Ancestral character state reconstruction 6 13
6.5 Taxonomic account 137
6.5.1 Examined material 137
6.5.2 Taxonomy 138
6.6 Discussion 140
6.6.1 Morphology ofsclerophyllia vs AcanthastreadCynarina
140
6.6.2 Biogeographical patterns revealed by gereitence 145
6.6.3 The relevance of being solitary 146
6.7 Conclusions 148

Chapter 7: Integrating genetics and morphology: revision ofthe reef coral
genera Micromussa and Homophyllia (Scleractinia, Lobophylliidae) with

description of two new species 149
7.1 Abstract 151
7.2 Introduction 152
7.3 Materials and methods 156

7.3.1 Coral sampling and identification 156
7.3.2 DNA preparation, amplification and sequenzayses 163
7.3.3 Morphological analyses 165
7.4 Results 165
7.4.1 Phylogenetic and haplotype network analyses 165
7.4.2 Morphological analyses 170
7.4.2.1 Macromorphology 170
7.4.2.2 Micromorphology 175
7.5 Taxonomic account 179
7.5.1 Examined material 179
7.5.2 Taxonomy 182
7.6 Discussion 186
7.6.1 Phylogeny, taxonomy, and geographical distioim of Homophyllia
187
7.6.2 Phylogeny and taxonomy Mifcromussa 189
7.6.3 The strange casekydnophyllia wilsoni 191




Chapter 8. General discussion and conclusions 193

8.1 Discussion 193

8.2 Future perspectives 197
Acknowledgments 200
References 204
Annexes 218

Annex I: List of publications arising from this PhAlesis 218

Annex II: Publications to which the candidate hastabuted during his PhD
Candidature 220

Annex Ill: Grants and Interships during the PhDdidature 222

Annex IV: List of Appendices 224




- L7 OF AgURES —

Figure 1.1. lllustration of septa of the genera traditionaflgcribed to the
Mussidae (A-J) and to the Pectiniidae (M-L) as rggab in Vaughan and Wells
(1043). Modified from Vaughan and Wells (1943).By,Circophyllia truncate x3;
C) Mussismilia braziliensis x2; D) Mussismilia harttij x2; E) Syzygophyllia
brevis x2; F) Leptomussa variabilisx1’% G) Acanthastrea echinatax3; H)
Antillia gregorii, x2; 1) Acanthophyllia dashayesianal; J)Mussa angulosax1*
M) Echinophyllia asperax2.2; K) Oxypora lacera x2.2; L) Mycedium tubifex
x2.2. Modified from Vaughan and Wells (1943). 25

Figure 1.2. The classification system and evolutionary relatops among
stony corals proposed by Wells (1956). Branchegessmt families, patterns
represent superfamilies, and columns representrdeitso Modified from Wells
(1956). 26

Figure 1.3. Phylogenetic relationships among scleractinianalsorand
outgroups. Topology was inferred by Bayesian amslybased on combined
mitochondrial COl and CYTB sequences. Numbers onnnmanches show
percentages of Bayesian probability7(0%) and bootstrap values50%) in ML
analysis. Dashes mean bootstrap vak#¥o in ML. Numbers in circles show the
connection of trees from A to D: A, outgroups; Bomplex corals and
corallimorpharians; C, the family Pocilloporidae; Bbbust corals. Three-letter
codes correspond with traditional families; numb@ardoman numerals indicate
clades interpreted from the tree. Modified from &k et al. (2008). 28

Figure 1.4.An example of micromorphology showing the studyhef shape of
septal teeth and the granulations on septal fa&edd and Stolarski, 2009, 2011).
Clade XXl sensuFukami et al. (2008) (A-C) is distinguished by ukg blocky
teeth with pointed tips, and aligned granules. EIA8X sensuFuami et al. (2008)
(D-F) is distinguished by irregular lobate or bulboteeth with elliptical tooth
bases, and rounded granules enveloped by extettsnlening deposits. Clade
XVII sensuFuami et al. (2008) (G-I) is distinguished by guéar multiaxial teeth
with circular bases, and irregular scattered gesiulA) XXI, Pseudodiploria
strigosg B) XXI, Mussismilia braziliensisC) XXI, Isophyllia sinuosaD) XIX,
Lobophyllia pachyseptaE) XIX, Parascolymia vitiensjsF) XIX, Echinophyllia
echinoporoidesG) XVII, Merulina ampliata H) XVII, Favites halicoral) XVII,
Hydnophora exesaModified from Budd et al. (2012). 29

Figure 2.1. Number of “Bigmessidae” species currently knownhive an
Atlantic Ocean (ATL), Indian Ocean (10), Pacific &m (PO), or Indo-Pacific (IP)
distribution based on Veron’s (2000) distributioapa. For each column the white




area represents the number species for which niispald molecular phylogeny is
available (October 2011), the light grey area thecges for which the published
phylogeny is currently based on one specimen, #ik grey area the species for
which the phylogeny is based on two to five speaspeand the black area the
species for which more than five samples have beatyzed (data from Fukami et
al., 2007, 2008; Nunes et al., 2008; Kitahara et 2010; Huang et al., 2011;
Benzoni et al., 2011). Note that for all speciethwP distribution only material
from P.O. was studied in the examined moleculatqg®nies (cf Fig. 2.2).
39

Figure 2.2. Bayesian tree of the combined rDNA and COI dasadeosterior
Bayesian probabilities (>70%), Sh-like support 6j0Oand bootstrap values
(>50%) are shown at nodes in the following ordel;; L and MP. Dashes (-)
indicate nodes that are statistically unsupport@ldde numbers and sub-clade
codes are the same ones reported respectively kanitet al. (2008) and Huang
et al. (2011). Species included for the first timex molecular study are indicated
in bold. 10 samples are evidenced in blue and R@pkss in black. Species with
divergence between IO and PO populations are iteticaith full circles: yellow
circles =Blastomussa merletblue circles =Echinopora gemmaceérown circles
= Favites complanatared circles =Favites halicora green circles =Favia
matthaii purple circles Favia pallidg orange circles Favia rotumana

47

Figure 2.3. Within colony plasticity of the skeleton morphojomm the genus
Favia. A) colony of Favia pallida (BA050) and B) ofF. rotumana(BAO086)
showing a typically plocoid (left) as well as sudroid or cerioid (right) corallite
arrangement within the same specimen, respectiWithin clade plasticity of-
pallida andF. matthaii and intermediate morphs C) skeleton (above)iandvo
morphology (below) of &. pallida colony (BA119), and D) skeleton morphology
of a colony (BAO67) of the same species and insdmae clade (Fig. 2.2) but with
more exert septa; E) skeleton (above) amdiivo morphology (below) of &
matthaii colony (BA101) showing the typically exert septathis species; Fin
vivo morphology of specimen BA082 displayindr.gallida morphology of the left
and aF. matthaiimorphology on the right hand side of the images Hpecimen
was identified asF. matthaii however, note its intermediate position in the
phylogeny in Fig. 2.2. 54

Figure 3.1. Phylogeny of the Lobophylliidae inferred from Baian Inference
analyses of COI and rDNA. Node values are Post@&ayesian probabilities>(
70%), ML SH-like support (> 70%) and MP 60%) bootstrap values. Dashes (-)
indicate nodes that are statistically unsuppottgahercase letters and colour codes
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delineate lineages referred to in Fig. 3.2 and &dbll. Type species in bold. *
species analyzed for the first time from a moleccptnt of view. 68

Figure 3.2. In situ and corallum photos of species with unexpected
phylogenetic relationships: a)Micromussa amakusensisb) Phymastrea
multipunctata c) A. bowerbankid) A. hillag e) A. maximaf) A. echinata g)
Echinophyllia aspera h) Oxypora glabra i) O. lacerg j) E. echinata; k)
Lobophyllia corymbosal) Symphyllia radiansm) Parascolymia vitiensjsn) A.
ishigakiensis Colour codes and uppercase letters in whiteesreidicate clades in
Fig. 3.1. Specimen code on the corallum image. 69

Figure 4.1.In-vivo picture of the analyzed specimenAxfanthastrea maxima
(SO131). 74

Figure 4.2. Distribution map ofAcanthastrea maximaModified from Veron
(2000). 74

Figure 5.1. Parascolymia vitiensis(A-D) and P. rowleyensis (previously
Australomussp (E-G) in situ A) IRD HS2984 (monostomatous ); B) UNIMIB
PFBO056 (bistomatous); C) IRD HS3139 (polystomatsasye as in Figure 2H); D)
UNIMIB PFBO057 (polystomatous, same as in Figure #H) WAM Z65786; F)
WAM Z65785; G) close up of the same colony as irHE close up of the same
colony asin F, 84

Figure 5.2. Corallum morphology ifParascolymia vitiensisA) IRD HS3255;
B) IRD HS2955; C) detail of the same specimen ishBwing variability in shape
and size of septal teeth; D) UNIMIB PFBO031; E) IR52985; F) UNIMIB
PFB056; G) UNIMIB PFBO055; H) IRD HS3139; [) UNIMIBPFBO57. All
specimens are in the phylogenetic trees in Figbu®sApps. 5.1, 5.2, 5.33.

92

Figure 5.3. Corallum morphology inParascolymia rowleyensigpreviously
Australomussp A) WAM Z65785; B) WAM Z65788; C) WAM Z65786; D)
lamellar linkage between centres of adjacent atealin same specimen as in B ;
E) corallite polymorphism in the same specimenra#\;i F) size and shape of
costosepta in specimen WAM Z65787. All specimemsiarthe phylogenetic trees
in Figures 5.9, Apps. 5.1, 5.2, 5.33. 93

Figure 5.4. Comparison of the macromorphologyRdrascolymia vitiensigA-
C) andP. rowleyensigD-E): A) septa in the monocentric specimen IRD2BI&A;
B) top view of the costosepta in the polycentrie@men UNIMIB PFB057; C)
side view of the same portion of the specimen inDB;peripheral calices in
specimen WAM Z65786; E) top view of the costoseptdne same specimen as D;
F) side view of the same portion of the specimert.irRed arrows indicate the
position of the columella in adjacent corallitexq brackets placed perpendicularly

11



to the costosepta show the number of costosegeceyted by a 1 cm transect.
94

Figure 5.5. SEM images of radial elements &farascolymia rowleyensis
(previously Australomussa (WAM Z65789: A-B) andP. vitiensis (UNIMIB
PFB151: C-D): A) top view of septa reaching thelwB) side view of septa of
different cycles showing some variability in septdth size between cycles but
overall homogeneous shape; C) top view of septehreg the wall; D) side view
of septa of different cycles showing high variapiin septal teeth size and shape
between cycles. 95

Figure 5.6. Vesicular endotheca: A) longitudinal section of theriphery of a
calice of Parascolymia vitiensigmodified from Chevalier, 1975: Fig. 190); B)
SEM image of a longitudinal section along the seapitd. rowleyensis(WAM
Z65789); C) detail of vesicular endothecal dissepits in the same specimen as in
B. e = epitheca; w = wall; ed = endothecal dissepits. 96

Figure 5.7. SEM ofParascolymia vitiensiSUNIMIB PFB151): A) top view of
a S1 showing its thickness and clumped teeth; & giew of an S2 septum tooth;
C) side view of an S2 septum tooth, note the diffiee in shape of the tooth tip
compared to B; D) side view of an S5 septum tooth. 96

Figure 5.8. SEM of Parascolymia rowleyensigpreviously Australomussg
(WAM Z65789): A) side view of septa of differentags showing homogeneous
shape of septum teeth between cycles; B) side gfeam S4 septum tooth; C) side
view of an S2 septum tooth showing granulationsde view of the tip of an S1
septum tooth. 97

Figure 5.9. Phylogenetic position dParascolymia vitiensiandP. rowleyensis
(previously Australomussa and their relationships within  the family
Lobophylliidae based on concatenated matrix (C@tohe H3, and ITS region).
Bayesian topology is shown. Numbers associatedhwvahches indicate Maximum
Likelihood bootstrap (>70%) support (left) and Bsige posterior probabilities
(>0.9) (right). Clades within Lobophyllidae arelaored and labelled A to |
according to Arrigoni et al. (2014a). 100

Figure 6.1. Map of the type and sampling localitiesif margariticola(green)
andS. maximgpreviouslyAcanthastrea (yellow) for this study. Squares indicate
sampling localities, stars indicate type localitiB& = Bir Ali, Yemen; MU = Al
Mukallah, Yemen; SO = Socotra Island; K = Kuwait. 116

Figures 6.2-6.9.Sclerophyllia margariticola in situ6.2, encrusting round-
shaped corallum, KAUST SA88@®.3, round-shaped corallum, KAUST SA932;
6.4, oval-shaped corallum, KAUST SA101@®.5 triangular-shaped corallum,
KAUST SA934,; 6.6 cyathiform oval-shaped corallum with obvious foain
lobes, KAUST SA9766.7, cyathiform oval-shaped corallum, KAUST SA95/8

12



round-shaped corallum, KAUST SA1298.9 round-shaped corallum with
obvious paliform lobes, KAUST SA1298. Scale bamesent 1 cm. 117
Figures 6.10-6.17.Sclerophyllia maximapreviously Acanthastreq in situ
6.10 UNIMIB SO131; 6.11 colony at Al Mukallah, Yemen6.12 UNIMIB
BA136; 6.13 UNIMIB MU163, Yemen;6.14 UNIMIB SO132;6.15 colony at Al
Mukallah, Yemen;6.16 colony at Burum, Yemen$.17, colony at Al Mukallah,
Yemen. Scale bars represent 1 cm. 118
Figure 6.18. Phylogeny reconstruction o$clerophyllia margariticolaand
Sclerophyllia maximdpreviouslyAcanthastreawithin the family Lobophylliidae,
based on Bayesian Inference (Bl) analysis of theleam gene Histone H3.
Bayesian posterior probability (left) higher tha®® and ML bootstrap values
(right) higher than 70 are displayed on the no@¢ades within Lobophylliidae are
coloured and labelled A to | according to Arrigenial. (2014a). 126
Figure 6.19. Phylogeny reconstruction obclerophyllia margariticolaand
Sclerophyllia maximgpreviouslyAcanthastrepwithin the family Lobophylliidae,
based on Bayesian Inference (Bl) analysis of thégbanitochondrial gene COI.
Bayesian posterior probability (left) higher thar®® and ML bootstrap values
(right) higher than 70 are displayed on the no@¢sdes within Lobophylliidae are
coloured and labelled A to | according to Arrigenial. (2014a). 127
Figures 6.20-6.21. Most-parsimonious median-joining networks  of
Sclerophyllia margariticola (in green) andSclerophyllia maxima(previously
Acanthastreg (in yellow): 6.20 network inferred from the mitochondrial
intergenic spacer region (IGR) between COI andNAR 6.21, network inferred
from the nuclear internal transcribed spacer 2 Z)Ti&gion . The size of circles is
proportional to the frequencies of specimens shahe same haplotype. The black
solid circles are indicative of mutations that elifntiate each haplotype.
128
Figure 6.22. Ancestral state reconstruction of the charactevétt®ment of
multiple mouths” within the family Lobophylliidaebtained using Maximum
Parsimony with Mesquite 2.75. Character states abows: 0, white,
polystomatous; 1, grey, monostomatous; 2, black,lyspamatous or
monostomatous. 136
Figures 6.23-6.30.Coralla of Sclerophyllia margariticola 6.23 KAUST
SA1017;6.24 KAUST SA934,6.25 top view of KAUST SA10146.26 side view
of KAUST SA1014;6.27, top view of KAUST SA9766.28 side view of KAUST
SA976; 6.29 top view of KAUST SA933;6.3Q side view of KAUST SA933.
Arabic numerals at the outer end of the septad,®.25, 6.27, and 6.29 indicate
the cycle number (from 1 to 5). Scale bars reptesem. 130
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Figures 6.31-6.38.Radial elements (6.31, 6.33, 6.35, 6.37) and cellam
(6.32, 6.34, 6.36, 6.38) dbclerophyllia margariticola 6.31, KAUST SA1017;
6.32 KAUST SA1017;6.33 KAUST SA1014;6.34 KAUST SA1014;6. 35
KAUST SA976;6.36 KAUST SA976;6.37 well formed crown of paliform lobes
in KAUST SA933; 6.38 relatively small columella in the same specimsnira
6.37. Scale bars represent 5 mm. 131

Figures 6.39-6.44.Sclerophyllia maxima(previously Acanthastreg 6.39
UNIMIB MU163, same specimen as in Fig. 6.8140 UNIMIB BA136, same
specimen as in Fig. 6.18,41, view of specimen UNIMIB K001 showing a top
view of the central corallite (arrow$.42 view of same specimen as in 6.41
showing a lateral view of the central coralliter¢av); 6.43 largest calice in the
holotype BMNH 1986.11.17.26.44 largest calice in UNIMIB MU163. Black
arrows indicate the central and larger corallitealdc numerals at the outer end of
the septa in 6.44 indicate the cycle number (froim 3). Scale bars represent 1 cm.

133

Figures 6.45-6.59 Macro and micro-morphology ob. margariticola(6.45,
6.48, 6.51, 6.54, 6.57)5. maxima(previously Acanthastrea (6.46, 6.49, 6.52,
6.55, 6.58), and\canthastrea echinat{.47, 6.50, 6.53, 6.56, 6.5%9.45 KAUST
SA1017;6.46 UNIMIB MU161; 6.47, IRD HS3126;6.48 columella of the same
corallite as in 6.456.49 columella of the same corallite as in 6.66Q corallite
of the same specimen as in 6.8751 SEM image of the septa of KAUST SA1175
showing granulated septal sidés52 SEM image of the septa of UNIMIB MU161
showing granulated septal sid€s53 SEM image of the septa of IRD HS3126
showing smooth septal sidés54 SEM image of two septa of the same specimen
as in 6.51 showing margin and side ornamentatddy SEM image of a septum
of the same specimen as in 6.52 showing marginsa@ ornamentation$.56
SEM image of septa of the same specimen as in $h68ing septal margin
ornamentation6.57, top view of a septal teeth in the same specinsdn .51 and
6.54; 6.58 top view of a septal teeth in the same specingem &.52 and 6.55;
6.59 septal teeth in the same specimen as in 6.58 &6d Arabic numerals on the
septa in 6.46 and 6.50 indicate the cycle numbem(fL to 6). Scale bars represent:
Figs. 6.45-6.47, 1 cm; Figs. 6.48—-6.50, 5 mm; FgS81-6.53, 2 mm; Figs. 6.54—
6.56, 1 mm; Figs. 6.57—-6.59, 500n. 135

Figures 6.60-6.63.Morphology and dimensions of septa and septahteet
Cynarina lacrymalis(6.60, 6.62) andSclerophyllia margariticola(6.61, 6.63):
6.60 top view of the septd.61, top view of the septa of (KAUST SA934);62
side view of the septa shown in 6.@63 side view of the septa shown in 6.61.
Arabic numerals at the end of the septa indicagectftle number (from 1 to 6).
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Black arrows point at the large septal internalelbn the major septa df.
lacrymalis.Scale bars represent 5 mm. 156

Figure 7.1 Skeleton macro-morphology of the Lobophylliidaeluded in this
study: A) holotype ofMicromussa amakusensMTQ G32485 from JaparB)
Acanthastrea lordhowensi4é642 from Australia;C) Micromussa amakusensis
MNHN-IK-2012-14232 from the Gulf of AdenD) Phymastrea multipunctata
RMNH Coel 40090 from Malaysid&) cf Homophyllia australidRD HS3543 from
New CaledoniaF) Homophyllia australidRD HS3424 from New Caledoni&s)
Acanthastrea bowerbankilH043 from Australia;H) Acanthastrea hillaelRD
HS3287 from New Caledonid) Acanthastrea hemprichiUNIMIB BA115; J)
Symphylliawilsoni from Australia. 161

Figure 7.2.In situ morphology of the Lobophylliidae includadthis study:A)
Micromussa amakusensisom Japan;B) Acanthastrea lordhowensisom Lord
Howe, Australia;C) Micromussa amakusensisom the gulf of Aden, same
specimen shown in 7.1@) Phymastrea multipunctatRMNH Coel 40090 from
Malaysia; E) cf Homophyllia australis same specimen shown in 7.1E)
Homophyllia australis same specimen shown in 7.1K3) Acanthastrea
bowerbankiIRD HS3066 from New Caledonidi) Acanthastrea hillag same
specimen shown in 7.1H) Acanthastreghemprichii UNIMIB BA115 from the
Gulf of Aden;Symphylliawilsonfrom Australia. 162

Figure 7.3.Bayesian phylogeny reconstruction of the familyoaphylliidae for
the analysis of the concatenated data set of C@tokt H3, and ITS region.
Numbers above branches indicate nodal support @iisiiopology by means of
Bayesian posterior probabilities (>0.8), Maximunkélihood Sh-like supports
(>0.7), and Maximum Parsimony bootstrap supportsOY> Lower values of
support not shown. Clades within Lobophyllidae eoéoured and labelled A to |
according toArrigoni et al. (2014a). Specimens yed in this study are in bold.

169

Figure 7.4. Haplotype network of the genldicromussa(clade A) obtained in
Network 4.6.1.2 for the mitochondrial intergeni@aser region (IGR) between COI
and |-rRNA. The size of circles is proportional ttee frequencies of specimens
sharing the same haplotype. The black solid ciratesndicative of mutations that
differentiate each haplotype. 170

Figure 7.5. Top (A, C, E, G) and side (B, D, F, H) views ldbmophyllia
australisshowing typical morphologyA) IRD HS3441, top viewB) side view of
the same corallum as in &) IRD HS3470, top viewD) side view of the same
corallum as in CE) IRD HS3545, top viewF) side view of the same corallum as
in E; G) IRD HS3424, top viewtd) side view of the same corallum as in G.

172
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Figure 7.6. Skelton macro-morphology of specimens of ldbmophyllia
australis included in this study and showing a different nimipgy from the
typical one: A) top andB) side view of IRD HS 3543C) IRD HS 3359
polystomatous specimen, image shows detail ofittegdge (dashed lineld) IRD
HS 3483 polystomatous specimd); top andF) side view of IRD HS 33273),
H), I) show top, side and lateral corallite view, respety, of a specimen with
two calices from Gambier. 173

Figure 7.7.Coralla and corallite oMicromussaamakusensifrom the Gulf of
Aden, Indian OceanA) corallum morphology of specimeNNHN-IK-2012-
14232;B) corallite shape and organization in the same spatias in A;C)
corallite shape and organization in specimen UNINMB183; D) specimen in the
EPA Socotra collectiong) detail of the left hand side of the specimen in C
showing smaller corallitedr) detail of the left hand side of the specimen in C
showing larger corallites. 174

Figure 7.8. Scanning Electron Microscopy images ldbmophyllia australis
HS3311 with typical macro-morphology (A, F, K, P,, &), Acanthastrea
bowerbanki4629 (B, G, L, Q, V, AA)Acanthastrea hilladviH019 (C, H, M, R, W,
AB), Symphyllia wilsoniwIL1 (D, I, N, S, X, AC), Acanthastreahemprichii
BA115 (E, J, O, T, Y, AD)A-E) top view of the examined fragments;J) side
view of the examined fragments:T) view of septa size and ornamentatitiy)
detail of septal teeth shap&/AD) granulation of the septal teeth. 176

Figure 7.9.Scanning Electron Microscopy imageshMicromussaamakusensis
(A, F, K, P, U, 2) from Japaricanthastrea lordhowensis642 (B, G, L, Q, V,
AA), Micromussaamakusensisrom the Gulf of Aden, Yemen (C, H, M, R, W,
AB), Phymastrea multipunctatd, I, N, S, X, AC), ciHomophyllia australigE, J,

O, T,Y, AD).A-E) top view of the examined fragmenks;)) top view of corallites;
K-O) side view of adjoining corallite wall®-T) detail of septal teeth shapg:Y)
granulation of the septal tee®:AD) structure of the columella. 177

Figure 7.10.Morphology of Symphyllia wilsoniA) meandering valleys and a
hydnphoroid formation (white arrow) which can beirdd in this specie3) full
sized corallite on the left hand side, side by suith a valley in which the centres
have an unusual morphology and thicker septa (ldackvs) seem to separate the
columellae which are also almost split in tw®) a close up of the columellae
shown in B;D) SEM of the columella sitting deep in the vallelg$;SEM top view
of an hydnophoroid formationf:) SEM side view of the same hydnophoroid
formation as in EG) close up of F showing septal side granulatidh;in the
foreground a columella and in the background belitite thicker septa separating
adjacent columellae indicated by the black arrow8iand C;l) a detail of the
peculiar structure forming saddle-shaped struataréhe two adjoining inner ends
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of the thicker septa separating adjacent columellagranulation of the saddle-
shaped structure shown in I. 178
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Appendix 2.1 Map of the Indo-Pacific showing sampling localtifor this
study (numbered from 1 to 4) and sampling locait&f the “Bigmessidae”
samples included in published phylogenies (Fukamale 2008; Huang et al.,
2009; Kitahara et al., 2010; Huang et al., 201InZ8ai et al., 2011). 1 = Yemen,
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Caledonia. Geographical coordinates: Kamaran (5f22.82' N, Long. 42°36.27"
E), Aden (Lat. 12°46.60' N, Long. 44°56.28' E), liddl (Lat. 13°58.12"' N, Long.
48°10.66' E), Bir Ali (Lat. 13°59.48' N, Long. 4&857' E), Burum (Lat. 14°18.76'
N, Long. 48°59.84' E), Al Mukallah (Lat. 14°30.92' Long. 49°09.82' E), Socotra
(Lat. 12°40.35' N, Long. 54°11.75' E), Mayotte tgla(Lat. 12°38.48" S, Long.
45°02.74' E), Cote Oubliee (Lat. 21°55.78 S, Lar@p°41.11' E). 224

Appendix 2.2. In-vivo, corallum, and detail of corallites morphology toe
species with Indian Ocean (IO) or Indo-Pacific (Ealyzed in this study. A)
Leptastrea transverséP); B) L. bottae(IP); C) L. pruinosa(IP); D) Cyphastrea
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Plesiastrea versipordlP) refer to Benzoni et al. (2011). Sampling ldess: Y =
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Appendix 2.3. Maximum Parsimony tree based on COI dataset. Ntsnie
bootstrap values. Clade numbers and sub-clade @dethe same ones reported
respectively by Fukami et al. (2008) and Huang.e2811). Values <50% are not
shown. IO samples are evidenced in blue and POlesanmpblack. 231

Appendix 2.4.Maximum Parsimonyree based on rDNA dataset. Numbers are
bootstrap valueLlade numbers and sub-clade codes are the sameaapwed
respectively by Fukami et al. (2008) and Huand.e{2011). Values <50% are not
shown. 10 samples are evidenced in blue and POlearimpblack. 232

Appendix 3.1. In situ and corallum of species examined in this study: a)
Acanthastrea rotundoflorfom type locality (New Caledonia); B. hemprichi c)

A. echinatad) A. subechinatae) Echinophyllia asperdrom the Indian Ocean; f)
E. orpheensis g) E. echinoporoidesh) E. tarae i) Cynarina lacrymalisj) A.
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3.1. Specimen code on the images. 233

Appendix 3.2. In situ and corallum of species examined in this study: a)
Symphyllia valenciennedd) S rectg c) S agaricia; d) S. radians e) Lobophyllia
hemprichij f) L. robusta g) L. flabelliformis h) L. cf diminutg 1) L. costataj) S.
erythraea Colour codes and capital letters in white cirdlefer to clades in Fig.
3.1. Specimen code on the image. 234

Appendix 3.3. ML tree based on COI dataset. Node values are MHil&H
support (> 70%). 235

Appendix 3.4.ML tree based on rDNA dataset. Node values are Mtlilg
support (> 70%). 236

Appendix 5.1. Phylogenetic position ofParascolymia vitiensisand P.
rowleyensigpreviouslyAustralomusspawithin the family Lobophylliidae based on
partial mitochondrial COI gene. Bayesian topologshown. Numbers associated
with branches indicate Maximum Likelihood bootst(&y0%) support (left) and
Bayesian posterior probabilities (>0.9) (right).a@#s within Lobophylliidae are
coloured and labelled A to | according to Arrigenial. (2014a). 237

Appendix 5.2. Phylogenetic position ofParascolymia vitiensisand P.
rowleyensigpreviouslyAustralomusspawithin the family Lobophylliidae based on
nuclear histone H3. Bayesian topology is shown. bems associated with
branches indicate Maximum Likelihood bootstrap @6JOsupport (left) and
Bayesian posterior probabilities (>0.9) (right).a@s within Lobophylliidae are
coloured and labelled A to | according to Arrigenial. (2014a). 238

Appendix 5.3. Phylogenetic relationships betweParascolymia vitiensiand
P. rowleyensigpreviouslyAustralomussawithin the family Lobophyllidae based
on nuclear ITS region. Bayesian topology is shoWNombers associated with
branches indicate Maximum Likelihood bootstrap @6JOsupport (left) and
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Bayesian posterior probabilities (>0.9) (right).a@s within Lobophylliidae are
coloured and labelled A to | according to Arrigenial. (2014a). 239
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5). 242
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Appendix 7.3.ML tree based on ITS region dataset. Node valuesvir SH-
like support (> 0.7). 245

Appendix 7.4. Pairwise comparisons of genetic distance withid bhatween
clades of the family Lobophyllidae. Standard dé&wias listed on the upper right
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— CHAPTER 7 -

Geneval Intvoduction

1.1 From traditional to reverse taxonomy

Stony corals (Cnidaria, Anthozoa, Scleractinia) gvelypoidal marine
invertebrates with relatively simple level of orgaation that are distributed
throughout the world’s oceans, from the tropicsptbar regions and from the
intertidal zone to the deepest depths (Cairns, ;1988on, 2000). This group is
distinguished from the other related orders of théexacorallia, i.e
Corallimorpharia, Actiniaria, Antipatharia, Zoanttza and Ceriantharia, by having
the capacity to effectively secrete an aragondiciam carbonate skeleton and it is
composed by more than 1,400 extant species (Wall&89; Cairns, 1999, 2001;
Veron, 2000; Cairns and Kitahara, 2012). Nearly 46fthese species are found
deeper than 50 m and they do not live in associatith phototrophic
dinoflagellates of the gen®&y/mbiodiniun{Cairns, 1999, 2004, 2007, 2011, Cairns
and Kitahara, 2012). The remaining species inl&tztiow waters, they are mostly
colonial and zooxanthellate, and represent the miggmework builders of tropical
coral reefs (Hoeksema, 1989; Veron, 2000; Caira891Wallace, 1999; Wallace et
al., 2012).

Since the 19 century traditional classification of scleractimiaorals has been
conducted mainly on detailed examination of skeéletaracters (Milne Edwards
and Haime, 1857; Ogilvie, 1897; Vaughan and WEelB43; Wells, 1956). An
exhaustive review of historical and modern accouotscoral evolutionary
relationships and classification systems was pletidy Stolarski and Roniewicsz
(2001). After Linnean system of classification, es&l taxonomic publications
raised during the 19 century describing and referring to the coral gros
morphology (Dana, 1846; Milne Edwards and Haim&71&aqilvie, 1897). On the
basis of their remarkably wide zoological and patetmgical knowledge Milne
Edwards and Haime (1857) presented the first tigiva@lassification of scleractian
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corals. Their effort remains a most influential wolater revised in Vaughan and
Well’s (1943) milestone work. During the ®@entury, four main classification
systems were proposed as a result of an increasimgunt of data concerning
extant and fossil corals and more in-depth analyses macro- and
micromorphological traits (Vaughan and Wells, 1948ells, 1956; Alloiteau,
1952; Chevalier and Beauvais, 1987). In particifayghan and Wells (1943) and
Wells (1956) provided the basic scheme of coralesyatics for modern taxonomy
based on conventional taxonomic keys of phenotipits of skeleton (Fig. 1.1).
Summarizing the results of over one hundred yedrstody of recent and
paleontological coral specimens, the authors suthelivthe order Scleractinia into
five suborders and 33 extant and fossil familielg.(E.2). Alloiteau (1952) and
Chevalier and Beauvais (1987) relied upon thesedfwoementioned systems but
focused their attention on innovative observatiohsnicrostructural characters,
hypothesizing that gross-morphology could be higiadgfusing.

Finally, starting in the 1960s, an increasing nundfdield studies provided for
the first time information about the living animahd in-situ morphology and
plasticity, thus leading to the last phase of uailgumorphology-based coral
taxonomy (Veron and Pichon, 1976, 1980, 1982; Vezbal., 1977; Veron and
Wallace, 1984; Hoeksema, 1989; Wallace, 1999; Ve000). These works
demonstrated the extent of intraspecific variabiind adopted the concept of
“morphological discontinuity” to determine specié®undaries (Wallace and
Willis, 1994). However, morphological discontinesi between closely related
species are frequently unclear and confused makuegdefinition of species
boundaries a hard task for coral specialists the@sgVeron and Pichon, 1976,
1980, 1982; Wallace, 1999). Environment-induced npkgpic plasticity,
intraspecific variation caused by different geneyp and evolutionary
convergence of skeletal characters have been tedicas factors causing the
overlap of intraspecific and interspecific varidil(Hoeksema, 1993; Veron,
1995; Todd, 2008). Moreover, several studies shawatisynchronized spawning

among numerous species of hard coraés, mass spawningensuWillis et al.
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(1985), occurs in the majority of reef regions {egwed by Baird et al. (2009)). The
simultaneously release of huge quantities of spemmaseggs in a limited period of
time creates an incomparable opportunity for iqtecsfic hybridization and
introgression. Extensive introgressive hybridizatibas been demonstrated to
occur in corals (reviewed by Willis et al. (20068specially within the genus
Acropora(van Oppen et al., 2001, 2002a; Vollmer and Palug@02; Richards et
al., 2008; Isomura et al., 2013). Based on thesdepee, Veron (1995) proposed
the hypothesis of “reticulate evolution” to mass\sping corals, thrown into crisis
the biological concept of species. In this scenaraval species continuously fuse
by hybridization, and separate via isolation andegie drift and the entire process
is under physical environmental contriagé, changes in surface circulation patterns,

and not under biological control (Veron, 1995)

K L

Figure 1.1. lllustration of septa of the genera traditionallscribed to the Mussidae (A-J)
and to the Pectiniidae (M-L) as reported in Vauglaaa Wells (1043). Modified from
Vaughan and Wells (1943). A, Bircophyllia truncate x3; C) Mussismilia braziliensis
x2; D) Mussismilia harttij x2; E) Syzygophyllia brevjs<2; F)Leptomussa variabiljsx1*%
G) Acanthastrea echinata3; H) Antillia gregorii, x2; I) Acanthophyllia dashayesianal;

J) Mussa angulosax1¥* M) Echinophyllia asperax2.2; K) Oxypora lacera x2.2; L)
Mycedium tubifexx2.2. Modified from Vaughan and Wells (1943).
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Figure 1.2. The classification system and evolutionary reladlups among stony corals
proposed by Wells (1956). Branches represent fagjilpatterns represent superfamilies,
and columns represent suborders. Modified from S\(@l956).

Since the late 1990s, molecular analyses have utenized the traditional
systematics of corals at all levels showing thate thconventional
macromorphological classification in suborders, ifea®, and genera is mostly
unreliable (Romano and Palumbi, 1996; Romano andh§a2000; Chen et al.,
2002; Fukami et al., 2004a, 2008; Le Goff-Vitryakt 2004; Kitahara et al. 2010;
Huang et al. 2011) (Fig. 1.3). Mitochondrial anatlear phylogeny reconstructions
revealed that extant stony corals fall into threajan groups,i.e. the Basal,
Complex, and Robust clades, instead of seven itvadltsuborders, and pushed the
evolutionary origin of the Scleractinia deep intee tPaleozoic (Romani and
Palumbi, 1996; Stolarski et al., 2011). Phylogarsetbased on mitochondrial
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nucleotides sequences strongly supported the mghopdf the Scleractinia
(Brugler and France, 2007; Fukami et al.,2008; iéta et al., 2010; Stolarski et
al., 2011; Kayal et al., 2013). Conversely, otheteuular studies proposed that the
Corallimorpharia arose by skeleton loss from aracknian ancestor at a time
(during the mid-Cretaceous) of high oceanic,@®els (Stanley and Fautin, 2001;
Medina et al., 2006; Lin et al., 2014, Kitaharaakt 2014). Moreover, within the
Scleractinia, the majority of traditional familiégave been found to be para- or
polyphyletic (Fukami et al., 2004a, 2008; Kitahatal., 2010; Huang et al., 2011)
(Fig. 1.3).

This extensive and continuously growing amount ehagic data and the
development in molecular tools made the evolutipnhypotheses based on
genetics more robust and reliable. Well supporteteaular phylogenies, together
with the increasing number of unexpected genetiaifigs, encouraged the
morphologists to search for new micromorphologarad microstructural criteria in
order to corroborate molecular phylogenies (St&laasd Janiszewska, 2001; Cuif
and Sorauf, 2001; Stolarski, 2003; Cuif et al.,2@enzoni et al., 2007; Brahmi et
al., 2010; Budd and Stolarski, 2009, 2011; Janiskawvet al., 2011). On the one
hand, some traditional microstructures, such aab#culae” and “centers of
calcification” (Bourne, 1887; Vaughan and Wells43§ have been re-described
and re-interpreted (Stolarski, 2003; Brahmi et 2010). On the other hand, fine-
scale morphological analyses of taxa within moladwdefined lineages allowed
the identification of key and informative micrombgogical and microstructural
characters (Fig. 1.4) (Benzoni et al., 2007; Budd &tolarski, 2009, 2011,
Gittenberger et al., 2011; Benzoni et al., 201 hjsieewska et al., 2011; Kitahara et
al., 2012a, 2012b; Budd et al., 2012). This revéasenomy (Budd et al., 2010)
led to several taxonomic revisions at family (Bueldal., 2012; Kitahara et al.,
2012a, 2012b; Huang et a., 2014) and genus levall@¢¢ et al., 2007; Benzoni et
al., 2010; Gittenberger et al., 2011; Schmidt-Raeical., 2014), suggesting a great
potential to better understand the evolution odisadtinian corals
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Figure 1.3.Phylogenetic relationships among scleractiniamlscand outgroups. Topology
was inferred by Bayesian analysis, based on cordbmgochondrial COl and CYTB
sequences. Numbers on main branches show percerda@ayesian probability>{0%)
and bootstrap valuez§0%) in ML analysis. Dashes mean bootstrap vai@&®®6 in ML.
Numbers in circles show the connection of treemfd to D: A, outgroups; B, complex
corals and corallimorpharians; C, the family Pogtridae; D, robust corals. Three-letter
codes correspond with traditional families; numbersRoman numerals indicate clades
interpreted from the tree. Modified from Fukamaé&t(2008).
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Figure 1.4.An example of micromorphology showing the studyhe shape of septal teeth
and the granulations on septal faces (Budd andaiSta) 2009, 2011). Clade XXdensu
Fukami et al. (2008) (A-C) is distinguished by riegblocky teeth with pointed tips, and
aligned granules. Clade Xl¥ensuFuami et al. (2008) (D-F) is distinguished by gué&ar
lobate or bulbous teeth with elliptical tooth basasd rounded granules enveloped by
extensive thickening deposits. Clade XgdnsuFuami et al. (2008) (G-I) is distinguished
by irregular multiaxial teeth with circular bases\d irregular scattered granules. A) XXI,
Pseudodiploria strigosaB) XXI, Mussismilia braziliensisC) XXI, Isophyllia sinuosaD)
XIX, Lobophyllia pachyseptaE) XIX, Parascolymia vitiensjsF) XIX, Echinophyllia
echinoporoides G) XVII, Merulina ampliata H) XVII, Favites halicora ) XVII,
Hydnophora exesavlodified from Budd et al. (2012).
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1.2 The family Lobophyllidae Dai and Horng, 2009

The family Lobophyllidae Dai and Horng, 2009 cumfg comprises 12 extant
genera and 52 extant zooxathellate species anml&ywdistributed throughout the
Indo-Pacific, from the Red Sea and east Africarench Polynesia (Veron, 2000;
Dai and Horng, 2009; Budd et al., 2012; Benzoni,.30The Lobophyllidae are
hermatypic, solitary and colonial forms, and aresaologically dominant group in
all coral reefs of the Indo-Pacific (Veron and Rich1980; Scheer and Pillai, 1983;
Sheppard and Sheppard, 1991; Veron, 1993, 200®. family contains both
widespread common and distinctive species as welhigh latitude endemic
species (Veron, 1985, 1986, 1992, 1993, 2000, 2@airns, 1999). Table 1.1
summarizes the schematic outline of the taxononaissdication of the genera in
the Lobophylliidae from Vaughan and Wells (1943Btadd et al. (2012).

The family corresponds to molecular clades XVIIIXXand XX sensuFukami
et al. (2008) identified by Fukami et al. (2004®08) (Fig. 1.3) using both
mitochondrial and nuclear genes. It consists of tlonial genusMoseleya
previously ascribed to the Faviidae (Veron, 2084) other 12 Indo-Pacific genera
that have conventionally been assigned to the fasnNMussidae Ortmann, 1890 or
Pectiniidae Vaughan and Wells, 1943. Integratindemdar and morphological
analyses, Budd et al. (2012) carried out a compketgrganization at family level
and defined the Mussidae (clade XX¥é&énsuFukami et al. (2008)) as a group
limited to Atlantic Ocean, the Merulinidae (clad¥[K sensuFukami et al. (2008))
as a predominantly Indo-Pacific taxon, and the lpbiytliidae (clades XVIII, XIX,
and XX sensuFukami et al. (2008)) as a family distributed tigbout the Indo-
Pacific. The Lobophylliidae are characterized bedular lobate or bulbous teeth
with elliptical tooth bases, rounded granules empetl by extensive thickening
deposits (Fig. 1.3), well-developed thickening de{sp parathecal corallite walls,
and widely spaced clusters of calcification cen(Baesdd and Stolarski, 2009; Budd
et al., 2012; Huang et al., 2014).
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Despite the recent molecular and morphologicabimsi (Fukami et al., 2004a,
2008; Budd and Stolarski, 2009), the family s#hrains poorly understood. Most
of its taxa are unstudied and nothing is known alewolutionary relationships
within the family as well as detailed micromorphgitcal analyses still have to be

conducted.
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Table 1.1.Schematic timeline of the classification of thenge in the Lobophylliidae in
the principal taxonomic studies from Vaughan andI¥@.943) until Budd et al. (2012).
Only extant genera are included. = : synonymy.

Vaughan and Wells (1956) Chevalier and Veron (2000) Budd et al.
Wells (1943 Beauvais (1987 (2012
Mussidae Mussidae Mussidae Mussidae Lobophylliidae
Acanthastrea  Acanthastrea  Acanthastrea Acanthastrea (clades XVIII,
Acanthophyllia  Acanthophyllia  Acanthophyllia Australomussa XIX, XX)
Isophyllia Homophyllia Blastomuss& Blastomuss& Acanthastrea
Isophyllastrea  Isophyllia Cynarina Cynarina Australomussa
Mycetophyllia  Isophyllastrea  Homophyllia (=Acanthophyllid Cynarina
Mussa Mycetophyllia  Isophyllia Indophyllia” (=Indophyllia”,
(=Scolymia Mussa Isophyllastrea Isophyllia Acanthophyllig
Mussismilia (=Scolymia Mycetophyllia Micromussa Echinomorph&
Lobophyllia Mussismilia Mussa Mycetophyllia Echinophyllia
(=Cynarina, Lobophyllia Mussismilia Mussa Homophyllia
Homophyllig (=Cynarina, Lobophyllia Mussismilia Micromussa
Palauphyllia Palauphyllig (=Palauphyllig Lobophyllia Moseleya
Symphyllia Symphyllia Parascolymia* (=Palauphyllig Lobophyllia
Symphyllia Symphyllia (=Palauphyllig
Pectiniidae Pectiniidae Scolymia Scolymia Oxypora
Echinophyllia  Echinophyllia (=Homophyllia, Parascolymia*
Oxypora Oxypora Pectiniidae Parascolymid) Symphyllia
Myecedium Myecedium Echinophyllia Pectiniidae Mussidae
Pectinia Pectinia Oxypora Echinomorph& (clade XXI)
Physophyllia Myecedium Echinophyllia Isophyllia
Faviidae Pectinia Oxypora (=lsophyllastred
Moseleya Faviidae Physophyllia Myecedium Mycetophyllia
..... Moseleya Pectinia Mussa
Trachyphyllidae (=Physophyllia Mussismilia
Moseleya Scolymia
..... Faviidae and other 5
Moseleya genera
Merulinidae
(clade XVII)
Mycedium
Pectinia
Physophyllia
Incertae sedis
(clade XIV)

Blastomussd

* Parascolymiawas described by Wells (1964) to incluBarascolymia vitiensigBriggemann,
1877), previously considered Ssolymia vitiensiby Vaughan and Wells (1943) and Wells (1956)
** Indophyllia was considered a fossil genus until the descriptad the living speciesl.

macassarensiBest and Hoeksema, 1987
* AustralomussaylicromussaandEchinomorphavere firstly described by Veron (2000)

** Blastomussavas firstly described by Wells (1968)
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1.3 Aims of the dissertation

The overall objective of this dissertation is tdl the existing gap in the
knowledge of evolution and systematics of the Ldtydlpdae using molecular and
micromorphological data. As general outline, a ®aand robust molecular
background of the family (Chapters 2, 3, and 4) vpasvided and further
integrated with newly obtained genetic data and sggroand fine-scale
morphological observations in order to revise ddfé taxa ascribed to the
Lobophylliidae (Chapters 5, 6, and 7). In particuea molecular phylogeny
reconstruction of the Robust clade was proposedtamdvolutionary relationships
between the Lobophyllidae and their closely raldieeages investigated (Chapter
2). Then the levels of paraphyly of the traditionabophyllid genera were
summarized in a comprehensive multi-loci moleculphnylogeny of the
Lobophylliidae (Chapter 3). The complete mitochaadgenome ofAcanthastrea
maximaSheppard and Salm, 1988 allowed to better undetstee evolution of the
family, suggesting also potential informative mhoadrial markers for future
molecular studies of the other lobophyllid genéGhapter 4). Finally, reverse
taxonomy supported the revision of five conventioganera, Australomussa
Veron, 1985 andParascolymiaWells, 1964 (Chapter 5xclerophylliaKlunzinger,
1879 (Chapter 6)HomophylliaBriggemann, 1877 andicromussaVeron, 2000
(Chapter 7), and the description of two new speara$s a new genus (Chapter 7)

through an innovative integrated morpho-molecupgraach.
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2.1 Abstract

Recent phylogenetic analyses have demonstratelintlie of traditional coral
taxonomy based solely on skeletal morphology. Iis fbhylogenetic context,
Faviidae and Mussidae are ecologically dominantlfesncomprising one third of
scleractinian reef coral genera, but their phylogememain partially unresolved.
Many of their taxa are scattered throughout moshefclades of the Robust group,
and major systematic incongruences exist. Numegamera and species remain
unstudied, and the entire biogeographic area oirtian Ocean remains largely
unsampled. In this study, we analysed a portioth@fmitochondrial cytochrome
oxidase subunit 1 gene and a portion of ribosomdADor 14 genera and 27
species of the Faviidae and Mussidae collected fifmenindian Ocean and New
Caledonia and this is the first analysis of fivetlbése species. For some taxa,
newly discovered evolutionary relationships wereteded, such as the
evolutionary distinctiveness oAcanthastrea maximathe genetic overlap of
Parasimplastrea omanensad Blastomussa merletand the peculiar position of
Favites peresin clade XVII together witfEchinoporaandMontastrea salebrosa
Moreover, numerous cases of intraspecific divergerietween Indian Ocean and
Pacific Ocean populations were detected. The min#ting cases involve the
generaFavitesand Favia, and in particulaFavites complanataFavites halicora
Favia favusF. pallida, F. matthaj andF. rotumanaput divergence alsis evident
in Blastomussa merletiCyphastrea serailiaand Echinopora gemmaceaHigh
morphological variability characterizes most of¢bdaxa, thus traditional skeletal
characteristics, such as corallite arrangemenmdeebe evolutionary misleading
and are plagued by convergence. Our results irelitzt the systematics of
Faviidae and Mussidae is far from being resolved #@mat the inclusion of
conspecific populations of different geographicadjio represents an unavoidable
step when redescribing the taxonomy and systemaitissleractinian corals. More
molecular phylogenies are needed to define theugwvahary lineages that could be

corroborated by known and newly discovered micrghological characters.
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2.2 Introduction

Recent molecular discoveries have revolutionisedtthditional classification
of scleractinian corals (Cnidaria, Anthozoa, Saleénga) that was based on the
morphology of skeletal structures (Vaughan and ¥yell943; Wells, 1956;
Romano and Palumbi, 1996; Romano and Cairns, 2B0Rami et al., 2004a,
2008; Budd et al.,, 2010; Kitahara et al.,, 2010)dekd, most traditional
macromorphological characters are affected by oagevee, homoplasy,
phenotypic plasticity, and intraspecific varialyitvhich renders the definition of
taxa boundaries and the reconstruction of evolatpnrelationships very
challenging (Lasker, 1981; Budd, 1990; Miller, 19821dd and Klaus, 2001; Todd
et al., 2001, 2004, Klaus et al., 2007; Todd, 2¢a8sman et al., 2009).

Since Romano and Palumbi (1996, 1997) providedeenad based on the 16S
gene that refuted the traditional subdivision @& 8tleractinia into seven suborders
(Veron, 1995), the adequacy of traditional morpkotemy and systematics has
been guestioned. Romano and Palumbi (1996,199Tyexhthe existence of two
main molecularly defined clades of corals, the Clem@and Robust, which later
were confirmed using other markers (Romano andn§ait000; Chen et al., 2002;
Le Goff-Vitry et al., 2004). Moreover, Fukami et £008) used two mitochondrial
and two nuclear markers to show that at least Htlittonally recognised
scleractinian families are polyphyletic.

Two of the most challenging scleractinian coral ifeas are the Faviidae
Gregory, 1900 and the Mussidae Ortmann, 1890. Tdwi are found in the
Atlantic and the Pacific Oceans, and they includeoBthe 111 scleractinian reef
coral genera (Veron, 2000). Despite their ecoldgmportance and a considerable
amount of taxonomic studies focused on them (&lgtthai, 1914; Vaughan and
Wells, 1943; Wells, 1956; Chevalier, 1975; Wijsnest, 1976; Veron et al.,
1977; Veron and Pichon, 1980; Zlatarski and Edtldl982; Veron, 2000; Budd
and Stolarski, 2009; Budd and Stolarski, 2011), sgetematics of these two

families is in need of a major formal taxonomic haul. The genera traditionally
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ascribed to the Faviidae and Mussidae are largeblyppyletic, with
representatives scattered through 10 of the 12slafithe Robust group (Fukami
et al., 2008). Moreover, the Atlantic members @ tivo families are more closely
related to each other than to their Pacific conliansi (Fukami et al., 2004a, 2008;
Nunes et al., 2008; Kitahara et al., 2010).

The Atlantic clade XXI (sensu Fukami et al., 20@®ntainsFavia fragum
Esper, 1795 an#lussa angulos#&allas, 1766, which are the type species of the
Faviidae and Mussidae, respectively. This phylogeradfinity is also supported
by several micromorphological and microstructutadracters, such as the shapes
and distribution of septal teeth and granules, #rea between teeth, the
development of thickening deposits, and the arnanggé¢ of the calcification
centres and fibers, which are quite distinctivewleetin Atlantic and Pacific
Mussidae (Budd and Stolarski, 2009). Pursuing the@irch for new morphological
diagnostic characters, Budd and Stolarski (201ipdiothat Atlantic and Pacific
representatives of the Faviidae differ in teethpghdeeth and septal granulation,
and the structure of the inter-area between tebtls reflecting the same pattern
found in the case of the Atlantic and Pacific Mdasi (Budd and Stolarski, 2009).

Among the Pacific mussids, the gen@ynaring Lobophyllia andSymphyllia
are more closely related to the Pectiniidae Vaughad Wells, 1943 genera
Echinophyllia and Oxypora (clade XIX) than to the confamiliar genera
MicromussaandAcanthastregclades XVIII and XX, respectively), which present
unclear or polyphyletic phylogenetic relationshipaikami et al., 2004a, 2008).
Within the genusScolymia the Atlantic specieS. cubensisbelongs to (Atlantic)
clade XXI and the Pacific specieS vitiensis is included in clade XIX.
Furthermore, the genl&astomussas highly divergent from the remainder of the
Mussidae and is in clade XIV (Fukami et al., 2008tahara et al., 2010).
However, to date the phylogenetic relationships ragnBacific mussids have not
been investigated from a more detailed and exhaustiolecular point of view,

and the phylogeny of several taxa needs to be ssielle
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Among the faviids, the genefaulastrea Leptastrea SolenastreaCladocorg
and Plesiastreaare highly divergent and not closely related teirtltonfamiliars
(Fukami et al., 2008; Kitahara et al., 2010). Thagarity of the Pacific Faviidae is
nested within the families Trachyphylliidae Verrill901 and Merulinidae Verrill,
1866 and with the Pectiniidae gen&actiniaandMycediumin clade XVII. This
group of taxa is informally called “Bigmessidae”u&hg et al., 2011) due to its
untidiness and species richness (Fukami et al4&2@0D08; Knowlton et al., 2008;
Budd, 2009; Huang et al., 2009; Kitahara et all(®Muang et al., 2011). Huang
et al. (2011) published a robust molecular phylggeinclade XVII based on two
mitochondrial markers and three nuclear markersrethy producing the most
complete and resolved molecular work on the “Bigsidee” to date. Within clade
XVIl, Huang et al. (2011) detected eight well-sugpd genus-level subclades,
which were substantiated by morphologic differendasthe corallite wall
structures and in the arrangement and distincts®é centers of rapid accretion
(Budd and Stolarski, 2011). They also showed the tpeciesMoseleya
latistellata and Montastraea multipunctatawhich chronologically were the last
taxa investigated, do not cluster into clade XWhis finding suggests that other as
yet unstudied species or genera of Faviidae mayididy divergent and that more
detailed studies including as many species aslgedsom different localities may
unveil more unexpected relationships. Indeed, nreaimins unknown in terms of
species boundaries and taxon validity in this grolgef corals.

To date, only a fraction of the 176 currently reniegd species belonging to the
Faviidae and Mussidae (Veron, 2000) have been tigatsd. Moreover, the main
phylogenetic studies of the Faviidae and Mussida&kdmi et al., 2004a, 2008;
Nunes et al., 2008; Huang et al., 2009, 2011) h@een conducted on material
from the Atlantic and the Pacific Ocean (PO). Taal populations from the
Indian Ocean (I0) remain largely unstudied (Fig.) 2A total of 124 species in the
IO await molecular analyses and taxonomic re-evi@oaAmong these, 10 are
known only from the Red Sea and 13 from the 10, e 101 are also found in

the PO. At the genus levédlrythrastreaandParasimplastreawhich are ascribed
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to the Faviidae and are known only from the 10,ehagver been studied. The only
IO species analysed so far Bdesiastrea devantier{iBenzoni et al., 2011), and
morphologic and molecular data suggest that theispactually does not belong
to the genu®lesiastrea

In this study, 90 specimens representing 14 gemeda?7 species of Faviidae
and Mussidae were collected from the 10 and the R€anthastrea maxima
Favites peresiParasimplastrea omanensiBlesiastrea bottaeand Blastomussa
merletiwere included in a molecular phylogenetic studythar first time. While..
bottae and B. merleti are also found in the PO, the others are taxacaypr
endemic to the Gulf of Aden and of the Arabian S@asamples of the other 21
Indo-Pacific species had only been examined froenR0® prior to this study. COI
and rDNA were sequenced to infer phylogeny of thebu®t clade. The
phylogenetic relationships between newly studiedatand the “Bigmessidae”
already examined in the literature and betweeniepachabiting both the 10 and

PO are discussed in light of the coral polyps dmdeson morphology.
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Figure 2.1. Number of “Bigmessidae” species currently knowrh&we an Atlantic Ocean
(ATL), Indian Ocean (lIO), Pacific Ocean (PO), oddnPacific (IP) distribution based on
Veron’s (2000) distribution maps. For each colurha white area represents the number
species for which no published molecular phylogesngvailable (October 2011), the light
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grey area the species for which the published gweng is currently based on one
specimen, the dark grey area the species for whielphylogeny is based on two to five
specimens, and the black area the species for whimte than five samples have been
analyzed (data from Fukami et al., 2007, 2008; Nugieal., 2008; Kitahara et al., 2010;
Huang et al., 2011; Benzoni et al., 2011). Noté thaall species with IP distribution only
material from P.O. was studied in the examined mdé phylogenies (cf Fig. 2.2).

2.3 Material and methods

2.3.1 Sampling and specimen identification

96 specimens of scleractinian corals were colle@teh different sites in the
southern Red Sea, the Gulf of Aden, Mayotte Iskamdi New Caledonia (App. 2.1)
(Table 2.1).

Corals were photographed in situ with an underw@&@@non Powershot A720
digital camera in an Ikelite housing prior to cotien (App. 2.2). For each sampled
colony, 2 cm of living tissue were fixed in 100% ethanol for lewular analyses,
and a fragment of at least 10 Tmas bleached in sodium hypochlorite for 24 h,
rinsed with freshwater, and air-dried for morphatady analysis. In the laboratory,
specimens were identified at the species levelareskeletal morphology using
a Zeiss Stemi DV4 stereo-microscope following WgsnBest (1976), Wijsman-
Best (1977), Veron et al. (1977), Veron and Pictk$80), Sheppard and Sheppard
(1991), and Veron (2000, 2002). Images of the s&rtewere taken with a Canon
G9 digital camera (App. 2.2).
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Table 2.1.List of analyzed specimens. Y = Balhaf (Gulf ofelgd Yemen); BA = Bir Al
(Gulf of Aden, Yemen); AD= Aden (Gulf of Aden, Yemeg BU = Burum (Gulf of Aden,
Yemen); MU and FP = Al Mukallah (Gulf of Aden, Yeme SO = Socotra Island (Indian
Ocean, Yemen); MA = Mayotte Island (Indian OceamankEe); KA = Kamaran Island (Red
Sea, Yemen); SO = Socotra Island (Gulf of Aden @B C and HS = Céte Oubliée (New

Caledonia).

Specimen Family Species COl rDNA
code

Y715 Faviidae Cyphastrea microphthalma HE654555 HEG648471
BAOO7 Faviidae Cyphastrea microphthalma HE654556 HEG648472
BAO35 Faviidae Cyphastrea microphthalma HE654557 HEG648473
BA080 Faviidae Cyphastrea microphthalma HE654558 HE648474
Y713 Faviidae Cyphastrea serailia HE654559 HE648475
Y714 Faviidae Cyphastrea serailia HE654560 HEG648476
Y727 Faviidae Echinopora gemmacea HE654561 HE648477
BAO41 Faviidae Echinopora gemmacea HE654562 HE648478
ADO029 Faviidae Favia favus HE654563 HE648479
BA101 Faviidae Favia matthaii HE654564 HE648480
BUO40 Faviidae Favia matthaii HE654565 HE648481
BA082 Faviidae Favia matthaii HE654566 HE648482
BA049 Faviidae Favia pallid HE654567 HE648483
BAO50 Faviidae Favia pallid HE654568 HE648484
BA061 Faviidae Favia pallid HE654569 HE648485
BA067 Faviidae Favia pallid HE654570 HE648486
BA105 Faviidae Favia pallid HE654571 HE648487
BA119 Faviidae Favia pallid HE654572 HE648488
Y728 Faviidae Favia pallid HE654573 HE648489
BAO65 Faviidae Favia rotumana HE654574 HE648490
BAO83 Faviidae Favia rotumana HE654575 HE648491
BAl141 Faviidae Favia rotumana HE654576 HE648492
BA048 Faviidae Favia rotumana HEG654577 HE648493
BA069 Faviidae Favia rotumana HE654578 HE648494
BAO86 Faviidae Favia rotumana HE654579 HE648495
BAl112 Faviidae Favia rotumana HE654580 HE648496
MU195 Faviidae Favia cf rotumana HE654581 HE648497
BA143 Faviidae Favites abdita HE654582 HE648498
BA046 Faviidae Favites complanata HE654583 HE648499
BA125 Faviidae Favites complanata HE654584 HE648500
MU173 Faviidae Favites complanata HE654585 HE648501
MU194 Faviidae Favites complanata HE654586 HE648502
BA146 Faviidae Favites halicora HE654587 HE648503
BA047 Faviidae Favites halicora HE654588 HE648504
BA063 Faviidae Favites halicora HE654589 HE648505
BA084 Faviidae Favites halicora HE654590 HE648506
BAO85 Faviidae Favites halicora HE654591 HE648507
BAl144 Faviidae Favites halicora HE654592 HE648508
BA0O8 Faviidae Favites pentagona HE654593 HE648509
ADO005 Faviidae Favites pentagona HE654594 HE648510
BA026 Faviidae Favites pentagona HE654595 HE648511
BAO30 Faviidae Favites pentagona HE654596 HE648512
ADO51 Faviidae Favites pentagona HE654597 HE648513
BA042 Faviidae Favites peresi HE654598 HE648514
BA054 Faviidae Favites peresi HE654599 HE648515
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BA147
Y751
BA044
BA079
BA111
BA068
BA081
BA103
BA127
BA131
Y716
BA004
MUO094
MU160
MU205
Y571
BA0O5
BA045
BA059
BAO75
BA051
ADO026
ADO056
BA043
BA115
MA433
BA136
MU161
MU163
NC593
NC672
MU093
BA142
BU00O
HS2630
HS2681
NC674
MA434
ADO003
BA134
MU202
MU215
FP
BA117
BA107
BU033
BU046
MU204
BA0O1
KAO79
S0038

Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Merulinidae
Merulinidae
Merulinidae
Mussidae
Mussidae
Mussidae
Mussidae
Mussidae
Mussidae
Mussidae
Mussidae
Mussidae
Mussidae
Mussidae
Mussidae
Mussidae
Mussidae
Mussidae
Mussidae
Mussidae
Mussidae
Mussidae
Mussidae
Mussidae
Mussidae
Mussidae
Mussidae
Mussidae
Pectiniidae
Euphyllidae

Euphyllidae

Favites peresi

Leptastrea bottae
Leptastrea bottae
Leptastrea bottae
Leptastrea bottae
Leptastrea pruinosa
Leptastrea pruinosa
Leptastrea pruinosa
Leptastrea pruinosa
Leptastrea pruinosa
Leptastrea transversa
Leptoria phrygia
Parasimplastrea omanensis
Parasimplastrea omanensis
Parasimplastrea omanensis
Parasimplastrea omanensis
Platygyra daedalea
Platygyra daedalea
Platygyra daedalea
Platygyra daedalea
Hydnophora exesa
Hydnophora exesa
Hydnophora exesa
Acanthastrea echinata
Acanthastrea echinata
Acanthastrea echinata
Acanthastrea maxima
Acanthastrea maxima
Acanthastrea maxima
Blastomussa merleti
Blastomussa merleti
Blastomussa merleti
Blastomussa merleti
Blastomussa merleti
Blastomussa wellsi
Blastomussa wellsi
Cynarina lacrymalis
Lobophyllia cf corymbosa
Lobophyllia corymbosa
Lobophyllia hemprichii
Lobophyllia hemprichii
Micromussa amakusensis
Micromussa amakusensis
Micromussa amakusensis
Symphyllia radians
Symphyllia radians
Symphyllia radians
Symphyllia radians
Echinophyllia aspera
Plerogyra sinuosa
Plerogyra sinuosa

HE654600
HE654601
HE654602
HE654603
HE654604
HE654605
HE654606
HE654607
HE654608
HE654609
HE654610
HE654611
HE654612
HE654613
HE654614
HE654615
HE654616
HE654617
HE654618
HE654619
HE654620
HE654621
HE654622
HE654623
HE654624
HE654625
HE654626
HE654627
HE654628
HE654629
HE654630
HE654631
HE654632
HE654633
HE654634
HE654635
HE654636
HEG654637
HE654638
HE654639
HE654640
HE654641
HEG654642
HE654643
HE654644
HE654645
HE654646
HE654647
HE654648
HE654649
HE654650

HE648516
HE648517
HE648518
HE648519
HE648520
HE648521
HE648522
HE648523
HE648524
HE648525
HE648526
HEG648527
HE648528
HE648529
HE648530
HE648531
HE648532
HE648533
HE648534
HE648535
HE648536
HE648537
HE648538
HE648539
HE648540
HE648541
HEG648542
HE648543
HE648544
HE648545
HE648546
HEG648547
HE648548
HE648549
HE648550
HE648551
HE648552
HE648553
HE648554
HE648555
HE648556
HEG648557
HE648558
HE648559
HE648560
HE648561
HE648562
HE648563
HE648564
HE648565
HE648566

42



2.3.2 DNA extraction, PCR amplification, and sequering

Fixed coral tissue was scraped from the sampleaseyfand total DNA was
extracted using DNAeasy® Tissue kit (Quiagen Indalencia, CA, USA)
according to the manufacturer’s protocol.

Two different molecular markers were amplified: 4)~750 bp portion of
mitochondrial COI and 2) a ~800 bp region of rDNMluding the entire gene 5.8S
and spacer regions ITS1 and ITS2 and a part ohgodigions 18S and 28S. The
utility of rDNA as a reliable marker for phylogemetinferences was first
guestioned by Vollimer and Palumbi (2004) due to phesence inmAcropora of
elevated intraindividual and intraspecific variatiand the retention of ancient
lineages predating the origin of species (van Opgieal., 2002a). Conversely the
extremely high diversity of rDNA is typical oicropora (Wei et al., 2006) that
shows several atypical features different from ptberals as the shortest ITS
among metazoans (Odorico and Miller, 1997) and igugnsecondary structure
(Chen et al., 2004). Moreover the presence of rOj$Audogenes, demonstrated
for Acropora(Marquez et al., 2003), represents an exceptid@claractinia genera
rather than a common rule (Chen et a., 2004; Wal.eR006). Consequently, the
utility of rDNA marker in phylogenetic analysis génera other thaAcroporais
currently accepted. The first locus was amplifiesing scleractinian-specific
primers MCOIF and MCOIR and the protocols outlimed-ukami et al. (2004b).
The coral-specific primer A18S (Takabayashi etZ98) and the universal primer
ITS4 (White et al., 1990) were used to amplify fitzgyment of the rDNA following
Benzoni et al. (2010). All sequences generated ftomstudy were deposited with

EMBL, and accession numbers are provided in Taldle 2

2.3.3 Phylogenetic analyses

Electropherograms were checked and sequences wdred e using
CodonCodeAligner (version 3.7.0, Codon Code CotpmraDedham, MA, USA).
Galaxea fascicularis(Complex clade) was selected as the outgroup based
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previously published molecular data (Romani andifdbl, 1996, 1997; Romano
and Cairns, 2000; Chen et al., 2002; Le Goff-Vigtyal., 2004; Fukami et al.,
2008), and other representatives of Faviidae andsMae were included (Fukami
et al., 2008; Huang et al., 2009, 2011).

The two independent loci were concatenated in ditipaed dataset of 201
specimens in order to achieve a sub-genus levehglogenetic resolution. The
sequences were aligned using ClustalX (versionTh@mpson et al., 1997) with
default parameters, and the alignments were refimechually using BioEdit
(version 7.0.9.1, Hall, 1999). The BaseFreq opimyplemented in PAUP* (version
4.0.b.10, Swofford, 2003) was used to test homagenébase frequencies across
taxa because compositional bias may provide a adsig signal in phylogenetic
reconstruction involving many different taxa (LyeWeiler and Hoelzer, 1999)..
Indels, invariable and parsimony informative sitgere detected using DnaSP
(version 5.10.01, Librado and Rozas, 2009). Indelse treated as a fifth character
in phylogenetic analyses.

A phylogenetic reconstruction by Bayesian infere(@g was conducted using
MrBayes (version 3.1.2, Huelsenbeck and Ronqui€iD1P by maximum
likelihood (ML) using PhyML (version 3.0, Guindoma Gascuel, 2003), and by
maximum parsimony (MP) using PAUP* (version 4.00h.Swofford, 2003).
Testing of the evolutionary model that best fit tdata was conducted with
MODELTEST (version 3.7, Posada and Crandall, 1998jng the Akaike
information criterion based on the concatenatednalent. The general time
reversible model (GTR) + invariable sites + gamaay = 0.38110 = 0.6797)
was selected for both Bl and ML analyses. Bl wadopemed with four Markov
chains run simultaneously for 5,000,000 generatiamitt trees sampled every 100
generations for a total of 50,000 saved trees ahdra-in to 20%; clade support
was assessed based on posterior probability. Aldaiburn-in and the convergence
were established using Tracer (version 1.5, Drundmamd Rambaut, 2007). For
MP, a heuristic search was performed using statiiags obtained by random

stepwise addition with 10 replicates and the tremdiion-reconnection (TBR)

44



branch-swapping-algorithm generating a strict cosge tree. Five hundred

bootstrap replicates were used to verify the ralmsst of the internal branches of
the tree. ML analysis used the default parameteRBhgML and the Shimodaira

and Hasegawa (SH-like) test to check the nodesostgpfAnisimova and Gascuel,

2006).

We also conducted a MP analysis for each separatss.| Parsimony searches
were conducted in PAUP* using a heuristic seardh W0 independent repetitions
of random sequence addition and the TBR methodrarfidh swapping. A strict
consensus tree was calculated based on the she ahdst parsimonious trees.
Branch support was estimated using 500 bootsti@ates.

2.4 Results

2.4.1 Sequence data characteristics

rDNA and COI sequences were obtained for each @f9%h coral specimens
analysed in this study. rDNA chromatograms did siodw high intra-individual
polymorphisms, thereby avoiding the need to cldreamplified fragments. The
sequences were aligned with 105 other specimengharh both COI and rDNA
sequences were available in GenBank. In the caseGaiiastrea favulus
(HQ203358), Goniastrea pectinata(HQ203360), Montastraea cf. annuligera
(HQ203369),Platygyra acuta(HQ203386), andPlatygyra contorta(HQ203387),
for which only rDNA sequences are published in GamB COI sequences of the
most related congeneric species based on Huang @041) were used to infer
phylogeny.

The aligned partial COIl sequences consisted ofe@®otide sites, 197 (32%)
of which were variable and 181 (30%) of which wpegsimony informative. The
aligned rDNA sequences comprised 991 positions, @40) of which were
polymorphic, 589 (59%) of which were parsimony mhative, and 555 of which
were indels. The rDNA exhibited a high GC contedt=29.7%, G = 26.5%, A =
22.4%, T = 21.4%), whereas the COI gene had a highiecontent than GC
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percentage (A = 21.5%, T = 41.2%, C = 16.4%, G 0%). Despite the
differences in AT/GC contents between these twq tbe test of homogeneity of
base composition did not detect significant diffexes across taxa. Tlhevalues
were 1.00 for the two independent loci and for ¢benbined data (for CO{? =
51.57 df = 597, for rDNA® = 307.96 df = 597, all genetic data= 243.98 df =
597).

2.4.2 Phylogenetic analyses

COIl and rDNA regions were combined to maximize tb&al numbers of
characters for phylogenetic analyses. Generally, thfidlogy was less resolved
than, but not contrasting with, the model-basechows (Bl and ML). These latter
phylogenetic reconstructions recovered trees wetly gimilar topologies. Only the
Bl phylogram with branch support indicated by Bagmsposterior probability
scores (Pp), Sh like-support (Ss), and MP bootgingpsupport (Bs) is shown (Fig.
2.2). When using the terms clade and subclade fereae refer to the main
groups found and defined by Fukami et al. (2008) &tuang et al. (2011),
respectively.

Clades Xl, X1V, and XXI are resolved and very wslipported (Pp = 99-100
and Ss = 89-98 ulastrea crispataemains highly divergent from clade XI. The
genus Leptastreais divergent from clade XVII, and its monophyly isell
supported (Pp = 100, Ss = 97, Bs = 100), as istalgoin previously published
phylogenies (Fukami et al., 2008; Kitahara et 2010). The 10 faviid genus
Parasimplastreais closely related to species present in the rduggnus
Blastomussawhich is monophyletic within clade XIV. Clades XWiploastrea
helioporg and XVI (Montastraea caverno3awhich are two highly divergent
species found near the base of the Robust cladalfiet al., 2008; Kitahara et
al., 2010), form a well-supported clade (Pp = 186,= 98, Bs = 99) that is in
agreement with the five-loci phylogeny proposedHiang et al. (2011). Clade
XVIl is partially resolved: subclades XVII-C and XM constitute a separate

group, while the remaining subclades generate apioetic group.
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Figure 2.2. Bayesian tree of the combined rDNA and COI datasebsterior Bayesian
probabilities (>70%), Sh-like support (>70%) andotstrap values (>50%) are shown at
nodes in the following order: Bl, ML and MP. Daslfgsindicate nodes that are statistically
unsupported. Clade numbers and sub-clade codabeigame ones reported respectively
by Fukami et al. (2008) and Huang et al. (2011)ecss included for the first time in a
molecular study are indicated in bold. 10 samplesevidenced in blue and PO samples in
black. Species with divergence between IO and PQulptions are indicated with full
circles: yellow circles Blastomussa merletblue circles =Echinopora gemmace&®rown
circles =Favites complanatared circles Favites halicoragreen circles Favia matthaij
purple circles #avia pallidg orange circles £avia rotumana
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These results are consistent with individually rDNée presented by Huang et
al. (2011), but not with their combined five-gerig/lmgeny, which recovered clade
XVIl as a well-supported group conversely. Withubslade XVII-I, Favites peresi
is closely related t&chinopora mammiformiand Montastraea salebrosavhich
are the basal species of this subclade. SubcladdsAX XVII-B, XVII-C, XVII-
D/E, XVII-H, and XVII-I are recovered and well supped. Subclades XVII-F and
XVII-G are partially unresolved due to the divergenof their basal species,
Montastraea magnistellatand Leptoria phrygia respectively. The monophyly of
clade XVIII-XIX-XX is supported in all of the anadgs (Pp = 99, Ss = 97, Bs =
62); this is in contrast to the mitochondrial plgdoy proposed by Fukami et al.
(2008) in which the Pacific mussids (with the exaapof Blastomusspand some
of the pectiniids Echinophylliaand Oxyporg are split into three clades. The 10
speciesAcanthastea maxime included in this group but it is highly diverde
within it.

Overall, most sequences from the 1O populationseath species form
monophyletic clades with moderate node supportg dily exceptions are the
polyphyletic Blastomussa merleti Parasimplastrea omanensisCyphastrea
microphthalmaandPlatygyra daedaleaNevertheless, although the monophyly of
IO clades is strongly supported at the speciesl leveahe combined tree, a
paraphyletic or polyphyletic species status is detk when sequences from both
the 10 and the PO are analysed jointly. Indeedf 88 species represented by
specimens from both the 10 and the RA@. (Cyphastrea serailiaEchinopora
gemmaceaFavia favus F. matthaii F. pallida, F. rotumana Favites halicoraF.
complanata are not monophyletic on the base of concaterna@idand rDNA.

Individual MP analyses of COIl and rDNA revealed gyah congruence in the
phylogenetic signal. No substantial discordanceg@meral patterns of conflict
(Apps. 2.3-2.4).
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2.5 Discussion

2.5.1 New contributions to the phylogeny of Faviidaand Mussidae

The genud.eptastreais highly divergent from clade VXII (Fig. 2.2), @nt is
included in clade Xl with the fungiids and mosttbé siderastreids (Romano and
Palumbi, 1996, 1997; Romano and Cairns, 2000; L&-Aty et al., 2004;
Fukami et al., 2008; Kitahara et al., 2010). Instlmase, both nuclear and
mitochondrial phylogenies (Apps. 2.3-2.4) recovaeé species dieptastreain
clade Xl. Therefore, its classification within tfemily Faviidae is not supported
by phylogeny, and further micromorphological anacmstructural analyses must
be conducted to discover new characters conssimf-ungiidae and inconsistent
with Faviidae, if any. While the genus placementhat family level needs to be
reexaminedleptastreaas a genus is strongly supported monophyletic, itisl
also distinct on the basis of morphological eviderieven at the species level,
bottae and L. pruinosa are also monophyletic, notwithstanding the higlhini
species morphological variability. Unfortunately, transversais represented by
only one specimen, and it is divergent from the amaer of the congeners
examined.

The monotypic genuParasimplastreas known to occur only in the Gulf of
Aden (Pichon et al.,, 2010), the Arabian Sea (Clamrdt, 2006), and from
Mauritius (Moothien Pillai et al., 2002Rarasimplastrea omanensisom Oman
was first described by Sheppard in 1985. Its genmime refers to the superficial
morphological affinity with the genuSimplastredJmbgrove, 1939 (Sheppard and
Salm, 1988; Coles, 1996). The species was thenmethd@arasimplastrea
sheppardi which was a questionable taxonomic decision, amyed from the
Oculinidae to the Faviidae because of the occakjmesence of thickened septa
and rudimentary columellae (Veron, 2000). In faBt, omanensisis highly
divergent from clade XVII and other faviids, and litas no evolutionary
relationships with the Oculinidae. Moreover,omanensiss closely related to the

genusBlastomussaand especially td. merleti the type species of this genus.
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These two species are genetically indistinguishaisieg rDNA and COI and,
despite a cerioid vs. phaceloid arrangement, threy naorphologically similar,
though well distinct, both in terms of polyp andcotallite morphology (App. 2.2).
If further analyses based on a larger geograplseahple confirm this close
relationship, the genwRarasimplastreawill have to be formally synonymised with
the genusBlastomussaBlastomussa wellgs related but distinct fror®. merleti
and P. omanensisthereby highlighting astrongly supported monoghfdr this
genus.

Acanthastrea maxime a small sized and relatively uncommon corakcise
presently known only from the Gulf of Aden (DeVantet al., 2004; Pichon et al.,
2010), the Arabian Sea (Sheppard and Salm, 19688)the Persian Gulf (Hodgson
and Carpenter, 1995Acanthastrea maximahows the typical Pacific mussid
skeletal morphology (sensu Budd and Stolarski, 200%p. 2.2) and, not
surprisingly, it is in clade XVIII-XIX-XX togethemwith the other PO Mussidae.
Nevertheless, it has no close relationships witbchinataand, more interestingly,
it is highly distinct within the clade itself. Thedfore, most of the approaches
traditionally used to infer evolutionary distinativess may be powerful for this
species (Cadotte and Davies, 2010), and coupling whth its restricted 10
distribution suggests that it might be a case adrjpy for future coral species
conservation strategies.

Favitesperesiis a relatively common species recorded througtiwaiiO, from
the Red Sea to Madagascar, but it is absent ilP@gVeron, 2000). Faure and
Pichon (1978) and Scheer and Pillai (1983) desdribes species dsaviteson the
basis of, inter alia, septa of equal width throughibeir length. However, Veron
(2000) moved it to the genuSoniastreaon the basis of the crown of well-
developed paliform lobes typically observed in thpenus. Molecular results show
that F. peresiis in subclade XVII-I, which includes alEchinopora species
analysed so far from a molecular point of view &dfwhtastraea salebrosd hus,
F. peresihas no close phylogenetic relationship either wither gener&avitesor

Goniastrea Therefore, its taxonomy needs to undergo a formasion. However,
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this revision might have to wait until all of thBigmessidae” are examined in one
phylogeny, as more unexpected phylogenetic relgtips could be unveiled as the

taxa still to be examined are dealt with.

2.5.2. Within species divergences between Indian @nPacific Ocean
populations

Some cases of evolutionary divergence between DR populations were
unveiled when we compared our IO sequences witkr 20 sequences (Fukami et
al., 2008; Huang et al. 2009, 2011) of coral spewie¢h Indo-Pacific distribution
(Table 2.2). The most striking case of divergersé¢hat ofFavites complanata
(Fig. 2.2). The sample from Singapore is in subelf§11-F, which includes most
of the Favitesspecies and the type species of the géawges abditawhereas the
IO specimens are nested within subclade XVII-B, alihis a group consisting
mainly of Favia spp.. This odd situation could be explained eithean incorrect
identification of the examined material or by a pturlogical convergences.

Although misidentification may occur avitesat the species level due to the
lack of a formal revision and to the striking moofdgical similarity between
certain taxa, misidentification is highly unliked the genus level. In fact, despite
the well-known and documented morphologic plasticit scleractinian corals
(Todd, 2008), species typically characterized bgedoid corallite arrangement,
like Favitesspp., do not develop the coenosteum found in pdoexa (e.g.Favia
spp.). Conversely, it is not uncommon in sdra&ia species to observe a tendency
towards a fusion of the corallite walls (Fig. 2.3).

This being said, the specimens identified in thiglg asF. complanatahave
fused corallite walls in the whole corallum (App2R We cannot exclude the
possibility that the material we identified Bscomplanatamay belong to another
species previously described under another namdaaed synonymised witlr.
complanataitself or with other species (e.d:, acuticollis Ortmann, 1889 later
synonymised withF. chinensis Verrill, 1866) or, even, of a new species

morphologically similar td=. complanataIn the latter case the two morphs could
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have undergone morphological convergence thatddtlis taxonomic confusion.

Several examples of traditional morphological cbhemes plagued by convergence
have been found in the family Faviidae (Fukamilet2004a, 2008; Huang et al.,
2009, 2011; Budd and Stolarski, 2011). Formal taxaic revision of the genus,

including study of the type material of the desedbspecies and collected
specimens, is needed to determine the actual tgegitthis puzzling population of

F. complanata

Another phenomenon which might possibly explains tpattern is cryptic
genetic divergence. However, it is unlikely becao$ehe highly relevant and
atypical amount of divergence between the two pneslicryptic lineages with
respect to other cases of documented cryptic dpmtigSouter, 2010 for
Pocillopora damicorniswithin the 10; Stefani et al., 2011 f&tylophora pistillata
between the 10 and PO; Huang et al., 2011G@oniastrea australensibetween
Australia and Singapore).

Numerous instances of more or less marked divesggd&etween IO and PO
specimens of the same species were detectddldestomussa merletCyphastrea
serailia, Echinopora gemmacedavites halicora Favia favus F. pallida, F.
matthaii and F. rotumana In the case oB. merletj the molecular distinction
between IO and PO specimens also is supported, tertin extent, by
morphology. The specimens sampled in the specjss lpcality, New Caledonia,
show typically phaceloid growth in which corallitealls are never joined and,
overall, corallite diameter is smaller than thathe 10 specimens. These, in turn,
display a tendency towards a cerioid corallite rgeanent in some, but not all,
parts of the corallum and a larger corallite disanethe variability in coral species
morphology across large distribution ranges wasudised by Veron (1995), who
introduced the concept of “geographic subspeciésscteractinian corals. In our
case, however, the co-occurrence of genetic antkast partial morphologic
divergence would suggest that the species so éamtifted asB. merletiin the 10
could actually be a new species rather than a gpbgr sub-species of this taxon.

It could be argued that given the strong genefiaiiés between the 1. merleti
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andParasimplastrea omanensand the fact that the latter is typically ceridioe
examined specimens assigned to the former coulthah be specimens dP.
omanensisvith aberrant corallite organization. However, therphology of the
living polyps remains markedly distinct between tiv® species, even in case of
specimens with partial fusion of the corallite walApp. 2.2), and®. omanensis
has consistently fewer septa (App. 2.2).

For each of the fouFavia species analysed in this study, the IO and PO
samples did not cluster together. The 10 samplés aftumanaandF. pallida are
recovered together in distinct clade but are ewmtatry distinct from their PO
conspecific samples (Fig. 2.2). A remarkable ingezsfic morphological variation
characterized the 10 specimens of both speciesledrr this study, especially in
terms of the fusion of the corallite walls (Fig.3R). In fact, while Favia is
typically cerioid andravitesplocoid, several specimens preserfedialike and
Faviteslike morphology within the same colony (Fig. 2.8)- This finding
provides more evidence that this character is nphydogenetically informative
one at either the genus or the species level. lifinal remarkable case of
interspecific morphologic plasticity among ti&via species involves the 10
samples of. pallida andF. matthaii which are two very closely related species as
shown in the phylogeny and confirmed by their moipgy (Fig. 2.3C-F). The 10
specimens of these two species were recovereddrdistinct and monophyletic
clades, each distantly related from their consp=8© population. However, they
share many morphological features. While some smts had intermediate
morphology (Fig. 2.3D), others had part of the nglshowing a typicaF. pallida
appearance and the other part typically looking kk matthaii (Fig. 2.3F). This
lack of well-defined morphological boundaries cobkloriginated by interspecific
hybridization (Willis et al., 2006), whose influends increased by evidences of
simultaneous mass spawning of many species ofsca@ldwide (Harrison et al.,
1984; Baird et al., 2009). In particular five sgecpbfFavia, includingF. pallida
andF. matthaii, show a substantial overlap in spawning time apiaduction and

a similar development of gametes in Thailand (Kandjre et al., 2010). These
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observations suggest that beyond the now-provegppygletic status of most
traditional families and genera and with more tawmaiting study and more
unexpected findings likely to emerge as more sasnfotan multiple localities are
studied together, species level issues are crtwidde study of the evolution and

phylogeny of the scleractinian corals.

Within colony

Within clade

Figure 2.3. Within colony plasticity of the skeleton morphojogq the genud-avia. A)
colony of Favia pallida (BA050) and B) ofF. rotumana(BA086) showing a typically
plocoid (left) as well as sub-cerioid or cerioithfit) corallite arrangement within the same
specimen, respectively. Within clade plasticity Bf pallida and F. matthaij and
intermediate morphs C) skeleton (above) andivo morphology (below) of &. pallida
colony (BA119), and D) skeleton morphology of actgl (BA067) of the same species and
in the same clade (Fig. 2.2) but with more exeptaeE) skeleton (above) and vivo
morphology (below) of &. matthaiicolony (BA101) showing the typically exert septa i
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this species; Fn vivo morphology of specimen BA082 displayindr.goallida morphology
of the left and &. matthaiimorphology on the right hand side of the imageas Bpecimen
was identified ag- matthaij however, note its intermediate position in thglpbeny in
Fig. 2.2.

Table 2.2.List of the taxa examined in this study. For eaphcies the clade to which it is
assigned and the traditional family are listecapplicable, the divergence, or lack thereof,
between Indian Ocean (I0) and Pacific Ocean (PQemad is indicated. Remarks on the
main findings are listed. n.a. = not applicable;, éi divergence observed between IO and
PO specimens; no div. = no divergence observeddsstwO and PO specimens. Species in
bold were examined for the first time in this studyindicates species for which 10
populations are analysed for the first time in #iigly.

Clade Taxon Family 10 vs Remarks
PO
Xl Leptastrea bottae* Faviidae n.a. monophyletic with the other
species in the genus
XI Leptastrea pruinosa* Faviidae n.a. very high plasticity
XI Leptastrea Faviidae n.a. one specimen
transversa*
XIV-A Plesiastrea versipora Faviidae no div. -
XIV-B Blastomussa merleti*  Mussidae div. monophyletic witB. Wellsi
andB. omanensis
XIV-B Blastomussa wellsi Mussidae n.a. monophyletic with but
deeply divergent frorB.
Merleti andB. omanensis
XIV-B Parasimplastrea Faviidae n.a. monophyletic and to be
omanensis* placed in synonymy with
the genuBlastomussa
XVII-A Goniastrea retiformis  Faviidae no div. -
XVII-B Favia favus* Faviidae div. one specimen
XVII-B Favia matthaii* Faviidae div. close tb. pallida
XVII-B Favia pallida* Faviidae div. close t6. matthaii
XVII-B Favia rotumana* Faviidae div. very high plasticity
XVII-B Favites complanata* Faviidae div. low plasticity
XVII-C Cyphastrea Faviidae n.a. no genetic boundaries for a
microphthalma* well-defined morpho-
species
XVII-C Cyphastrea serailia* Faviidae div. no genetic boundaries for a
well-defined morpho-
species
XVII-D/E Favites pentagona*  Faviidae no div. -
XVII-F Favites abdita* Faviidae no div. one specimen
XVII-F Favites halicora* Faviidae div. -
XVII-G Leptoria phrygia Faviidae no div. one specimen
XVII-G Platygyra daedalea* Faviidae no div. no genetic boundaries for a
well-defined morpho-
species
XVII-H Hydnophora exesa*  Merulinidae no div. -
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XVII-I Echinopora Faviidae div. -
gemmacea*

XVII-I Favites peresi* Faviidae n.a. neither close @oniastrea
nor toFavites

XVII Montastraea curta Faviidae no div. genetic affinity with
Montastraea curta one
specimen

XVII Plesiastrea devantieri Faviidae n.a. affinity wittMontastraea
magnistellatanot resolutive
for the final taxonomic
revision of this species

XVIII-XIX- Echinophyllia Pectiniidae no div. one specimen

XX aspera*

XVII-XIX- Acanthastrea Mussidae no div. -

XX echinata*

XVII-XIX- Acanthastrea Mussidae n.a. confirmed in the former

XX maxima* Mussidae but evolutionarily
distinct

XVIII-XIX- Cynarina lacrymalis  Mussidae n.a. one specimen

XX

XVIII-XIX- Lobophyllia Mussidae n.a. one specimen

XX corymbosa*

XVIII-XIX- Lobophyllia Mussidae n.a. one specimen

XX hemprichii*

XVII-XIX- Micromussa Mussidae no div. -

XX amakusensis*

XVIII-XIX- Symphyllia radians*  Mussidae n.a. -

XX

2.5.3 Molecular and phylogenetic implications

However, in the Anthozoa, COI is characterized blower rate of genetic
variation, resulting in a phylogenetic resolutioerely at higher systematic levels
due to an insufficient intrageneric divergence ¢beet al., 2002; Hellberg, 2006;
Shearer and Coffroth, 2008; Huang et al., 2008)is Tholecular locus may
constitute the basic backbone of a phylogeny wlanbmed with hypervariable
markers in order to build a more comprehensive qusmetic tree of scleractinian
corals. In this study, rDNA provided robust detadlbout scleractinian coral
evolution at different levels, from populations ¢genera (Chen et al., 2004;
Forsman et al.,, 2006; Wei et al., 2006), and tHermation carried by COI
compensated for the homoplasy traditionally assediavith rDNA at the inner

nodes.
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The two-loci phylogeny proposed in this paper imgistent with those
published by Fukami et al. (2008) based on mitodhiah COIl and cytB and by
Huang et al. (2011) using five markers (COI, rDN&R, histone H3, and 28S).
Regarding the “Bigmessidae”, the present phylodegklights how unstudied taxa
might have unexpected relationships at differexanamic levels and suggests that
general conclusions are far from being definitive modern coral taxonomy
whenever the entire set of interrelated speciesntdrest are not considered
together in a comprehensive analysis. In the ptestedy, some taxa ascribed to
the Faviidae based on traditional skeletal chara@ad thus were expected to be
in the “Bigmessidae” were found to be highly divemgand did not cluster in clade
XVIl. Parasimplastrea omanensis this study andMoseleya latistellataand
Montastraea multipunctatgHuang et al., 2011) are recent examples of these
taxonomic misunderstandings. Moreover, other fagidups within clade XVII
were found to be not closely related to congenefpecies or conspecific
populations as expected based on traditional targndé-avites peresiand |10
specimens ofavites complanatallustrated this type of phylogenetic feature in
relation to the otherFavites species and the P®. complanatapopulation,
respectively. Besides these unexpected evolutionaglationships, the
“Bigmessidae” can be considered to be a well-ddfigeoup composed of eight
subclades. Subclades are strongly supported byrbolkkcular (Huang et al., 2011
and the present study) and micromorphological aesly(Budd and Stolarski,
2011). The inclusion into the analysis of specresnfthe 10, a geographic area
hitherto largely understudied, for which PO segesnare available does not
involve any substantial change in the structurthefsubclades.

The sister group of clade XVII is a monophyletiaster that encompasses three
different clades (XVIII, XIX, and XX) and this i$¢é first time that this cohesive
group is supported by a phylogenetic work. Tryingassign taxonomic units to
these clades implies that they could be unified mtsingle lineage based on the
combined COI and rDNA phylogeny, and this is alsotiplly confirmed by the
morphological analysis published by Budd and Sséiar(2009). Indeed,
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Acanthastrea echinat@previously in clade XX) shares with other Indccifa
mussids (previously in clade XIX) most of the mimarphological and
microstructural characters reported by Budd anda&tki (2009), and the main
difference between the two is the structure of tdodumella of A. echinata
Unfortunately, the authors did not evaludticromussa(clade XVIII), which
exhibits a high molecular divergence within cladélkXIX-XX.

Clade XIV, introduced by Fukami et al. (2008) oe thasis of a small number
of samples and species, was established in reakdheoclose phylogenetic
relationships betweenPlesiastrea versipora Physogyra lichtensteini and
Blastomussa wellsregardless of the strong morphologic divergencesvéen
these taxa. Subsequently, Kitahara et al. (2010¢&#@lerogyrasp. and two non-
reef-dwelling speciesCyathelia axillaris and Trochocyathus efateensiso the
clade. The present work shows for the first timeattPRlerogyra sinuosa
Blastomussa merletandParasimplastrea omanensae also nested within clade
XIV. Thus, clade XIV is even more heterogeneousmfrahe molecular,
morphologic, taxonomic, and ecologic point of vie@n the one hand, it is
increasingly accepted (Kitahara et al. 2010; Benadinal.,, 2011) that clades
including taxa with extremely different ecologidahits and different taxonomic
placement exist and that perhaps more will be gm@m. However, on the other
hand, an update of the status of this group isrlgleseeded, and a preliminary
identification of two main subclades might helpr@tonstructing their evolutionary
and taxonomic relationships. We suggest that sdbcklV-A, composed oP.
versiporg C. axillaris, andT. efateensiswhich are species with pali in front of
each septal cycle before the last, a papillosencella, and well-developed costae
(Kitahara et al., 2010; Benzoni et al., 2011), temially separated from subclade
XIV-B, which containsB. wellsi, B. merlet, andP. omanensi®n the one hand and
Plerogyra lichtensteiniPhysogyrasinuosa andPysogyrasp. on the other hand, all
of which are characterized by large and fleshy pmly

Our results indicate that the taxonomy of the e and Mussidae is still

unresolved, especially for those taxa not yet asa\phylogenetically, andconfirm
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that molecular approach is necessary for detectiry evolutionary lineages
obscured by traditional taxonomy. However, it iscakvident that the pending
formal taxonomic decisions are necessary becaasesland subclades cannot be
used interchangeably with taxa. Their use in thecigfized literature, together
with the establishment of formally non-existent eansuch as the “Bigmessidae”,
can only generate more confusion for the non-spsgiavho is unavoidably left

behind with outdated taxonomic references.
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3.1 Abstract

The Indo-Pacific scleractinian coral family Lobofihgae was recently
described on the basis of molecular data and mierphological and
microstructural characters. We present the most pcelnensive molecular
phylogeny reconstruction of the family to date lohge COI and rDNA including 9
genera and 32 species, 14 of which were investigite the first time. The
monophyly of the family is now strongly supportedith the inclusion of the
genera Acanthastreaand Micromussa whereas previously it was based on
uncertain molecular relationships. Neverthelesssehand the other lobophylliid
generaEchinophyllig Micromussa Oxyporg and Symphyllia,are not themselves
monophyletic and need to be investigated from aphaogical point of view.
Acanthastrea faviaformiss nested within the family Merulinidae. This syud
highlights the need for further analyses at speleiesl and of formal taxonomic

actions.

3.2 Introduction

Molecular analyses have revolutionized our undedstey of evolutionary
relationships within the Scleractinia and shown tine order is subdivided into
three clades (Robust, Complex, and Basal) instéa\aen traditional suborders
(Romano and Palumbi, 1996; Stolarski et al., 20GBnetics have challenged the
validity of most families and genera as traditibpalescribed based on skeleton
macromorphology (Fukami et al., 2004a, 2008; Benebml., 2007, 2011, 2012a;
Gittenberger et al., 2011; Huang et al.,, 2011; gami et al., 2012). In turn,
unexpected molecular findings have prompted cormphmologists to search for
new micromorphological and microstructural chanecte corroborate molecular
phylogenies (Benzoni et al., 2007; Budd and Stkia2009, 2011; Kitahara et al.,
2012a, 2012b). The combination of molecular andpmological research has led
to taxonomic revisions of scleractinian corals iffecent levels and to the formal

description of new taxa like, for example, threavriamilies in the Robust clade:
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the Lobophyllidae Dai and Horng, 2009, the Deltityidae Kitahara et al, 2012,
and the Coscinaraeidae Benzoni et al, 2012 (Budal.eP012; Kitahara et al.,
2012a; Benzoni et al., 2012a).

The Indo-Pacific family Lobophylliidae currently mprises 12 extant genera
(Budd et al., 2012) and 51 extant zooxanthellagzigg (Veron, 2000). All extant
species are colonial with the exception of the tagli genera Cynarina
Briggemann, 1877 artdomophylliaBriiggemann, 1877 (Veron, 2000). The family
is characterized by irregular lobate or bulboudhteeith elliptical tooth bases,
rounded granules enveloped by extensive thickerdegosits with vertical
palisade-like structures between teeth, and diffe¥e in size/shape of teeth
amongst septal cycles (Budd and Stolarski, 2009jdBet al., 2012). Dai and
Horng (2009) and Budd et al. (2012) grouped claxiBl, XIX, and XX sensu
Fukami et al. (2008) in a single lineage, thusrde§ the Lobophylliidae. Budd et
al. (2012) anticipated, however, that further maolac analyses ow\canthastrea
Milne Edwards & Haime, 1848 aridicromussaVeron, 2000, would be needed to
assess their relationships within the family. Fukanal. (2008) analyzed 17
Lobophylliidae species based on samples from tlwfi€&cean. Arrigoni et al.
(2012) investigated 9 species adding Indian Oceatemal (Obura, 2012) and
confirmed for the first time the presence of a npndetic cluster encompassing
clades XVIII, XIX, and XX. To date, 30 species afhophylliidae, and the genera
AustralomussaVeron, 1985, andechinomorphaVeron, 2000, have not been
studied from a molecular point of view.

We present the most comprehensive molecular phylogéthe Lobophylliidae
so far, based on two loci, COIl and nuclear rDNAJ andespread sampling in the
Indo-Pacific, analyzing 9 genera and 32 speciesluding 14 that were not
molecularly investigated before. The use of COI @A allowed inference of
the phylogeny at higher and lower systematic levelspectively, due to their
different evolution rate (Hellberg, 2006; Wei et, &006; Gittemberg et al., 2011,
Benzoni et al., 2012a).
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3.3 Material and methods

Seventy coral colonies were sampled from diffefeadlities in the Indian and
Pacific Ocean (Table 3.1). Each colony was phofgdugd underwater and a
fragment about 10 cimarea was collected, of which 2 trwere preserved in
absolute or 95% ethanol, or CHAOS solution (Sargdnal., 1986) (Apps. 3.1,
3.2). Samples were identified following Chevali975), Veron and Pichon
(1980), and Veron (2000), and illustrations of kgbes in their original
descriptions.

Total DNA was extracted using DNAeasy® Tissue Kliagen Inc., Valencia,
CA, USA) for samples conserved in ethanol, and enphchloroform based
method for samples in CHAOS (Fukami et al., 2004bhe mitochondrial
cytochromec oxidase subunit | gene (COI, partially) and a dedacof nuclear
rDNA (the entire ITS1, 5.8S, ITS2 and a fragment I&S and 28S) were
investigated. COIl and rDNA were amplified usingpasively MCOIF - MCOIR
primers (Fukami et al., 2004a) and ITS4 (Takabayeishl., 1998) - A18S (White
et al., 1990) primers and the protocol by Benzdrle(2011). All newly obtained
sequences were deposited with EMBL (Table 3.1). Tdi#ained rDNA
electropherograms did not show any signal of imdavidual polymorphisms
avoiding the need to clone rDNA (Wei et al., 2006).

A partition-homogeneity test was run in PAUP 4.063&®offord, 2003) to examine
whether the sequences from the two loci shoulddmebied in a single analysis.
No conflicting phylogenetic signals between theadats P = 0.95) were detected
and the two independent markers were concatenategartitioned dataset of 104
seguences. Sequences were aligned with Clustal@vithlgn in BioEdit Sequence
Alignment Editor 7.0.9.1 (Hall, 1999) and then malhwichecked. ITS1 and ITS2
regions were easy to align, with the exceptiorAofmaximaSheppard and Salm,
1988 due its high divergence within the family and theegence of repeated
fragments, requiring more careful alignment. MaximBarsimony (MP), Bayesian

Inference (BI), and Maximum Likelihood (ML) wereads to infer phylogeny of
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the Lobophyllidae. MP analysis was conducted WA&KUP 4.0b10 using heuristic
searches and 500 bootstrap replicates. The GTR & Imodel was selected as an
appropriate model of nucleotide substitution withrMéddeltest2.3 (Nylander,
2004). Bl analysis was run with MrBayes 3.1.2 (Rostjand Huelsenbeck, 2003)
using 9 million generations, saving a tree every dénerations and discarding the
first 22,500 trees as burn-in. ML analysis was q@aned with PhyML 3.0
(Guindon and Gascuel, 2003) using Shimodaira ansegtawva test (SH-like) to
check the support of each internal branch.

Table 3.1. List of the material examined in this tudy. Forclesspecimen we list code,
identification, family, sampling locality, COIl andDNA sequences used for the
phylogenetic reconstructions. * indicates speciealy@ed for the first time from a

molecular point of view. IRD = Institut de Recheecpour le Développement, Nouméa,
New Caledonia; UNI = University of Milano — Bicogcililan, Italy; RMNH = Naturalis

Biodiversity Center, former name of the presenk&nuseum van Natuurlijke Historie,
Leiden, the Netherlands. All the skeletons analyipetthis study are currently deposited at

the University of Milano-Bicocca, Milan, Italy.

Code Species Locality COl rDNA
HS3285 Acanthastrea bowerbartki New Caledonia HF954208 HF954295
HS3298 Acanthastrea bowerbartki New Caledonia HF954209 HF954296
UNIDJ288  Acanthastrea echinata Djibouti HF954214 HF954301
HS3195 Acanthastrea echinata New Caledonia HF954213 HF954300
UNIMY211 Acanthastrea echinata Mayotte HF954215 HF954302
UNI BA115  Acanthastrea echinata Gulf of Aden HE654624 HE648540
HS3197 Acanthastrea echinata New Caledonia HF954217 HF954304
- Acanthastrea echinata Japan AB117249 AB441401
HS3233 Acanthastrea faviaformiis New Caledonia HF954212 HF954299
HS3065 Acanthastrea hempricHii New Caledonia HF954221 HF954309
HS3141 Acanthastrea hempricHii New Caledonia HF954222 HF954310
HS3227 Acanthastrea hempricHiii New Caledonia HF954220 HF954308
HS3169 Acanthastrea hillae New Caledonia HF954206 HF954293
HS3225 Acanthastrea hillae New Caledonia HF954207 HF954294
HS3127 Acanthastrea ishigakiengis New Caledonia HF954205 HF954292
UNI MU203 Acanthastrea maxima Gulf of Aden HF954210 HF954297
UNI S0132 Acanthastrea maxima Socotra HF954211 HF954298
UNI BA136  Acanthastrea maxima Gulf of Aden HE654626 HE648542
UNI MU161 Acanthastrea maxima Gulf of Aden HE654627 HE648543
UNI MU163 Acanthastrea maxima Gulf of Aden HE654628 HE648544
HS3166 Acanthastrea rotundoflora New Caledonia HF954216 HF954303
UNI PFB259 Acanthastrea rotundoflora Papua New Guinea  HF954218 HF954305
UNI PFB260 Acanthastrea rotundoflora Papua New Guinea  HF954238 HF954306
HS3228 Acanthastrea subechinata New Caledonia HF954219 HF954307
HS1604 Cynarina lacrymalis New Caledonia HE654636 HE648552
UNIMY011 Cynarina lacrymalis Mayotte HF954201 HF954288
UNI DJ262 Echinophyllia aspera Djibouti HF954242 HF954329
HS2990 Echinophyllia aspera New Caledonia HF954245 HF954332
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HS3224
UNI MU211
UNI BAOO1

HS3171
HS3179
HS3278
UNI M901
UNI MY350
UNI PFB189
UNI PFB379
HS3248
UNI PFB200
UNI GAO71
UNI GA084
UNI GA099
UNI DJ120
UNI MYO010
UNI ADO03
UNI MA434
UNI GA024
UNI GAO58
UNI MY199
UNI MY325
UNI PFB103
UNI PFB297
UNI KA139
UNI BA134
UNI MU202
UNI PFB183
UNI PFB296
UNI SO071
UNI BA117
UNI FP

UNI MU215

G61909
HS3103
HS3270
HS3274
UNI KA131
HS3172
HS3203
HS3255
UNI PFB031
RMNH Coel
40070
RMNH Coel
40099

P131

UNI PFB104
UNI PFB213
UNI DJ277
UNI MY045

Echinophyllia aspera
Echinophyllia aspera
Echinophyllia aspera
Echinophyllia aspera
Echinophyllia echinata
Echinophyllia echinata
Echinophyllia echinata
Echinophyllia echinoporoides
Echinophyllia echinoporoides
Echinophyllia echinoporoides
Echinophyllia echinoporoides
Echinophyllia orpheensis
Echinophyllia orpheensis
Echinophyllia tara&
Echinophyllia tara&
Echinophyllia tara&
Lobophyllia corymbosa
Lobophyllia corymbosa
Lobophyllia corymbosa
Lobophyllia corymbosa
Lobophyllia costata
Lobophyllia costata
Lobophylliacf diminuta
Lobophylliacf diminuta
Lobophyllia flabelliformis
Lobophyllia flabelliformis
Lobophyllia hemprichii
Lobophyllia hemprichii
Lobophyllia hemprichii
Lobophyllia robusta
Lobophyllia robusta
Micromussa amakusensis
Micromussa amakusensis
Micromussa amakusensis
Micromussa amakusensis
Micromussa amakusensis
Moseleya latistellata
Oxypora glabrd

Oxypora glabra

Oxypora glabra

Oxypora lacera

Oxypora lacera

Oxypora lacera
Parascolymia vitiensis
Parascolymia vitiensis
Phymastrea multipunctata

Phymastrea multipunctata

Phymastrea multipunctata
Symphyllia agaricia
Symphyllia agaricia
Symphyllia erythraeta
Symphyllia erythraeta

New Caledonia
Gulf of Aden

Gulf of Aden

Palau

New Caledonia
New Caledonia
New Caledonia
Maldives

Mayotte

Papua New Guinea
Papua New Guinea
New Caledonia
Papua New Guinea
Gambier

Gambier

Gambier

Djibouti

Mayotte

Gulf of Aden
Mayotte

Gambier

Gambier

Mayotte

Mayotte

Papua New Guinea
Papua New Guinea
Red Sea

Gulf of Aden

Gulf of Aden

Papua New Guinea
Papua New Guinea
Socotra

Gulf of Aden

Gulf of Aden

Gulf of Aden

Japan

Australia

New Caledonia
New Caledonia
New Caledonia
Red Sea

New Caledonia
New Caledonia
New Caledonia
Papua New Guinea
Sabah, Malaysia

Sabah, Malaysia

Philippines

Papua New Guinea
Papua New Guinea
Djibouti

Mayotte

HF954244
HF954243
HE654648
AB117252

HF954232

HF954233

HF954234
HF954239
HF954237

HF954235
HF954236
HF954240
HF954241
HF954229
HF954230
HF954231
HF954255
HF954254
HE654638
HEG654637
HF954246
HF954247
HF954252
HF954253
HF954248
HF954249

HF954256
HE654639
HE654640

HF954250

HF954251
HF954198
HE654643
HE654642
HE654641
AB441200
HQ203293

HF954224

HF954223

HF954225

HF954226

HF954227

HF954228

HF954202

HF954203

HF954199

HF954200

HQ203289
HF954263
HF954264

HF954257

HF954258

HF954331
HF954330
HE648564
AB441400

HF954320

HF954321

HF954322
HF954326
HF954325

HF954323
HF954324
HF954327
HF954328
HF954317
HF954318
HF954319
HF954342
HF954341
HE648554
HE648553
HF954333
HF954334
HF954339
HF954340
HF954335
HF954336

HF954343
HE648555
HE648556

HF954337

HF954338
HF954285
HE648559
HE648558
HE648557
AB441403
HQ203376

HF954312

HF954311

HF954313

HF954314

HF954315

HF954316

HF954289

HF954290

HF954286

HF954287

HQ203372
HF954350
HF954351

HF954344

HF954345
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UNI SO011  Symphyllia erythraea Socotra HF954259 HF954346
UNIMY230 Symphyllia radians Mayotte HF954265 HF954352
UNI SO087  Symphyllia radians Socotra HF954266 HF954353
UNIBA107  Symphyllia radians Gulf of Aden HE654644 HE648560
UNIBUO46  Symphyllia radians Gulf of Aden HE654646 HE648562
HS3118 Symphyllia recta New Caledonia HF954267 HF954354
HS3131 Symphyllia recta New Caledonia HF954268 HF954355
HS3157 Symphyllia valenciennesii New Caledonia HF954261 HF954348
UNI PFB277 Symphyllia valenciennesii Papua New Guinea  HF954262 HF954349
HS3135 Symphylliacf valenciennesfi  New Caledonia HF954260 HF954347
S048 Diploastrea heliopora Singapore EU371660 HQ203315
G61880 Dipsastraea favus Australia HQ203255 HQ203322
(61883 Dipsastraea matthaii Australia HQ203259 HQ203331
S068 Dipsastraea rotumana Singapore FJ345427 HQ203339
S109 Echinopora lamellose Singapore FJ345419 HQ203318
S002 Favites abdita Singapore HQ203267 HQ203345
S083 Goniastrea retiformis Singapore EU371700 HQ203361
P127 Hydnophora exesa Philippines HQ203276 HQ203362
S081 Leptoria phrygia Singapore EU371705 HQ203365
P114 Merulina scabricula Philippines HQ203281 HQ203366
S055 Oulophyllia crispa Singapore EU371721 HQ203381
P115 Pectinia lactuca Philippines HQ203300 HQ203384
(61887 Platygyra lamellina Australia HQ203302 HQ203389

3.4 Results and Discussion

Our sequences were analyzed together with 20 diblgwphylliids from

GenBank for a total alignment of 1572 bp. Topolsgiesulting from BI, ML, and

MP analyses were largely congruent with a consistemposition of major clades
and discrepancies at nodes, which are poorly stggban all three phylogenies,
especially in the MP tree (Fig. 3.1). ML individuaées of COIl and rDNA were
largely congruent with no conflicting patterns amarades and taxa (Apps. 3.3,
3.4).

The monophyly of the family Lobophylliidae is waliypported in all analyses.
Acanthastreaand Micromussa whose evolutionary relationships were uncertain
(Fukami et al.,, 2008), are nested within the fam{lig. 3.1). This result
corroborates previous molecular findings by Arrigeh al. (2012) and supports
morphological analyses by Budd et al. (2012).

Our combined phylogeny reconstruction includes tiyee species of the
investigated genera and pinpoints generic bourslarieeed of further study. Nine

main monophyletic genus-level lineages are sup@ofieg. 3.2) and they are
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mostly in disagreement with the previous systemapigsitions of most
Lobophyllidae (Veron, 2000; Budd et al.,, 2012).l Aolytypic genera,i.e.
Acanthastrea Echinophyllia Klunzinger, 1879,Lobophyllia de Blainville, 1830,
OxyporaSaville Kent, 1871, an8ymphylliaMilne Edwards & Haime, 1848, are
not monophyletic (Table 3.2). In turn, the closéatienship between the only
studied species dflicromussaand the lobophylliid-likePhymastrea multipunctata
(Hodgson, 1985) in sub-clade A (Fig. 3.1) suggtsis a formal taxonomic action
is timely for the latter (Table 3.2).

The most notable and complex case is that of tgghhipolyphyletic genus
Acanthastreawhose representatives are scattered throughdautlades B, C, E,
and | (Fig. 3.1). The sister group relationshipwesn A. bowerbanki Milne
Edwards and Haime, 18%hdA. hillae Wells, 1955 in sub-clade B is genetically
well supported and corroborated by morphologic lsinties of their coralla and
corallites (Meron and Pichon, 1980). However, thepecies are more closely
related to sub-clade A than to sub-clade E, incdgdhe type specieg,. echinata
(Dana, 1846). The genetic boundaries between ttter land A. hemprichii
(Ehrenberg, 1834)A. rotundoflora Chevalier, 1975, and. subechinataVeron,
2000 remain undefined and are in need of additior@écular analyses. Moreover,
the Indian Ocear\canthastrea maxime confirmed as an evolutionarily distinct
species that is self-standing in sub-clade C (Amigt al., 2012). This species and
A. bowerbankiand A. hillae will have to be subsumed within two new genera
corresponding to sub-clades C and B, respectivégblé 3.2). Finally, A.
ishigakiensisv/eron, 1990 is nested in sub-clade | and closslgted toSymphyllia
recta (Dana, 1846), which is the type species of its gertnus prompting this
species re-assignment. Morphologic similarity bemveéhis Acanthastreaspecies
and Symphyllia erythraea (Klunzinger, 1879), have been highlighted before
(Veron, 2000) although the latter is a geneticdliistinctive species (Fig. 3.1). A
different case again is that & faviaformis Veron, 2000 which clusters in the
Merulinidae Verrill, 1865, and appears to be aesishxon ofDipsastraeade

Blainville, 1830, and therefore needs formal resifastion.
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S048 Diploas heliopora
S109 Echinopora lamellosa

S002 Favites abdita
S068 Dipsastraea rotumana
G61880 Dipsastraea favus
Hs3233 Acanthastrea faviaformis*
o5 G61883 Dipsastraea matthait
P115 Pectinia lactuca
100100100 S055 Oulophyllia crispa

P127 Hydnophora exesa

- P114 Merulina scabricula
S083 Goni reti

TSRS rmis

G61887 Plu[\'grr;l lamellina
e SO81 Leptoria phrygia

1009599

957450

VAINITNY3IN

E|

Micromussa amakusensis
P131 Phymastrea multipunctata

40070 Phymastrea multipunctata
40099 Phymastrea multipunctata A
BAI117 Micromussa amakusensis
FP Micromussa amakusensis

MU215 Micromussa amakusensis

SO071 Micromussa amakusensis

100100100,

s HS3285 Acanthastrea bowerbanki*
wowoin b HS3298 Acanthastrea bowerbanki* B
HS3169 Acanthastrea hillae
smaw v HS3225 Acanthastrea hillae

BA136 Acanthastrea maxima

MU163 Acanthastrea maxima

SO132 Acanthastrea maxima c
MUI161 Acanthastrea maxima

wooel MU203 Acanthastrea maxima

T00 1007100

G61909 Moseleya latistellata | D

HS3197 Acanthastrea rotundoflora
PEB259 Acanthastrea rotundoflora
PFB260 Acanthastrea rotundoflora

HS3166 Acanthastrea rotundoflora

BAL1S Acanthastrea echinata

1009495 D1288 Acanthastrea echinata
Acanthastrea echi E

1090030 MY211 Acanthastrea echinata
HS3195 Acanthastrea echinata
HS3227 Acanthastrea hemprichii*
HS3065 Acanthastrea hemprichii*
HS3228 Acanthastrea subechinata*
HS3141 Acanthastrea hemprichii*
HS3270 Oxypora glabra*
HS3103 Oxypora glabra*
HS3274 Oxypora glabra*
071 Echinophyllia tarae*
1A084 Echinophyllia tarae*
099 Echinophyllia tarae*
— Echinophyllia aspera
Im H%3224 Echinophyllia aspera
1152990 Echinophyllia aspera

ltl\j’lfiu orpheensis F

| PEB200 Echinophyllia orpheensis

S48657
1000394

"PFB189 Echinophyllia echinoporoides
PFB379 Echinophyllia echinoporoides
MY350 Echinophyllia echinoporoides
wsnrk M901 Echinophyllia echinoporoides
KAI31 Oxypora lacera
HS3172 Oxypora lacera
HS3203 Oxypora lacera G
HS3278 Echinophyllia echinata®

HS3171 Echinophyllia echinata*
HS3179 Echinophyllia echinata*
HS1604 Cynarina lacrymalis I H

T MYO11 Cynarina lacrymalis

HS3255 Parascolymia vitiensis
PFB031 Pﬂmscoivmin vitiens
PFBO57 Parascolymia vitiensis
— HS3127 Acanthastrea ishigakiensis*
HS3131 Symphyllia recta

HS3118'S) mphyllia recta
PEB277 Symphyllia valenciennesii*
HS3135 Symphyllia valenciennesii*
BU046 Symphyllia radians
MY 230 Sympiyllia radians

BA107 Symphyllia radians
SO087 Symphyllia radians
MA434 Lobophyllia corymbosa
HS3157 Symphyllia valenciennesii*
PFB213 Symphyllia agaricia
7 PFB104 Symphyllia agaricia I

3vaiimiAHd0o401

1009293
10091755

" KA139 Lobophyllia hemprichii

MU202 Lobophyllia hemprichii

BA134 Lobophyllia hemprichii

ADO003 Lobophyllia corymbosa

= DI120 Lobophyllia corymbosa

‘MY 010 Lobophyllia corymbosa

PFB296 Lobophyllia robusta*

PFB183 Lolwpﬁrl/iu robusta*

3o MY325 Lobophyllia cf diminuta*
MY 199 Lobophyllia cf diminuta*

"¢ “GA058 Lobophyllia costata*

oosst GA024 Lobophyllia costata*
PFB297 Lnbaph)'lffa flabelliformis*

P FBL03 Lobophyllia flabelliformis*

DJ277 Symphyllia erythraea*

0 1 m‘ SO011 Symphyllia erythraea*
- MY 045 Symphyllia ervthraea®

10011007100

Figure 3.1. Phylogeny of the Lobophylliidae inferred from Baign Inference analyses of
COl and rDNA. Node values are Posterior Bayesiababilities & 70%), ML SH-like
support (> 70%) and MP>(50%) bootstrap values. Dashes (-) indicate nodast dke
statistically unsupported. Uppercase letters anducacodes delineate lineages referred to
in Fig. 3.2 and Table 3.2. Type species in boldp&cies analyzed for the first time from a

molecular point of view.
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Figure 3.2. In situ and corallum photos of species with unexpectedlogf@netic
relationships: aMicromussa amakusensis) Phymastrea multipunctata) A. bowerbanki

d) A. hillag e) A. maximaf) A. echinata g) Echinophyllia asperah) Oxypora glabra )

O. lacerg j) E. echinata; k) Lobophyllia corymbosal) Symphyllia radians m)
Parascolymia vitiensjsn) A. ishigakiensis Colour codes and uppercase letters in white
circles indicate clades in Fig. 3.1. Specimen cmé¢he corallum image.
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Echinophylliaand Oxyporanest into each other and their genetic boundaries
remain unclear, as are those based on morpholagyii\and Pichon, 1980; Budd
and Stolarski, 2009; Veron, 200@xyporaglabra Nemenzo, 1959 is part of the
Echinophylliaclade (sub-clade Fyhile E. echinata(Saville-Kent, 1871) is closest
to the type specie®. lacera (Verril, 1864) in sub-clade G, a situation at teas
partially foreseen by Chevalier (1975) who had adse placedO. glabra in
Echinophyllia

The phaceloid_obophyllia and the meandroi®&ymphylliabelong to a single
lineage (sub-clade 1) and their traditional sepamatbased on corallum
organization seems evolutionarily meaningless asady shown in other cases
(Arrigoni et al., 2012). These genera are known $bare several
micromorphological and microstructural charact®&sdd and Stolarski, 2009) and
the genud.obophylliashould be expanded to include the geSusphyllia(Table
3.2). Moreover, the inclusion of the monotypic geRarascolymiain sub-clade |
was not previously envisaged (Budd et al., 2012) ae@eds to be synonymysed
with Lobphyllia In fact, colonial coralla dParascolymiaMeron and Pichon, 1980:
Fig. 417) do bear similarities with sorSgmphylliaspecies and, most of all, with
Australomussa
Unexpected genetic affinities of coral taxa hawealy been shown in several
instances (Fukami et al., 2004a, 2008; Benzoni.e2@07, 2011, 2012b; Huang et
al., 2011; Kitahara et al., 2012a, 2012b; Arrigeihal., 2012) and are not surprising
per se However, our phylogeny model suggests that moexpected results could
emerge from the genetic characterization of the stif unstudied known
Lobophyllidae species, and of the monotypic gendéwastralomussaand
Echinomorpha(Veron, 2000; Budd et al., 2012). Overall, theutesspresented in
this study will represent a solid basis for a formevision at genus level of the
Lobophylliidae (Table 3.2).
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Table 3.2.Grouping at genus level of the 32 species analymssgd on molecular data in
this study. Type species are in bold. * = speciealy@ed for the first time from the
molecular point of view; » = molecularly based guow candidate for new genus
description; 8 = genus re-assignment pending adbtaxonomic revision.

Clade Genus

Traditional species

Micromuss:i
Incertae sedill”
Incertae sedi2”
Moseley:
Acanthastrea

moOm®@>

T

Echinophyllia

Oxypore
Cynarina
Lobophyllie

—I®

Dipsastraee
(family
Merulinidae)

Micromussa amakusensis, Phymastrea multipuncta§
Acanthastrea bowerbar*§, Acanthastrea hilla§
Acanthastrea maxinga

Moseleya latistellata

Acanthastrea echinata, Acanthastrea hemprichii
Acanthastrea rotundoflorgAcanthastrea subechingta
Echinophyllia aspera, Echinophyllia echinoporoides
Echinophyllia orpheensjg&chinophyllia tarag, Oxypora
glabra*§

Oxypora lacera, Echinophyllia echinat*§

Cynarina lacrymalis

L obophyllia corymbosa,Lobophyllia costat*, Lobophyllia
diminuta, Lobophyllia flabelliformis, Lobophyllia
hemprichii Lobophyllia robusty Symphyllia radianss,
Symphyllia agarici&, Symphyllia erythrae®, Symphyllia
recta§, Symphyllia valenciennesi, Acanthastrea
ishigakiensisg, Parascolymia vitiensis§

Acanthastrea faviaforn*§
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4.1 Abstract

The complete nucleotide sequence of the mitochahdgenome of the
scleractinian corafcanthastrea maximhas been obtained, representing the first
sequenced mitogenome of a member of the Loboptgdii The mitochondrial
genome is 18,278 bp in length, the longest sequameng the robust corals
seguenced mitogenome to date. The overall GC catrpoé33.7%) and the gene
arrangement are similar to those of the other actgrian corals, including 13
protein-coding genes, 2 rRNA genes (rnl and rns) 2nRNA genes (tRNAMet
and tRNA-Trp). All genes except tRNA-Trp, atp8, tpxRNA-Met and rnl are
engulfed by a large group | intron in the nad5 gehesecond group | intron of
1077 bp in length is inserted in the cox1 gene iamohcodes a putative homing
endonuclease. There are four regions of gene @eetliatalling 22 bp and nine
intergenic spacer regions for a total of 2220 bpylach the cox3-cox2 region may

correspond to the putative control region.

4.2 Introduction

Acanthastrea maximaSheppard and Salm (1988) (Cnidaria, Anthozoa,
Scleractinia) is an uncommon coral species knowg om the Gulf of Aden,
Arabian Sea, Gulf of Oman, and Persian Gulf (Vera@0Q0) (Figs. 4.1-4.2).
Phylogenetic studies based on molecular tools hravealed that the species
belongs to the robust group and it is highly diesrtg within the family
Lobophylliidae (Arrigoni et al., 2012, 2014a). Moker, it has been listed as a
Near Threatened species in IUCN Red List (Turakalet 2008) because of
extensive reduction of its natural coral reef hathéind its susceptibly to a number
of threats, such as bleaching.

In this work, we present the complete mitochondgehome sequence féx.
maxima(EMBL No. FO904931), which makes it the first seqoed mitogenome
for a representatives of the Lobophylliidae.
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Figure 4.2.Distribution map ofA. maxime Modified from Veron (2000).

4.3 Material and methods

The entire mitogenome was obtained u lllumina technology. Two
overlapping paired-end librarigg78 bp (A) and 574 bp (B) insert size) w
constructed andequenced on MiSeq instrument (2X250 nt(A) and ZXB80(B)
(lMumina, San Diego, CA). To identify mitochondriaeads the reads were
compared with the NCBI Metazc mitochondrial database
(http://www.ncbi.nlm.nih.gov/genoméMITOCHONDRIA/Metazoa/) using a
home-made prograrbased on BWA (http://b-bwa.sourceforge.net/). A total of
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11,394 reads were merged (representing a minimurh06ffold coverage) and
assembled using Roche’s Newblerv2.9assembler (Rddaanheim, Germany).
The assembly accuracy and final consensus consmuetas performed using

Consed (www.phrap.org).

4.4 Results and Discussion

The complete mitochondrial genome was 18,278 bp,ldime longest length
among the robust corals sequenced mitogenomeéqldatet al., 2011). The G+C
content was 33.7% and the genome had the commom geganization of
scleractinian coral mitochondrial genome (Fukand Enowlton, 2005; Medina et
al., 2006; Wang et al., 2013). The mitogenome d¢ogatd3 proteincoding genes
(nad1-6, nad4L, cob, atp6, atp8, cox1-3), 2 ribaabRNA genes (rnl and rns),
and 2 transfer RNA genes (trnM and trnW) (Tablg.4.1

Nearly all of the 13 protein-coding genes used mathe (ATG) as the
translation initiation codon whereas nad2 useceisohe (ATA) and cox3 started
with valine (GTG).

As in other cnidarians, all the protein-coding gehed complete stop codon
(TAA and TAG). The nad5 gene was interrupted bgrgd group | intron which
contains ten protein-coding genes and rns. A segoodp | intron of 1077 bp in
length was inserted in the coxl gene and it waslainio those of other
lobophylliids and robust corals (Fukami et al., 2D0The insertion site of this
intron was identical to that of robust corals (Fukat al., 2007) and its open
reading frame of 310 amino acids contains the LAGRADG motif encoding a
putative homing endonuclease.

There are four cases of gene overlap totalling @2while the nine intergenic
regions make up a total of 2220 nucleotides. 83.@P6these non-coding
nucleotides are found in two regions, the cox3-aedton (1278 bp) and the cox1-

trnM one (580 bp).The former region possesses d@ypitaracteristics of a putative
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control region, such as long length, presencerafdm repeats and the potential to
form secondary structures (van Oppen et al., 2002b)

Table 4.1.Annotation of the complete mitochondrial genomé omaxima

Genelregion Strand*  Location Lengt AT Start  Stop IGR

h (bp) (%) codon codon length

(bp)t

trnM H 1-72 72 56.9 0
Rnl H 73-2077 2005 68.9 0
nady5’) H 2078-2788 711 66.4 ATG 0
Group | Intron H 2789-2899 111 68.5 0
(nadgs’))
nadl H 2900-3847 948 65.0 ATG TAG 2
Cob H 3850-4989 1140 67.5 ATG TAA 25
nad2 H 5015-6301 1287 68.9 ATA TAA 1
nad6 H 6303-6863 561 69.0 ATG TAA -1
atp6 H 6863-7540 678 67.7 ATG TAA -1
nad4 H 7540-8979 1440 66.1 ATG TAG 138
Rns H 9118-10,019 902 65.2 191
cox3 H 10,211-10,990 780 62.4 GTG TAA 1278
cox2 H 12,269-12,976 708 64.9 ATG TAA -19
nad4L H 12,958-13,257 300 711  ATG TAA 2
nad3 H 13,260-13,601 342 68.1 ATG TAA 0
Group | Intron H 13,602-13,658 57 73.7 0
(nadq3))
nady3’) H 13,659-14,762 1104 69.3 TAG 0
trnwW H 14,763-14,830 68 60.3 3
atp8 H 14,834-15,031 198 79.8 ATG TAA -1
cox1(5’) H 15,031-15,759 729 64.2 ATG 0
Group I Intron ¢oxl)) H 15,760-16,836 1077 64.3 0
cox1(3’) H 16,837-17,697 861 65.5 TAA 580

Notes: *H indicates heavy strané;Numbers correspond to the nucleotides separatifigraht
genes/regions. Negative numbers indicate overlgppirtleotides between adjacent genes/regions.
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5.1 Abstract

Novel micromorphological characters in combinatwith molecular studies
have led to an extensive revision of the taxononmy systematics of scleractinian
corals. In the present work, we investigate theroaand micromorphology and
the phylogenetic position of the genehaistralomussaand Parascolymia two
monotypic genera ascribed to the family Lobophydle. The molecular phylogeny
of both genera was addressed using three markergdrtial mitochondrial COI
gene and the nuclear histone H3 and the ribosoh$atégion. Based on molecular
data, Australomussaand Parascolymiabelong to the Lobophyllidae and they
cluster together with the gendrabophylliaandSymphylliawithin the same clade.
While A. rowleyensisandP. vitiensisare closely related based on the three gene
regions examined, their macro and micromorpholagygsst that these species are
distinct, differing in several characters, suchcastinuity and thickness of the
costosepta, the number of septa, septal tooth hesghcing, and shape, and the
distribution and shape of granules. Thus, we reth&etaxonomic status of the

genusAustralomussas a junior synonym dfarascolymia

5.2 Introduction

Over the last two decades, our understanding of @welution and the
systematics of hard corals (Cnidaria, Anthozoaer@ctinia) has rapidly advanced
due to the progressive increase of molecular ssugke@mano and Palumbi, 1996;
Chen et al., 2002; Fukami et al., 2004a, 2008;Hs4ita et al., 2010; Stolarski et al.,
2011). The new molecular phylogenies are, howeokten very different from
phylogenies based on macro-morphology (Fukami.e2@D4a, 2008; Budd and
Stolarski, 2009, 2011; Huang et al., 2011). Seveeakent papers integrating
molecular and morphological approaches have lédrtoal taxonomic revisions of
scleractinian corals at different taxonomic ranksg( Wallace et al.,, 2007,
Gittenberger et al., 2011; Kitahara et al., 2012&12b, 2013; Benzoni et al.,
2012a, 2012b, 2014; Kitano et al., 2014; Huangl.et2@14a, b). This integrated
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approach has proved effective at resolving longeitay issues, for example a
comprehensive revision of the taxonomy and systiemat 23 nominal species of
Psammocordana, 1846 (Stefani et al., 2008; Benzoni, 20@)28ni et al., 2010,

2012b) and 21 nominal species Rdcillopora Lamarck, 1816 (Flot et al., 2008;
Pinzon et al., 2013; Schmidt-Roach et al., 2018438, 2014).

The stony coral family Lobophyllidae Dai and Hor#)09 has recently been
studied by several authors using an integrated inmempolecular approach, and is
undergoing several taxonomic changes, althoughptioisess is far from complete.
For example, Indo-Pacific taxa traditionally asedbto the Mussidae Ortmann,
1890 have been moved to the Lobophylliidae as atresthe molecular work by
Fukami et al. (2004a, 2008), and the finding ofeapl divergence between Indo-
Pacific and Atlantic species based on morphologicharacters (Budd and
Stolarski, 2009; Budd et al., 2012). The family bphylliidae is now comprised of
the generaLobophyllia de Blainville, 1830,AcanthastreaMilne Edwards and
Haime, 1848,Cynarina Briggemann, 1877Echinophyllia Klunzinger, 1879,
Homophyllia Briggemann, 1877MicromussaVeron, 2000,MoseleyaQuelch,
1884, Oxypora Saville Kent, 1871 ParascolymiaWells, 1964 andSymphyllia
Milne Edwards and Haime, 1848 (Budd et al., 2020 included in the family
are two genera that have not been examined at a@colal level, namely
Echinomorpha Veron, 2000 andAustralomussaVeron, 1985, hence their
phylogenetic placement is unresolved.

The macromorphology (budding, colony form, size amdpe of corallites,
numbers of septal cycles), the micromorphology fgssaand distributions of septal
teeth and granules), and the microstructure (aeraegt of calcification centres
and thickening deposits within costosepta) of timphylliid generaAcanthastrea
Cynaring Echinophyllia Homophyllia Lobophyllia Micromussa Oxyporg
Parascolymia and Symphylliawere examined by Budd and Stolarski (2009) and
Budd et al. (2012). They concluded that the shaykdastribution of septal teeth
and granules, the area between teeth, and theogewveht of thickening deposits

are informative characters for distinguishing theobéphyllidae from
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representatives of the other coral families. Amiget al. (2014a) presented a
comprehensive molecular phylogeny that shows that ltobophyllidae is a
monophyletic family comprising nine main molecutéades (clades A-Il), and that
several genera are not monophyletic. The authos® ahowed that the
monospecific genuRarascolymiabelongs to clade sénsuArrigoni et al, 2014a)
together with all the species bbbophyllia and Symphylliafor which molecular
data is available, including the two type spetiebophyllia corymbosgForskal,
1775) andSymphyllia radiansViilne Edwards and Haime, 1849. The authors did
not, however, undertake any formal taxonomic rewisdf the status of the genus
Parascolymia

Australomussa rowleyensi&eron, 1985 was described from Western Australia
and ascribed to the Mussidae. It is a colonial avakanthellate scleractinian coral,
characterized by flattened, helmet- or dome-shayoedlla, valleys approximately
20mm wide, with very thick walls and a well-devetopcolumella (Veron, 1985).
In the original description oA. rowleyensis Veron (1985) stated that this genus
showed ‘little resemblances to any other genugiwie exception dParascolymia
andSymphyllia and ‘its closest affinities are probably with foemer’. The author
referred only to the macromorphology of the corditet the comparison of
Australomussawith Parascolymiaand Symphyllia and did not consider any
micromorphological characters. Budd and Stolar8R0D@) and Budekt al. (2012)
showed that the majority of macromorphological elsgers traditionally used in
the taxonomy and systematics of Lobophyllidae Ehsidae exhibit homoplasy.
In contrast, novel micromorphological charactengasate these two families and
are useful for the description and formalizatiorspécies. Nevertheless, while the
micromorphology ofP. vitiensis(Briiggemann, 1877) was described by Budd and
Stolarski (2009) and Budd et 42012),A. rowleyensisvas not analysed in these
studies.

The known distribution oA. rowleyensisncludes the Western Pacific region
known as the Coral Triangle (for definition see kk@ma, 2007; Veron et al.,

2009) and partially overlaps with the distributiohP. vitiensiswhich is absent
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from Western Australia but extends to the wesha Indian Ocean and to the east
in the central Pacific (Veron, 2000)ustralomussa rowleyensend P. vitiensis
have very different histories of nomenclature. Bpehdue to its recent description
and rarity (Veron, 1985)A. rowleyensishas always been described As
rowleyensisdespite its morphological similarity t®arascolymiaand Symphyllia
(Veron, 1985, 2000). ConverseR, vitiensishas a long history of nomenclatural
confusion. It was originally ascribed tatophyllia Milne Edwards and Haime,
1857 (Gardiner, 1899; Crossland, 1952) and latecriged asProtolobophyllia
japonica Yabe and Sugiyama, 1935. In agreement with Mat{h8k8), Wells
(1937) and Vaughan and Wells (1943) consideBetdlymiaHaime, 1852 and
Protolobophyllia Yabe and Sugiyama, 1935 as junior synonym&aidophyllig
presuming that the solitary forms were juvenile ogiomatous stages of this
colonial genus. Based on differences in macromdogyp Wells (1964) separated
the Atlantic speciescolymialacera (Pallas, 1766) from the Indo-Pacific species
Scolymia vitiensisand established the gendsarascolymiafor the latter one
because he verified that the holotypePobtolobophylliajaponicawas a specimen
of Cynarina lacrymalis(Milne Edwards and Haime, 1848). Subsequentlypiver
and Pichon (1980) synonymisPdrascolymiawith Scolymiabased on the fact that
these two genera are almost entirely monocentuestipning also the validity of
the geographical separation. Finally, Budd et 201@) restored the distinction
betweenParascolymia(lndo-Pacific) andScolymia(Atlantic) based on molecular
and micromorphological analyses (Fukami et al. 420@008; Budd and Stolarski,
2009).

Although P. vitiensisis generally monocentric, it can also form polysabous
coralla (Chevalier, 1975; Veron and Pichon, 198§s.f416-417) (Figs. 5.1B-D,
5.2F-I). The macro-morphologic observation of agdarseries of mono- to
polystomatous specimens @f. vitiensis from Papua New Guinea and New
Caledonia and the similarity of the larger specisneith A. rowleyensigprompted
the detailed study of the morphological affinitiemd molecular relationship

between these two species and the two monospeamfiera they are currently
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ascribed to.

Here we selected three DNA regions, the barcodegjon of cytochrome
oxydase subunit | gene, the nuclear ribosomal Egton, and the nuclear histone
H3 for molecular analysis of these species. Thenéortwo molecular loci have
been extensively used in phylogenetic studies lefactinian corals (Fukami et al.,
2008; Gittenberger et al., 2011; Huang et al., 28&hzoni et al., 2011, 2014) and,
moreover, the most comprehensive phylogeny reamrigin of the Lobophylliidae
to date is based on these two markers (Arrigoal.eR014a). The latter locus was
revealed to be informative for a broad-based preiggof the Merulinidae Verrill,
1865 (Huang et al., 2011, 2014b), a family closelated to the Lobophylliidae
(Fukami et al., 2008; Arrigoni et al., 2012). Sealephylogenetic studies of
scleractinian corals achieved a well-resolved pigfty using a concatenated
species-tree, combining mitochondrial and nucleateoular markers (Huang et
al., 2009, 2011; Souter, 2010; Gittenberger et 2011; Benzoni et al., 2012a,
2012b; Richards et al., 2013; Arrigoni et al., 2814This kind of approach is a
powerful way to obtain a robust phylogeny, resalvall key nodes and yielding
good resolution at species level.

In the present paper, the phylogenentic relatignssbf A. rowleyensiswith the
rest of the Lobophyllidae are explored for thestfitime on the basis of three
molecular loci, the barcoding region of cytochrome/dase subunit | gene, the
nuclear histone H3, and the nuclear ribosomal I'€§ion. In addition, we
examined the macromorphology and micromorphologyAofrowleyensisand

compared it td°. vitiensis
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5.3 Materials and methods

5.3.1 Sampling

Specimens ofParascolymia vitiensidor this study were sampled in New
Caledonia, Papua New Guinea, and Eastern Australiaile samples of
Australomussa rowleyensigere collected in the Kimberley, North-West Auk&ra
(Table 5.1). Coral specimens were photographed catiécted while SCUBA
diving from 2 to 35 meters depth. Digital imagediwihg corals in the field were
taken with a Canon Powershot G9 in an Ikelite wwvdézr housing system in New
Caledonia and Papua New Guinea (Figs. 5.1 and 2dp,. and with an Olympus
XZ1 in a PT-050 underwater housing in Australiag(F.1 and App. 5.4). Coral
specimens were collected, tagged, and preservefl5% ethanol for further
molecular analysis. After the sampling of fixedsties for DNA extraction, each
corallum was immersed in sodium hypochlorite forH&irs to remove all soft
parts, rinsed in freshwater and dried for microgcopservation. Specimens were
identified at the species level based on skeletphology using a Leica M80
microscope following the descriptions and illustas by Chevalier (1975), Veron
and Pichon (1980), and Veron (1985).
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Figure 5.1. Parascolymia vitiensigA-D) and P. rowleyensis(previously Australomussa
(E-G) in situ: A) IRD HS2984 (monostomatous ); B) UNIMIB PFBOgfistomatous); C)
IRD HS3139 (polystomatous, same as in Figure 5.2B); UNIMIB PFB057
(polystomatous, same as in Figure 5.21); E) WAM Z&&, F) WAM Z65785; G) close up
of the same colony as in E; H) close up of the seoheny as in F.
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Table 5.1.List of the material examined in this study. Focleapecimen we list code,
identification, sampling locality, collector, andOC histone H3, and ITS region sequences
used for the phylogenetic reconstructions.

Code Species Locality Collector COI H3 ITS

WAM Australomuss Australia Richards LK022344 LK022380 LK022359

Z65785 arowleyensis

WAM Australomuss Australia Richards LK022345 LK022381 LK022360

Z65786 a rowleyensis

WAM Australomuss Australia Richards LK022346 LK022382 LK022361

265787 arowleyensis

WAM Australomuss Australia Richards LK022347 LK022383 LK022362

Z65788 a rowleyensis

WAM Australomuss Australia Richards LK022348 LK022384 LK022363

Z65789 arowleyensis

6816 Parascolymia Australia Baird LK022385 LK022364
vitiensis

6830 Parascolymia Australia Baird LK022349 LK022386 LK022365
vitiensis

IRD Parascolymia New Benzoni LK022350 LK022387 LK022366

HS2955 vitiensis Caledonia

IRD Parascolymia New Benzoni LK022351 LK022367

HS2964 vitiensis Caledonia

IRD Parascolymia New Benzoni LK022352 LK022388 LK022368

HS2984 vitiensis Caledonia

IRD Parascolymia New Benzoni LK022353 LK022389 LK022369

HS2985 vitiensis Caledonia

IRD Parascolymia New Benzoni LK022354 LK022390 LK022370

HS3139 vitiensis Caledonia

IRD Parascolymia New Benzoni HF954202 LK022391 HF954289

HS3255 vitiensis Caledonia

UNI Parascolymia Papua New Benzoni HF954203 LK022392 HF954290

PFBO031 vitiensis Guinea

UNI Parascolymia Papua New Benzoni LK022393 LK022371

PFB032 vitiensis Guinea

UNI Parascolymia Papua New Benzoni LK022372

PFBO033 vitiensis Guinea

UNI Parascolymia Papua New Benzoni LK022355 LK022394 LK022373

PFBO052 vitiensis Guinea

UNI Parascolymia Papua New Benzoni LK022374

PFBO053 vitiensis Guinea

UNI Parascolymia Papua New Benzoni LK022356 LK022395 LK022375

PFBO054 vitiensis Guinea

UNI Parascolymia Papua New Benzoni LK022396 LK022376

PFBO55 vitiensis Guinea

UNI Parascolymia Papua New Benzoni LK022357 LK022377

PFBO056 vitiensis Guinea

UNI Parascolymia Papua New Benzoni HF954204 LK022397 HF954291

PFBO57 vitiensis Guinea

UNI Parascolymia Papua New Benzoni LK022358 LK022398 LK022378

PFB151 vitiensis Guinea

UNI Parascolymia Papua New Benzoni LK022399 LK022379

PFB152 vitiensis Guinea

UNI Micromussa  Gulf of Benzoni LK022400
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BA117
UNI
MU215
RMNH
coel
40070
IRD
HS3169
IRD
HS3225
IRD
HS3298
UNI
BA136
UNI
MU161
UNI
DJ288
IRD
HS3228
UNI
PFB259
IRD
HS3065
UNI
BAOO1
UNI
PFB189

IRD
HS3248
IRD
HS3171
IRD
HS3172
IRD
HS3203
UNI
MYO011
IRD
HS1604
UNI
ADO003
UNI
GA024
UNI
BA134
UNI
PFB183
UNI
PFB104
UNI
BA107
IRD

amakusensis
Micromussa
amakusensis
Phymastrea
multipunctata

Acanthastrea
hillae
Acanthastrea
hillae
Acanthastrea
bowerbanki
Acanthastrea
maxima
Acanthastrea
maxima
Acanthastrea
echinata
Acanthastrea
subechinata
Acanthastrea
rotundoflora
Acanthastrea
hemprichii
Echinophyllia
aspera
Echinophyllia
echinoporoide
S
Echinophyllia
orpheensis
Echinophyllia
echinata
Oxypora
lacera
Oxypora
lacera
Cynarina
lacrymalis
Cynarina
lacrymalis
Lobophyllia
corymbosa
Lobophyllia
costata
Lobophyllia
hemprichii
Lobophyllia
robusta
Symphyllia
agaricia
Symphyllia
radians
Symphyllia

Aden
Gulf of
Aden
Sabah,
Malaysia

New
Caledonia
New
Caledonia
New
Caledonia
Gulf of
Aden

Gulf of
Aden
Djibouti

New
Caledonia
Papua New
Guinea
New
Caledonia
Gulf of
Aden
Papua New
Guinea

New
Caledonia
New
Caledonia
New
Caledonia
New
Caledonia
Mayotte

New
Caledonia
Gulf of
Aden
Gambier

Gulf of
Aden
Papua New
Guinea
Papua New
Guinea
Gulf of
Aden

New

Benzoni

Hoeksema

Benzoni

Benzoni

Benzoni

Benzoni

Benzoni

Benzoni

Benzoni

Benzoni

Benzoni

Benzoni

Benzoni

Benzoni

Benzoni

Benzoni

Benzoni

Benzoni

Benzoni

Benzoni

Benzoni

Benzoni

Benzoni

Benzoni

Benzoni

Benzoni

LK022401

LK022402

LK022403

LK022404

LK022405

LK022406

LK022407

LK022408

LK022409

LK022410

LK022411

LK022412

LK022413

LK022414

LK022415

LK022416

LK022417

LK022418

LK022419

LK022420

LK022421

LK022422

LK022423

LK022424

LK022425

LK022426

86



HS3118 recta Caledonia
IRD Symphyllia New Benzoni LK022427
HS3135 valenciennesii Caledonia

5.3.2 Morphological analyses

Images of coral skeletons were taken with a Canéndgital camera and
through a Leica M80 microscope equipped with a 4 &€80HD camera. For high
resolution and deep field close ups of three-dinoerad details of corallites and
septa, a series of images of the same subjecffertedit focus intervals were taken
(approximately 10) and the images were fused usheg Helicon Focus 5.3
software (Kozub et al.,, 2000-2012). To compare praocrphology and
micromorphology ofP. vitiensis and A. rowleyensiswe used a subset of 21
characters from Budd et al. (2012) (Table 5.2). Aflepted their character name,
ID number (in brackets) and state names and, wleavant quantitative
differences between the two species were observdiinwa character state, this
information was added after it. Given the larges 9 the skeletal structures ih
vitiensis and A. rowleyensis the majority of macromorphological and
micromorphological characters considered in thislgtwith the notable exception
of characters 43 (granule shape and distribution) 44 (interarea) from Budd et
al. (2012), were examined using light microscoparthing Electron Microscopy
(SEM) was used to analyze the shape and distribatiagranules on septal faces
and the interarea of teeth on representative spasnofP. vitiensis (UNIMIB
PFB151) and one oA. rowleyensis(WAM Z65789). Specimens were mounted
using silver glue, sputter-coated with conductiwddgfilm and examined using a
Vega Tescan Scanning Electron Microscopy at the $B&Nhbratory, University of
Milano—Bicocca. For glossary of skeletal terms wierto Budd et al. (2012).

Abbreviations:

CC1: IRD CoralCall Expedition, Cote Oubliée, New Caleicd, 2007
CC4: IRD CoralCal4 Expedition, New Caledonia, IRD, 201
CCAP: IRD CoralCap Expedition, New Caledonia, 2007
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Cs: cycle of costosepta
IRD: Institut de Recherche pour le Développement, Neayhlew Caledonia
NIUGINI : Niugini Biodiversity Expedition, Papua New Guin@@12
RMNH : Naturalis Biodiversity Center (former Rijksmusewan Natuurlijke
Historie), Leiden, the Netherlands
S: cycle of septa
UNIMIB : Universita di Milano-Bicocca, Milan, Italy
WAM : Western Australian Museum, Perth, Australia

In the list of examined material for IRD speciméhs station number (ST) is
provided, when available, after the sampling Idgalbtation numbers can be
searched in the IRD online database LagPlon
(http://lagplon.ird.nc/consultv2_5/rechSimple.facebere additional details on the

reef habitat, GPS coordinates, and a map of eatbrsican be found.

5.3.3 Molecular analyses

Whole genomic DNA was extracted from tissue sampigisg the DNeasy
Blood and Tissue kit (Qiagen Inc., Valencia, CA, A)Saccording to the
manufacturer’s protocols. DNA concentration of agts was quantified using a
Nanodrop 1000 spectrophotometer (Thermo Scieniffiimington, DE, USA). A
total of three molecular markers were amplified aaduenced for the majority of
the specimens (Table 5.1): (1) a ~750 bp fragménhe cytochrome oxidase
subunit | gene (COIl) from mitochondrial DNA, (2) -850 bp portion of the
nuclear histone H3, and (3) a ~800 pb portion ef IS region, including the 3’
end of 18S, the entire ITS1, 5.8S, and ITS2, aedstrend of the 28S, as nuclear
loci. COI was amplified using MCOIF - MCOIR prime(Bukami et al., 2004b)
and the protocol by Benzoni et al. (2011), thedmstH3 using H3F — H3R primers
(Colgan et al., 1998), and the ITS region usingdTsakabayashi et al., 1998) -
A18S (White et al., 1990) primers and the protdoplBenzoni et al. (2011), or
alternately using 1S and 2SS primers (Wei et 8032 and the protocol by Kitano

et al (2014). Sequencing was carried out by Genomics Rimdcience and
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Technology Co., Ltd, Xizhi City, Taipei County, Wan. Sequences obtained in
this study have been deposited in EMBL, and acoessimbers are listed in Table
5.1.

Sequences were viewed, edited and assembled usohgnCode Aligner 4.2.5
(CodonCode Corporation, Dedham, MA, USA) and mdguahecked using
BioEdit 7.2.5 (Hall, 1999). Alignments of the foseparated datasets (three single
gene trees and one concatenated) were carriedsoug the E-INS-i option in
MAFFT 7.110 (Katoh et al., 2002; Katoh and Standl2§13) under default
parametersPlesiastrea versiporgdLamarck, 1816) and several species from the
family Merulinidae were selected as outgroups dugrtdivergence from the
family Lobophylliidae (Fukami et al., 2008; Kitalaaet al., 2010; Benzoni et al.,
2011). Indels, invariable, and parsimony informatisites were detected with
DnaSP 5.10.01 (Librado and Rozas, 2009) and Indel® treated as a fifth
character in phylogenetic analyses. Genetic dissmiand their standard deviation
were calculated agp-distance with 500 bootstrap replicates using MEGZA
(Tamura et al., 2011). To reconstruct the singleegeees Bayesian Inference (Bl)
and Maximum Likelihood (ML) analyses were used raplemented in MrBayes
3.1.2 (Ronquist and Huelsenbeck, 2003) and PhyML(Guindon and Gascuel,
2003), respectively. The best-fit substitution ndde each locus was determined
using the Akaike Information Criterion (AIC) as itemented in MrModeltest 2.3
(Nylander, 2004) in conjunction with PAUP4.0b10 (®fwrd, 2003). As most
suitable models AIC selected the General Time-Revier (GTR) model with a
proportion of sites being invariable (+I) and th@mainder following a gamma
distribution (+1) for COl and rDNA, and the KimuréK80) model with a
proportion of invariable sites (+1) for histone H3.

The Maximum Likelihood (ML) tree was calculated kvPhyML and a total of
500 bootstrap replicates were performed to as$essabustness of each clade.
Four independent Markov Chain Monte Carlo (MCMChswere conducted for
1.4 x 10 generations for COI dataset (1.7 Xdénerations for histone H3 and 4

x 10'generations for ITS region) with trees sampled €0 generation for each
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analysis. The 25% first trees were discarded as-imjirand posterior probabilities
were estimated from the remaining trees in each(t0r600 remaining trees for
COl, 12,750 for histone H3, and 30,000 for ITS o&ji To determine if the runs
had achieved stationarity, we visualized log-liketid scores and model parameter
values across each run using Tracer 1.5 (RambauDaimmmond, 2007). Finally,
the three single gene datasets were concatenatedingle partitioned alignment
and the phylogeny was reconstructed using Bayesilatence and Maximum
Likelihood analyses. Four independent Markov Chdonte Carlo (MCMC) runs
were conducted for 2.2 x 1@enerations with trees sampled every 100 generatio
and the 25% first trees were discarded as burfila.ML tree was built in PhyML
and a total of 500 bootstrap replicates were penéor to assess the robustness of
each clade. Branches with >70% bootstrap suppduesaand >0.90 posterior

probabilities are considered significantly supparte

5.4 Results

5.4.1 Macromorphology

In P. vitiensiscoralla can be solitary (Figs. 5.1A, 5.2A-E) otorial (Figs.
5.1B-D, 5.2F-I) and formed by intracalicular andr&salicular buddingi(e. Fig.
5.21). In colonial coralla, as a result of circumlobudding, corallites are highly
polymorphic (Figs. 5.2G-I) and corallite integratias uni- or multiserial.
Corallum shape is generally flattened or concavgs(F.1-5.2). Calice or valley
width is larger than 2.5cm (Fig. 5.2) and varialblesome specimens the central
part of the calice can have a shallow depressiays(/5.2D—F, H). Continuity of
costosepta is mostly confluent in di-tricentricalta (Figs. 5.2F-G), but becomes
mostly not confluent in polycentric coralla (Fig25 Veron and Pichon, 1980: Fig.
417). There are six cycles of septa in the caliGs]y seven (Fig. 5.2E; Chevalier,
1975), those of the sixth are free. Septa spadrigrge, with 4-5 septa per 5mm
(Figs. 5.4A-B). Relative costosepta thickness betw€sl and Cs®ersusCs3 is
unequal (Figs. 5.5C-D). In polycentric coralla lgle between centres of adjacent
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corallites within series is lamellar (Figs. 5.4B—Cplumella trabecular and spongy
(indicated by arrows in Figs. 5.4B—C) and its gigktive to calice width is less
than 1/5 (Fig. 5.2). The endotheca is vesiculay.(Fi6A).

In A. rowleyensigoralla are flattened or massive and ‘helmet-aneé-shaped’
(Figs. 5.1E—H). Coralla are colonial as a resulprary circumoral budding and
both intra and extracalicular budding occur (Fig3[»-E). Corallites display
polymorphism in smaller colonies where the certaahllite is still larger as in the
paratype WAM 173-84 (MVeron, 1985: Fig. 25) and Hibeaintegration is uni- or
multiserial. Calice or valley width is large accioigl to the character state in Budd
et al (2012) but smaller than 2.5 cm (Figs. 5.4D—F)idéa at the periphery of the
coralla can be inclined and the part of their @lhich is not adjacent to other
calices can be wide (Figs. 5.3A-B, 5.6D). Contyuwif costosepta is mostly
confluent (Figs. 5.3A-E, 5.4E—F). There are fourley of septa (Fig. 5.3D), those
of the fourth are free. Septa spacing is largd) Wte septa per 5 mm (Figs. 5.4D—
E). Relative costosepta thickness between Csl aflv€rsusCs3 is slightly
unequal (Figs. 5.5A-B). Linkage between centreadjacent corallites within a
series is lamellar (Figs. 5.4D—F). Columella aebécular and spongy (indicated
by arrows in Figs. 5.4E—F) and the size relativeaice width less than or equal to
1/4 of calice width (Figs. 5.3D-E, 5.4D-F). The etidca is vesicular (Figs.
5.6B-C).
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Figure 5.2. Corallum morphology inParascolymia vitiensisA) IRD HS3255; B) IRD
HS2955; C) detall of the same specimen in B showanrgability in shape and size of septal
teeth; D) UNIMIB PFB031; E) IRD HS2985; F) UNIMIBAB056; G) UNIMIB PFBO055;
H) IRD HS3139; 1) UNIMIB PFBO57. All specimens ane the phylogenetic trees in
Figures 5.9, Apps. 5.1-5.3.
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Figure 5.3. Corallum morphology in Parascolymia rowleyensis (previously
Australomussp A) WAM Z65785; B) WAM Z65788; C) WAM Z65786; DJ)amellar
linkage between centres of adjacent corallitesames specimen as in B ; E) corallite
polymorphism in the same specimen as in A; F) aizé shape of costosepta in specimen
WAM Z65787. All specimens are in the phylogenetées in Figures 5.9, Apps. 5.1-5.3.
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Figure 5.4. Comparison of the macromorphology Rérascolymia vitiensi¢A-C) andP.
rowleyensigD-E): A) septa in the monocentric specimen IRD2BI&4; B) top view of the
costosepta in the polycentric specimen UNIMIB PFBO5) side view of the same portion
of the specimen in B; D) peripheral calices in smea WAM Z65786; E) top view of the
costosepta in the same specimen as D; F) sideafighe same portion of the specimen in
E. Red arrows indicate the position of the columefi adjacent corallites, red brackets
placed perpendicularly to the costosepta show timeber of costosepta intercepted by a 1
cm transect.

5.4.2 Micromorphology

In P. vitiensistooth base at mid-septum is elliptical in shape parallel to the
direction of the septum (Figs. 5.5C-D). Tooth tgwe irregular and overall mainly
lobate (Figs. 5.5D, 5.7A-B, D). Teeth on S1 are 1omhigher (Figs. 5.4C, 5.7)
and their spacing is very wide, with adjacent temthre than 2 mm apart. Tooth
shape and size is very variable within and betvesgta (Fig. 5.7) as also noted by
previous authors (Chevalier, 1975; Veron and Picht®80) with some teeth
becoming round in section towards the tip and tgwand overall pointed, or
spiniform Chevalier (1975), shape (Fig. 5.7C). Gitaion on the side of septa is
weak and granules are enveloped by thickening dspésgs. 5.7A-B). The inter-
area structure is generally smooth (Fig. 5.5D) othwpalisade. Tooth shape
between Cs3 and Csl is unequal (Figs. 5.5C-D).

In A. rowleyensigooth base at mid-septum is elliptical in shape parallel to
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the direction of the septum (Figs. 5.5A-B). Tooippstare irregular and lobate
(Figs. 5.5B, 5.8). Teeth on S1 range between 0®-mm (Figs. 5.4F, 5.8) and
their spacing is wide, with adjacent teeth betwgeand 2 mm apart. Granulation
on the side of septa is strong and granules artessd (Figs. 5.5B, 5.8A). The
inter-area structure has a palisade structure .(Bi§#\). Tooth shape between Cs3
and Csl is equal (Fig. 5.5B). In general, in tipecses tooth shape is not very
variable within and between septa (Figs. 5.5A-B)eesally when compared to the

variability described ifP. vitiensis

Figure 5.5. SEM images of radial elements &farascolymia rowleyensigpreviously
Australomussp (WAM Z65789: A-B) andP. vitiensis (UNIMIB PFB151: C-D): A) top
view of septa reaching the wall; B) side view optseof different cycles showing some
variability in septal teeth size between cycles dgrall homogeneous shape; C) top view
of septa reaching the wall; D) side view of segtdifierent cycles showing high variability
in septal teeth size and shape between cycles.
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Figure 5.6. Vesicular endotheca: A) longitudinal section oé theriphery of a calice of
Parascolymia vitiensigmodified from Chevalier, 1975: Fig. 190); B) SEkage of a
longitudinal section along the septa Bf rowleyensis(WAM Z65789); C) detail of
vesicular endothecal dissepiments in the same rspeacas in B. e = epitheca; w = wall; ed
= endothecal dissepiments.

Figure 5.7. SEM of Parascolymia vitiensiUNIMIB PFB151): A) top view of a S1
showing its thickness and clumped teeth; B) sigsvwwaf an S2 septum tooth; C) side view
of an S2 septum tooth, note the difference in sludpke tooth tip compared to B; D) side
view of an S5 septum tooth.
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Figure 5.8. SEM of Parascolymia rowleyensigpreviously Australomusspa (WAM
Z65789): A) side view of septa of different cyclEsowing homogeneous shape of septum
teeth between cycles; B) side view of an S4 septoth; C) side view of an S2 septum
tooth showing granulation; D) side view of the @fpan S1 septum tooth.

5.4.3 Molecular analyses

The final alignment of COIl data consisted of 580 bp which 48 were
parsimony informative sites, with a total of 84 atidns. The aligned histone H3
matrix was 318 bp long with 86 parsimony informatisites and 122 mutations.
The total alignment of ITS region was composed B¢ ®p, 160 parsimony
informative sites and 294 mutations. No intra-indiilal polymorphisms or double
peaks were observed in the chromatograms of the rtumear loci, thereby
avoiding the need to clone the amplified fragmente phylogeny reconstruction

of the combined molecular data is in Fig. 5.9, whiie three single gene trees are
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in the Supplementary Information (Apps. 5.1-5.3)ylBgenetic analyses under Bl
and ML criteria yielded congruent results, with cantrasting signals. Bayesian
topologies with significant branch support indichtey ML bootstrapping support
(MLs) and Bayesian posterior probability scoressjBdre reported in Figs 5.9 and
Apps. 5.1-5.3.

The phylogram based on the concatenated (COI, nastd3, and ITS)
molecular dataset shows high ML and Bl supportdldtey nodes (Fig. 5.9). Clade
| sensuArrigoni et al. (2014a) contains all speciesLobophylliaand Symphyllia
analyzed so far and all our sequences.abwleyensisandP. vitiensis The latter
two species group together in a strongly suppdrtexhge (MLs = 100 and Bls =
0.9) and their genetic boundaries remain unclesrgheadistinguishable from each
other with these molecular markers. The averagetgedistance oA. rowleyensis
from P. vitiensisis 1.1 + 0.2%, while genetic variability withifs. rowleyensisis
1.1 + 0.3% and withirP. vitiensisis 0.7 £ 0.2%. The majority of the other species
in this clade,L. costata(Dana, 1846),L. robusta Yabe, Sugiyama and Eguchi,
1936, S. agaricia Milne Edwards and Haime, 1849, radians S recta (Dana,
1846), andS valenciennesiiMilne Edwards and Haime, 1849 are recovered as
monophyletic lineages. The only exceptions areesgmted by.. corymbosaand
L. hemprichii (Ehrenberg, 1834) that are not monophyletic andedes two
distinct lineages.

The Bayesian COI topology (App. 5.1) indicates tladit newly obtained
sequences oA. rowleyensisand P. vitiensisare nested together with the genera
Lobophylliaand Symphylliawithin clade | (MLs = 94% and Bls = 0.93). Whileeth
two species are not monophyletic and they occuettw@y in two main groups
within clade I, .the mitochondrial phylogenetic @astruction is similar to that of
the nuclear histone H3 (App. 5.2). Again, all nevdgtained sequences &
rowleyensisandP. vitiensisform clade IsensuArrigoni et al. (2014a) (MLs = 95%
and Bls = -) together with several specietabophylliaandSymphyllia Clade | is
composed of 10 species represented by a total seg88ences, of which 26 share

the same haplotype and they are thus identicalevitie remaining two sequences
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differ from the others by only one bp substitutidoreover, all of the Merulinidae
subclades defined by Budd and Stolarski (2011) Hodng et al. (2011) are
recovered with the exception of D/E. Interestinglglso in the family
Lobophylliidae, all of the molecular clades defingdArrigoni et al. (2014a) based
on COI and rDNA molecular markers, except F, apgpsued in our Bl and ML
analyses. The Bayesian topology obtained fromTigeregion alignment is similar
to both COI and histone H3ones, but has a highslugon at species level with
significant supports for the majority of key nod&spp. 5.3). Again, all our
sequences oA. rowleyensisand P. vitiensis are found together in a strongly
supported group (MLs = 90 and Bls = 1) within claddéApp. 5.3). A similar
situation is apparent fdr. hemprichiiand S agaricia which occur in a strongly
supported monophyletic group. The otHasbophyllia and Symphyllia species
within clade I,i.e. L. costata L. diminuta Veron, 1985,L. flabelliformis Veron,
2000, L. robusta S. erythraea(Klunzinger, 1879),S. radians S recta and S
valenciennesjiare recovered as monophyletic lineages, whilettig specimen of

Acanthastrea ishigakiensigeron, 1990 is closely related $orecta
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5.5 Taxonomic account

5.5.1 Examined material

Parascolymia vitiensi@Briiggemann, 1877)

Australia — (AIMS monograph coral collection, Coll. M. Pich@md J.E.N.
Veron): MTQ G43171 Esk Island, Palm Islands, QLB°@b’S; 146°31'E), 1-
22m; MTQ G43207 Hook Island, Whitsunday IslandsDQ[20°04’S; 148°57°E),
2-8m; (Coll. A. Baird): 6830 Great Barrier Reef,pBeus Island, Little Pioneer
Bay (18°36'S, 146°29' E), 23/05/2013; 6816 GreatiBaReef, Orpheus Island,
Little Pioneer Bay (18°36'S, 146°29' E), 23/05/20P&apua New Guinea—
(NIUGINI, Coll. F. Benzoni): UNIMIB PFB031, site PG0, 10/11/2012; UNIMIB
PFB032, PCT50, 10/11/2012; UNIMIB PFB052, PCT44n¢et Island (-5,18927;
145,8273), 11/11/2012; UNIMIB PFBO053, PCT44 Krandskand (-5,18927;
145,8273), 11/11/2012; UNIMIB PFB054, PCT44 Krandgstand (-5,18927;
145,8273), 11/11/2012; UNIMIB PFBO055, PCT44 Krandskand (-5,18927;
145,8273), 11/11/2012; UNIMIB PFB056 PCT44 Krandstand (-5,18927;
145,8273), 11/11/2012; UNIMIB PFB057, PCT44 Krandgstand (-5,18927;
145,8273), 11/11/2012; UNIMIB PFB151, PCT29, Paeoiskand (-5,1745;
145,8334), 13/11/2012; PFB152, PCT29 Paeowa Islgbd745; 145,8334),
13/11/2012;New Caledonia— (CC1, Coll. F. Benzoni and G. Lasne): IRD
HS1440, ST1069, 19/03/2007; IRD HS1443, ST106903/2007; IRD HS1452,
ST1069, 19/03/2007; IRD HS1456, ST1069, 19/03/20@CAP, Coll. F. Benzoni
and G. Lasne): IRD HS1722, ST1117, 30/10/2007; IRBS1740, ST1119,
31/10/2007; IRD HS1796, ST1121, 01/11/2007; IRD 81, ST1123,
02/11/2007- (CC4, Coll. F. Benzoni): IRD HS2955,18%2, 06/04/2012; IRD
HS2964, ST1453, 06/04/2012; IRD HS2984, ST14550402012; IRD HS2985,
ST1455, 07/04/2012; IRD HS3139, ST 1469, 16/04/20RD HS3255, ST 1479,
22/04/2012.
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Australomussa rowleyensieron, 1985

Australia — (Woodside Collection (Kimberley) Expeditions 262@12, Coll. Z.
Richards): WAM Z65785, Stn. 114/K12, Patricia 1$4.25.298°S; 125.30.443°E)
12m, 22/10/2012 (K10); WAM Z65789, Stn. 6, Adele. 1615.26.676°S;
123.10.249°E) 12m, 15/10/2009 (K60); WAM Z65788n.S9/K12, Adele Is.
(15.30.248°S; 123.05.766°E) 12m, 16/10/2009 (K¥2)M 265787, Stn. 75/K12,
Beagle Reef (15.35.217S; 123.53.654°E) 12m, 20010/ZK94); WAM Z65786,
Stn. 78/K12, Mavis Reef (15.50.519°S; 123.60.824%Fn, 21/10/2012 (K141);
Solomon Islands — (Coll. E. Turak) MTQ G57901 Santa Isabel Island,
Palunuhukura (07°50.8'S; 158°43.3'E), 2-26m, 162084, Indonesia — (Coll.
B.W. Hoeksema) RMNH Coel. 23309, W Sumatra, off &g Gusung Sipakal
reef, 02/05/1995; RMNH Coel. 24941, SW Sulawesier8mnde Archipelago,
Kudingareng Keke reef, 22/05/1996; RMNH Coel. 2417®8W Sulawesi,
Spermonde Archipelago, Bone Lola reef, 11m, 050351

5.5.2 Taxonomy

Based on the aforementioned molecular data and hotwgic observations
discussed abovéustralomussas considered a junior synonym Barascolymia

andA. rowleyensiss hereafter formally moved to this genus.

Order Scleractinia Bourne, 1900
Family Lobophylliidae Dai and Horng, 2009
GenusParascolymiaNells, 1964

TYPE SPECIESScolymia vitiensi8riiggemann, 1877, p. 304

REVISED DIAGNOSIS: Corallum attached, monocentric pmlycentric by
intracalicular and extracalicular budding. Corallitan display polymorphism.
Corallite integration uni or multiserial. Calice walley width is large (see Budd et
al. 2012). Continuity of costosepta mostly confluenpolicentric coralla. Septa of
the last cycle free. Septa spacing large. Relaibstosepta thickness between Csl
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and Cs2versusCs3 unequal or slightly unequal. In polycentricatia linkage
between centres of adjacent corallites within serie lamellar. Columella
trabecular and spongy. Endotheca vesicular. Septdh base at mid-septum is
elliptical in shape and parallel to the directidntlee septum. Tooth tips irregular
and lobate. Teeth on S1 high and their spacingide Wl he inter-area structure is
generally smooth or with palisade. Tooth shape éetwCs3 and Csl equal or

unequal.

SPECIES INCLUDED:

Parascolymia vitiensi@Briiggemann, 1877)
Scolymia vitiensisBriggemann, 1877, p. 304; Veron 2000, p. 68, figd;1
Hoeksema and Van Ofwegen, 20@&8i and Horng, 2009, p. 71, figs 1-2; Turak
and DeVantier, 2011, p. 174.
Scolymiacf vitiensisVeron and Pichon, 1980, pp. 244-250, figs 410, 41B-
417.
Parascolymia vitiensigBriggemann, 1877) Budd and Stolarski, 2009, 2ig8, 6—
7,9, 11; Budcet al, 2012, fig 4; Arrigonet al.,, 2014a, fig 2.
TYPE MATERIAL: The holotype (1862.2.4.49) is deposited at NHMUK.
TYPE LOCALITY: Fiji.

Parascolymia rowleyens{¥eron, 1985)

Australomussa rowleyensigron, 1985, p.171, figs 23—-25; Veron, 2000, p.f&f3,
1-5; Hoeksema and Van Ofwegen, 20@%&i and Horng, 2009, p. 69, figs 1-2;
Turak and DeVantier, 2011, p. 175.

TYPE MATERIAL: The holotype (907) is deposited at WAM. Two parat/p
(172-84 from Mermaid Reef, Rowley Shoals, Westeustfalia, 183-84 from
Phuket Peninsula, western Thailand) are depositéatii.

TYPE LOCALITY: Legendre Island, Dampier Archipelagblestern Australia.
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5.6 Discussion

In this study we explore the gross- and fine-scalerphology and the
phylogeny of the two traditionally described mormtygeneraAustralomussand
ParascolymiaWe provide a detailed description of diagnosticromorphological
characters ofA. rowleyensisand P. vitiensis and we define the phylogenetic
position of both these two species within the fgniibbophylliidae using three
molecular markers. As a result we propose a taxanoavision for the genus
Australomussaand we formally considefAustralomussaas a junior synonym of

Parascolymia

5.6.1 Morphology of P. rowleyensis and P. vitiensis and consequences for
taxonomy

The lack of genetic resolution betweRnvitiensisandP. rowleyensisn all our
molecular analyses might suggest that these twoespare in fact synonyms. The
skeleton morphology, however, indicates that algfothe two species share some
macro- and micromorphologic character, they arepmalogically distinct and they
have a different state for 10 of the 21 charaaieesl by Budd et al. (2012) (in bold
in Table 5.2).

Veron (1985) stated tha&ustralomussadiffers from Symphylliain having an
initial central corallite which buds daughter ctitas extracalicularly, in lacking
meandering valleys (which son8/mphylliaecomorphs also lack) and in having
widely separated series of centres without a tramngon wall between them'.
However, he provided no detailed information on tt@phologic characters that
differentiate Australomussdrom Parascolymia(=Scolymid. Our observations of
the macro- and micromorphology Bf rowleyensisand P. vitiensisconfirm that
these species share a number of characters, namralyalicular and extracalicular
budding, corallite polymorphism associated withcemoral budding, uni or
multiserial corallite integration, free septa, wisiepta spacing with less than six
septa per 5mm, discontinuous linkage between derakntres (lamellar linkage),

a trabecular spongy columella, a vesicular endatheeptum tooth elliptical at the
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base, and irregular lobate tooth tips (Table S\N&vertheles®. vitiensishas wider
calices or series, a larger variability of conttguwf costosepta over the wall, more
cycles of septa, different relative costoseptaktieéss, a smaller columella size
relative to calice width, higher and more widelyaspd septum teeth, weakly
developed septa granulation, a smoother inter-amescture, and unequal tooth
shape between costosepta of different cycles (Talein bold). We propose
therefore that these morphological differences sarfficient to distinguish two
species despite the fact that the unresolved gehetindaries based on multiple
markers strongly argue against retaining the spemsedistinct. Thus we formally
consider Australomussaas a junior synonym oParascolymiaand retainP.
vitiensisandP. rowleyensisas separate sister species.

In P. vitiensisthe teeth in different septal cycles differ sigrahtly in shape as
already discussed by Veron and Pichon (1980) amidl Bnd Stolarski (2009). In.
rowleyensighe teeth in different septal cycles do not diffgmnificantly in shape as
described by Veron (1985) in the species origiesicdption. The type specimen of
P. rowleyensiglisplays an obvious variability of thickening ofstosepta between
specimens as remarked by Veron (1985). Howevewdhability of shape and size
of septal dentation is far more reduced in thisssethan inP. vitiensis One of
the specimens d?. rowleyensisn the series we examined, Z65786, has relatively
thin septa and costosepta and is similar in ttgpeet to the paratype WAM 173-84
(Veron, 1985: Fig. 25). The remainder have a smtilackness of costosepta to the
holotype WAM 171-84 (Veron, 1985: Fig. 23). Howewaeone of the specimens we
examined in this study has radial elements as thxkparatype WAM 172-84
(Veron, 1985: Fig. 24). The thickness of radialnedaits of this paratype comes
close to that of the radial elements of higher eycbf someP. vitiensis
Nevertheless, the number of septal cycles, andelative thickness of septa from
different cycles, as well as the size of the demabf the septa fall within the

range ofP. rowleyensigather than in that d?. vitiensis
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Table 5.2. Macromorphology and micromorphology éfarascolymia vitiensisand P.
rowleyensis(previously Australomussa Explanation of characters, their ID numbers (in
brackets) and state names are from Budd et al.2§20E character examined on
polycentric coralla; Csn= number of cycle of cosfis; Sn = number of cycle of septa.
Names of characters which have different statélsariwo species in bold.

Character P. vitiensis P. rowleyensis (previously
Australomussa)
Intracalicular budding (1) Present * Present
Extracalicular budding (2) Present * Present
Circumoral budding and Present * Present

associated corallite
polymorphism (3)
Corallite integration (4)

Uni or multiserial *

Uik multiserial

% Calice or valley width (7) Large, >2.5cm Large, <2.5cm

% Continuity of costosepti (9) Mostly not confluent * Mostly confluent

S Number of septz (10) 4 cycles 6-7 cycles

6 Free septa (11) Present Present

% Septa spacing (per 5mm) (12) Wide, <6 Wide, <6

g Relative costosepta thickness  Unequal Slightly unequal

= (CslandCs2 -vs- Cs3) (13)
Corallite centres linkage (14) Discontinuous byédlar  Discontinuous by lamellar

linkage linkage

Columella structure (15) Trabecular spongy Trabecsphongy
Columella size relative to calice Small, <1/4 Small to mediuml/4
width (16)
Endotheca (19) Abundant/vesicular Abundant/vesicula
Tooth base (mid-septum) (35) Elliptical parallel liglcal parallel

P .

2 Tooth tips (38) Irregular lobate Irregular lobate

g Tooth height (S1) (39) High, angd 1mm High, but <1mm

2 Tooth spacing¢ (S1) (40) Very wide, >2mm Wide, 1-2mm

g Granules shape and Weak enveloped by Strong scattered

© distribution (43) thickening depositis

-§ Interarea structure (44) Smooth and palisade Palisade
Cs3/Cs1 tooth shap (45) Unequal Equal

In some genera of lobophylliide.g. Lobophyllia Symphyllia Parascolymid,
the teeth in different septal cycles differ sigradntly in shape while in other genera
(e.g. Acanthastreaand Homophyllig such differentiation is not observed (Budd
and Stolarski, 2009). Our results confirm that ¢slme and shape of septal teeth of
P. vitiensisis highly variable within and between septa of #sne specimen
(Chevalier, 1975; Veron and Pichon, 1980; Budd &tudarski, 2009) (Figs. 5.4A—
C, 5.5C-D, 5.7). The remarkable variation of thelsaracters irP. vitiensis and
their within and between septa variability was atiscribed by other authors
(Veron and Pichon, 1980) and led Chevalier (19%b)déescribe the variety
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dentorotundata(namely, with rounded teeth) for some specimemsnfiNew
Caledonia ite. Figs. 5.2B—C). However, iR. rowleyensighe variability in size
and shape of septal teeth is much less develop#dseptal and costoseptal teeth
being of more uniform size and shape thairvitiensis(for P. rowleyensissee
Figs. 5.4D-F, 5.5A-B, 5.8).

5.6.2 Molecular phylogeny of. rowleyensis and P. vitiensis

Our multi-locus molecular analyses showed thatowleyensisbelongs to the
family Lobophylliidae (Fig. 5.9), as proposed byi@ad Horng (2009) and Budd
et al. (2012) based on the macromorphology of theny and on traditional
taxonomy (Veron, 1985, 1992, 2000). Moreover, fhecges, traditionally ascribed
to the monotypic genudustralomussadoes not occur in a distinct molecular
clade, rather it is nested within the well-suppdrtdade |sensuArrigoni at al.
(2014a), which comprises the gen&a@bophyllia Symphyllia and Parascolymia
(Fig. 5.9).

ParascolymiarowleyensisandP. vitiensiscould not be separated in any single
gene tree or the concatenated phylogeny (Fig. Agps. 5.1-5.3) and the
intraspecific and interspecific divergences witland between the two species
completely overlap. The lack of genetic variatiaggests that these two nominal
species could be just one species or that lineadgmg is incomplete because the
two species have a recent common ancestor. Thesfoexplanation is unlikely
becauseP. rowleyensisand P. vitiensis differ in several micromorphological
characters (Table 5.2) and, therefore, it is mika&lyl these two species have not
completely diverged although divergence time ediizare not available. An
alternative hypothesis is hybridization between the species, as reported for
other genera (Diekmann et al., 2001; van Oppenl.et2802a; \Vollmer and
Palumbi, 2004; Richards et al., 2008). However, lhek of intra-individual
polymorphism in nuclear sequences of both specied the absence of

intermediate morphologies challenges this hyposhesi
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5.6.3 Utility of the examined molecular markers

The three single gene trees gave congruent phyogsronstructions (Apps.
5.1-5.3), however higher resolution at the spel@gsl was achieved by the ITS
region (App. 5.3). The best overall Bl and ML sugpwas obtained for the
concatenated dataset (Fig. 5.9).

The scleractinian COI gene is usually charactertzgdow evolution rate and
consequently by an overlap of intraspecific ane@rspecific divergences that do
not allow this marker to be used as a barcodinge ganthe order Scleractinia
(Hellberg, 2006; Shearer and Croffroth, 2008; Huagal., 2008). The main
exception to this general scenario in scleractiarals is Stylophora pistillata
Esper, 1797, for which Keshavmurthy et al. (201&edted four deeply divergent
lineages corresponding to four particular geogmapkigions. COIl can also be
informative when combined or compared in multi-nearknalyses (Fukami et al.,
2008; Forsman et al., 2009; Huang et al., 2011;zBenet al., 2011, 2012a;
Gittenberger et al., 2011) (Fig. 5.4, App. 5.1).isTmitochondrial region does
however resolve the majority of the inner nodes,older relationships, within the
family Lobophylliidae (this study and Arrigoni et.,a2012, 2014a), Fungiidae
Dana, 1846 (Gittenberger et al., 2011), and PastiGray, 1842 (Kitano et al.,
2014). In our phylogenetic reconstruction basedhasimtDNA regionP. vitiensis
andP. rowleyensisare nested within clade $€nsuArrigoni et al., 2014a) but they
appear to be polyphyletic (App. 5.1). The intraespe variability of P. vitiensis
(0.9 £ 0.2%) and. rowleyensig0.9 + 0.2%) overlaps the inter-specific distance
between the two species (0.9 £ 0.2%) and the kEskvVis comparable to the mean
closest congeneric inter-specific distances amomifpédzoa (0.71 £ 0.15%) found
by Huang et al. (2008).

The nuclear histone H3 gene has been extensively insphylogenetic studies
of arthropods (Colgan et al., 1998; Maxmen et 2003), annelids (Novo et al.,
2011), and mollusks (Colgan et al., 2000; Pola @odliner, 2010) because it is
easily amplifiable, highly conserved at the amimaddevel, (transiently) highly
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expressed, and the presence of multiple histoneatsgs an uncommon feature
(Colgan et al., 1998, 2000; Maxson et al., 1988has recently been used in a
coral phylogenetic analysis by Huang et al. (2@14b) where it supported all
higher-level lineages within the Merulinidae excepdde D/E. Our phylogeny
reconstruction based on histone H3 resolved allemdér clades within the
Lobophylliidae with high node-support values (Afp2). These results suggest
that histone H3 could be used to evaluate the bbasé phylogeny of other
families, in both the Robust and Complex groupsd ahe phylogenetic
relationships among their genera.

The ITS region has been extensively used to resgpexies boundaries in
scleractinian corals (Diekmann et al., 2001; Forsmet al., 2009; Benzoni et al.,
2010, 2012b, 2012b, 2014; Flot et al., 2011; Glierger et al., 2011; Stefani et al.,
2011; Schmidt-Roachet al., 2013a; Arrigoni et 2012, 2014a; Keshavmurthy et
al., 2013; Kitano et al., 2013, 2014). Despiteghglogenetic utility of this marker
being questioned because of its unique patterreadrslary structure in the genus
AcroporaOken, 1815 (van Oppen et al., 2002a; Vollmer aridri?lai, 2004; Chen
et al., 2004; Wei et al., 2006), it is currentlycepted and considered as the most
suitable molecular locus to resolve phylogenetiatienships among closely
related species. Here, the ITS region resolvedrtagrity of lobophylliid species
(App. 5.3), except for species in clade E (Arrigehial., 2014a). Within clade |
(sensu Arrigoni et al., 2014a) the majority of spedancluded were monophyletic,
with the notable exception d®. rowleyensisand P. vitiensis Therefore, these
results confirmed the usefulness of this markeplylogentic studies and we
strongly encourage its application for the delitmta of species boundaries in
scleractinian corals until new highly variable menkare discovered.

In conclusion, this study demonstrated that congmsive studies conducted
both at molecular and micromorphological levels arel will be essential to
evaluate the evolutionary relationships of sclengant corals and their taxonomy.
We strongly believe that different disciplines, lsuas morphology, molecular

systematics, ecology, and reproduction, shoulddsel dor taxonomical studies to
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reach a more complete and comprehensive approaatds the understanding of

coral species diversity and biogeography.
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6.1 Abstract

The monospecific scleractinian coral ge®aterophylliaKlunzinger, 1879 was
originally described from Al-Qusayr (Egypt) in tiked Sea based on a series of
solitary specimens. Thenceforth, it has been censél a junior synonym of
Symphylliaand Cynarina based on corallum macromorphology. In this study,
several specimens &clerophyllia margariticolawere collected on the coasts of
Saudi Arabia in the northern and central Red Sear Folecular markers were
sequenced, COIl and the intergenic spacer betweeh &@ I-rRNA from
mitochondrial DNA and Histone H3 and ribosomal IT82m nuclear DNA.
Phylogenetic trees and haplotype network analybesvghatS margariticola
belongs to the family Lobophyllidae and that itcissely related té\canthastrea
maxima an uncommon species from waters around the Angimainsula (the Gulf
of Aden, Arabian Sea, Gulf of Oman, and Persian f)Gubclerophyllia
margariticola and A. maxima share several macro- and micromorphological
characters, such as the presence of free septh, dligptical septal teeth
perpendicular to the septal margin, irregular leldgis, very wide tooth spacing, a
very strong granulation with granules scatteredaldhg the septal sides, and a
palisade interarea structure, and their micromdaqayodiffers substantially from
that of Acanthastrea echinatathe type species oAcanthastred herefore, we
formally resurrectSclerophyllia provide a revised diagnosis for the genus, and

moveA. maximainto Sclerophyllia

6.2 Introduction

The scleractinian coral family Lobophyllidae DaadaHorng, 2009 has been
defined in detail by Budd et al. (2012) based andbmbination of phylogenetic
analyses of mitochondrial and nuclear data (Fukeamal., 2004a, 2008) and
micromorphological and microstructural observati¢gBsdd and Stolarski, 2009;
Budd et al., 2012). To date, the family includesektant genera and 52 species
distributed in the Red Sea, Indian Ocean, and ied@ifean (Veron, 2000; Budd et
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al., 2012; Benzoni, 2013; Arrigoni et al., 2014BYyolutionary relationships within
this group were poorly understood until a comprehen molecular phylogeny
reconstruction of the Lobophyllidae showed tha¢ ttamily is monophyletic,
whereas the majority of genera as previously desdrie.gAcanthastreaMilne
Edwards and Haime, 184&chinophyllia Klunzinger, 1879,Lobophyllia de
Blainville, 1830, MicromussaVeron, 2000,0xypora Saville Kent, 1871, and
SymphylliaMilne Edwards and Haime, 1848 are not (Arrigonalet 2014a). In the
same study the need of formal taxonomic actionthigm family was highlighted
pending detailed micromorphological and microsuialt analyses performed on a
larger dataset of species, as already done fdiathiées Acroporidae Verrill, 1902
(Wallace et al., 2007), Fungiidae Dana, 1846 (Ghexger et al., 2011),
Merulinidae Verrill, 1865 (Huang et al., 2011, 2@12014b), Mussidae Ortmann,
1890 (Budd et al., 2012), Poritidae Gray, 1842 4Ka et al., 2014),
Coscinaraeidae Benzoni et al. 2012a, and Psammaeo@hevalier and Beauvais,
1987 (Benzoni et al., 2007, 2010, 2012a). A fitspsn this direction for the family
Lobophylliidae led to the revision of the genigstralomussa/eron, 1985, now a
junior synonym ofParascolymiaWells, 1964 based on an integrated morpho-
molecular approach (Arrigoni et al., 2014b).

One of the unresolved and complex issues concerthirgtaxonomy and
systematics of the Lobophylliidae is the validifytioe genera representing solitary
corals AcanthophylliaWells, 1937,Cynarina Briggemann, 1877iHomophyllia
Briggemann, 1877 Indophyllia Gerth, 1921, RhodocyathusBourne, 1905,
Parascolymia Wells, 1964, Protolobophyllia Yabe and Sugiyama, 1935, and
SclerophylliaKlunzinger, 1879 (Matthai, 1928; Wells, 1964; Merand Pichon,
1980). Several monostomatous species have beemnbsesand ascribed to distinct
solitary genera based on the macromorphology of d¢beallum (Best and
Hoeksema, 1987; Briggemann, 1877; Wells, 1937, 19 these genera were
subsequently considered junior synonyms of the gdr@bophylliaor Symphyllia
with colonial coralla on the assumption that thepresented early monocentric
stages of the latter (Matthai, 1928; Wells, 1933&ughan and Wells, 1943). Other
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authors synonymized some genera of these monosiomesrals with each other,
for exampleSclerophylliaas a junior synonym ofynarina (Wells, 1964), and

recognized only a few valid genera (Wells, 1964 e@tier, 1975; Veron and
Pichon, 1980). NowadaysCynarina and Homophyllia are the only two

monostomatous taxa assigned to the family (Buddl.et2012) while the valid

genusParascolymiahas been shown to consist of monocentric and fmohatous

corals (Chevalier, 1975; Veron and Pichon, 1980igani et al., 2014b).

The monospecific genuSclerophylla was described by Klunzinger (1879)
based on a series of monocentric specimens cadllecténe northern Red Sea, in
Al-Qusayr (Egypt).S. margariticolais solitary and the corallite outline is circular
or elliptical (Klunzinger, 1879). According to iiginal description, corallites are
up to 3-4 cm in diameter, two times larger than lteeght, and contain numerous
(60-96) septa arranged in five orders of whichfitst two or three are thicker than
the others (Klunzinger, 1879). In this species,dbkimella is well developed and
elliptical in outline, and composed of a mass ofastamosing trabeculae
(Klunzinger, 1879). Notably, all of the samplesamled by Klunzinger (1879)
were attached to big pearl oyster shells even thiotlge author did not mention a
specific number of specimens and only showed twbypes (Klunzinger, 1879, p.
5, pl. 1, fig. 12)S. margariticolaKlunzinger, 1879 was also reported from Djibouti
by Gravier (1907, 1911) and by Vaughan (1907), Wwheed this new geographic
record on three specimens collected by Graviers&mlently, the species was
mentioned aSymphyllia margariticoldMontanaro-Gallitelli, 1943) but this was a
misidentification according to Wells (1964). Moreoy Sclerophyllia was
considered a junior synonym 8fymphyllia(Matthai, 1928; Wells, 1937; Vaughan
and Wells, 1943) and @&@ynarinaMilne Edwards and Haime, 1849 (Wells, 1964,
Veron and Pichon, 1980). The latter synonymy hagmleen contradicted by later
authors (Veron, 2000; Budd et al.,, 2012) and, hetlte genus has not been
considered valid since the work of Gravier (1911).

In 2013, surveys conducted along the coasts of iSaabia as part of the
project “Biodiversity in the Saudi Arabian Red Seafganized by the King
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Abdullah University of Science and Technology (KADSallowed the collection
of several specimens matching the original desonp&nd illustration ofS.
margariticola in the northern and central Red Sea from 20 tam6@epth. The
availability of this material thus prompted theexamination of the taxonomic
status of this long-forgotten species from a morptwdecular point of view.
Therefore, in this study we test the validity ok thgenusSclerophylliaand its
phylogenetic relationships within the family Lobgtihdae (Arrigoni et al.,
2014a) by sequencing four molecular markers, thdoahondrial regions
cytochrome c oxidase subunit | (COI) and the nodifgg intergenic spacer region
(IGR) between COI and large ribosomal RNA subuhRiR(NA) and the nuclear
loci Histone H3 and the internal transcribed sp&c@iS2). Moreover, we explore
the gross- and fine-scale morphologySofmargariticolaand compare it with that

of other lobophylliild species that are geneticaltysely related to it.

6.3 Material and methods

6.3.1 Sampling

Fifteen specimens @clerophyllia margariticolafive colonies ofAcanthastrea
echinata(Dana, 1846), and a specimerGyinarina lacrymalisvere collected from
5 to 60 m depth along the Saudi Arabia coast ofRed Sea at various localities
from the Gulf of Agaba to Thuwal in March and Sepber 2013 within the
KAUST project “Biodiversity in the Saudi Arabian &&ea” (Figs. 6.1, 6.2-6.9).
Seven colonies oA. maximawere collected along the coasts of Yemen at Balhaf
Al Mukallah, and at Socotra Island in the Gulf ofileéh during several missions
between 2007 and 2010 within the frame of the T&ahdP - Creocean -
University of Milano-Bicocca “Yemen Scleractiniadsiiversity Project” (Figs. 6.1,
6.10-6.17).

Corals were photographed situ with an underwater Canon G9 digital camera
in an Ikelite housing prior to collection (Figs266.9, 6.10-6.17). Coral samples
were collected, tagged, and preserved in 95% elli@nmolecular analyses (Table
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6.1). After DNA extraction, each corallum was blead in sodium hypochlorite,
rinsed with freshwater, and air-dried for identiion and morphological analyses.
Corals were identified examining the type mateaald following Klunzinger
(1879), Pichon et al. (2010), Sheppard and Saln88)9and Sheppard and
Sheppard (1991).
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Figure 6.1. Map of the type and sampling localities f margariticola(green) andS.
maxima (previously Acanthastrea (yellow) for this study. Squares indicate samplin
localities, stars indicate type localities. BA = Bili, Yemen; MU = Al Mukallah, Yemen;
SO = Socotra Island; K = Kuwait.
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Figures 6.2-6.9 Sclerophyllia margariticola in situ6.2, encrusting round-shaped corallum,
KAUST SA880;6.3 round-shaped corallum, KAUST SA9324, oval-shaped corallum,
KAUST SA1016;6.5 triangular-shaped corallum, KAUST SA938.5, cyathiform oval-
shaped corallum with obvious paliform lobes, KAUSA976;6.7, cyathiform oval-shaped
corallum, KAUST SA977;6.8 round-shaped corallum, KAUST SA1298;9 round-
shaped corallum with obvious paliform lobes, KAUSA1298. Scale bars represent 1 cm.
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U

Figures 6.10-6.17Sclerophyllia maximdpreviouslyAcanthastreqin situ 6.10 UNIMIB
S0131;6.11, colony at Al Mukallah, Yemen6.12 UNIMIB BA136; 6.13 UNIMIB
MU163, Yemen6.14 UNIMIB SO132;6.15 colony at Al Mukallah, Yemer6.16 colony

at Burum, Yemen6.17, colony at Al Mukallah, Yemen. Scale bars repréderm.
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Table 6.1.Voucher number, identification, collection sitedadBMBL accession numbers of
the samples used for molecular and morphologicallyaas in this study. SourceArrigoni
et al. (2014b)° Arrigoni et al. (2012)° Arrigoni et al. (2014a).

Code Identification  Locality H3 COl ITS2 IGR
BA136  Sclerophyllia  Gulf of Aden, LK022406 HE654628 HE648542 LM993
maxima Yemen 358
MU161 Sclerophyllia  Gulf of Aden, LK022407 HE654627 HE648548 LM993
maxima Yemen 359
MU163 Sclerophyllia  Gulf of Aden, LM993306 HE654628 HE648544 LM993
maxima Yemen 360
MU203 Sclerophyllia  Gulf of Aden, LM993307 HF954210 HF954297 LM993
maxima Yemen 361
SO131 Sclerophyllia  Socotra, LM993308 LM993329 LM993346 LM993
maxima Yemen 362
S0O132 Sclerophyllia  Socotra, LM993309 HF954211 HF954298 LM993
maxima Yemen 363
SA880 Sclerophyllia Red Sea LM993310 LM993330 LM993347 LM993
margariticola 364
SA881  Sclerophyllia Red Sea LM993311 LM993348 LM993
margariticola 365
SA932  Sclerophyllia Red Sea LM993312 LM993331 LM993349 LM993
margariticola 366
SA933  Sclerophyllia Red Sea LM993313 LM993332 LM993350 LM993
margariticola 367
SA934  Sclerophyllia Red Sea LM993314 LM993333 LM993351 LM993
margariticola 368
SA935 Sclerophyllia Red Sea LM993315 LM993334 LM993352 LM993
margariticola 369
SA975  Sclerophyllia Red Sea LM993316 LM993335 LM993353 LM993
margariticola 370
SA976  Sclerophyllia Red Sea LM993317 LM993336 LM993354 LM993
margariticola 371
SA977  Sclerophyllia Red Sea LM993318 LM993337 LM993
margariticola 372
SA1014 Sclerophyllia Red Sea LM993319 LM993355 LM993
margariticola 373
SA1015 Sclerophyllia Red Sea LM993320 LM993338 LM993356 LM993
margariticola 374
SA1016 Sclerophyllia Red Sea LM993321 LM993357 LM993
margariticola 375
SA1017 Sclerophyllia Red Sea LM993322 LM993339 LM993
margariticola 376
SA019 Acanthastrea Red Sea LM993323 LM993340
echinata
SA375 Acanthastrea Red Sea LM993324 LM993341
echinata
SA1009 Acanthastrea Red Sea LM993325 LM993342
echinata
SA1041 Acanthastrea Red Sea LM993326 LM993343
echinata
SA1145 Acanthastrea Red Sea LM993327 LM993344
echinata
SA473  Cynarina Red Sea LM993328 LM993345
lacrymalis
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6.3.2 DNA extraction, amplification, and sequenceralyses

Genomic DNA was extracted from tissue samples uttirgstandard procedure
implemented in the DNeasy Tissue Kit (Qiagen, \eien California). The
barcoding portion of COl was amplified using MCGIRMCOIR primers (Fukami
et al., 2004a) and the protocol by Benzoni et201(). The IGR between COI and
I-rRNA was amplified using MNC1F — MNC1R primersuf@ami et al., 2004b;
Huang et al., 2009) and a thermal cycler profil®4f for 2 min, 35 cycles of 94°
for 45 sec, 53° for 1 min, 72° for 1 min, with adl phase of 72° for 5 min.
Histone H3 was amplified using H3F — H3R primer®l{@an et al., 1998) and
ITS2 was amplified using ITS4 (Takabayashi et B98) — A18S (White et al.,
1990) primers and the protocol proposed by Benainal. (2011). All PCR
products were purified with lllustra ExoStar (GE aitcare, Buckinghamshire,
United Kingdom) and directly sequenced in forwand aeverse directions using
an ABI 3130xI Genetic Analyzer (Applied BiosystentSarlsbad, California).
Chromatograms of products obtained using primegtIF A18S did not show any
intra-individual polymorphisms or double peaks, réiy allowing direct
sequencing of ITS2. Sequences obtained in thisysiete deposited in EMBL,
and accession numbers are listed in Table 6.1.

Histone H3 and COI allow inference at a higher eysittic level due to their
low evolution rates in scleractinian corals (Colganal., 1998; Hellberg, 2006;
Huang et al., 2008) and they have been demonsttatdoe powerful in the
definition of genus boundaries, especially withireralinids and lobophylliids
(Fukami et al., 2008; Huang et al., 2011, 2014kjgbni et al., 2012, 2014a,
2014b). Furthermore we define the genetic bounddrétween species throughout
haplotype network analyses of ITS2 and IGR, asadiyereported for other taxa
(Benzoni et al., 2007; Stefani et al., 2007; Fiatle 2008, 2011; Schmidt-Roach et
al., 2013a). Recently, the complete mitochondrealame ofAcanthastrea maxima
was published (Arrigoni et al., 2014c) which showkdt the IGR between COI
and I-rRNA (580 bp), represents the second langéstgenic region of the entire
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mitogenome, and thus promises to be a suitablaidarmarker for this species.

Sequences were viewed, edited, and assembled @sohgnCode Aligner 4.2.5
(CodonCode Corporation, Dedham, MA, USA) and mdguahecked using
BioEdit 7.2.5 (Hall, 1999). Alignments of the foseparate datasets were carried
out using the E-INS-i option in MAFFT 7.110 (Kateh al., 2002; Katoh and
Standley, 2013) under default parameters. Genésiarctes and their standard
deviation were calculated gsdistance with 1000 bootstrap replicates using
MEGA 5.2 (Tamura et al., 2011). Prior to the phyogtic analysis, the Akaike
Information Criterion in MrModeltest 2.3 (Posadada@randal, 1998) was used to
determine the appropriate substitution model ofieage evolution that best fitted
the data. The preferred model of nucleotide suligin was Hasegawa-Kishino-
Yano (HKY) with gamma-distributed rate heterogendit = 0.175) for COIl and
Kimura (K80) with gamma-distributed rate heteroggn@” = 0.171) for Histone
H3. We conducted phylogenetic analyses using Bagesiference (Bl) and
maximume-likelihood (ML) methods for the separatel@@d Histone H3 datasets.
We performed Bl analyses using MrBayes 3.1.2 (Rmtgand Huelsenbeck,
2003). Four independent Markov Chain Monte CarloCWC) were run for
2.5 x 10 generations and trees were sampled every g@deration for the COI
partition, while we used 3 x i0generations with trees sampled every ™00
generation for Histone H3. Based on the paramettimations and convergence
examined by Tracer (Rambaut and Drummond, 200@)fitkt 25% of trees were
discarded as burn-in. We performed ML analyses hgML 3.0 (Guindon and
Gascuel, 2003) and node support for the two segigene trees was examined
using 1000 bootstrap replicates. The trees incthdeposterior probabilities (PP)
from Bl and bootstrap support values (B) from the &halysis in this order (Figs.
18, 19). Posterior probability values were con®destatistically significant when
PP> 0.95 and bootstrap support values when 8.

We constructed a median-joining network (Bandelalet 1999) for separate
IGR and ITS2 datasets using Network 4.6.1.2 (Mnv.fluxus-technology.com)

in order to define species boundaries betw8emargariticola and A. maxima
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(Figs. 6.20-6.21). The median-joining method usesnaximum parsimony
approach to search for all the shortest phylogenetes of given dataset (Bandelt
et al., 1999).

6.3.3 Morphological analyses

Scleractinian coral samples were analyzed both aacren and
micromorphological levels using light microscopyda®EM, respectively. Images
of coral skeletons were taken with a Canon G5 aigiamera as well as through a
Leica M80 microscope equipped with a Leica IC80H&mera. For scanning
electron microscope (SEM) imaging, fragments ofcspens were grinded,
mounted on stubs using silver glue, sputter-coatithll conductive gold film and
examined using a Vega Tescan Scanning Electronosttope at the University of
Milano-Bicocca. Specimens were sputter-coated withPd and imaged using a
Quanta 200 FEG SEM at the King Abdullah Universityscience and Technology.
For a glossary of skeletal terms we follow Buddle(2012).

6.3.4 Ancestral character state reconstruction

In order to reconstruct ancestral state evolutibthe character “development
of multiple mouths” within the family Lobophylliidg we performed an ancestral
character state reconstruction mapping this cheraxtto a reduced taxa ML tree
using Maximum Parsimony method with Mesquite 2 V&addison and Maddison,
2011). The reduced taxa ML tree contained only oz@resentative for each
lobophylliid species for which sequences of COlstbine H3 and rDNA are
available (App. 6.1). The concatenated alignmensisted of 1845 bp for 30 taxa
and ML analysis was performed with PhyML 3.0 (Gundind Gascuel, 2003), as
described in the previous sectioRlesiastrea versipora(Lamarck, 1816),
Diploastrea heliopora(Lamarck, 1816), and/lontastraea cavernosé.innaeus,
1767) were selected as outgroups (Fukami et a08;2Budd et al., 2012). The
following three character states were assigned @ofystomatous (= colonial) for

all species with the exception 8tlerophyllia margariticolaCynarina lacrymalis
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and Parascolymia vitiensjsl as monostomatous (= solitary) f&r margariticola
and C. lacrymalis and 2 as polystomatous or monostomatousPfowitiensis
(Briggemann, 1877) (Fig. 6.22).

6.3.5 Museum collections and other examined specimse

Type material and specimens examined for this saudydeposited in different
institutions listed hereatfter.

Abbreviations:

KAUST : King Abdullah of Science and Technology, Thuws&ingdom of Saudi
Arabia
MNHN : Muséum National d’Histoire Naturelle, Paris, Fean
NHM : Natural History Museum, London, UK
UNIMIB : University of Milano-Bicocca, Milan, Italy
ZMB : Museum flr Naturkunde, Berlin, Germany

The holotype ofAcanthastrea maxim#1986.11.17.2) is deposited at NHM.
Although various specimens @&clerophyllia margariticolawere mentioned by
Klunzinger (1879) and illustrations of two syntypesre published (App. 6.2),
only specimen ZMB Cni 2181 is available and herdbgignated lectotype. The

original descriptions and illustrations of both clge were used as reference.

6.4 Results

6.4.1 Phylogenetic and haplotype network analyses

The four molecular markers were analyzed separatélg final alignment of
Histone H3 consisted of 318 bp with a total of @ymorphic sites of which 77
were parsimony-informative, while the partial CQGing matrix was composed of
609 bp and 70 sites were variable (40 parsimonyrmnéative). The ITS2 dataset
contained 247 total characters of which 27 wereymolphic and 19 were

parsimony-informative, whilst the total alignmeritiGR consisted of 744 sites (9
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variable and parsimony-informative characters).

Plesiastrea versiporavas selected as outgroup in both Histone H3 and CO
phylogenetic trees because of its divergence frben families Lobophylliidae,
Merulinidae Verrill, 1865, Diploastreidae Chevaliand Beauvais, 1987, and
Montastraeidae Yabe and Sugiyama, 1941 (Fukanti, &098; Huang et al., 2011;
Benzoni et al., 2011; Budd et al., 2012).

The results of Bl and ML analyses for both sepakditone H3 and COI
datasets are similar, despite the presence of ddfaeences between the two main
topologies (Figs. 6.18, 6.19). For example, thelgisnetic reconstruction based
on Histone H3 recovered a sister relationship betwedade E and G that it is not
present in the COI analysis. Moreover the inteatrehships between clades H, D,
and (E, F, G, and I) are better resolved in th@chibndrial tree than in the nuclear
one.

In detail, phylogeny reconstruction based on Histbt8 (Fig. 6.18) recovers
the family Lobophylliidae as monophyletic group B.97 and B = 95) while the
monophyly of the Merulinidae is supported though amstrongly (PP = -and B =
73). The Diploastreidae form the sister-group t@ thlerulinidae and the
Lobophylliidae, while the Montastraeidae are at biase of the tree. Within the
lobophylliid clade, the majority of the nine maiargis-level lineages proposed by
Arrigoni et al. (2014a), based on a concatenated & rDNA analyses, are
resolved with low or moderate branch supports ushiigtone H3 locus.
Sclerophyllia margariticolaand Acanthastrea maximaluster together in the
strongly supported clade C (PP = 1 and B = 100) anthbly, all of the newly
obtained Histone H3 sequences of these two spetiae the same exclusive
haplotype. Furthermor8. margariticolaandA. maximaare not related to clade E,
which comprises the majority écanthastreaspecies and the genus type species
Acanthastreaechinata and clade H, composed by the solitary speCigsarina
lacrymalis

The evolutionary relationships among lobophyllilagestigated with the partial

COI gene (Fig. 6.19) are congruent with Histone gh§logenetic reconstruction.
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Within this family, the mitochondrial tree confirnadl of the nine major lineages,
although support for Clade E is lacking. Agas, margariticolaand A. maxima
form a strongly supported clade C (PP = 1 and B )= Bloreover, concordantly to
Histone H3 analysisS. margariticola and A. maxima are highly divergent
regarding botlA. echinataand the other species Atanthastredound in clade E,
andC. lacrymalisin clade H.

Haplotype network analyses & margariticolaand A. maximabased on the
molecular loci ITS2 and IGR are reported in Fig2066.21. In both networks, no
haplotypes are shared between the two species iev@nmargariticolaand A.
maximaare weakly distinguished in both analyses. A tofalour haplotypes are
identified for IGR: two related haplotypes diffegiby two base changes for the six
samples ofA. maximaand two other haplotypes specific of the thirtepacimens
of S. margariticolathat differ by three mutations, whild. maxima and S.
margariticolahaplotypes are separated by four to nine base sastitutions (Fig.
6.20). Two major clusters corresponding to the speciesA. maximaand S.
margariticola can be revealed in the ITS2 haplotype network.(6igl) as already

weakly shown in the IGR haplotype one.
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Figure 6.18. Phylogeny reconstruction dclerophyllia margariticolaand Sclerophyllia
maxima (previously Acanthastren within the family Lobophyllidae, based on Bayasi
Inference (BI) analysis of the nuclear gene HistbHiBe Bayesian posterior probability (left)

higher than 0.95 and ML bootstrap values (righghler than 70 are displayed on the nodes.

Clades within Lobophylliidae are coloured and lédmklA to | according to Arrigoni et al.

(2014a).
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Figure 6.19. Phylogeny reconstruction &clerophyllia margariticolaand Sclerophyllia
maxima (previously Acanthastrep within the family Lobophylliidae, based on Bayasi
Inference (BI) analysis of the partial mitochontrigene COI. Bayesian posterior
probability (left) higher than 0.95 and ML bootgtraalues (right) higher than 70 are
displayed on the nodes. Clades within Lobophyléidae coloured and labelled A to |
according to Arrigoni et al. (2014a).
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3 BA136, MUI61, 11
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SO131, SO132 D Acanthastrea maxima

O Sclerophyllia margariticola

SAS881, SA1016

SAB880, SA932, SA933, SA934,
SA935, SA975, SA976, SA977,
SA1014, SA1015, SA1017

SA1016

SA1015

SA975

SA880, SA934,
SA976

MUI161 MU163, SO131 BAI136 SO132

MU203

SA881,SA932,SA933,
SA1014,SA935

Figures 6.20-6.21. Most-parsimonious median-joining networks dclerophyllia
margariticola (in green) andsclerophyllia maximgpreviouslyAcanthastrea (in yellow):
6.20 network inferred from the mitochondrial intergespacer region (IGR) between COI
and I-rRNA; 6.21 network inferred from the nuclear internal traitsed spacer 2 (ITS2)
region . The size of circles is proportional to trefjuencies of specimens sharing the same
haplotype. The black solid circles are indicative mutations that differentiate each
haplotype.
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6.4.2 Morphological analyses
6.4.2.1 Macromorphology

In Sclerophyllia margariticola coralla are solitary and the corallum is
cyathiform (Figs. 6.2—6.9, 6.23-6.30, App. 6.2)li€awidth is large (> 15 mm) as
a character state in Budd et al. (2012). Smalleallzoare circular in shape (Figs.
6.2-6.3, 6.8-6.23, 6.29-6.30) but the calice oatloan become irregular and
almost triangular (Figs. 6.4-6.5, 6.24, 6.27) oalofFigs. 6.6—6.7, 6.25) in the
largest specimen we observed, which is 35 mm imelar (Fig. 6.7). There are
four complete cycles of septa in the calices, arfdtla incomplete cycle (Figs.
6.23, 6.25, 6.27, 6.29). In the largest of the specimens figured by Klunzinger
(1879) a sixth cycle is found (App. 6.2). Septatlod major cycles are thicker.
Septa of the last cycle are free (Figs. 6.23, 66287, 6.29), those of the cycle
before the last can be free or slightly bend towadhdse of the lower cycle (Figs.
6.32, 6.38) and fuse at their base and with thansella (Figs. 6.34, 6.36, App.
6.2). Septa spacing is large, with 4-5 septa panb(Figs. 6.32, 6.34, 6.36, 6.38).
Costae are well developed and extend 5-6 mm bdlewdrallite wall (Figs. 6.26,
6.28, 6.30). Costae of the major cycles are thjckence relative costosepta
thickness between Csl and Gs#¥susCs3 is slightly unequal (Figs. 6.26, 6.28,
6.30). Columella is trabecular and spongy (Fig3266.34, 6.36, 6.38, App. 6.2)
and its size relative to calice width is variableddess than 1/4 of calice width
(Figs. 6.23-6.25, 6.27, 6.29, App. 6.2). Epithesavell developed (Figs. 6.26,
6.28, 6.30). Internal lobes are weakly or well deped (Figs. 6.7, 6.30, 6.31,
6.37).
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Figures 6.23-6.30Coralla of Sclerophyllia margariticola6.23 KAUST SA1017;6.24
KAUST SA934;6.25 top view of KAUST SA10146.26 side view of KAUST SA1014;
6.27 top view of KAUST SA9766.28 side view of KAUST SA9766.29 top view of
KAUST SA933;6.30 side view of KAUST SA933. Arabic numerals at theer end of the
septa in 6.23, 6.25, 6.27, and 6.29 indicate trdecypumber (from 1 to 5). Scale bars
represent 1 cm.
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Figures 6.31-6.38Radial elements (6.31, 6.33, 6.35, 6.37) and cellan(6.32, 6.34, 6.36,
6.38) ofSclerophyllia margariticola6.31, KAUST SA1017;6.32 KAUST SA1017;6.33
KAUST SA1014;6.34 KAUST SA1014;6.35 KAUST SA976;6.36 KAUST SA976;
6.37, well formed crown of paliform lobes in KAUST SA336.38 relatively small
columella in the same specimen as in 6.37. Scaterbpresent 5 mm.
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In Acanthastrea maximeoralla are flattened or massive (Figs. 6.10-66139—
6.44). Coralla are colonial as a result of primargumoral budding, and both intra
and extracalicular budding occur (Figs. 6.39—-6.&8yallite display polymorphism
and a central larger corallite can be observewm\arin Figs. 6.39-6.42), calical
series are not formed. Corallite integration is tiyodiscrete. Coenosteum is absent
and walls of adjacent corallites are fused (Fig3966.40, 6.42), although in some
coralla it is limited and the two adjacent wallsndae distinguished (Figs. 6.41,
6.43) forming the “double wallsensuBudd et al. (2012). Overall, calice width is
large according to the character state in Budd. €2@12) although some medium
sized calices can surround the central corallitgs(F6.39-6.44). Calices found at
the periphery of the coralla can be inclined arel fghrt of their calice that is not
adjacent to other calices can be wider (Fig. 6.8)ntinuity of costosepta is
mostly not confluent (Figs. 6.43—-6.44). There ave tomplete cycles of septa in
the calices (Fig. 6.44), septa of the major cyalesthicker (Figs. 6.39—-6.44). Septa
of the last cycle are free (Figs. 6.43-6.44), thafséhe cycle before the last can be
free or slightly bent towards those of the lowetleyand fuse at their base and with
the columella (Figs. 6.43—-6.44). Septa spacingngel, with 4-5 septa per 5 mm
(Figs. 6.43—-6.44). Relative costosepta thicknessden Csl and CsZrsusCs3
is slightly unequal (Fig. 6.44). Linkage betweemtoes of adjacent corallites is
absent. Columella trabecular and spongy and itsreiative to calice width is less
than 1/4 of calice width (Figs. 6.43-6.44, 6.48pitkeca well developed (Fig.

6.41). Internal lobes not developed.
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-mh M "\
Figures 6.39-6.44. Sclerophyllia maxima(previously Acanthastrea 6.39 UNIMIB
MU163, same specimen as in Fig. $140 UNIMIB BA136, same specimen as in Fig.
6.12;6.41, view of specimen UNIMIB KOOl showing a top view the central corallite
(arrow); 6.42 view of same specimen as in 6.41 showing a latgeav of the central
corallite (arrow);6.43 largest calice in the holotype BMNH 1986.11.17%6244 largest
calice in UNIMIB MU163. Black arrows indicate therdral and larger corallite. Arabic
numerals at the outer end of the septa in 6.44&ateithe cycle number (from 1 to 5). Scale
bars represent 1 cm.
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6.4.2.2 Micromorphology

In Sclerophyllia margariticolatooth base at mid-septum is elliptical in shape
and parallel to the length of the septum (Figs866151). Tooth tips are irregular
and lobate (Figs. 6.51, 6.54). Teeth on S1 are aightheir spacing is very wide,
with adjacent teeth more than 2 mm apart (Fig8,64%61). Tooth shape is regular,
but size is larger on major septa (Figs. 6.45,)6.6tanulation on the side of septa
is strong and granules scattered (Figs. 6.51, ®5%). The inter-area structure is
generally smooth or with palisade. In septa ofrtfagor cycles its upper margin is
almost flattened rather than rounded in sectiog.(Bi54). Tooth shape between
Cs3 and Cs1 is unequal (Fig. 6.51).

In Acanthastrea maxim#&ooth base at mid-septum is elliptical in shapd an
parallel to the length of the septum (Figs. 6.492% Tooth tips are irregular and
lobate (Figs. 6.49, 6.52). Teeth on S1 are highthenl spacing is very wide, with
adjacent teeth more than 2 mm apart (Fig. 6.53)thTehape is regular, but size is
larger on major septa (Figs. 6.52, 6.55). Gramuhatin the side of septa is strong
and granules scattered (Figs. 6.52, 6.55). The-args structure is with palisade.
In septa of the major cycles its upper marginnsaat flattened rather than rounded
in section (Fig. 6.55). Tooth shape between Cs3Gaidis unequal (Fig. 6.52).
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Figures 6.45-6.59Macro and micro-morphology &. margariticola(6.45, 6.48, 6.51, 54,
6.57),S. maximgpreviouslyAcanthastrep (6.46, 6.49, 6.52, 6.55, 6.58), aAdanthastrea
echinata(6.47, 6.50, 6.53, 6.56, 6.5%:45 KAUST SA1017;6.46 UNIMIB MU161;
6.47, IRD HS3126;6.48 columella of the same corallite as in 6.6549 columella of the
same corallite as in 6.46;5Q corallite of the same specimen as in 68l%1, SEM image
of the septa of KAUST SA1175 showing granulatedaeqdes;6.52 SEM image of the
septa of UNIMIB MU161 showing granulated septaksi®$.53 SEM image of the septa of
IRD HS3126 showing smooth septal sidé$h4 SEM image of two septa of the same
specimen as in 6.51 showing margin and side orntatien; 6.55 SEM image of a septum
of the same specimen as in 6.52 showing margirsaledornamentatior§.56 SEM image
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of septa of the same specimen as in 6.53 showip@lseargin ornamentatior.57, top
view of a septal teeth in the same specimen as5ih &nd 6.546.58 top view of a septal
teeth in the same specimen as in 6.52 and 6.58; septal teeth in the same specimen as in
6.53 and 6.56. Arabic numerals on the septa in &b 6.50 indicate the cycle number
(from 1 to 6). Scale bars represent: Figs. 6.4%,614cm; Figs. 6.48-6.50, 5 mm; Figs.
6.51-6.53, 2 mm; Figs. 6.54—-6.56, 1 mm; Figs. 66559; 500um.

6.4.3 Ancestral character state reconstruction

MP ancestral state reconstruction indicates that pgblystomatous character
state is likely ancestral within the family Loboplhglae (Fig. 6.22). Moreover the
acquisition of a single mouth seems to have ocdurrdependently at least twice
in this family within the lineage leading @ynarina lacrymalisand Sclerophyllia

margariticola (Fig. 6.22).
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Acanthastrea subechinata
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Acanthastrea hemprichii

o Sclerophyllia margariticola

0 Sclerophyllia maxima
Acanthastrea hillae
Acanthastrea bowerbanki

Phymastraea multipunctata

Micromussa amakusensis

Moseleya latistellata

Echinophyllia echinata
Oxypora lacera

Echinophyllia echinoporoides

Echinophyllia orpheensis

Lobophyllia corymbosa
Lobophyllia robusta
Symphyllia agaricia
Lobophyllia costata

Symphyllia agaricia
Character: development

of multiple months Symphyllia recta

1o Symphyllia valenciennesii
E é Parascolymia vitiensis

Parascolymia rowleyensis

Figure 6.22. Ancestral state reconstruction of the charactewvéttgment of multiple
mouths” within the family Lobophyllidae obtainedsing Maximum Parsimony with
Mesquite 2.75. Character states as follows: 0, eyhipolystomatous; 1, grey,
monostomatous; 2, black, polystomatous or monostmmsa
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6.5 Taxonomic account

6.5.1 Examined material

Sclerophyllia margariticol&lunzinger, 1879

Red Sea— ZMB Cni 2181, syntype, Al-Qusayr, Egypt, coll.BC Klunzinger;
MNHN IK-2012-14250, 1837, coll. T. Lefebvr8audi Arabia, Red Sea- (Agaba
Biodiversity expedition): KAUST SA880, Jazirat Barc site 7 (27°54'N;
35°03'E), 28/09/2013, coll. F. Benzoni; KAUST SA88lazirat Burcan site 07
(27°54°'N; 35°03'E), 28/09/2013, coll. F. BenzoniAKIST SA932, Magna Coast
Guard st. 8 (28°24'N; 34°44’'E), 29/09/2013, coll. Benzoni; KAUST SA933,
Magna Coast Guard st. 8 (28°24'N; 34°44’E), 29/092, coll. J.P.A. Hobbs;
KAUST SA934, Magna Coast Guard st. 8 (28°24’N; 34E3, 29/09/2013, coll. F.
Benzoni; KAUST SA935, Magna Coast Guard st. 8 (282 34°44’E),
29/09/2013, coll. F. Benzoni; KAUST SA975, MagnaaS€obGuard st. 9 (28°24°N;
34°44’E), 30/09/2013, coll. F. Benzoni; KAUST SA9Magna Coast Guard st. 9
(28°24'N; 34°44’E), 30/09/2013, coll. J.P.A. HoblSAUST SA977, Magna Coast
Guard st. 9 (28°24’N; 34°44’'E), 30/09/2013, coll.Benzoni; KAUST SA1014,
Magna Coast Guard st. 10 (28°24'N; 34°44’E), 2920983, coll. F. Benzoni;
KAUST SA1015, Magna Coast Guard st. 10 (28°24'N/434E), 29/09/2013, coll.
F. Benzoni; KAUST SA1016, Magna Coast Guard st.(28°24’'N; 34°44’E),
29/09/2013, coll. F. Benzoni; KAUST SA1017, MagnaaGSt Guard st. 10
(28°24'N; 34°44’E), 29/09/2013, coll. F. BenzoniAKIST SA1175, Thuwal Shark
Reef st. 13 (22°18'N; 39°07’'E), 04/10/2013, coll.Benzoni; KAUST SA1297,
Thuwal Shark Reef (22°18'N; 39°07°E), 08/10/2018]l.cF. Benzoni; KAUST
SA1298, Thuwal Shark Reef (22°18'N; 39°07’E), 082013, coll. F. Benzoni.

Acanthastrea maxim8heppard and Salm, 1988

Gulf of Aden, Yemen— (coll. F. Benzoni, M. Pichon): UNIMIB MU161, Al
Mukallah st. MU7 (14°31'N; 49°10'E), 20/03/2007; WMWIB MU163, Al
Mukallah st. MU7 (14°31'N; 49°10'E), 20/03/2007; UMIB MUZ203, Al
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Mukallah st. MU9 (14°31'N; 49°10’E), 21/03/2007; UMIB BU019, Burum st. 2,
22/03/2007; UNIMIB BA136, Bir Ali st. BA15, 23/11(®8; Socotra — (coll. F.
Benzoni, A. Caragnano): UNIMIB SO131, Ras Adholst.(12°38'N; 54°16’E),
18/03/2010; UNIMIB SO132, Ras Adho st. 14 (12°3834;°16’E), 18/03/2010.

6.5.2 Taxonomy

We re-establish the genus naBderophylliaon the basis of the molecular and

morphologic results and we pladeanthastrea maximia it.

Order Scleractinia Bourne, 1900
Family Lobophylliidae Dai and Horng, 2009
GenusSclerophylliaKlunzinger, 1879

TYPE SPECIESSclerophyllia margariticol&Klunzinger, 1879 (by monotypy)

REVISED DIAGNOSIS: Corallum attached, solitary aianial as a result of
primary circumoral budding, and secondary intra amttacalicular budding. In
colonial coralla corallites display polymorphismodghosteum absent or limited to
a “double wall”. Calice width is large (see Buddatt 2012). Septa of the last
cycle are free, those of the cycle before thedastbe free or slightly bend towards
those of the lower cycle and fuse at their base witd the columella. Septa
spacing is large. Relative costosepta thicknessdmst Cs1 and Cs2 versus Cs3 is
slightly unequal. Columella is trabecular and sporf§eptal tooth base at mid-
septum is elliptical in shape and parallel to tiveaion of the septum. Tooth tips
are irregular and lobate. Teeth on S1 high andr tBpacing is very wide.
Granulation on the side of septa is strong andujeanscattered. The inter-area
structure is with palisade. In septa of the majles inter-area structure upper
margin is almost flattened rather than roundedetisn. Tooth shape between Cs3
and Cs1 is unequal.

DISTRIBUTION: Red Sea, Gulf of Aden, Arabian Sealli®f Oman, and the
Gulf.
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SPECIES INCLUDED:

Sclerophyllia margariticol&lunzinger, 1879

(Figs. 6.2-6.9, 6.23-6.38, 6.45, 6.48, 6.51, 663/, App. 6.2)

Sclerophyllia margariticolaKlunzinger, 1879, vol. 3, p. 4, pl. 1, Fig. 12;tno
Gravier, 1911, vol. 2, p. 42, pl. ll, Fig. 45;

TYPE MATERIAL: lectotype ZMB Cni 2181 (designateeérgin), deposited at
the MFN.

TYPE LOCALITY: Al-Qusayr, Egypt, Red Sea.

DISTRIBUTION: Egypt, Saudi Arabia.

REMARKS: Specimen MNHN IK-2012-14250 was collec®@ years before
Klunzinger’s description of this species. Accorditg the museum tags, the
specimen was collected in 1837 by the French egplo(T. Lefebvre (1811-1870)
in the Red Sea and later identified by DJ Labosd?a@ascolymia The last author
re-discovered this specimen in the MNHN collectiomgarly 2014. Lefebvre led
several expeditions in Abissinia (Eritrea and Epiag (Lefebvre et al., 1845) and
this specimen could represent the first recordhefdpecies in the south west coasts
of the Red Sea, a notable example of the importandastorical collections as
sources of unknown biodiversity (Benzoni et al.12& Rocha et al., 2014) as well

as baselines to determine biotic changes of ceeds(Hoeksema et al., 2011).

Sclerophyllia maxim&Sheppard and Salm, 1988) comb. nov.
(Figs. 6.10-6.17, 6.39-6.44, 6.46, 6.49, 6.52,,6658)
Acanthastrea maxim&heppard and Salm, 1988, vol. 22, pp. 276-27%. Hiep;
Veron, 2000, vol. 3, p. 27, Figs. 4-5; Coles, 19964, pl. 47; Claereboudt, 2006,
pp. 216-217, Figs. 1-4; Carpentdral. 1997, 61; Pichon et al. 2010, pp. 188-189,
Figs. 1-4; Arrigoni et al. 2012, Fig. S2Y; Arrigosi al. 2014a, Fig. 2E.
TYPE MATERIAL: The holotype (1986.11.17.2) is defted at the BMNH.
DISTRIBUTION: Yemen (Gulf of Aden), Socotra Islarfdman, Kuwait.
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6.6 Discussion

An approach that combines mitochondrial and nuckEsguence data with
detailed micromorphological investigation has alyegroved useful in the family
Lobophyllidae in the formal revision of the generustralomussaand
Parascolymia (Arrigoni et al., 2014b). In the present work, atlowed the
phylogenetic investigation of clade s€&nsuArrigoni et al. (2014a) and led to
resurrection of the genusclerophyllia a long-forgotten genus incorrectly
synonymized with the gener@ymphylliaand Cynarina over the last century
(Vaughan and Wells, 1943; Wells, 1964; Veron archém, 1980), and led to the
placement ofAcanthastrea maximan Sclerophyllia henceforth referred to as
Sclerophyllia maxima

6.6.1 Morphology ofSclerophyllia vs Acanthastrea and Cynarina

Mitochondrial and nuclear phylogenetic reconstautdi suggest that
Sclerophyllia margariticola and S maxima grouped together in clade §€ensu
Arrigoni et al. (2014a) within the family Lobophytlae (Figs. 6.18, 6.19). Neither
is molecularly closely related ©. lacrymalis the species previously considered a
senior synonym o$. margariticola(Veron and Pichon, 1980; Wells, 1964), nor to
A. echinata the type species @dfcanthastrean which S maximawas originally
described (Sheppard and Salm, 1988; Veron, 2000@yeder,S. margariticola
and S. maximadisplay discrete ITS2 and IGR haplotypes everhé& molecular
distinction between them is poorly inferred basead tbhe haplotype network
analyses (Figs. 6.20-6.21). Hence, molecular esidinonstrate the taxonomic
validity of S. margariticola despite the taxonomic confusion and the erroneous
synonymizations of this species (Matthai, 1928;gfean and Wells, 1943; Wells,
1964; Veron and Pichon, 1980).

The genetic data in this study is strengthened &graz and micromorphologic
results. The two species in the ger@derophylliaare distinguished by different

macromorphologic characters, the most notable b#wegcorallum condition —
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solitary inS. margariticolaand colonial irS maxima(Table 6.2).

Moreover, inS. margariticolainternal lobes are weakly or well developed (Figs.
6.28, 6.30) while they are not observedSmmaxima(Figs. 6.39, 6.44), and the
trabecular processes forming the columella are mameerous, more tightly fused,
and smaller in the former species (Fig. 6.48) tihahe latter (Fig. 6.49). However,
the two species share the large size of the darallie high number of septa cycles,
the presence of free septa, the wide septal spathiegslightly unequal relative
costosepta thickness, and a trabecular spongy etlaril/4 of calice width (Table
6.2). In terms of micromorphologys. margariticolaand S maxima are very
similar for all the characters we examined (Tabl2, &igs. 6.51-6.52) and are
characterized by high elliptical septal teeth patato the septum direction,
irregular lobate tips, very wide tooth spacing, eryvstrong granulation with
granules scattered all along the septal sides, aapalisade interarea structure
(Table 6.2, Figs. 6.51-6.52). Moreover, the intesasf major septa of both species
has a characteristic flattened shape (Figs. 6.53)}6A comparison of the macro-
and micromorphological features 8f maximaandA. echinatareveals that these
two species, previously considered congenerics,ddferent for 8 of the 14
macromorphological characters, and for 4 of theiGramorphological characters
listed in Table 6.2. WhiléA. echinatacan form colonies with more numerous
medium-sized corallites, it is usually devoid oflymorphism, and has mostly
confluent costosepta with equal relative thicknémsellar linkage of the centres,
and a trabecular compact columella (Table 6.2; Badd Stolarski, 2009)S
maximaforms colonies with less numerous large-sized Gtaslwith obvious
polymorphism, and has mostly not confluent costtassepith slightly unequal
relative thickness, trabecular linkage of the c=sjtrand a trabecular spongy
columella. Visually, the most striking micromorpbgical character that
distinguishes the twdclerophylliaspecies from the type species of the genus
Acanthastreais the strong scattered granulation of the septdéssin S.
margariticolaandS. maxima(Figs. 6.54—-6.55) and the weakly developed granules
enveloped by thickening depositsAnechinata(Fig. 6.56). The sides of the large
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septal lobes in the twSclerophylliaspecies are coarsely beaded (Figs. 6.57—-6.58)
while those inA. echinataare mostly smooth (Fig. 6.59). Furthermore, wilie
interarea in the major septa is rounded in seatiof. echinata(Fig. 6.56), inS.
margariticola and S maxima it is typically flattened (Figs 6.54—6.55). In
conclusion, in this study the morphological reswitsre in agreement with the
molecular results in definin§. margariticolaandS maximaas species belonging

to the same genus, and in differentiatdignaximafrom A. echinata.

The past synonymy dbclerophyllia margariticolawith Cynarina lacrymalis
can be explained by several shared morphologicactens (Table 6.2), first of all
the solitary condition of the corallum. Howeverligect comparison of specimens
of the two species shows th@t lacrymalishas more spaced septa, with those of
the first three cycles much thicker than in anytlodé studied specimens &.
margariticola (Figs. 6.60—6.61, respectively).

While in C. lacrymalisthe relative costosepta thickness of Csland Cs2Gs3
is unequal, and that of Cs3 and Cs4 is very unequ8l margariticolathe relative
costosepta thickness is slightly unequal in alesa®loreover, septal teeth @
lacrymalis(Fig. 6.60) are wider and higher thanSnmargariticola(Fig. 6.63) and
the internal lobes in the former species are mdreioois and well-developed
(arrows in Figs. 6.60, 6.62) than in the lattendfly, in C. lacrymalisthere are 4
complete septa cycles and a fifth incomplete cyeldle in S. margariticolathere

are 5 complete septa cycles and a sixth incompiate (Table 6.2).
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Table 6.2. Macromorphology and micromorphology &tclerophyllia margariticola S.
maxima(this study) andCynarina lacrymalisandAcanthastrea echinatdrom Buddet al.,
2012). Explanation of characters, their ID numhi@rsbrackets) and state names are from
Budd et al. (2012).- = character examined on paiiree coralla; Csn= number of cycle of
costosepta; Sn = number of cycle of septa.

Character C. _ S. N S. maxima A. _
lacrymalis  margariticola Echinata
Intracalicular - - Present Present
budding (1)
Extracaliculal - - Preser Preser
budding (2)
Circumoral - - Preser Absent
budding and
associated
corallite
polymorphism (3)
Corallite - - Discrete Discrete
integration (4)
Calice or valley  Large Large Large Medium
width (7)
>.  Continuity of - - Mostly not Mostly
S costosepta (9) confluent confluent
E Number of septa 5 cycles 6 cycles 5 cycles 3 cycles
2 (10)
g Free septa (11) Present Present Present Present
©  Septa spacin Wide Wide Wide Wide
&  (per 5mm) (12)
=  Relative Unequa Slightly Slightly Equal
costosepta unequal unequal
thickness
(Csland Cs2 -vs-
Cs3) (13)
Corallite centres Lamellar - Trabecular Lamellar
linkage (14)
Columella Trabecular Trabeculal Trabeculal Trabeculal
structure (15) spongy spongy spongy compact
Columella size <Y <Y <Y 1/2
relative to calice
width (16)
Internal lobes Septal Well Absent Absent
(22) developed
° Tooth base (m-  Elliptical Elliptical Elliptical Elliptical
° septum) (35) parallel parallel parallel parallel
ﬁ_ Tooth tips (38 Irregular Irregular Irregular Irregular lobat
2 P lobate lobate lobate
o Tooth height (S1 High High High Mediurr
S (9
Tooth spacing Very wide  Very wide Very wide Very wide
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(S1) (40

Granules shap Well- Strong, Strong, Wealk,

and distribution  formed, scattered scattered enveloped by

(43) scattered thickening
deposits

Interaree Palisad Palisade Palisad Weakly

structure (44) palisade/smooth

Cs3/Cs1 tootl Unequa Unequal Unequal Equal

shape (45)

‘A“—

Figures 6.60-6.63.Morphology and dimensions of septa and septahtaetCynarina
lacrymalis (6.60, 6.62) andsclerophyllia margariticolg6.61, 6.63):6.60, top view of the
septa.61, top view of the septa of (KAUST SA934.62, side view of the septa shown in
6.60;6.63 side view of the septa shown in 6.61. Arabic naiseat the end of the septa
indicate the cycle number (from 1 to 6). Black arsgoint at the large septal internal lobes
in the major septa @. lacrymalis.Scale bars represent 5 mm.
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6.6.2 Biogeographical patterns revealed by genetawvidence

Based on the distribution ranges of its two spedles genusSclerophylliacan
be actually considered an endemic of the seas drdlum Arabian Peninsula,
occurring in the Red Sea, Gulf of Aden, Arabian,Se&alf of Oman, and Persian
Gulf (Klunzinger, 1879; Sheppard and Salm, 1988yphed and Sheppard, 1991;
Hodgson and Carpenter, 1995; Coles, 1996; Carpentdr, 1997; DeVantier et al.,
2004; Claereboudt, 2006; Pichon et al., 2010) (6it)). Interestingly, both species
exhibit allopatric ranges based on the fact habargariticolais only known from
the Red Sea whil& maximais an uncommon species found in the Gulf of Aden,
Arabian Sea, Gulf of Oman, and Persian Gulf (Klager, 1879; Carpentet al.,
1997; Claereboudt, 2006; Pichon et al., 2010) (Bidj). Although the divergence
time between these two sister species cannot lmadst, it is likely that the
geological history of the Arabian region has plagekiey role in the definition of
geographic distribution db margariticolaandS. maxima(Le Pichon and Gaulier,
1988; Omar and Steckler, 1995). In fact, the Real rf8eained repeatedly isolated
from the Gulf of Aden over the last 5 Ma due to tisar-closure of the narrow and
shallow strait of the Bab al Mandab (Siddal et 2003). Despite the fact that the
Red Sea fauna is understudied in comparison tetbbether tropical reef regions
(Berumen et al., 2013), some authors have demdoedttlae importance of Red Sea
geological events for the distribution and genstrtcturing of fishes and corals
(e.g., DiBattista et al., 2013; Keshavmurthy et2013).

The increasing number of genetic and phylogenetia br scleractinian corals
has revealed several peculiar biogeographical ipateg different taxonomic levels
previously obscured by a traditional taxonomy basedlely on the
macromorphology of the corallum (e.g., Fukami et2004a; Keshavmurthy et al.,
2013; Pinzon et al., 2013). For example, Fukamale{2004a, 2008) showed a
deep divergence between the Indo-Pacific and then#¢ representatives of the
traditional families Mussidae and Faviidae Grego®900 suggesting an

evolutionary convergence of macromorphological abears. Moreover, several
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cases of intraspecific divergences between Paaiftt Indian Ocean populations
have been discovered within the families MerulieidArrigoni et al., 2012; Huang
et al., 2011, 2014b), Lobophylliidae (Arrigoni ét, @014a), and Poritidae (Kitano
et al., 2014), supporting the existence of an imd&ean center of origin (Obura,
2012). The widespread pocilloporid gendpacillopora Lamarck, 1816, and
Stylophora Schweigger, 1820, have been extensively studieslltneg in
unforeseen geographic patterns that are mostlyisagteement with traditional
taxonomy (Stefani et al., 2011; Flot et al., 20d&shavmurthy et al., 2013; Klueter
and Andreakis, 2013; Pinzon et al., 2013; SchmuoldR et al., 2013a;). Indeed,
genetics revealed the existence of several widadpspecies and few endemisms
in Pocillopora (Pinzon et al., 2013; Schmidt-Roach et al., 2018qg)lained by
fine-scale morphology analyses (Schmidt-Roach et2813b, 2014), whiles.
pistillata Esper, 1797, has been demonstrated to be currembigivided in four
deeply divergent lineages corresponding to fouciperegions (Flot et al., 2011;
Stefani et al., 2011; Keshavmurthy et al., 2018&nil&r unforeseen distributional
patterns have been reported for fish (Cowman anlev&ed, 2013) and octocorals
(Reijnen et al.,, 2014). For example, species withine gorgonian family
Melithaeidae Gray, 1870, did not cluster accordimgheir traditional taxonomy
but instead they grouped into different molecultades that corresponded to
specific regions, such as the Red Sea, East antth &diica, and the North and
West Indian Ocean (Reijnen et al., 2014).

6.6.3 The relevance of being solitary

Monostomatism has often challenged the tradititemanomy and systematics
of several scleractinian coral groups (Vaughan ®ells, 1943; Wells, 1964;
Hoeksema, 1989, 1991; Cairns, 2001, 2004). Thentaxa relevance of the
solitary condition in corals has been revised ghtli of molecular phylogeny
reconstructions published in recent years. Barbastoal. (2010) provided robust
phylogenetic evidence that polystomatism has bepeatedly acquired and/or lost

throughout the history of the order Scleractiniche3e findings have been
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subsequently corroborated by detailed phylogenatialyses revealing that
evolution from a solitary to a colonial conditicamd the reverse, in the Fungiidae
and Dendrophyllidae Gray, 1847, has occurred ety in these two families
characterized by congeneric monostomatous and tpahgtous species
(Gittenberger et al., 2011; Arrigoni et al., 2014epr example, the highly speciose
genusBalanophylliaWood, 1844, is exclusively composed of solitarycsge but a
phylogenetic reconstruction of dendrophyllids destoated the extensive
polyphyly of this genus (Arrigoni et al., 2014d)IsA, the genu€ycloserisMilne
Edwards and Haime, 1849, originally consisted ohastomatous and free-living
species (Hoeksema, 1989) but new molecular and omimmphological data
showed that the polystomatous and attached sp€cegplanulata(van der Horst,
1922),C. mokai(Hoeksema, 1989), ar@ wellsi (Veron and Pichon, 1980) belong
to this genus (Benzoni et al., 2012b; Gittenbergeal., 2011; Hoeksema, 2014).
Again, the monostomatougerrillofungia Wells, 1966, is now considered a junior
synonym of the polystomatous genushophyllon Rehberg, 1892, based on a
combined morpho-molecular approach (Gittenbergeralet 2011). Similarly,
Sclerophylliawas originally described and maintained as a mygmotand solitary
taxon (Klunzinger, 1879; Gravier, 1907; Wells, 196#ron and Pichon, 1980)
until the present work, in which we reveal that tt@onial speciesS. maxima
belongs to the same lineage. The ancestral chasdate reconstruction reported in
Fig. 6.22 suggests that the colonial condition st at least twice within the
lobophylliids in the lineages leading to the spect margariticola and C.
lacrymalis Once other solitary lobophylliid species, suchiHasnophyllia australis
(Milne Edwards and Haime, 1849) ar@ynarina macassarensi¢Best and
Hoeksema, 1987), are examined in a phylogenetiteggrthe actual evolutionary

meaning of the solitarys colonial condition will be better understood.
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6.7 Conclusions

The present work points out the foremost importapicéaxonomic literature
and museum collections as information sources aiwkn but forgotten taxa
(Hoeksema et al., 2011; Rocha et al., 2014), agqusly reported in the case of
the genu<raterastreaHead, 1983 (Benzoni et al., 2012a). Indeed theneation
of the original description d. margariticola and its type material together with
the study of new material from the coasts of Sadbia in the northern and
central Red Sea allowed us to resurrect the longred genusSclerophyllia
Furthermore, a detailed morpho-molecular approdcthar taxonomy disclosed
the unforeseen sister relationship betw&emargariticola andS. maxima which
previously had been overlooked by the traditioyatematics (Vaughan and Wells,
1943; Veron and Pichon, 1980; Wells, 1964). Thiglgdenetic and evolutionary
distinct lineage shows also a peculiar geograplstilution, i.e. seas around the
Arabian Peninsula, suggesting the importance &f dnea as marine biodiversity
hotspot (Sheppard, 1985; Sheppard and Sheppard, HFsberts et al., 2002;
Berumen et al., 2013; Bowen et al., 2013).
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7.1 Abstract

The reef coral family Lobophyllidae is undergoiagwidespread taxonomic
revision thanks to the reciprocal illumination pided by both molecular and
morphological tools. In this study, we investigéte evolutionary relationships
and the macro- and micromorphology of six nominalat species belonging to
two of the nine molecular clades of the Lobophgde,i.e. clades A and B.
Sequence data from mitochondrial DNA, COI ahd intergenic spacer between
COI and I-rRNA, and nuclear DNA, Histone H3 and IT&jion, are used to
generate robust molecular phylogenies and mediamg haplotype network.
Molecular analyses are strongly in agreement wataited observations of gross-
and fine-scale morphology of skeletons, leadingthe formal revision of the
genera Homophyllia and Micromussa and the description of two novel
zooxanthellate shallow-water speciedlicromussa pacifica sp. nov. and
Micromussandianasp. nov. In particularAcanthastrea bowerbankindA. hillae
are transferred tdHomophyllia as well asA. lordhowensisand Phymastrea
multipunctatato Micromussa and a revised diagnosis for both two genera is
provided. Micromussapacifica sp. nov. is described from the Gambier Islands,
New Caledonia, and Australia and, despite a sugalrfiresemblance with
Homophyllia australisit has distinctive macro and micromorphologietires at
the septal levelMicromussaindiana sp. nov., previously considered an Indian
Ocean population dl. amakusensjgs here described from the Gulf of Aden as a
distinct species being genetically separated fkbramakusensifom which it can
be distinguished on the basis of the smaller datealkize and by a smaller number
of septa. Furthermore, molecular trees show gwanphyllia wilsoniis closely
related but molecularly separated from clades ABnand, based also on a unigue
combination of corallite and sub-corallite charagtehe species is moved into a
new genus,Hydnophyllia gen. nov. These findings highlight the need for
integrating genetic and morphological datasets faxonomic revision of

scleractinian corals and description of new taxa.
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7.2 Introduction

In the last decade, the increasing use of molecttarls and novel
morphological analyses have shed new light on ttidugon and systematics of
scleractinian corals (Stolarski, 2003; Fukami et 2004a, 2008; Wallace et al.,
2007; Budd and Stolarski, 2009, 2011; Gittenbergeal., 2011; Stolarski et al.,
2011; Huang et al., 201K;tano et al., 201¥ The reciprocal illumination between
genetics and morphology has proven to be a suctessf meaningful approach in
order to formulate reliable hypothesis on reef caeolutionary history and
revolutionized the classical taxonomy at all systeen ranks $tolarski and
Janiszewska, 200Budd et al., 2010, 2012; Benzoni et al., 2012aalkara et al.,
2012b; Huang et al., 2014a).

The family Lobophyllidae Dai and Horng, 2009 as ecologically dominant
group in all tropical reefs of the Indo-Pacific (@& and Pichon, 1980; Scheer and
Pillai, 1983; Veron, 1993, 2000t currently comprises 12 extant genera and 52
zooxathellate species and is widely distributea@ulghout the Indo-Pacific, from
the Red Sea and east Africa to French PolynesiaofiVe&000; Dai and Horng,
2009; Budd et al., 2012; Benzoni, 2013). To datesed on mitochondrial and
nuclear phylogenies this taxon is a monophylehedge consisting of nine main
genus-level molecular clades, denoted as claded sensuArrigoni et al. (2014a),
that are mostly in disagreement with the previoystesnatic position of most
lobophylliild representatives (Arrigoni et al., 2012014a). Indeed, all polytypic
genera analyzed so fare. AcanthastreaMilne Edwards and Haime, 1848,
Echinophyllia Klunzinger, 1879,Lobophyllia de Blainville, 1830,Micromussa
Veron, 2000,0xypora Saville Kent, 1871, an&ymphylliaMilne Edwards and
Haime, 1848, are not monophyletic (Arrigoni et aD14a). Furthermore, the two
monospecific gener&chinomorphaVeron, 2000 andHomophyllia Briiggemann,
1877 have not been investigated at a moleculat,lawd their phylogentic position
and taxonomy are still uncertain (Budd et al., 908bsequently, these molecular

findings have been integrated with novel skeletatm- and micromorphological
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criteria resulting in a better understanding ofatalversity and taxonomy (Budd
and Stolarski, 2009; Budd et al., 2012; Arrigonakt 2014b, 2015). In particular,
new micromorphological characters, suchtlas height, spacing, and shape of
septal tooth, the distribution and shape of graale septal face, and the structure
of the interarea of teeth (Budd and Stolarski, 2@08.1), resulted informative and
diagnostic in the LobophyllidaeB(dd and Stolarski, 2009; Budd et al., 2012;
Arrigoni et al., 2014b, 2015) as already demonstiain other coral families
(Benzoni et al., 2007, 2012a; Gittenberger et24l11; Budd and Stolarski, 2011;
Janiszewska et al., 2011, 2013, 2015; Budd et28l2; Schmidt-Roach et al.,
2014; Huang et al, 2014a, 2014bkn this taxonomic framework, the
Lobophylliidae is undergoing a revision startednatlie phylogenetic classification
of the generaAustralomussaVeron, 1985, Parascolymia Wells, 1964, and
Sclerophyllia Klunzinger, 1879 as a result of an integrated rofmolecular
approach (Arrigoni et al., 2014b, 2015).

The monotypic genusiomophyllia has a complicate nomenclatural history
(Vaughan and Well, 1943; Wells, 1964; Veron anch&ig 1980; Veron, 2000;
Budd et al.,, 2012). Previously considered a jursgnonymy of Lobophyllia
(Matthai, 1928; Vaughan and Wells, 1943) &wblymia(Veron and Pichon, 1980;
Veron, 2000), it was re-introduced by Budd et &012) following novel
morphological evidence proposed by Budd and Skilaf009). The authors
showed that the micromorphology (granules and &esveen teeth) and the
microstructure (arrangement of calcification cesitraf the monostomatous species
Homophyllia australis(tMilne Edwards and Haime, 1849) (Figs. 7.1F, 7.3F
unrelated and clearly distinguished from those h&f $olitary specie§$colymia
lacera (Pallas, 1766) anBarascolymia vitiensigBriggemann, 1877) (Budd and
Stolarski, 2009; Budd et al., 2012; Arrigoni et 2014b). Nevertheless, despite the
increasing amount of genetic data concerning theopbylliidae (Arrigoni et al.,
2014a, 2014b, 2014c, 2015), no molecular infornmaigcavailable foH. australis
In this study we studied a large collection of spens encompassing the whole

range of morphologic variability shown in Veron a@idhon (1980), thus including
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specimens with typical morphology (Figs. 7.1F, 7.Fgs. 408, 410 and 420
Veron and Pichon, 1980) and other specimens wittné&n and less numerous
septa (Figs. 7.1E, 7.2E; Figs. 412 and 424 VerahRachon, 1980).

Within the Lobophylliidae, the sister clades A aBdsensuArrigoni et al.
(2014a) showed unexpected genetic affinities whempared with traditional
taxonomy and the species included in these twoeslaate in need of formal
taxonomic actions (Arrigoni et al., 2014a). CladsehsuArrigoni et al. (2014a) is
composed byhymastrea multipunctatéHodgson, 1985) (Figs. 7.1D, 7.2D) and
Micromussa amakusengigeron, 1990) (Figs. 7.1A, 7.2A) to date (Arrigatial.,
2014a). The former species is currently formallgigised to the Merulinidae
Verrill, 1865 but its phylogenetic placement withihre Lobophylliidae revealed a
taxonomic issue and a need for revision (Huand. €2@11; Arrigoni et al., 2014a).
Nevertheless, no detailed morphological studieshsen conducted to elucidate
the taxonomic status of this species. The poorlydistl type speciesv.
amakusensibas been recorded throughout the Indo-Pacific fitee Gulf of Aden
to Central Indo-Pacific and West Pacific (Veron9291992, 1993, 2000; Wallace
et al., 2009; Pichon et al., 2010), regardless eharkable morphological
differences, such as number of septa and septargrthetween Indian Ocean
(Figs. 7.1C, 7.2C) and Pacific Ocean (Figs. 7.128AY populations (Wallace et al.,
2009; Pichon et al., 2010). In his descriptiotMbfamakusensjs/eron (1990) also
highlighted that, on the basis of macromorphologyl an-situ appearance, the
closest species &. lordhowensisveron and Pichon, 2002 (Figs. 7.1B, 7.2B) which
has larger and less regular corallites and moreaséevertheless, Veron (2000)
erected the genusMlicromussa to include species previously ascribed to
Acanthastrea with corallites less than 5 mm diameter, thus wdicg A.
lordhowensis The author also describé&dicromussa diminuta/eron, 2000 from
Sri Lanka, but this species has never been exanfumtider and no genetic or
microstructural data is available.

Clade B sensu Arrigoni et al. (2014a) currently contain&canthastrea
bowerbankiMilne Edwards and Haime, 1857 (Figs. 7.1G, 7.2@) Aacanthastrea
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hillae Wells, 1955 (Figs. 7.1H, 7.2H). At a molecular leve bowerbankiandA.
hillae are clearly not related to the genus type spedieanthastrea echinata
(Dana, 1846), recovered in clade $ensuArrigoni et al. (2014a and figures
therein), and the establishment of a new genustonamodate these species is
thus pending. The sister-relationship between wwedpecies is corroborated also
by remarkable morphologic similarities of their @ikt and corallites (Veron and
Pichon, 1980; Veron, 1992, 2000; Wallace et al0920Their coralla are similar in
growth form and mode of budding, while their cateff are the largest in
Acanthastreg\eron and Pichon, 1980; Veron, 2000). FurthermaArdowerbanki
andA. hillae show a partially overlapping geographic distribatiliving mainly in
the Central Pacific (Meron and Pichon, 1980; Vert®93, 2000; Wallace et al.,
2009). They are generally rare and uncommon throuigthe tropics but more
abundant in high latitude non-reef localities (\fer@993).Acanthastrea hilladnas
been also reported from the Western Indian Ocearihese records are doubtful
(Veron, 2000).

The present study aims to provide a reliable mdéeqhylogeny reconstruction
of six nominal species included in clades A andddsuArrigoni et al. (2014a),
using sequences of the mitochondrial DNA regiorteadyome ¢ oxidase subunit |
(COl) and the non-coding intergenic spacer regi@iwben COIl and large
ribosomal RNA subunit, and the nuclear markerssuimeal internal transcribed
spacers 1 and 2 and Histone H3 gene. Furthermoliawsstigate gross- and fine-
scale morphology of skeletons of each examinedl| cgpacies and, with the
exception ofPhymastrea multipunctatall species were collected from their type

locality.
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7.3 Material and methods

7.3.1 Coral sampling and identification

A total of 87 coral specimens were collected widleUBA diving between 1
and 35 m depth from different localities in theitmdand Pacific Ocean (Figs. 7.1,
7.2, Table 7.1). Samples Af bowerbankiA. hillag A. lordhowensisH. australis
and Symphyllia wilsoniVeron, 1985 were sampled from their type locality,
Australia, as well asM. amakusensidrom Japan. Each coral sample was
underwater photographed and then collected, tagayati approximately 1 cirof
the entire specimen was broken off and put in CHAZ&ition to dissolve the
tissue or fixed in 95% ethanol for further moleculmalyses. The remaining
corallum was immersed in sodium hypochlorite forH&irs to remove all soft
parts, rinsed in freshwater and air-dried for idemtion and microscope
observations (Figs. 7.1, 7.2). Specimens were iftehtat species level based on
their morphological structures following Milne Edwia and Haime (1848), Wells
(1964), Veron and Pichon (1980, 1982), Hodgson %)1,98eron (1985, 1990,
2000), Wallace et al. (2009), Pichon et al. (2018@)d using illustrations of
holotypes in their original descriptions. Vouchamples were deposited at the
University of Milano-Bicocca (Milano, Italy), the riversity of Miyazaki
(Miyazaki, Japan), Institut de Recherche pour levdd@ppement (Noumea, New
Caledonia), Naturalis Biodiversity Center (Leidéme Netherlands), and Museum

of Tropical Queensland (Townsville, Australia).
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Table 7.1.List of the material examined in this study. Focleapecimen we list code,

identification, sampling locality, collector, andhacular markers used for the phylogenetic

reconstructions. xxx: sequence newly obtainediglork.

Code Species Locality Collector CO Histon ITS IG
I e H3 region R

462¢ Acanthastres Australie Baird AH XXX XXX XXX
bowerbanki

MHO01S Acanthastre: Australie  Hoogenboon xxx XXX XXX
bowerbanki M

HS328! Acanthastre: New Benzoni | XXX XXX XXX
bowerbanki Caledonia

HS328¢ Acanthastre: New Benzoni | XXX XXX XXX
bowerbanki Caledonia

HS328" Acanthastre: New Benzoni | XXX XXX XXX
bowerbanki Caledonia

HS328¢ Acanthastre: New Benzoni | XXX XXX XXX
bowerbanki Caledonia

HS329¢ Acanthastre: New Benzoni | XXX XXX XXX
bowerbanki Caledonia

HS344¢ Acanthastre: New Benzoni | XXX XXX XXX
bowerbanki Caledonia

HS348¢ Acanthastre: New Benzoni | XXX XXX XXX
bowerbanki Caledonia

MHO043 Acanthastrea  Australia Hoogenboom xxx  XxX XXX
hillae M

MHO046 Acanthastrea  Australia Hoogenboom xxx  XxX XXX
hillae M

HS3066 Acanthastrea  New Benzoni F XXX XXX XXX
hillae Caledonia

HS3163 Acanthastrea  New Benzoni F XXX XXX XXX
hillae Caledonia

HS3169 Acanthastrea  New Benzoni F XXX XXX XXX
hillae Caledonia

HS3225 Acanthastrea New Benzoni F XXX XXX XXX
hillae Caledonia

HS3438 Acanthastrea  New Benzoni F XXX XXX XXX
hillae Caledonia

HS3501 Acanthastrea  New Benzoni F XXX XXX XXX
hillae Caledonia

HS3531 Acanthastrea  New Benzoni F XXX XXX XXX
hillae Caledonia

1597 Acanthastrea  Australia Baird AH XXX XXX XXX XXX
lordhowensis

1598 Acanthastrea  Australia Baird AH XXX XXX XXX XXX
lordhowensi

1642 Acanthastrea  Australia Baird AH XXX XXX XXX XXX
lordhowensi

501¢ Acanthastre: Australie Baird AH XXX XXX XXX XXX
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5022

503¢

505(

5062

507¢

508t

5081

509¢

5099C

5099F

MHO042

4631

HS331:

HS3441

HS344°

HS3470

HS3524

HS3525

HS3526

HS3544

HS3545

HS3469

GA13C

GA150

lordhowens
Acanthastre:
lordhowensi
Acanthastre:
lordhowensi
Acanthastre:
lordhowensi
Acanthastre:
lordhowensi
Acanthastre:
lordhowensi
Acanthastre:
lordhowensi
Acanthastre:
lordhowensi
Acanthastre:
lordhowensi
Acanthastre:
lordhowensi
Acanthastre:
lordhowensi
Acanthastre:
lordhowensi
Homophyllia
australis
Homophyllia
australis
Homophyllia
australis
Homophyllia
australis
Homophyllia
australis
Homophyllia
australis
Homophyllia
australis
Homophyllia
australis
Homophyllia
australis
Homophyllia
australis
Homophyllia
australis

cf Homophyllia

australis

cf Homophyllia

australis

Australie

Australie

Australie

Australie

Australie

Australie

Australie

Australie

Australie

Australie

Australie

Australie

New
Caledonia
New
Caledonia
New
Caledonia
New
Caledonia
New
Caledonia
New
Caledonia
New
Caledonia
New
Caledonia
New
Caledonia
New
Caledonia
Gambier
Islands
Gambier
Islands

Baird AH
Baird AH
Baird AH
Baird AH
Baird AH
Baird AH
Baird AH
Baird AH
Baird AH
Baird AH
Hoogenboon
M

Baird AH
Benzoni |
Benzoni F
Benzoni |
Benzoni F
Benzoni F
Benzoni F
Benzoni F
Benzoni F
Benzoni F
Benzoni F
Benzoni |

Benzoni F

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX

XXX
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GA18¢

HS320:

HS3359

HS347:

HS3527

HS3528

HS3543

HS3327

HS3483

AMG65

346

35¢

364

36¢

ADO6S

BA11l7

BUOO1

FF

MU185

MUZ215

SOO07:

4007(

4007

4009¢

WIL1

cf Homophyllia
australis

cf Homophyllia
australis

cf Homophyllia
australis

cf Homophyllia
australis

cf Homophyllia
australis

cf Homophyllia
australis

cf Homophyllia
australis

cf Homophyllia
australis

cf Homophyllia
australis
Micromussa
amakusensis
Micromussa
amakusensis
Micromusse
amakusensis
Micromussa
amakusensis
Micromusse
amakusensis
Micromuss: cf
amakusensis
Micromuss: cf
amakusensis
Micromussi cf
amakusensis
Micromuss: cf
amakusensis
Micromuss: cf
amakusensis
Micromussi cf
amakusensis
Micromuss: cf
amakusensis
Phymastre:
multipunctata
Phymastre:
multipunctata
Phymastre:
multipunctata
Symphyllie

Gambier
Islands
New
Caledonia
New
Caledonia
New
Caledonia
New
Caledonia
New
Caledonia
New
Caledonia
New
Caledonia
New
Caledonia
Japan

Japan
Japa
Japan
Japa

Gulf of
Aden
Gulf of
Aden
Gulf of
Aden
Gulf of
Aden
Gulf of
Aden
Gulf of
Aden
Gulf of
Aden
Malaysie

Malaysie
Malaysie

Australie

Benzoni |
Benzoni |
Benzoni F
Benzoni |
Benzoni F
Benzoni F
Benzoni F
Benzoni F
Benzoni F
Fukami H
Fukami H
Fukami F
Fukami H
Fukami F
Benzoni |
Benzoni |
Benzoni |
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Figure 7.1 Skeleton macro-morphology of the Lobophyllidaeluded in this studyA)
holotype of Micromussa amakusensiMTQ G32485 from JapanB) Acanthastrea
lordhowensis1642 from Australia;C) Micromussa amakusensMNHN-1K-2012-14232
from the Gulf of AdenD) Phymastrea multipunctatRMNH Coel 40090 from Malaysia;
E) cf Homophyllia australidRD HS3543 from New Caledoni&) Homophyllia australis
IRD HS3424 from New Caledoni&) Acanthastrea bowerbankilHO43 from Australia;
H) Acanthastrea hilladRD HS3287 from New Caledonid) Acanthastrea hemprichii
UNIMIB BA115; J) Symphylliawilsonifrom Australia.
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1§ -t wien 1 55N SETW
Figure 7.2. In situ morphology of the Lobophyllidae included this study: A)
Micromussa amakusensfsom Japan;B) Acanthastrea lordhowensisom Lord Howe,
Australia; C) Micromussa amakusensisom the gulf of Aden, same specimen shown in
7.1C;D) Phymastrea multipunctatB MNH Coel 40090 from Malaysi&) cf Homophyllia
australis same specimen shown in 7.18;Homophyllia australissame specimen shown
in 7.1E;G) Acanthastrea bowerbankRD HS3066 from New Caledoniét) Acanthastrea
hillae, same specimen shown in 7.1B;Acanthastreahemprichii UNIMIB BA115 from
the Gulf of AdenSymphylliawilsonfrom Australia.
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7.3.2 DNA preparation, amplification and sequenceralyses

Total genomic DNA was extracted using the DNeasgoBland Tissue kit
(Qiagen Inc., Valencia, CA, USA) for coral tissuegerved in ethanol, and using a
phenol-chloroform-based method with a phenol extvaduffer (100 mM Tris-Cl
pH 8, 10 mM EDTA, 0.1% SDS) (Fukami et al., 2004iarg et al., 2011). For all
coral specimens we amplified and directly sequerarezl mitochondrial marker,
the barcoding region of cytochrome c oxidase subu(COl), and two nuclear
markers, the Histone H3 gene and the ribosomakég®n including the 3’ end of
18S, the entire ITS1, 5.8S, and ITS2, and the & @rthe 28S (ITS region). COI
gene, Histone H3, and ITS region were amplifiechgighe primer pairs MCOIF
and MCOIR and the protocol proposed by Benzonilet2811), H3F and H3R
(Colgan et al., 1998), ITS4 (White et al., 1990 ahl8S (Takabayashi et al.,
1998) and the protocol published by Benzoni et @011) respectively.
Furthermore, for species included in cladesénsuArrigoni et al. (2014a) the
mitochondrial non-coding intergenic spacer regifdR) between COIl and large
ribosomal RNA subunit was amplified using MNC1F aMNC1R primers
(Fukami et al., 2004b; Huang et al., 2009) andpiteeocol described by Arrigoni
et al. (2014c). Both strands of PCR fragments werdied and directly sequenced
by Genomics Ltd. (Taipei, Taiwan) or alternatelyMgcrogen Inc. (Seoul, South
Korea) with the same primers as used in the PCRor@dtograms were manually
corrected for misreads, if necessary, and forwadliraverse strands were merged
into one sequence file using CodonCode Alignerl3(6odonCode Corporation,
Dedham, MA, USA). In particular, chromatograms adqucts obtained with ITS4
and A18S primers did not show any intra-individgallymorphisms or double
peaks, thereby allowing direct sequencing of IT§iae. All newly obtained
seqguences were deposited in EMBL, and accessiobergmare listed in Table 7.1.

Sequence alignments were generated using the E-bid&en in MAFFT 7.110
(Katoh et al., 2002; Katoh and Standley, 2013) urdiefault parameters. For
phylogenetic analyses, sequences of COI, Histone d#8 ITS region were
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concatenated into one partitioned data set. Threthads, Maximum Parsimony
(MP), Maximum Likelihood (ML), and Bayesian Infex@n(BI), were employed to
reconstruct the phylogenetic relationships withime tLobophyllidae. For MP
analysis, tree searches were generated in PAUR@.0Swofford, 2003) using
heuristic searches with 10000 random additionsn@&rasupport was estimated
with the bootstrap confidence levels using 100dicafes. Prior to the model-
based phylogenetic analyses, the best-fit modehumleotide substitution was
identified for each gene partition separately byanseof the Akaike Information
Criterion calculated with MrModeltest 2.3 (Nylande2004). The following
substitution models were suggested: the GTR + IforGTS region, the HKY + G
+ | for COI, and the K80 + | for Histone H3. ML tologies were calculated with
PhyML (Guindon and Gascuel, 2003) and relative eupfor individual clades
was estimated using the Shimodaira and HasegawdiK&Hest. Bl analysis was
performed employing MrBayes 3.1.2 (Huelsenbeck ®whquist, 2001). Two
simultaneous runs of four Markov Monte Carlo chairese conducted for 3 x 10
generations, sampling every 100 generations to rengudependence of the
successive samples. Results were analyzed foorsaaity and convergence using
Tracer 1.6 (Rambaut and Drummond, 2007), with andmurof 25% of sampled
generations. Additionally, ML phylogenetic reconstions for each separate COlI,
Histone H3, and ITS region were obtained using PhyKuindon and Gascuel,
2003) under the substitution models proposed by &tidikest 2.3 (Nylander,
2004). The SH-like test replicates was performeddsess the branch support of
ML trees.

Within clade A sensu Arrigoni et al. (2014a), Network 4.6.1.2
(http://www.fluxus-technology.com) was used to damsd a median-joining
haplotype network (Bandelt et al., 1999) for theRI@ataset. This method is
especially applicable to non-recombinant DNA segasn like mitochondrial
DNA, and combines all minimum spanning trees tongle network. Alignment
was converted to the Roehl format using DnaSP @dbrand Rozas, 2009),

invariable sites were removed and sites with gagrewot considered.
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7.3.3 Morphological analyses

Scleractinian coral skeletons of the sequencedploydbids were analyzed both
at macro- and micromorphological levels using lighicroscopy and Scanning
Electron Microscopy (SEM), respectively. Imagescofal skeletons were taken
with a Canon G5 digital camera as well as througheaa M80 microscope
equipped with a Leica IC80HD camera. For scanniagte®n microscope (SEM)
imaging, skeleton fragments were grinded, mountedstoibs using silver glue,
sputter-coated with conductive gold film, and exasa using a Vega Tescan
Scanning Electron Microscope at the University oliaio-Bicocca. For a glossary
of skeletal terms we followed Budd et al. (2012)e \Wdopted their character
names, ID numbers (in brackets), and state hames.

Abbreviations:

IRD: Institut de Recherche pour le Développement, Neayfhlew Caledonia
MNHN : Muséum National d’Histoire Naturelle, Paris, Fzan

MTQ: Museum of Tropical Queensland, Australia

NHMK: Natural History Museum, London, UK (formerly BritisMuseum of
Natural History, BMNH)

QM: Queensland Museum, Brisbane, Australia

UNIMIB : Universita di Milano-Bicocca, Milan, Italy

UP: Marine Science Institute, University of the Phplipes, Manila, the
Philippines

WAM : Western Australian Museum, Perth, Australia

7.4 Results

7.4.1 Phylogenetic and haplotype network analyses

New sequence data of COl, Histone H3, and ITS regenerated in this study
from 87 coral samples representing 11 species wasbioed with published

sequences of the families Lobophyllidae, Merulagd Diploastreidae Chevalier
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and Beauvais, 1987, and Montastraeidae Yabe ange®og, 1941, resulting in an
alignment composed by 50 nominal specissiastrea versiporavas selected as
outgroup because of its divergence from the Lobbijndge, Merulinidae,
Diploastreidae, and Montastraeidae (Fukami e@lD8; Huang et al., 2011; Budd
et al., 2012). The final concatenated data setlighed sequences of the three
molecular fragments had a total length of 1939®PI{ 580 bp, Histone H3: 318
bp, ITS region: 1041 bp). The ITS region was thesinvariable, with 191 variable
sites (148 positions parsimony-informative Pl), @@l gene fragment showed 87
bp variable sites (57 positions PI), and the Histél8 sequences featured 90 bp
variable sites (84 positions PI).

The three single gene trees do not show any swgabdopological conflicts,
although the resolution differs notably among theé topologies (Apps. 7.1, 7.2,
7.3). Moreover, each of the analyzed specimensnbsldo the same molecular
clade in all of the three phylogenetic reconstargi The tree based on ITS region
shows more resolution than the COI and Histone Riyses, contributing to a
greater extent to the combined tree topology. Thglggenetic reconstruction
obtained from the concatenated gene analyses wwnsio Fig. 7.3. Bayesian,
Maximum likelihood, and Maximum parsimony topolagjiare highly concordant
and node support values are high across the ingmodutgroup. In particular, the
Maximum parsimony tree is less resolved than Bayeand Maximum likelihood
ones even if it does not conflict with the othemttopologies. The phylogram
based on the concatenated (COI, histone H3, andd{i®n) molecular dataset is
broadly consistent with published phylogenies (Huanhal., 2011; Arrigoni et al.,
2014a, 2014b, 2015), confirming the Lobophyllidasd Merulinidae as
monophyletic groups (Fig. 7.3). All of the nine m@enus-level lineages proposed
by Arrigoni et al. (2014a) for the Lobophyllidageahighly supported by all
methods of phylogeny reconstruction. Surprisingithim this family a novel clade
is detected and it is constituted by only one 8. wilsoni Its monophyly is
strongly supported (Bayesian posterior probabiitore Pp = 1, ML SH-like
support Ss = 1, MP bootstrapping support Bs = 9f) the lineage is deeply

166



divergent from clade | which contains the geneshophyllig Parascolymia and
all of the otheiSymphylliaspecies analyzed so f&ymphyllia wilsonfalls at the
base of the sister clades A and B that are bothwell resolved and supported (Pp
=1, Ss = 1, Bs = 99 for both clades). Clade A @mstthree nominal species: the
genus type specidd. amakusensjsP. multipunctata and A. lordhowensisThe
monophyly of the latter two species is highly supgd while M. amakusensiss
split in two main lineages. In particular, the goks of M. amakusensiffom the
type locality Japan are grouped together, with éxeeption of the uncertain
position of a sample AM65, and they are sisteP.toultipuntatawhile specimens
of M. amakusensiffom Yemen form a monophyletic lineage with straugpports
(Pp =1, Ss =1, Bs = 95) that is sister to thaigi. amakusensifom Japan P.
multipunctata Moreover, within clade A we find a basal well-poped group (Pp
=1, Ss = 1, Bs = 99) composed by all of the specsgentified as cHomophyllia
australischaracterized by thinner and less numerous sema. (F.1E, 7.2E). This
lineage is clearly not related to the sampledHofaustralis showing the typical
morphology of the species (Figs. 7.1F, 7.2F) tbainfa well-supported group (Pp
= 0.9, Ss = 0.89, Bs = 83) within the clade B dmat tire, therefore, also separated
from Parascolymia vitiensig clade I.Homophyllia australigs sister to the well-
supported lineage (Pp = 0.95, Ss = 0.94, Bs = 80)posed byA. bowerbankand
A. hillae The latter two species cannot be distinguishemhgushese three
molecular markers. In particular, the average derdistance between these two
species is 2.3 £ 0.3%, and fully overlaps with ititerspecific distances withiA.
bowerbankiandA. hillaethat are 2.1 £ 0.3% and 2.4 = 0.4%, respectialyally,
all of the analyzed colonies @i echinataandA. hemprichiiEhrenberg, 1834 fall
within clade E, together with the published seqesnafA. rotundofloraand A.
subechinataalthough their genetic boundaries remain unclear.

Haplotype network analysis of clade A inferred fréme mtDNA IGR locus is
shown in Fig. 7.4. The results obtained with thisoohondrial region are highly
concordant with the phylogeny reconstruction ofdel#® based on COI, Histone

H3, and ITS region. A total of nine haplotypes detected and five main clusters
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corresponding to the five lineages found using abieer markers are revealed.
These clusters are separated by a minimum of sewatations (betweerM.
amakusensidrom Japan andM. lordhowensis and no haplotypes are shared
between two or more clusters. In particular, wenfbutwo closely related
haplotypes specific dl. amakusensiBom Japan differing by three base changes,
two closely related haplotypes fBr multipunctatsseparated by one mutations, two
closely related haplotypes specificAflordhowensishowing one mutation event,
a single haplotype for all eight specimens aficaustralis and two closely related
haplotypes forM. amakusensifrom Yemen differing by one base changes.
Notably, M. amakusensifom Japan andl. amakusensiffom Yemen are again

unrelated and separated by 35-39 mutations.
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Figure 7.3. Bayesian phylogeny reconstruction of the familybaphyllidae for the
analysis of the concatenated data set of COI, kiéstd3, and ITS region. Numbers above
branches indicate nodal support of shown topologynteans of Bayesian posterior
probabilities (>0.8), Maximum Likelihood Sh-like goorts (>0.7), and Maximum
Parsimony bootstrap supports (>50). Lower valuesugport not shown. Clades within
Lobophyllidae are coloured and labelled A to | @cbng toArrigoni et al. (2014a).
Specimens analyzed in this study are in bold.
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(] Micromussa pacifica
[ Micromussa indiana
D Micromussa multipunctata
B Micromussa lordhowensis

B Vicromussa amakusensis

Figure 7.4. Haplotype network of the gendicromussa(clade A) obtained in Network
4.6.1.2 for the mitochondrial intergenic spaceliordIGR) between COI and I-rRNA. The
size of circles is proportional to the frequenaéspecimens sharing the same haplotype.
The black solid circles are indicative of mutatidinat differentiate each haplotype.

7.4.2 Morphological analyses
7.4.2.1 Macromorphology

The examined lobophyllid species present a wideayarof corallum
macromorphology and corallite size and organizat{éig. 7.1). Micromussa
amakusensjsA. lordhowensisP. multipunctataA. bowerbankiA. hillae andS.
wilsoni are colonial species forming encrusting to massieealla. Corallite
organization is plocoid irP. multipunctata cerioid in M. amakusensisand A.
lordhowensiscerioid to sub-meandroid . bowerbankandA. hillag, and cerioid
and meandroid irs. wilsoni. Homophyllia australigs a solitary species forming
large and predominantly monocentric coralla. Thiecses, however, shows a
considerable range of corallum size and in somecig@®ns a tendency to
polystomatism is observed (Veron and Pichon, 198@h different morphs could
be distinguished in the examined material, somé wjipical morphology (Figs.

7.1F, 7.5) having numerous septa with those ofiteetwo cycles thicker and with
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more pronounced teeth (black arrows in Figs. 7BBJF, H), and others with
thinner and less numerous septa (Figs. 7.1E, Adaamore pronounced tendency
to polystomatism (Figs. 7.6C-l). In these, bothranalicular (dashed arrows in
Figs. 7.6C, E-F) and extracalicular (Figs. 7.6@&des of budding were observed.
Among the examined specimens, material previowkntified asM. amakusensis
from the Indian Ocean (Yemen) shows smaller coeaind columella size and a
more polygonal outline (Fig 7.1C) than the matefiam Japan, the type locality
(Fig. 7.1A). Moreover, the Yemen specimens havemmoe than 2-3 cycles of
widely spaced septa while the Japan material laglés of septa (Fig. 7.1AThe
macromorphological examination 8f wilsoni showed that this species has some
peculiar features (Fig. 7.1J) which distinguisfraim the other species in the same
genus, and from any other lobophylliid examinedhis species, both monocentric
corallites and series of corallites are observedhe latter, the columellae in the
valleys are not rounded or flattened in outline Imatve a roughly bilateral
symmetry, the axis of this symmetry being a skétacture running in the centre
of the valleys along their length and joining cbralcentres. Finally, the walls of
adjoining corallites series can be discontinuous fanm hydnophoroid structures
(Figs. 7.10A, E, F, G), similar to those observed the merulinid genus
Hydnophoraand in somé&avonaspecies (Veron and Pichon, 1980).
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Figure 7.5.Top (A, C, E, G) and side (B, D, F, H) viewskdmophyllia australishowing
typical morphologyA) IRD HS3441, top viewB) side view of the same corallum as in A;
C) IRD HS3470, top viewD) side view of the same corallum as inE};IRD HS3545, top

view; F) side view of the same corallum as in@®; IRD HS3424, top viewH) side view
of the same corallum as in G.
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Figure 7.6. Skelton macro-morphology of specimenscbHomophyllia australisncluded
in this study and showing a different morphologynirthe typical one A) top andB) side
view of IRD HS 3543C) IRD HS 3359 polystomatous specimen, image shoves| e
the linckage (dashed lined) IRD HS 3483 polystomatous specimé); top andF) side
view of IRD HS 3327(G), H), I) show top, side and lateral corallite view, respety, of a
specimen with two calices from Gambier.

2 y 4
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Figure 7.7.Coralla and corallit
Ocean:A) corallum morphology of specimedNHN-IK-2012-14232;B) corallite shape
and organization in the same specimen as irCAcorallite shape and organization in
specimen UNIMIB MU183D) specimen in the EPA Socotra collectid);detail of the left
hand side of the specimen in C showing smallerliitessg F) detail of the left hand side of
the specimen in C showing larger corallites.
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7.4.2.2 Micromorphology

Despite the above mentioned macromorphological abdiy of skeletal
structures including corallite organization, calisge, and number of cycles of
septa, all the examined taxa share similar microphnaogy and, in particular, a
similar strong typically lobophylliid dentation @S. 7.8, 7.9) with septal teeth
being variable in size but similarly having an @iktal base at mid-septum and
being parallel to the direction of the septum. Aligh tooth size varies being larger
in septa of higher orders and smaller in septaowfel orders, their shape is
consistently uniform within the same species (Fig8K-T, 7.9K-T). Moreover,
granulation on the side of septa is strong andujeanare also found on the teeth
tops. The typical morphologies &f. australis A. bowerbankiA. hillag andS.
wilsoni are characterized by thicker primary and secondapta ornamented by
elongated teeth being 1 to 2 mm in height (Fig8Z7AD). However, inM.
amakusensigboth Indian Ocean and Pacific Ocean materfal)lordhowensisP.
multipunctata and in cfH. australisthe largest septal teeth are overall smaller than
in the previous taxa attaining maximum height ohth in all cases except in the
latter where they can reach up to 1.5 mm. Moreowdile septal teeth size is
smaller than in the previous group of species,aejidles granulation is stronger,
with large and pronounced granules continuing uihid tip of the teeth (Figs.
7.9U-Y). Interestingly, SEM examination &. hemprichij that belongs to the
molecular clade E together with the genus type ispek. echinata(Fig. 7.3),
shows different micromorphology from the one ddssuli for A. bowerbankiA.
hillae, andA. lordhowensislIn fact, this species has remarkably less prooedin
septal side granulation with granules embeddedigkéning deposits, thus giving
a smoother overall appearance (Figs. 7.8E, J, §,AD). In all examined taxa the

columella is trabecular and spongy (Figs. 7.8-9).
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Figure 7.8.Scanning Electron Microscopy imagestdmophyllia australisHS3311 with
typical macro-morphology (A, F, K, P, U, Z)canthastrea bowerbankic29 (B, G, L, Q,
V, AA), Acanthastrea hillaegviH019 (C, H, M, R, W, AB) Symphyllia wilsonwIL1 (D, I,
N, S, X, AC),AcanthastreahemprichiiBA115 (E, J, O, T, Y, AD)A-E) top view of the
examined fragmentd:-J) side view of the examined fragmenksiT) view of septa size
and ornamentatiort)-Y) detail of septal teeth shap&AD) granulation of the septal teeth.
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Figure 7.9.Scanning Electron Microscopy imagesMitcromussaamakusensi¢A, F, K, P,
U, Z) from JapanAcanthastrea lordhowensis642 (B, G, L, Q, V, AA),Micromussa
amakusensifom the Gulf of Aden, Yemen(C, H, M, R, W, ABJhymastrea multipunctata
(D, I, N, S, X, AC), cfHomophyllia australis(E, J, O, T, Y, AD).A-E) top view of the
examined fragmentd:-J) top view of corallitesK-O) side view of adjoining corallite
walls; P-T) detail of septal teeth shapd-Y) granulation of the septal teetd-AD)
structure of the columella.
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Figure 7.10.Morphology ofSymphyllia wilsoniA) meandering valleys and a hydnphoroid
formation (white arrow) which can be found in tlsgeciesB) full sized corallite on the
left hand side, side by side with a valley in whtble centres have an unusual morphology
and thicker septa (black arrows) seem to sepdnatedlumellae which are also almost split
in two; C) a close up of the columellae shown inB; SEM of the columella sitting deep
in the valleys;E) SEM top view of an hydnophoroid formatioR) SEM side view of the
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same hydnophoroid formation as in@&), close up of F showing septal side granulatten;

in the foreground a columella and in the backgrobeldind it the thicker septa separating
adjacent columellae indicated by the black arrow®iand C;l) a detail of the peculiar
structure forming saddle-shaped structure on the @djoining inner ends of the thicker
septa separating adjacent columell®egranulation of the saddle-shaped structure shown
in .

7.5 Taxonomic account

7.5.1 Examined material

Homophyllia australigMilne Edwards and Haime, 1849)

EXAMINED MATERIAL: Australia — 4631, Lord Howe Island, 19/03/2013,
1m, coll. A.H. Baird;New Caledonia— IRD HS3311, coll. F. Benzoni; IRD
HS3441, coll. F. Benzoni; IRD HS3447, coll. F. Benz IRD HS3470, coll. F.
Benzoni; IRD HS3524, coll. F. Benzoni; IRD HS352%Il. F. Benzoni; IRD
HS3526, coll. F. Benzoni; IRD HS3544, coll. F. Benz IRD HS3545, coll. F.
Benzoni; IRD HS3469, coll. F. Benzoni.

cf Homophyllia australigMilne Edwards and Haime, 1849)

EXAMINED MATERIAL: French Polynesia,Gambier Islands — UNIMIB
GA130, coll. F. Benzoni; UNIMIB GA150, coll. F. Beani; UNIMIB GA186,
coll. F. Benzoni; (International collection): MTQ68026, Rapa, Tarakoi, French
Polynesia; G64051, Rapa, Baie Aurei, French Polgnes64052, Rapa, Baie
Aurei, French Polynesidjlew Caledonia— IRD HS3202, coll. F. Benzoni; IRD
HS3359, coll. F. Benzoni; IRD HS3471, coll. F. Benz IRD HS3527, coll. F.
Benzoni; IRD HS3528, coll. F. Benzoni; IRD HS3543)ll. F. Benzoni; IRD
HS3327, coll. F. Benzoni; IRD HS3483, coll. F. Beniz

Acanthastrea bowerbanklilne Edwards and Haime, 1857

EXAMINED MATERIAL: Australia — 4629, Lord Howe Island, 1m,
19/03/2013, coll. A.H. Baird; MHO019, Lord Howe Isldy Admirality Islands,
19/03/2013, 14m, coll. M. Hoogenboom; (Moreton Begllection, coll. C.C.
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Wallace, |. Fellegara, P. Muir): MTQ G56536 MoretBay, Peel Island, QLD,
01/02/2002; QLD; MTQ G55343 Moreton Bay, Goat IslanQLD, 2m,
23/02/2005; MTQ G553 (AIMS monograph coral collenti Coll. M. Pichon and
J.E.N. Veron): MTQ G58035 Heron Island, MTQ QLDn1,0G58036 Lord Howe
Island, NSW, 1mNew Caledonia— IRD HS3285, coll. F. Benzoni; IRD HS3286,
coll. F. Benzoni; IRD HS3287, coll. F. Benzoni; IRE63288, coll. F. Benzoni;
IRD HS3298, coll. F. Benzoni; IRD HS3525, coll.Benzoni; IRD HS3526, coll.
F. Benzoni; IRD HS3446, coll. F. Benzoni; IRD HS948&oll. F. Benzoni;
Indonesia — (Snellius-l1l Expedition) RMNH Coel. 20004 Maiskdlands, 15m,
07/09/1984; RMNH Coel. 16308apan— AuB167, Coll. H. Fukami.

Acanthastrea hilla&Vells, 1955

EXAMINED MATERIAL: Australia — MHO043, Lord Howe Island, Admirality
Islands, 20/03/2013, 14m, coll. M. Hoogenboom; MBIO4ord Howe Island,
Admirality Islands, 20/03/2013, 14m, coll. M. Hoodmom; (AIMS monograph
coral collection, Coll. M. Pichon and J.E.N. VeroNJTQ G43111 Byron Bay,
NSW, 1m; MTQ G43110 Dewar Island, QLD, 10m; MTQ ©®38 Lord howe
Island, QLD, 20m; MTQ G58033 Lord howe Island, QLZOmM; MTQ G58032
Lord howe Island, QLD, 1m; (Moreton Bay collectioooll. C.C. Wallace, I.
Fellegara, P. Muir): MTQ G58484 Moreton Bay, QLDya8broke Island, 8m,
22/05/2005; MTQ G58486 Moreton Bay, Goat Island,DQL2m, 23/05/2005;
RMNH Coel. 22400 Heron Island, GBR, 01/07/1973, |CM.B. Best; New
Caledonia— IRD HS3066, coll. F. Benzoni; IRD HS3163, céll. Benzoni; IRD
HS3169, coll. F. Benzoni; IRD HS3225, coll. F. Benz IRD HS3438, coll. F.
Benzoni; IRD HS3501, coll. F. Benzoni; IRD HS358ll. F. Benzonijndonesia
— RMNH Coel. 15133 Sulawesi, Pajene-kang east dididgm, 28/05/1980, Coll.
H. Moll; Japan— R113, Coll. H. Fukami; CC72, Coll. H. Fukami;E2, Coll. H.
Fukami.
Acanthastrea lordhowensigeron and Pichon, 1982

EXAMINED MATERIAL: Australia — 1596, coll. A.H. Baird; 1597, Solitary
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Island, Sandon Reef, 0.5m, 30/09/2012, coll. A.lir@® 1598, Solitary Island,
Sandon Reef, 0.5m, 30/09/2012, coll. A.H. Bairdd2,6Solitary Island, Sandon
Reef, 0.5m, 02/10/2012, coll. A.H. Baird; 5019, 305038, Solitary Island,
Bubble Cave, 12m, 08/07/2014, coll. A.H. Baird; 60%olitary Island, Bubble
Cave, 12m, 08/07/2014, coll. A.H. Baird; 5063, 503085, 5098, 5099G, 5099R,
Solitary Island, Anemone Bay, 12m, 08/07/2014,.calH. Baird; MH042, Lord

Howe Island, Admirality lIslands, 20/03/2013, 14mpll.c M. Hoogenboom;

(Moreton Bay collection, coll. C.C. Wallace, I. leglara, P. Muir): MTQ G56540
Moreton Bay, Peel Island, QLD, 1m, 01/12/2001; MT3X%628 Moreton Bay,

QLD; (AIMS monograph coral collection, Coll. M. Pion and J.E.N. Veron):
MTQ G57483 (holotype) Lord Howe Island, NSW, 1m; 1558513 Lord Howe
Island, NSW; BM(NH).1983.9.27.12 Australia.

Micromussa amakusengigeron, 1990)

EXAMINED MATERIAL: Japan — AM65, coll. H. Fukami; 346, coll. H.
Fukami; 359, coll. H. Fukami; 364, coll. H. Fukar888, coll. H. Fukami; G32485
(holotype) Amakusa Island, 10m, 1988, coll. J.B/&fon.

Micromussacf amakusensiéveron, 1990)

EXAMINED MATERIAL: Gulf of Aden — UNIMIB ADO0G69, coll. F. Benzoni;
UNIMIB BA117, coll. F. Benzoni; UNIMIB BUOOL, collF. Benzoni; UNIMIB FP,
coll. F. Benzoni; UNIMIB MU185, coll. F. Benzoni; NIMIB MU215, coll. F.
Benzoni; Socotra Islands — UNIMIB SOO071, coll. F. Benzoni; (International
Collection): MTQ G57461 Ras Bidou, Socottgenya — RMNH Coel. 17290
Watamu Marine National Reserve, Mayungu, 3m, 06883, coll. H. Moll.

Phymastrea multipunctat@odgson, 1985)

EXAMINED MATERIAL: Malaysia — RMNH Coel. 40070, station TMP20,
Banggi Outer NE Reef, 9m, 14/09/2012, coll. B.W.ekgema; RMNH Coel.
40077, station TMP20, Banggi Outer NE Reef, 8m,094012, coll. B.W.
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Hoeksema; RMNH Coel. 40099, station TMP19, Outetoda Patch, 8m,
14/09/2012, coll. B.W. Hoeksem@hilippines — P131, coll. D. Huang.

Symphyllia wilsonVeron, 1985

EXAMINED MATERIAL: Western Australia — WIL1, Hall Bank, 09/04/2013,
12m, coll. D. Thomson; WIL2, Hall Bank, 09/04/2018m, coll. D. Thomson;
WIL3, Hall Bank, 09/04/2013, 12m, coll. D. ThomsdAjL4, coll. D. Thomson;
WIL5, coll. D. Thomson; RMNH Coel. 22399, West Awdia, Abrolhos Islands,
2m, 03/04/1976; holotype (WAM 168-84), Rat Islarthutman Abrolhos Islands,
Western Australia, 8m, 1983, coll. J.E.N. Veronrgbgoe (WAM 169-84), Port
Denison, Western Australia, 9m, 1982, J.E.N. Vemparatype (WAM 170-84),
Port Denison, Western Australia, 12m, 1982, J.&&ton.

7.5.2 Taxonomy

On the basis of the molecular and morphologic te#&danthastrea bowerbanki
and Acanthastrea hillaecare to be moved in the genudomophyllia and
Acanthastrea lordhowensisand Phymastrea multipunctatain the genus
Micromussa Furthermore, we plan to descritddicromussa pacificasp. nov
(considered as dfl. australisin the previous paragraphs) aMicromussandiana
sp. nov. (considered &8. amakusensiBom Yemen in the previous paragraphs) as
new species, and establish the geklyglnophylliain order to accommodate
Symphyllia wilsoni These formal taxonomic actions will be effectwely upon
acceptance of this thesis chapter for publicationai peer-reviewed journal.
However, for the discussion hereafter we refett riew nomenclature proposed
and provide hereafter the revised taxonomic framkevenirrently in preparation

with the list of examined material.

Order Scleractinia Bourne, 1900
Family Lobophylliidae Dai and Horng, 2009
GenusHomophylliaBriiggemann, 1877
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TYPE SPECIESHomophyllia australigMilne Edwards and Haime, 1849)

SPECIES INCLUDED:

Homophyllia australigMilne Edwards and Haime, 1849)
(Figs. 7.1F, 7.2F, 7.5, 7.8A, F, K, P, U, Z2)

TYPE MATERIAL: Caryophyllia australisMilne Edwards and Haime, 1849a,
vol. 11: 239, vol. 10, pl. 8: fig. 2; original dgsiation Briiggemann, 1877: 310.
Two syntypes (1840.11.30.77, 1840.11.30.79) aresitgul at the NHMUK.

TYPE LOCALITY: South Australia.

DISTRIBUTION: Western Pacific, North-west to Soutlest Australia, New
Caledonia.

REMARKS: Veron and Pichon (1980) record this specaéso “from the
western Pacific east to the Marshall Islands afitl e did not examine material
from this region and cannot ascertain if the mewrecord actually refers to this
species or tdlicromussa pacificap. nov., which has likely been confused with it

in the literature so fai.e. Veron and Pichon, 1980).

Homophyllia bowerbankiMilne Edwards and Haime, 1857) comb. nov.
(Figs. 7.1G, 7.2G, 7.8 B, G, L, Q, V, AA)

TYPE MATERIAL: the holotype $cle850) is deposited at the MNHN.

TYPE LOCALITY: Australia.

DISTRIBUTION: Western Pacific with high latitudindistribution in the north
and in the south, North and Eastern Australia, laledonia.

Homophyllia hillag(Wells, 1955) comb. nov.
(Figs. 7.1H, 7.2H, 7.8 C, H, M, R, W, AB)
TYPE MATERIAL: the holotype £17943) is deposited at the QM.
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TYPE LOCALITY: Moreton Bay, Australia.
DISTRIBUTION: Western Pacific with high latitudindistribution in the north

and in the south, Western and Eastern Australia; Slaledonia.

GenusMicromussaveron, 2000

TYPE SPECIESMicromussa amakusengigeron, 1990)
DISTRIBUTION: from the Western Indian Ocean and fGofl Aden to the
central Pacific.

SPECIES INCLUDED:

Micromussa amakusengigeron, 1990)
(Figs. 7.1A, 7.2A, 79A, F, K, P, U, 2)

TYPE MATERIAL: the holotype G32485) is deposited at the MTQ.
TYPE LOCALITY: Amakusa Island, Japan.
DISTRIBUTION: Japan and the coral triangle. Pregioacords of this species

in the Indian Ocean (Veron 2000) refeMaromussa indianap.nov..

Micromussa lordhowensi®eron and Pichon, 1982) comb. nov.
(Figs. 7.1B, 7.2B, 7.9B, G, L, Q, V, AA)

TYPE MATERIAL: the holotype (G57483) is depositadize MTQ.

TYPE LOCALITY: Lord Howe Island, Australia.

DISTRIBUTION: Western Australia and the coral tiggey Previous records of
this species in the Indian Ocean (Veron 2000) refdvlicromussa indiananew.
sp..

Micromussa multipunctatgHodgson, 1985) comb. nov.
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(Figs. 7.1D, 7.2D, 7.9D, I, N, S, X, AC)

TYPE MATERIAL: four syntypes (C-783, C-786, C-782,788) are deposited
at the UP.

TYPE LOCALITY: Tambuli Reef, Mactan Island, Cebuhilppines.

DISTRIBUTION: Japan, Philippines, the coral triamglV/anuatu.

DISTRIBUTION: from the coral triangle to the northecentral Pacific (Veron
2000).

Micromussa pacificdenzoni and Arrigoni, 2015 sp. nov.
(Figs. 7.1E, 7.2E, 76,79 E, J, O, T, Y, AD)

TYPE MATERIAL: holotype UNIMIB TO GA130. This speatien, designed as
holotype is currently awaiting formal registratianthe MNHN.

TYPE LOCALITY: Mangareva, Gambier Islands, FrendtyResia.

DISTRIBUTION: the Gambier Islands and New Caledonia

REMARKS: the formal description of this speciespisnding and it will be
included in the final version of the paper for sugsion. Until formal acceptance

of the paper the species nameaasnen nudum.

Micromussa indian@enzoni and Arrigoni, 2015 sp. nov.
(Figs. 7.1C, 7.2C, 7.7, 7.9C, H, M, R, W, AB)

TYPE MATERIAL: the holotype (IK-2012-14232) has Inealready deposited
at MNHN.

TYPE LOCALITY: Al Mukallah, Yemen.

DISTRIBUTION: southern Red Sea, North-western Gaoff Aden, Socotra
Island, Oman, Kenya.

REMARKS: the formal description of this speciespisnding and it will be

included in the final version of the paper for sugsion. Until formal acceptance
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of the paper the species namaasnen nudum.

GenusHydnophylliaArrigoni, Benzoni and Baird , 2015 gen. nov.

TYPE SPECIESHydnophylliawilsoni (Veron, 1985) comb. nov.
DISTRIBUTION: South-western Australia

SPECIES INCLUDED:

Hydnophyllia wilsoniVeron, 1985) comb. nov.
(Figs. 7.1J,7.2J,7.8D, I, N, S, X, AC, 7.10)

TYPE MATERIAL: the holotype (Z910) is deposited #te WAM. Two
paratypes (Z911, Z912) are deposited at the WAM.

TYPE LOCALITY: Rat Island, Houtman Abrolhos Island§estern Australia.

DISTRIBUTION: this species is restricted to Southstern Australia and

strives in temperate conditions.

7.6 Discussion

A growing number of works dealing with taxonomy asgistematics of
scleractinian corals demonstrated that the integratof genetics and
micromorphological analyses is the indispensabf@aach in order to understand
and clarify the evolution of these invertebratesr{Boni et al., 2007, 2010, 2012a;
Budd et al., 2010, 2012; Gittenberger et al., 2@tdlarski et al., 2011; Kitahara et
al., 2012a, 2012b; Schmidt-Roach et al., 2014; igwral., 2014b; Terraneo et al.,
2014; Arrigoni et al., 2014b,2014d, 2015). In tlsimidy we combined robust
molecular analyses based on multiple DNA regionth wetailed observations of
morphology at colony, corallite, and sub-corallgeales. As a result of such
integrated morpho-molecular approach we transfeRednultipunctataand A.

lordhowensisin the genusMicromussaand A. bowerbanki and A. hillae in
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Homophyllig providing a revised diagnosis for both two gen&tareover, the two
speciesMicromussa pacificasp. nov. andMicromussaindiana sp. nov. are
described. Finally, we establish the new gentydnophyllia gen. nov. to
accommodateS. wilsonj a species resulting closely related but distiinotn
Micromussaand Homophyllia based on our molecular trees and showing also

unique morphological characters.

7.6.1 Phylogeny, taxonomy, and geographical distnition of Homophyllia

The genugHomophylliawas resurrected by Budd et al. (2012) followingers
novel morphological observations dt. australis and P. vitiensis (Budd and
Stolarski, 2009). The authors demonstrated thasethevo Pacific species are
clearly unrelated looking at the septa granulatibe, area between teeth, and the
thickening deposits (Budd and Stolarski, 2009; Betdl., 2012), as also shown in
this study forH. australis(Figs. 7.8P, J, Z) and in Arrigoni et al. (2014b) P.
vitiensis (Arrigoni et al., 2015: Figs. 5.5C, D, 5.7). Thieyjpgeny reconstruction
proposed in this study indicates tlataustralisbelongs to the Lobophylliidae and
it is not related tdP. vitiensis(Fig. 7.3), providing enough genetic informatian t
support taxonomic decisions proposed by Budd e{24l12). These combined
morpho-molecular data solved the old taxonomicledobncerning the placement
of these two species (Matthai, 1928; Vaughan ands\\We943; Wells, 1964; Veron
and Pichon, 1980; Veron, 2000) and represent agllert example of concordance
between genetics and novel morphological chara¢@idarski and Roniewicz,
2001; Budd et al., 2010).

Furthermore, our molecular results show tHatustralisbelong to clade B and
is sister to the group includirtd. bowerbankiandH. hillae (Fig. 7.3), two species
previously ascribed to the genlisanthastreaAs a result of the morphological and
molecular investigations presented in this stutty bnce monospecific genus
Homophyllianow includes three nominal speciés, australis the type species
predominantly solitary, and the colonial spectésbowerbankiand H. hillae.

Although previous authors had remarked the pronedirseptal sides granulation
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of these species (Veron and Pichon, 1980), thierggly different corallum shape
has likely distracted them from considering thislskal feature as phylogenetically
informative, and solitary and colonial species wkept in different genera. A
similar situation has been recently reported also the lobophyllid genus
Sclerophylliathat originally consisted of a monostomatous sse¢Klunzinger,
1879). The genus has been recently revised basgw®@cular and morphological
evidence and now is composed by both solitary aoldn@l species based
(Arrigoni et al.,, 2015). Despite superficial macanphological similarities
betweenH. bowerbankiandH. hillae and the species éfcanthastreamainly the
size and arrangement of corallites and the numbesepta (Veron and Pichon,
1980), consistent differences in septal teeth mtrocture were evidenced
between these species (Figs. 7.8 Q, R, T, V, WAA, AB, AD; Budd and
Stolarski, 2009; Arrigoni et al., 2015). Furthermorl deep genetic divergence
separates the clade includiHg bowerbankiandH. hillae from the lineage leading
to the species oRfcanthastrea(Fig. 7.3; Arrigoni et al., 2014a, 2014b, 2015).
Indeed, some large sized specimensAchnthastrea like the colonies ofA.
hemprichiiincluded in molecular and morphological analyskethis study (Figs.
7.11, 7.21), can look similar tbl. bowerbankiandH. hillae (Figs. 7.1G-H, 7.2G-H)
and we therefore preliminarily identified as suclthe field. However, none of the
specimens collected in the Indian Ocean examinetlighstudy which had been
identified asH. hillae actually belong to this species. Thus, it is daesthat the
supposed presence of this species in the IndiamrOf¢eron, 2000) is actually
derived from erroneous identificationsAf hemprichii The author himself reports
that “records from the Western Indian Ocean arebtfali (Meron, 2000). If this
was the case, the geographic distribution of theugéiomophyllia would be
restricted to the western Pacific, encompassingdab, sub-tropical, and temperate
conditions. Moreover, all of the three speciesiomophylliashow high latitudinal
distribution and they are predominantly sub-tropibaing uncommon within their
range but relatively frequent in sub-tropical laoas, such as Japan, New
Caledonia, and South-western Australia (Veron aratsil, 1988; Veron, 1993,
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2000; Wallace et al., 2009). For example, in Adstrthey are rare on the Great
Barrier Reef and relatively common south to Moreiay (Veron and Pichon,
1980; Veron and Marsh, 1988; Wallace et al., 2009).

7.6.2 Phylogeny and taxonomy dflicromussa

The results presented in this study significantlsréase the known species and
macromorphologic diversity dflicromussaThe genus is nhow composed by a total
of seven species of which five are investigatethia study,i.e. M. amakusensis
M. indianasp. nov., M. lordhowensisM. multipunctata andM. pacificasp. nov,
while for the other two speciel]. diminutaandM. minutaMoll and Best, 1984,
no molecular and micromorphological are availalbie &ew dry specimens are
deposited at museums.

The case ofM. indiana sp. nov. is a remarkable example of how the
morphologic variability of a species over a larg@graphic distribution range can
actually hide previously undetected but signifitadlistinct lineages. This species
from the Indian Ocean was previously identifiedtls genus type speciédg.
amakusensisnost likely due tan situ identification biased by a similar peculiar
pattern of bright colouration occurring in both sigs (Fig. 7.2). The lack of direct
comparison of skeletal morphology from Indian Ocaad Pacific Ocean material
until this study (Veron 2000; Pichon et al., 201@s perpetrated this error and
underestimated, once more, the increasingly obvmeculiarities of the Indian
Ocean coral fauna (Arrigoni et al., 2012; Obural20 However, once type
material and specimens collected from type localitg a large reference collection
from Yemen were compared, the macromorphologidédréinces became glaring.
Recent works revealed several other cases of deeptig divergence between
Indian and Pacific populations in some speciesilzetrto other families, such as
Blastomussa merle{iArrigoni et al., 2012)CoelastreaasperaandC. palauensis
(Huang et al., 2014b)Favites halicora (Arrigoni et al., 2012),Goniopora
somaliensigKitano et al., 2014 R ocilloporaspp. (Pinzon et al., 2013tylophora
pistillata (Stefani et al., 2011; Keshawmurthy et al., 2lbf et al., 2011). These
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evidence strongly argue against the concept of Jggahic subspecies” proposed
by Veron (1995) in order to explain the wide varief geographic variations in
some nominal species living both in the Indian Badific Ocean.

The other new species dficromussadescribed in this study. pacifica sp.
nov., represents a different case altogether. Jdlitary species has been confused
for a long time with the largely sympatrt. australis (Veron and Pichon, 1980).
The two species are indeed superficially impresgigemilar although a closer
observation of the skeletal features allowed separathem effectively, a
distinction fully confirmed by the molecular result

Concerning the two existing nominal species preslyp@assigned to different
genera and here ascribedMicromussa M. lordhowensisand M. multipunctata
our integrated approach allows the formal revissbtheir placement. The former
species represents one more casAaainthastreamis-assignment (Arrigoni et al.,
2014a, 2015). As shown by Arrigoni et al. (20144} tgenus, as intended until
Veron (2000), was the most polyphyletic in the figniiobophyllidae based on
mitochondrial and nuclear phylogeny reconstrcutidnsthe present study, these
previous molecular findings were taken further, dimel previously unstudie.
lordhowensisis transferred tdMicromussabeing unrelated to the genus type
echinata (Fig. 7.3). Furthermore, our morphologic analysesfirmed thatM.
lordhowensis displays the septal size, shape, and granulatygpical of all
Micromussa species rather than the smoother septal sidesmemtation of
Acanthastrea(see also Arrigoni et al., 2015). In the origirkscription ofM.
multipunctata Hodgson (1985) stated that, despite some chaisticie shared with
the other species dflontastraea(now exclusively an Atlantic genus, see Budd et
al. (2012)),M. multipunctatais unusual on the basis of growth form, polyp €hap
and notably septal dentations. Indeed this speasiedso different from all the
others species examined in this study due to ieqgul corallite organization.
Neverthless the molecular results presented in #tsdy show thatM.
multipunctata clearly belongs to the lineage composed by theerotfour

Micromussa species (Fig. 7.3). Moreover a detailed examinatiof the
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micromorphology of the skeleton has shown that $piscies shares with the other
Micromussaspecies a similar septal teeth micromorphologyjrtafor example
the same type of strong septal sides and tips o (Fig. 7.9).

7.6.3 The strange case éiydnophyllia wilsoni

The most unexpected result of this study is theowexy of Hydnophyllia
wilsoni as a distinct lineage within the LobophylliidagneTmulti-locus phylogeny
reconstruction and each of the three single gepeldgies are concordant in
supporting it although the best resolution is ai®diusing the concatenated data
set (Fig. 7.3, Apps. 7.1, 7.2, 7.3). Considering) toncatenated COI-Histone H3-
ITS region data set, the inter-clade genetic desarbetweend. wilsoni and the
other eight clades go from the smallest values wldlde A (3.2 + 0.4%) and clade
B (3 £ 0.4%) to the largest one with clade G (9.6.#%) (App.7.4), while all of
the other distances vary between 5.6 and 6.2. Téietances completely overlap
with the pairwise interclade distances for the ptblades, thus confirming the
genetic distinctiveness 6f. wilsoni within its family.

In the original description dfl. wilsoni, Veron (1985) placed the species in the
genusSymphylliaconsidering the massive or sub-massive flattermdong and a
general resemblances of the meandroid corallingament to that of this genus,
although corallites are smaller than those of amgrdSymphylliaspecies (Veron,
2000). Despite a superficial appearance of the omaarphology of the colony to
some merulinds genera, suchPdatygyraandOulophyllia Veron (1985) included
H. wilsoni within the Mussidae (now exclusively an Atlantaxon, see Budd et al.,
2012) because of the septal dentations size anthittleand fleshy aspect of living
polyps. Our molecular analyses clearly demonsttaé the species belong to the
Lobophylliidae but it is not closely related to any the known lobophylliids
genera, showing a sister relationship with a gragmposed by the genera
MicromussaandHomophyllia(Fig. 7.3). These genetic findings are also sujgplor
by the examination of corallite and sub-coralliterphology,i.e. the columellar

morphology, and by the presence, in particulahyainophoroid formations.
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Another peculiarity ofH. wilsoni is represented by its narrow geographic
distribution. The species is actually restrictedtlie temperate waters of South-
West Australia, being found as living colonies fr@&hark Bay to Geographe Bay
along the coasts of Western Australia and thenseteaBremer Bay in the South
Australia (Veron, 1985, 1993, 2000; Veron and Maf€88). It is usually found in
shallow water on kelp-dominated coastal exposed mafaces (Veron, 1985,
1993; Veron and Marsh, 1988). This peculiar disiitm range mostly overlaps
that of another distinctive speci€xyscinaraea marshad/ells, 1962, and it is also
similar to that of the south-eastern AustraliancggeCoscinaraea mcneiliWells,
1962, being otherwise unlike that of any other eixteoral (Veron and Pichon,
1980; Veron and Marsh, 1988; Veron, 1993, 2000).

In conclusion, the present work increases the nulkeowledge of taxonomy
and biodiversity of the family Lobophyllidae anghore in general, points out to
the relevance of integrating genetics and morpholalgwever, despite it discloses
how far we are from a comprehensive understandireyolutionary relationships
between reef corals. The inclusion of as many sgeas possible and from
different localities, as done here figk. amakusensjsn a molecular phylogenetic
framework continues to be a necessary step towadscomprehensive
reconstruction of coral evolutionary history asiaereasing number of previously
unstudied taxa exhibit unexpected phylogenetic eoteents that have been
misunderstood and ignored by traditional systemgtiwkami et al., 2004, 2008;
Kitahara et al., 2010, 2012a, 201b; Stolarski et 2011; Huang et al., 2011,
2014b; Arrigoni et al., 2014a; Kitano et al., 2018inally, we strongly encouraged
the examination of specimens from multiple locestiideally including the entire
geographic distribution range of a species and aladivthe type locality, in order
to define the intra-specific morphological variati@and evaluate the possible

presence of cryptic or previously overlooked specie
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— CHAPTER & -

Geneval Discussion and Conclusions

8.1 Discussion

In the last decade, the increasing use of mole¢atds and new morphological
analyses have shed new light on the evolution astemsatics of scleractinian
corals (Fukami et al., 2004a, 2008; Wallace e280;7; Benzoni et al., 2007, 2010,
2011, 2012a, 2012b, 2014; Richards et al., 200832Borsman et al., 2009; Budd
and Stolarski, 2009, 2011, Kitahara et al., 201@ 2a, 2012b; Stolarski et al.,
2011; Stefani et al., 2011; Huang et al., 2011,4202104b; Budd et al., 2012;
Pinzon et al., 20135chmidt-Roach et al., 2013a, 2013b, 2014; Terraeteal.,
2014; Kitano et al., 2014; Arrigoni et al., 20)4d he reciprocal illumination
between genetics and morphology has proven to sieceessful and meaningful
approach in order to formulate reliable hypothaesiscoral evolutionary history
and revolutionized the classical taxonomy at aitegnatic ranksStolarski and
Janiszewska, 200Budd et al., 2010). This dissertation representstable effort
in this direction, exploring the evolutionary reteiships within the ecologically
relevant reef coral family Lobophylliidae.

The first step of modern coral taxonomy is the mgén of the molecular
phylogenetic position of a known taxon in order define its evolutionary
relationships within the order Scleractinia. Desghe apparent simplicity of this
sentence, the situation is far from to be defimitilue to a host of problems, such as
the rarity of a taxon or the complexity to collstbny corals in some regions (for
example deep-water domain, remote localities, c@smvith political issues, and
many others aspects). Considering the results tegbar this dissertation, of the 52
extant species ascribed to the Lobophylliidae t® d&eron, 2000; Budd et al.,
2012; Benzoni, 2013), 69% have been investiga@u & molecular point of view
and the percentage is higher if we consider thal tmimber of analyzed genera

(92%). In particular, in this dissertation we expld the phylogenetic position of a
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total of 11 genera and 38 species ascribed to dimphylliidae, for an overall
number of analyzed specimens of about 450 colo#ipproximately more than
600 sequences of lobophylliid representatives, phes complete mitochondrial
genome ofAcanthastrea maximéave been deposited on EMBL, and an higher
number of sequences of lobophylliids is still unimhed and it will be used for
future works, as described in the following paragraf this dissertation. Taken all
together, these figures provided a significant mwpment in the knowledge of
evolution of the Lobophylliidae and represented threebiggest efforts in the new
era of “reverse taxonomy” of scleractinian corals.

We firstly provided a robust molecular phylogengarstruction of the Robust
clade (Chapter 2), with a particular emphasis oam ltlobophyllidae and the
Merulinidae, two major families belonging to thisogp (Fukami et al., 2008;
Kitahara et al., 2010), and some other taxa agtuedinsferred tancertae sedis
(Budd et al., 2012), such adseptastrea Milne Edwards and Haime, 1848,
BlastomussaVells, 1968, andParasimplastree&Sheppard, 1985. We demonstrated
that Blastomussadoes not belong to the Lobophyllidae despite ais hheen
traditionally ascribed to the Mussidae (Veron anchén, 1980; Veron, 2000),
providing the molecular basis for a formal revisminthe genus later done by us
(Benzoni et al., 2014) thanks to the inclusion afrenspecies and colonies.
Moreover, the entire biogeographic area of the dndiOcean was largely
unsampled until the study presented in Chapterd2vaa detected several cases of
intraspecific divergences between Indian and Ra€ffiean populations. The latter
aspect is critically important to better understdinel real distribution patterns of
scleractian corals. Several molecular studies dstrated that some widely
distributed traditionally species are indeed comgdeof distinct lineages, revealing
high hidden species diversity (Flot et al., 200812, Keshavmurthyet al., 2013;
Pinzon et al., 2013; Schmidt-Roach et al., 2018438, 2014; Terraneo et al., in
prep.). This confirms what other works revealed ceoning intraspecific
interoceanic divergences, suggesting that they dcdug¢ caused by cryptic

speciation or misidentification (Huang et al., 202D14a; Kitano et al., 2014).
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Also the case oMicromussa amakusensmsnd Micromussaindiana sp. nov.
reported in Chapter 7 is another illuminating exkmpf such unexpected
situations. Widespread sampling of a species thatodive in the Indo-Pacifia,e.
Micromussa amakusensisogether with detailed molecular and morpholdgica
analyses revealed that Indian and Pacific populatizlong to at least two species.
These results glaringly demonstrate the need oéspread samplings and multi-
localities approaches in order to detect possitdudionary divergences between
populations that live in distant geographic areakta find possible new species.

In chapter 3 we supplied the most comprehensiveecontdr phylogeny
reconstruction of the Lobophylliidae to date inechglseveral previously unstudied
taxa. The monophyly of the family is now stronglypported and it is later
supported in Chapters 5, 6, and 7 where we analymiditional taxa, i.e.
AustralomussaSclerophyllia Homophyllia and Hydnophyllia gen. nov., using
also another molecular locusg. Histone H3, together with the previous markers
COI and rDNA. The molecular phylogeny of the Lobylfildae presented in
Chapter 3 was further confirmed by phylogenetiedrproposed in Chapters 5, 6,
and 7, indicating that the subdivision in nine majwlecular clades is stable and
reliable despite it is partially in conflict withraditionally taxonomy based on
macromorphology (Vaughan and Wells, 1943; Verom)(0 Chapter 3 greatly
improved the knowledge of phylogenetic relationshigthin the Lobophylliidae
that were previously mostly unknown, providing aodm-based molecular
phylogeny of the entire family. Several works asedsevolutionary relationships
within a family using molecular or morpho-moleculapproaches,.e. the
Acroporidae (Wallace et al., 2007), the Mussidaaur®s et al., 2008), the
Fungiidae (Gittenberger et al., 2011), the Psammda&e and the Coscinaraeidae
(Benzoni et al., 2007, 2012a), the Merulinidae (hpat al., 2011), the Poritidae
(Kitano et al., 2014), and the Dendrophylliidaer{goni et al., 2014d), and proved
to be helpful for further taxonomic revisions (Waé et al., 2007; Budd et al.,
2012; Benzoni et al., 2012a, 2014; Huang et al14a0in prep.; Kitano et al.,

2014). Once a robust phylogenetic reconstructioa fa&mily has been shown, the
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most efficient way to obtain reliable evolutiondrypothesis is by analyzing one
genus or molecular lineage at a time, includingemgpecimens (Gittenberger et
al., 2011; Huang et al., 2014b; Schmidt-Roach et28l13a, 2014; Kitano et al.,
2013). Following this direction, in Chapters 5,afd 7 attention was focused on
the taxonomy and phylogeny of two closely relatedaga,.e. Australomussand
Parascolymia(Chapter 5), a genuse. Sclerophyllia(Chapter 6), and two closely
related molecular lineagese. clades A and BsensuArrigoni et al. (2014a)
(Chapter 7), at a time. In these three Chaptersleaonstrated the utility of a
combined morpho-molecular approach for a bettererstdnding of evolutionary
relationships between corals and provided exampmes how the “reverse
taxonomy” is meaningful (Stolarski and Roniewic@02; Budd et al., 2010). Solid
molecular data are integrated with new micromorpgiglal characters, such as the
height, spacing, and shape of septal tooth, thalison and shape of granules on
septal face, and the structure of the interardaeaih (for a definition see Budd and
Stolarski (2009, 2011)), to generate diagnostitutes for the taxonomic revision
of the generaAustralomussa Parascolymia Sclerophyllia Homophyllia and
Micromussa These micromorphological characters have beeadyr effective at
distinguishing molecular groups in other coral tatadifferent systematic ranks
and proved to be phylogenetically informative (Ceifal., 2003; Benzoni et al.,
2007, 2012a; Budd and Stolarski, 2009, 2011; Stkiat al., 2011; Janiszewska et
al., 2011; Budd et al., 2012; Kitahara et al., 2012012b; Huang et al., 2014a,
2014b; Schmidt-Roach et al., 2014). The inclusibdegailed micromorphological
analyses will thus be necessary in order to cldnéyevolutionary patterns between
so far unstudied corals and to provide diagnoshiaracters that agree with
molecular findings.

Furthermore, this dissertation contains significafdrmation which will be of
use for future strategies of reef corals bioditgrsonservation. Huang and Roy
(2013) recently showed that the loss of phylogendiversity in reef corals is
dependent on the nature of extinction threats, @aslbhe bleaching,i.e. loss of
dinoflagellate symbionts and/or symbiont pigmewotafrom the holobiont (Hoegh-
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Guldberg and Smith, 1989; Brown, 1997), and disease impairment of vital
functions from normal state of health caused byh@gns and/or environmental
stressors (Harvell et al., 1999; Rosenberg and L20&84), but also tree shape.
Therefore, establishing evolutionary relationshigween coral taxa and their
evolutionary distinctiveness is essential for covatgon strategies as the extinction
of rare species can lead to larger loss of phylegemliversity due their old and
unique lineages (Huang, 2012; Huang and Roy, 22085; Forest et al., 2015). In
this context, the lobophilliidCynarina lacrymalis(Milne Edwards and Haime,
1848) andMoseleya latistellataQuelch, 1884 are evolutionarily distinct lineages
and they might therefore be, together witjdnophyllia wilsoni(\Veron, 1985) and

the genussclerophylliaKlunzinger, 1879, priorities for future conseraatiactions.

8.2 Future perspectives

As a result of this PhD, several projects concerie taxonomy and evolution
of the Lobophyllidae are now in preparation. Theserks will cover three
different levels: 1) the inclusion of the still undied known lobophylliid species
into the broad-based molecular phylogeny of thellfaproposed in Chapter 3; II)
species-level phylogeny reconstructions of the rottnelecular clades of the
Lobophylliidae that have not been analyzed in Géapt 6 and 7; Ill) a formal
revision of the entire family based on moleculasuits presented in this
dissertation and novel rigorous and strict morpbigial (macromorphology,
micromorphology, and microstructure) phylogenetitalgses and the detailed
examination of relevant type materials.

1) Ideally, the inclusion of all taxa in a moleculghylogenetic scenario will be
a necessary step towards a better understandimyadfitionary patterns of the
Lobophylliidae. This dissertation and several stadihowed that broad taxonomic
samplings within families and/or genera have reagakeveral unexpected
affinities and unforeseen evolutionary relationsh{guif et al., 2003; Fukami et
al., 2004a, 2008; Wallace et al., 2007; Huang.e@D9, 2011, 2014b; Kitahara et
al., 2010; 2012a, 2012b; Gittenberger et al., 2@dnzoni et al., 2011, 2012a,
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2012b, 2014; Terraneo et al., 2014; Kitano et 2013, 2014; Arrigoni et al.,
2014d). Therefore, a particular effort will be mante order to include into a
molecular context as many still unstudied loboplay/8pecies as possible.

II) Carrying on with the taxonomic revisions propdsn Chapters 5, 6, and 7,
we will focus our attention also to the other malec clades of the
Lobophylliidae. In particular we will try to obtaispecies-level phylogenies of
clades E, F, and G, integrating new molecular deth detailed macro- and
micromorphological observations, as already done€lrapter 6 and 7. Firstly,
some still unstudied known species will be includedch asEchinophyllia
taylorae and Oxypora convolutawhile a greater number of coral samples coming
from a wide geographic collection throughout thed R&ea, Indian and Pacific
Ocean will be investigated for the other known sgpealready included in Chapter
3. The phylogenetic relationships between speciiis bg reconstructed using
nuclear and mitochondrial DNA regions and detarteatphological analyses will
be performed in order to define the morphologicaurxaries between the
analyzed species. This kind of approach, provdretdluminating in Chapters 5, 6
and 7, will allow us to revise the genefeanthastrea Echinophyllig and
Oxypora and to formally introduce some undescribed sgecie

lII) The families Mussidae and Merulinidae haveheecently formally revised
by integrating examinations of colony, corallitedasub-corallite morphology with
robust molecular data (Budd et al., 2012; Huanglet 2014a). The authors
proposed an exhaustive revision at genus levehadd two taxa mapping several
morphological characters (morphology, micromorpggloand microstructure)
onto comprehensive molecular trees of the two famiand tracing the evolution
of these characters. They evaluated character statsformations and identified
morphological traits that were diagnostic of mongetic lineagesi.e. genus. The
broad-based phylogeny reconstruction of the Lobbipige presented in Chapter
3, together with the inclusion of molecular datagented in Chapters 5, 6 and 7,
will be used for a revised classification of thasriily. These molecular results will

be integrated with detailed observations of macrimology, micromorphology,
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and microstructure and the examination of type mate As a result of this
integrated approach, a formal and rigorous revisiotne Lobophylliidae at genus

level will be carried out.
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ANNEX'|

List of publications arising from this PhD Thesis

At the time of thesis submission, three papersrdesg the research results of
Chapters 2, 3, and 5, were published, two paperithasy the research results of
Chapters 4 and 6 in press, one paper describingetiearch results of Chapter / is
in preparation and will be submitted by the endFebruary 2015, and other
manuscripts are currently/will be in preparatiomadng these works, a complete
taxonomic revision of the family Lobophyllidae @urrently in preparation for
submission toZoologica Journal of the Linnean Societ{etails of each

manuscript and talks presented during my PhD canalid are provided below:
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e Arrigoni, R., Stefani, F., Pichon, M., Galli, P., Benzoni, FQ12.
Molecular phylogeny of the Robust clade (Faviidaklussidae,
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Bouwmeester, J., Benzoni, F., in pres$orgotten in the taxonomic
literature: resurrection of the scleractinian cog®nus Sclerophyllia
(Scleractinia, Lobophyllidae) from the Arabian Heula and its
phylogenetics relationships. Syst. Biodiver. DOl:
10.1080/14772000.2014.978915.

Presentations at congresses and symposia
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ANNEX Il

Publications arising during my PhD Candidature notdirectly related to Thesis

During his PhD candidature, the candidate co-aethd® papers in peer-
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ANNEX 11l

Grants and Interships during the PhD candidature

During my PhD candidature, | was awarded two grdnéd let me to work
abroad for three months in 2013, the SYNTHESYSaetegrant from European
Union and the Summer Program in Taiwan from Nalid®eience Council of
Taiwan. Moreover, | was hosted for a three montsod at the King Abdullah
University of Science and Technology (Thuwal, Kingd of Saudi Arabia) in
2013. Details and a brief description of the wodkdaucted in the frame of each

grant and intership are provided below:

 February 2013 SYNTHESYS research grant (NL-TAF-3235) from the
European Commission's FPVII programme, N#turalis Biodiversity
Center (Leiden, the Netherlands), under the supervisibibio Bert W
Hoeksema Head of the department of Marine Zoology. Projette:
“Molecular phylogeny of the coral family Lobophgae (Cnidaria,
Scleractinia) explained by morphological analysésmaseum collectiofis

| worked on the Coelenterata collection of the nousevhere | could study and
image approximately 150 specimens ascribed toaiméyf Lobophylliidae in order
to gain first hand experience of the variabilitytcdditional macromorphological
structures within and between lobophylliid specibkreover, | observed and
analyzed numerous rapresentatives of the closyecefamilies Merulinidae and
Mussidae. Finally | learnt from fruithful discusa®with BW Hoekesema and each
of the other his dutch colleagues every day durmg visit at Naturalis

Biodiversity Center.

* July — August 2013 Summer Program in Taiwan 2013 for Italian
Graduate Students from the National Science CouokilTaiwan, at

Biodiversity Research Center Academia Sinica(Taipei, Taiwan), under
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the supervision of ProfChaolun Allen Chen Project title: Exploring

phylogenetic relationships within the Lobophylli&la

During July and August 2013 I've been at Biodivgrdresearch Center of
Academia Sinica in Taipei (Taiwan) thank to the &enProgram in Taiwan 2013
for Italian Graduate Students from the Nationak8ce Council of Taiwan. Under
the supervision of Prof. Chaolun Allen Chen, | wextkin his hi-tech laboratory
with the help of several people of his group, saslSilvia, Shashank, Chai-Hsia,
Stephane, Vianney, and many others. | had the appty to investigate many
molecular aspects of the family Lobophyllidae, Isgpeng several molecular
markers in order to explore the phylogenetic reteghips between species within

each molecular clades of the Lobophylliidae.

e March 2013 and October - November 2013internship atRed Sea
Research Center King Abdullah University of Science and
Technology (Thuwal, Kingdom of Saudi Arabia) in the frame of
“Biodiversity in the Saudi Arabian Red Sea” projaatder the supervision
of Prof. Michael L Berumen. Project title: Biodiversity of the
Lobophylliidae in the Saudi Arabian Red Sea

During March 2013 and October — November 2013 itadstwo times the Red
Sea Research Center of King Abdullah UniversitySofence and Technology in
Thuwal (Kingdom of Saudi Arabia). In the frame di6diversity in the Saudi
Arabian Red Sea” project organized by Prof. MicHa&erumen with University
of Milano-Bicocca as scientific partner, | workedReef Ecology Lab of Prof. ML
Berumen focusing my attention on the scleractirmarals collection sampled by
my supervisor, Dr. Francesca Benzoni, along thetcohthe Saudi Arabian Red
Sea. | had the opportunity to molecularly analyttedinteresting and poor-studied
corals fauna of this biogeographyc region usingdhtstanding facilities of King

Abdullah University of Science and Technology.
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ANNEX IV

List of Appendices
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OSampling locality for this study @ Sampling locality for published BM phylogenies

Appendix 2.1 Map of the Indo-Pacific showing sampling localdi for this study
(numbered from 1 to 4) and sampling localitieshsd tBigmessidae” samples included in
published phylogenies (Fukami et al.,, 2008; Huah@le 2009; Kitahara et al., 2010;
Huang et al., 2011; Benzoni et al., 2011). 1 = fermorth-western Gulf of Aden coast, 2 =
Socotra Island; 3 = Mayotte Island; 4 = New CaledorGeographical coordinates:
Kamaran (Lat. 15°22.82' N, Long. 42°36.27' E), Adkat. 12°46.60' N, Long. 44°56.28'
E), Balhaf (Lat. 13°58.12"' N, Long. 48°10.66' E)ir Bli (Lat. 13°59.48' N, Long.
48°19.67' E), Burum (Lat. 14°18.76' N, Long. 48%B.E), Al Mukallah (Lat. 14°30.52' N,
Long. 49°09.82' E), Socotra (Lat. 12°40.35' N, LoBg°11.75' E), Mayotte Island (Lat.
12°38.48' S, Long. 45°02.74' E), Cote Oubliée (Raf55.78 S, Long. 166°41.11' E).
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Appendix 2.2.In-vivo, corallum, and detail of corallites morphologytbé species with
Indian Ocean (10) or Indo-Pacific (IP) analyzedhrs study. A)Leptastrea transvers@dP);

B) L. bottae(IP); C) L. pruinosa(IP); D) Cyphastrea microphthalm@éP); E) C. serailia
(IP); F) Plerogyra sinuosa(IP); G) Blastomussa wells(IP); H) B. merleti (IP); I)
Parasimplastrea omanens{$0); J) Echinopora gemmacefélP) (IP); K) Favites peresi
(10); L) Favites halicora(IP); M) F. complanata(lP); N) F. abdita (IP); O) Hydnophora
exesdIP); P)Platygyra daedaledlP); Q) Favia favus(IP); R) Favites pentagonélP); S)
Leptoria phrygia(IP); T) Micromussa amakusengi8); U) Cynarina lacrymalis(IP); V)
Lobophyllia hemprichi(IP); W) Lobophyllia corymbos#@P); X) Symphyllia radiangIP);

Y) Acanthastrea maxim@O); Z) A. echinata(IP); AA) Echinophyllia asperdlP). Please
refer to Veron et al. (1977) and Veron (2000) for tiagnostic morphologic characters that
correspond with each of these species. When alieaefer to the same specimen its code
is shown on the bottom left corner of timesitu image. In case images refer to different
specimens this is indicated. Corallite detail oe tight hand side always refer to the
corallum shown in the centre image. For image§&afia pallida (IP), F. rotumana(IP),
andF. matthaii(IP) refer to Fig. 2. For images Gbniastrea retiformigIP) andPlesiastrea
versipora(IP) refer to Benzoni et al. (2011). Sampling lgess: Y = Balhaf (Gulf of Aden,
Yemen); BA = Bir Ali (Gulf of Aden, Yemen); AD= Ade(Gulf of Aden, Yemen); BU =
Burum (Gulf of Aden, Yemen); MU and FP = Al Mukdil§Gulf of Aden, Yemen); SO =
Socotra Island (Indian Ocean, Yemen); MA = Maydtstand (Indian Ocean, France); KA =
Kamaran Island (Red Sea, Yemen); SO = Socotradglanlf of Aden Yemen); NC and HS
= Cote Oubliée (New Caledonia).
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Appendix 3.1. In situ and corallum of species examined in this studyAeanthastrea
rotundoflora from type locality (New Caledonia); . hemprichi c) A. echinata d) A.
subechinata e) Echinophyllia asperafrom the Indian Ocean; fE. orpheensis g) E.
echinoporoidesh) E. tarae i) Cynarina lacrymalis j) A. faviaformis Colour codes and
capital letters in white circles refer to clades-ig. 3.1. Specimen code on the images.

233



Tl
p A

A ”rg,.

TIVIY S

b )
2
-

Appendix 3.2. In situ and corallum of species examined in this studySwnphyllia
valenciennesib) S rectg c) S agaricig; d) S. radians e) Lobophyllia hemprichiif) L.

robustg g) L. flabelliformis h) L. cf diminutg i) L. costata j) S. erythraeaColour codes
and capital letters in white circles refer to cladeFig. 3.1. Specimen code on the image.
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——— S081 Leptoria phrygia

S048 Diploastrea heliopora

P127 Hydnophora exesa

| S068 Dif

79 ‘
73

74

71|

S083 Goniastrea retiformis

-——— G61887 Platygyra lamellina

92

ea rotumana

S109 Echinopora lamellosa
P114 Merulina scabricula
G61883 Dipsastrea matthai
‘ G61880 Dipsastrea favus
87 | HS3233 Acanthastrea faviaformis

S055 Oulophyllia crispa

98' P115 Pectinia lactuca
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——— BA117 Micromussa amakusensis
40099 Phymastrea multipunctata
40070 Phymastrea multipunctata

| P131 Phymastrea multipunctata

94 SO071 Micromussa amakusensis
FP Micromussa amakusensis

——— Micromussa amakusensis

MU215 Micromussa amakusensis

HS3298 Acanthastrea bowerbanki
HS3285 Acanthastrea bowerbanki

A

57 94

S0132 Acanthastrea maxima
MU203 Acanthastrea maxima
MU163 Acanthastrea maxima
MU161 Acanthastrea maxima
BA136 Acanthastrea maxima

92

Acanthastrea echinata
HS3195 Acanthastrea echinata
PFB259 Acanthastrea rotundoflora
PFB260 Acanthastrea rotundoflora
HS3228 Acanthastrea subechinata
HS3227 Acanthastrea hemprichii
HS3065 Acanthastrea hemprichii
HS3141 Acanthastrea hemprichii
HS3197 Acanthastrea cf echinata
HS3166 Acanthastrea rotundoflora
MY211 Acanthastrea echinata
DJ288 Acanthastrea echinata
BA115 Acanthastrea echinata

7

82

HS3169 Acanthastrea hillae

B

HS3225 Acanthastrea hillae

87

97

C

G61909 Moseleya latistellata || D

E

HS2990 Echinophyllia aspera
HS3224 Echinophyllia aspera

MU211 Echinophyllia aspera

DJ262 Echinophyllia aspera

BAOO1 Echinophyllia aspera
Echinophyllia aspera

PFB200 Echinophyllia orpheensis
HS3248 Echinophyllia orpheensis
M901 Echinophyllia echinoporoides
MY350 Echinophyllia echinoporoides
PFB379 Echinophyllia echinoporoides
PBF189 Echinophyllia echinoporoides
GAO099 Echinophyllia tarae

GAO084 Echinophyllia tarae

GAOQ71 Echinophyllia tarae

HS3274 Oxypora glabra

HS3103 Oxypora glabra

HS3270 Oxypora glabra

HS3278 Echinophyllia echinata

HS3179 Echinophyllia echinata

HS3171 Echinophyllia echinata
83 HS3203 Oxypora lacera

95

95

HS3172 Oxypora lacera
KA131 Oxypora lacera

NC674 Cynarina lacrymalis
MYO011 Cynarina lacrymalis

95

PFB277 Symphyllia valenciennesii
PFB104 Symphyllia agaricia

‘ HS3127 Acanthastrea ishigakiensis

——— BA107 Symphyllia radians

1 HS3131 Symphyllia recta
HS3118 Symphyllia recta
S0087 Symphyllia radians
MY230 Symphyllia radians
BU046 Symphyllia radians
MA434 Lobophyllia corymbosa
PFBO031 Parascolymia vitiensis

——— HS3255 Parascolymia vitiensis

‘ PFB213 Symphyllia agaricia

95

77

HS3157 Symphyllia valenciennesii

HS3135 Symphyllia cf valenciennesii
PFB183 Lobophyllia robusta

PFB296 Lobophyllia robusta

]

91

67 ‘ GA058 Lobophyllia costata

SO011 Symphyllia erythraea
——— MY045 Symphyllia erythraea
73| DJ277 Symphyllia erythraea

GA024 Lobophyllia costata

KA139 Lobophyllia hemprichii |

.. | MU202 Lobophyllia hemprichii

BA134 Lobophyllia hemprichii
DJ120 Lobophyllia corymbosa
MYO010 Lobophyllia corymbosa
ADO0O03 Lobophyllia corymbosa

0.1

PFB297 Lobophyllia flabelliformis
PFB103 Lobophyllia flabelliformis
MY325 Lobophyllia cf diminuta

94 MY 199 Lobophyllia cf diminuta

Appendix 3.3. ML tree based on COIl dataset. Node values are

70%).

MUil&Hsupport (>
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Plesiastrea versipora HQ203246
Diploastrea heliopora EU371660
Montastraea cavernosa HQ203283

Echinopora lamellosa FJ345419
Cyphastrea serailia FJ345416
Platygyra daedalea FJ345440
— Hydnophora exesa HQ203276
—— Favites halicora HQ203270
73/- Dipsastrea rotumana Fj345428
— Goniastrea retiformis EU371700
76/0.95 —— Caulastraea tumida HQ203249

|: Pectinia paeonia AB117386
Oulophyllia crispa FJ345439

94/1
Micromussa amakusensis HE654641
Micromussa amakusensis HE654642 A
97/1 Phymastrea multipunctata HF954199

Phymastrea multipunctata HF954200
91/1

Acanthastrea hillae HF954206
98/1 Acanthastrea hillae HF954207 B
93/1 Acanthastrea bowerbanki HF954208
T8 Acanthastrea bowerbanki HF954209
Acanthastrea maxima HE654626 C
92/1 Acanthastrea maxima HE654627
Moseleya latistellata HQ203293 I D
r— Acanthastrea subechinata HF954219
— Acanthastrea hemprichii HF954220 E

83/- L[ Acanthastrea echinata HF954214
64109 Acanthastrea rotundolfora HF954216

Oxypora glabra HF954223
Echinophyllia tarae HF954230
Echinophyllia echinoporoides HF954236 F
96/1 Echinophyllia orpheensis HF954240
Echinophyllia aspera HF954243
— Echinophyllia aspera HF954245

76/-

79/0.94 Oxypora lacera HF954227
Oxypora lacera HF954228 G
0.99/-— Echinophyllia echinata HF954232
Echinophyllia echinata HF954234

— Cynarina lacrymalis HF954201 I H

Lobophyllia robusta HF954250

r— Lobophyllia flabelliformis HF954248

— Lobophyllia flabelliformis HF954249

— Symphyllia erythraea HF954258

— Symphyllia erythraea HF954259
Lobophyllia cf diminuta HF954252

—z0s O yilia of diminuta HF954253

94/0.93

3valimAHd04901

— Australomussa rowleyensis Z65785
— Australomussa rowleyensis Z65788
— Lobophyllia costata HF954246
— Lobophyllia costata HF954247

Lobophyllia corymbosa HF954254
L 93093 Lobophyllia corymbosa HF954255
92/ a3 Lobophyllia hemprichii HF954256
85/- Lobophyllia hemprichii HE654639
—— Symphyllia valenciennesii PFB277 |
— Symphyllia valenciennesii HF954260
— Symphyllia valenciennesii HF954261
—— Symphyllia agaricia HF954263
— Symphyllia agaricia HF954264
— Lobophyllia hemprichii AB117240
91/0.9 — Acanthastrea ishigakiensis HF954205
86/0.93 Lobophyllia corymbosa AB117241

78/0.91

[TTT1

92/-
Australomussa rowleyensis Z65789

— Australomussa rowleyensis 265787

— Australomussa rowleyensis Z65786

r— Lobophyllia corymbosa HE654637

— Symphyllia radians HF954265

91/- Symphyllia radians HF954266

— Symphyllia recta HF954267

— Symphyllia recta HF954268

0.1 — Symphyllia radians AB117245
— Symphyllia recta AB117244

Appendix 5.1. Phylogenetic position ofParascolymia vitiensisand P. rowleyensis
(previously Australomussp within  the family Lobophyllidae based on partial
mitochondrial COI gene. Bayesian topology is sholombers associated with branches
indicate Maximum Likelihood bootstrap (>70%) supp@eft) and Bayesian posterior
probabilities (>0.9) (right). Clades within Lobopligae are coloured and labelled A to |
according to Arrigoni et al. (2014a).
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oniastrea stelligera HQ203567
Goniastrea retiformis HQ203592
LS Merulina scabricula HQ203599
Merulina ampliata HQ203598
Goniastrea pectinata HQ203590
w0095 Goniastrea favulus HQ203585
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79/0.91

85/~
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71
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chinopora pacificus HQ203536
Echinopora horrida HQ203533
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88/0.98
E

86/0.98

95/0.96

Micromussa amakusensis MU215 A
Micromussa amakusensis BA117
Acanthastrea hillae HS3225
Acanthastrea hillae HS3169 B
Acanthastrea bowerbanki HS3298
[ Acanthastrea maxima BA136
991 - Acanthastrea maxima MU161 c
Moseleya latistellata HQ203614 I D
Acanthastrea echinata HQ203520
Acanthastrea echinata DJ288
Acanthastrea rotundoflora PFB259 E
1000%4 1= Acanthastrea subechinata HS3228
Acanthastrea hemprichii HS3065
930,73

—ELEchinoph yllia orpheensis HS3248 I

811098

Echinophyllia aspera BA0O1
“L Echinophyllia echinoporoides PFB189

95/0.98

r Oxypora lacera HS3203
r Echinophyllia echinata HS3171 G
oL Oxypora lacera HS3172
r Australomussa rowleyensis Z65785
I Australomussa rowleyensis Z65789
- Australomussa rowleyensis Z65788
- Australomussa rowleyensis Z65787
I Australomussa rowleyensis Z65786

3vallTAHdOod901

95/~

nt Lobophyllia corymbosa AD003
- Lobophyllia costata GA024
I~ Lobophyllia hemprichii BA134
I Lobophyllia robusta PFB183
- Symphyllia radians BA107
- Symphyllia recta HS3118
- Symphyllia valenciennesii HS3135 01
- Sympbhyllia agaricia PFB104

Appendix 5.2. Phylogenetic position ofParascolymia vitiensisand P. rowleyensis
(previouslyAustralomusspwithin the family Lobophylliidae based on nucldastone H3.
Bayesian topology is shown. Numbers associated wWittinches indicate Maximum
Likelihood bootstrap (>70%) support (left) and Bsige posterior probabilities (>0.9)
(right). Clades within Lobophyllidae are colouradd labelled A to | according to Arrigoni
et al. (2014a).
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Plesiastrea versipora FR837995
[ Phymastrea multipunctata HF954286 I A
[ 991 ————— Micromussa amakusensis HE648559
— Acanthastrea hillae HF954293 M B
10011 - Acanthastrea bowerbanki HF954296

Acanthastrea subechinata HF954307
prep Acanthastrea rotundoflora HF954305 E
S Acanthastrea hemprichii HF954309
89/0.98 — Acanthastrea echinata HF954301
— Acanthastrea maxima HE648542 C
7 100/1 = Acanthastrea maxima HE648544
Moseleya latistellata HQ203376 || D
Echinophyllia echinoporoides HF954323
o/ Echinophyllia aspera HE648564
og ‘IEEchinophyllia orpheensis HF954327 F
85/0.9

100/1 l

73 Echinophyllia tarae HF954317
771096 L Oxypora glabra HF954311

| L— Echinophyllia echinata HF954320 I G

1001 — Oxypora lacera HF954315

795 —— Cynarina lacrymalis HE648552 I H
10011 | Cynarina lacrymalis HF954288

100/1

8- 1 Australomussa rowleyensis Z65785

93/0.96 ([

70 - Australomussa rowleyensis Z65789
- Australomussa rowleyensis Z65786

82/-

901 1™

911 4+— ;_I

82/0.94

88/0.92

981 | Australomussa rowleyensis Z65787

_— Australomussa rowleyensis Z65788
71

78/0.981T— |

. Toso. Acanthastrea ishigakiensis HF954292 |
Symphyllia recta HF954354
Symphyllia recta HF954355
Symphyllia valenciennesii HF954349
Symphyllia valenciennesii HF954350
Symphyllia radians HE648563
Symphyllia radians HE648562
Symphyllia radians HF954352
Symphyllia radians HE648561
77 1| 9800.95 Symphyllia radians HE648560
9711y Lobophyllia cf diminuta HF954340
o711 Lobophyllia cf diminuta HF954339
Lobophyllia costata HF954334
- - 891- [ obophyllia costata HF954333
Lobophyllia corymbosa HF954342
Lobophyllia corymbosa HF954341
Lobophyllia corymbosa HE648553
Lobophyllia robusta HF954337
Lobophyllia robusta HF954338
Lobophyllia flabelliformis HF954336
Lobophyllia flabelliformis HF954335
Symphyllia agaricia HF954351
09 || Lobophyllia hemprichii HE648556
-, Lobophyllia hemprichii HE648555
Lobophyllia hemprichii HF954343
Symphyllia agaricia HF954350
Symphyllia erythraea HF954345
01 m Symphyllia erythraea HF954345

Symphyllia erythraea HF954344
Appendix 5.3. Phylogenetic relationships betweeRarascolymia vitiensisand P.
rowleyensigpreviouslyAustralomusspawithin the family Lobophylliidae based on nuclear
ITS region. Bayesian topology is shown. Numberso@ssed with branches indicate

Maximum Likelihood bootstrap (>70%) support (ledidd Bayesian posterior probabilities

(>0.9) (right). Clades within Lobophyllidae arelaored and labelled A to | according to
Arrigoni et al. (2014a).

971

70/

92/0.99
891 ——

239



Appendix 5.4. In situ photos of the specimens Barascolymia vitiensignalyzed in this
study: A) 6816, B) 6830; C) IRD HS2955; D) IRD H$29 E) IRD HS2985, F) IRD
HS3255; G) UNIMIB PFB031; H) UNIMIB PFB032; 1) UNINB PFB033; J) UNIMIB

PFB052; K) UNIMIB PFB053; L) UNIMIB PFBO055; M) UNINB PFB151; N) UNIMIB
PFB152.
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Appendix 6.1. List of sequences of COI, Histone H3, and rDNAdu$er the Ancestral

character state reconstruction.

Specie COl Histone H3 rDNA
Plesiastrea versipora HQ203246 HQ203518 HQ203307
Diploastrea heliopor EU37166! HQ20353: HQ20331!
Montastraea cavernosa HQ203283 HQ203601 HQ203368
Acanthastrea echina HF95421. LK02240¢ HF95430:
Acanthastrea rotundoflora HF954218 LK022410 HF954305
Acanthastresubechinat HF95421! LK02240¢ HF95430°
Acanthastrea hemprichii HF954221 LK022411 HF954309
Sclerophyllia margariticol LM99333( LM99330¢ LM993347
Sclerophyllia maxim LM99332¢ LM99331( LM99334¢
Acanthastrea hilla HF95420 LK02240: HF95429:
Acanthastrea bowerbanki HF954209 LK022405 HF954296
Phymastraea multipuncte HQ20328! HQ20360:! HQ20337.
Micromussa amakusen HE65464. LK02240( HEG64855!
Moseleya latistellata HQ203293 HQ203614 HQ203376
Echinophyllia echinat HF95423. LK02241¢ HF95432(
Oxypora lacer. HF95422 LK02241¢ HF95431!
Echinophyllia echinoporoid: HF95423! LK02241: HF95432:
Echinophyllia orpheensis HF954240 LK022414 HF954327
Echinophyllia asper HE65464: LK02241z HE64856-
Cynarina lacrymalis HF954201 LK022418 HF954288
Lobophyllia hemprich HE65463! LK02242: HE64855!
Lobophyllia corymbosa HE654638 LK022420 HE648554
Lobophyllia robust HF95425( LK02242: HF95433
Symphyllia radians HEG654644 LK022425 HE648560
Lobophyllia costat HF95424i LK022421 HF95433:
Symphyllia agaricia HF954263 LK022424 HF954350
Symphyllia rect HF95426 LK02242¢ HF95435:
Symphyllia valenciennesii HF954260 LK022427 HF954347
Parascolymia vitiens LK02235( LK022387 LK02236¢
Parascolymia rowleyensis LK022344 LK022380 LK022359
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Appendix 6.2. Original illustration ofS. margariticolaby Klunzinger (1879). Arabic
numerals at the outer end of the septa indicateytble number (from 1 to 5).

242



Plesiastrea versipora
—————————————— Diploastrea heliopora
——— Montastraea cavernosa
— Goniastrea retiformis
p— Merulina scabricula
————— Orbicella annularis
0.81 4 Favites flexuosa

Favites abdita
Leptoria phrygia
- 092 | Platygyra sinensis

Dipsastrea rotumana
Dipsastrea speciosa

0.86

Cyphastrea mic
Caulastraea tumida
085 Oulophyllia crispa

089

Micromussa amakusensis

(AMS6S, 346,

. 364, 368)

Micromussa pacifica

(GAI30, GAIS0, GAI86, Hs3202,
1153327, HS3359, HS3T1, HS3
HSIS28, HS3S43, HS3483)

L Micromussa indiana

f—— (ADO6

. BALL7, BUOOL, FP,
095 MUISS, MU21S, 50071)

Micromussa multipunctata
(PI31, RMNH Coel 40070,
RNNH Cocl 40077, RMNH Cocl 40099)

Micromussa lordhowensis
(1597, 1598, 1642, 5019, 5023,
5038, 5050, 5063, 5079, 5085,
5087, 5098, S099G, SO99R, MH042)

092
Hydnophyllia wilsoni
oo | OVILLWIL2 WiLs, wiLs, wiLs)
Homophyllia australis
096
(4631, 3311, HS3441, HS3447,
01 HS360, HS3470, 113524, HS3S25,
HS3526, HSISH, Hs3S45)
074
087
Homophyllia bowerbanki
(4620, 153285, WS35,
HS3287, HSI288, 153298,
HS3446, HS3489, MII019)
0.86
Homophyllia hillae
3066, HS3163, HS316
. 153438, S350,
HS3S3L. MHOL3, MiL046)
Sclerophyllia maxima BA136,50132)
095 | Sclerophyllia margariticola sa32, sa1015)
Moseleya
— Acanthastrea echinata
(1533195, HS31S0, 1S3126, M1H00S)
MHOS, MHO24, MIH040, MIHO41)

086] Acanthastrea hemprichii wis3227, ns3065)

Acanthastrea subechinata (ns3228)

Acanthastrea echinata (Apo73, BU036)
— Acanthastrea hemprichii (8115, p3274)
| Acanthastrea rotundoflora sz, ssise)
Echinophyllia echinata s1s317, 153179)
086 | Oxypora lacera aissiz2, us30)
- Echinophyllia aspera
076 Echinophyllia echinoporoides

Echinophyllia tarae
Oxypora glabra

W‘ Cynarina lacrymalis (\vo11, NC674) Lobophyllia corymbosa

Lobophvllia costata
Lobophyllia diminuta
Lobophyllia erythraea
Lobophyllia flabelliformis
Lobophyllia hemprichii
Lobophyllia robusta
095 Parascolymia vitiensis
Parascolymia rowleyensis
Symphyliia agaricia
Symphyllia radians
Symphyllia recta
Symphyllia valenciennesii

0. .NI Echinophyllia orpheensis

0.03

Appendix 7.1. Maximum Likelihood tree based on partial mitochoad COl gene.
Numbers associated with branches indicate SH-ligparts (> 0.7). Samples analyzed in
this study are in bold.
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strea versipora
Pl 7
— Montastraea cavernosa

—— Diploastrea heliopora

[ Meruinascabricula
G

0.89

oniastrea retiformis
Dipsastrea rotumana
Dipsastrea speciosa
Leptoria phrygia

I’[un;;jrr‘u sinensis
0.92 Caul tumida

Oulophyllia crispa
avites flexuosa
avites abdita

097
) Orbicella annularis
— Cyphastrea mic

Homophyllia australis
+ (4631, HS3311, HS3441, HS3447,
HS3469, HS3470, HS3524, HS3525,
13526, HS3544, Hs3545)

Homophyllia bowerbanki
(4629,1H83285, HS3286,

HS3287, HS3288, HS3298,
HS3446, HS3489, MH019)

0.93

Homophyllia hillae

(HS3066, HS3163, HS3169,
HS3 38,

0.82

Hydnophyllia wilsoni
D02 | OVILL WIL2, WILS, WL, WiLs)

Micromussa lordhowensis

(1597, 1598, 1642, 5019,

5087, 5098, 5099,

179, 508:
099R, MH042)

Micromussa pacifica

(GAI30, G150, GA186, Hs3202,

092 HS3327, HS3359, HS3471, HS3527,
HS3528, HS3543, HS3483)
091
Micromussa amakusensis
(AMG6S, 346, 359, 364, 368)
Micromussa indiana
(ADO69, BA117, BUOOL, FP,
0.78 MU185, MU21S, SO071)
077
Micromussa multipunctata
(P131, RMNH Coel 40070,
RMNH Coel 40077, RMNH Coel 40099)
0.9
' Cynarina lacrymalis vor1, xce74)
Moseleya
Acanthastrea echinata
(ADO73, BU036, HS33195, HS3150, HS3126,
MHO0S, MH006, MH024, MH040, MHO41)
Acanthastrea hemprichii
1 (BA115, DJ274, HS3227, HS3065)
Acanthastrea subechinata (153228)
Acanthastrea rotundoflora (8259, 153166)
0.96 Lobophyllia corvmbosa
Lobophyllia costata
Lobophyllia diminuta
Lobophyllia erythraea
Lobophyllia flabelliformis
Lobophyllia hemprichii
Lobophyllia robusta
0.95 Parascolymia vitiensis
: Parascolymia rowleyensis
Symphyliia agaricia
Symphyllia radians
Symphyllia recta
Symphyllia valenciennesii
Sclerophyllia maxima (BA136,50132)
098 | Sclerophyllia margariticola (sas32. sai01s)
| Echinophyliia echinata gis3i. ussim)
] ] | Oxwpora lacera wissinz, nssos)
P — Echinophyllia echinoporoides
0.03 Oxypora glabra
Echinophyllia aspera

Echinophyllia orpheensis
Echinophyllia tarae

Appendix 7.2. Maximum Likelihood tree based on nuclear Histong dg&ne. Numbers
associated with branches indicate SH-like supert3.7). Samples analyzed in this study
are in bold.
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versipora
Diploastrea heliopora
Montastraea cavernosa

Cyphastrea mi
o Orbicella annularis

Favites flexuosa
5 Favites abdita
Leptoria phrygia
Platygyra sinensis
Dipsastrea rotumana
ipsastrea speciosa

099

tumida

C
082 096 Oulophyllia crispa

_”‘)"’:\Jul ulina scabricula

Goniastrea retiformis

AMG65 Micromussa amakus
368 Micromussa amakusensis
6 Micromussa amakusensis
359 Micromussa amakusensis
364 Micromussa amakusensis
icromussa amakusensis
S s multipunctata
RVINH Cocl 40077 Micromussa mulipunctata
NH Coel 40099 Micromussa multipunctata
RMNH Coel 40070 Microminss multipunctata

5050 Micromussa lordhowensis
ficromussa lordhowensis
5023 Micromussa lordhowensis
5063 Micromussa lordhowensis
icromussa lordhowensis
5098 Micromussa lordhowensis
5038 Micromussa lordhowensis
1598 Micromussa lordhowensis
SU8S Micromussa lordiowensis
92 L5087 Micromussa lordhowens
5079 Micromussa lorahonensis
nussa lordhowensis
a lordhowensis
sa lordhowensis
sa lordhowensis
SO071 Micromussa indiana
MU21S Micromussa indiana
MUI85 Micromussa indiana
ADO69 Micromussa indiana
BA117 Micromussa indiana
EP Micromussa new indiana
052 1 BUOO1 Micromussa indiana
His33% Miromasit pacifica
3 Micromussa pacifica

nsis

0.99

097

0.99

084

G.

057 lJL GA130 Micromussa paci

o.s6 | | HS3327 Micromussa pacifica
HS3483 Micromussa pacifica

202 Micromussa pac it

1535
099 HIIT1 Micromose /}uuhur
L~ 183528 Micromussa pacifica
31 Homopllia ausiral
3470 Homophvilia australis
2 — HS3526 Homophyllia australis
031 HS3524 Homophyllia australis
HS3469 Homophyllia australis
HS3311 Homophyllia ausiralis
HS3525 Homophyllia australis
HS3447 Homophyllia australis
HS3441 Homopliyllia australis
HS3545 Homophyllia australis
44 Homophyllia australis
nophyllia bowerbanki
8328 Homophyilia hillae
HS3169 Homophyllia hillae
HS3285 Homophyllia bowerbanki
I Homophyllia bowerbanki
438 Homophyilia illae
HS3531 Homophvllia hillae
094 9,99 nsww Homophyllia bowerbanki
3446 Homopllia bowerbanki
Homopliyllia bowerbanki
TR Hmlmp/n llia hillae
HS3288 Homophyllia bowerl
4629 Homophyllia bowerbanki
MHO46 Homophyllia hillae
Tomophyilia Imn erbanki
HS3163 Homophyllia hillac
o HS3066 Homeplyilia hillie
MHO043 Homophyllia hillae

WIL4 Hydnophyllia wilsoni
WILS Hydnophyllia wilsoni

f WIL1 Hydnohyllia wilsoni

1 ‘WIL3 Hydnophyllia wilsoni
0.98 & WIL2 Hydnophyllia wilsoni

- 1183028 dcanthasira subechinata
Acanthastrea hemprichii
TR Ao e heerich
MH005 Acanthastrea echinata

MH041 Acanthastrea echinata
HS3126 dcanhasirea echinata
canthastrea hemprichii
95 canthastrea echinata
TISS1S0 Aconhasien cehinates
MH006 Acanthastrea echinata
PFB239 Acanthastrea rotundoflora

BU036 Acanthastrea echinata
MH024 Acanthastrea echinata
DI214 dcanthasirea hemprichi
ADO73 Acanthastrea echina

FS3166 Acanthasirea rofundoflora

BALIS Acanthastrea hemprichii

BAIL ‘((w Sclerophyllia maxima
5013 maxima
SA932 Sclerophyllia margariticola
0.79 & SA8R0 Sclerophyllia margariticola
Moseleya

Echinoplylla echinoporoides
Oxypora glab

E Rinophyllts tare
Ec /mmp ivlia o phm*rmr

098 095y HS3170 Echinophyllia echinata
HS3171 Echinophyllia echinata
HS$3203 Oxypora lacera
L= HS3172 Ovypora lacera
| Cynarina lacrymalis svoi1, xcer)
——— Symphyllia eryihraca
0.57 = Symphyllia recta
Parascolypia rowley
Para: lvmia vitiel
Svmphyllia radians
Lobophyllia diminuta
Lobophyllia costata
Lobophyllia hemprichii
osoA T Symphyillia agaricia
Lobophyllia flabelliformis
Lobophyllia corymbosa
Lobophyllia robusta
076~ Symphyllia valenciennesii

Appendix 7.3.Maximum Likelihood tree based on nuclear ITS ragidumbers associated
with branches indicate SH-like supports (> 0.7)nglkes analyzed in this study are in bold.
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Appendix 7.3. Pairwise genetic distance vaues within and betwekatdes of the
Lobophyllidae using the combined COI-Histone H3®EITregions data set. Standard
deviations are listed on the upper right hand pogifor each set of comparisons.

A B C D E F G H [ J
A 0.0127 0.0041  0.0060  0.0060  0.0057  0.0056  0.0073  0.0058 0059.  0.0042
B (828%3) 0.0091 0.0061  0.0059  0.0059  0.0056  0.0068  0.0056  0.0057 004Q.
c 0.0616 (Odc.)gé;()) 0 00053 0.0052 0.0052 0.0069  0.0047  0.0051  0.0057
D 0.0586  0.0556  0.0398 - 0.0048  0.0044  0.0064  0.0044  0.0044  0.0059
E 0.0598  0.0603  0.0471  0.0379  0.0031 0.0044  0.0064  0.0041  0.0044  0.0058
F 0.0617  0.0610  0.0437  0.0278 (0'08.0073248 0.00290.0056  0.0045  0.0044  0.0053
G 0.0969  0.0960  0.0818  0.0639  0.0662 (0'008(1))592 0.00510.0062  0.0063  0.0068
H 0.0606  0.0567  0.0388  0.0332  0.0355 0.0336(0'00%).33704 0000  0.0035  0.0057
| 0.0624  0.0590  0.0409  0.0303  0.0375  0.0286 o.oegiofgggg) 0.0091  0.0057
J 0.0324  0.0302  0.0545 0.0510 0.0573  0.0548  0.0908 0536. (06%051457) (0%880)4
.0004
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“The /%fﬂm o5 wnwritten”

(Joe Strumumer)
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