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Abstract :   
 
Accurate delimitation of species and their relationships is a fundamental issue in evolutionary biology and 
taxonomy and provides essential implications for conservation management. Scleractinian corals are 
difficult to identify because of their ecophenotypic and geographic variation and their morphological 
plasticity. Furthermore, phylogenies based on traditional loci are often unresolved at the species level 
because of uninformative loci. Here, we attempted to resolve these issues and proposed a consistent 
species definition method for corals by applying the genome-wide technique Restriction-site Associated 
DNA sequencing (RADseq) to investigate phylogenetic relationships and species delimitation within the 
genus Leptastrea. We collected 77 colonies from nine localities of the Indo-Pacific and subjected them to 
genomic analyses. Based on de novo clustering, we obtained 44,162 SNPs (3701 loci) from the holobiont 
dataset and 62,728 SNPs (9573 loci) from the reads that map to coral transcriptome to reconstruct a 
robust phylogenetic hypothesis of the genus. Moreover, nearly complete mitochondrial genomes and 
ribosomal DNA arrays were retrieved by reference mapping. We combined concatenation-based 
phylogenetic analyses with coalescent-based species tree and species delimitation methods. Phylogenies 
suggest the presence of six distinct species, three corresponding to known taxa, namely Leptastrea 
bottae, Leptastrea inaequalis, Leptastrea transversa, one characterized by a remarkable skeletal 
variability encompassing the typical morphologies of Leptastrea purpurea and Leptastrea pruinosa, and 
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two distinct and currently undescribed species. Therefore, based on the combination of genomic, 
morphological, morphometric, and distributional data, we herein described Leptastrea gibbosa sp. n. from 
the Pacific Ocean and Leptastrea magaloni sp. n. from the southwestern Indian Ocean and formally 
considered L. pruinosa as a junior synonym of L. purpurea. Notably, mitogenomes and rDNA yielded a 
concordant yet less resolved phylogeny reconstruction compared to the ones based on SNPs. This aspect 
demonstrates the strength and utility of RADseq technology for disentangling species boundaries in 
closely related species and in a challenging group such as scleractinian corals. 
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29 to reconstruct a robust phylogenetic hypothesis of the genus. Moreover, nearly complete mitochondrial genomes and 

30 ribosomal DNA arrays were retrieved by reference mapping. We combined concatenation-based phylogenetic 

31 analyses with coalescent-based species tree and species de limitation methods. Phylogenies suggest the presence of six 

32 distinct species, three corresponding to known taxa, namely L. bottae, L. inaequalis, L. transversa, one characterised 

33 by a remarkable skeletal variability encompassing the typical morphologies of L. purpurea and L. pruinosa, and two 

34 distinct and currently undescribed species. Therefore, based on the combination of genomic, morphological , 

35 morphometric, and distributional data we herein described L. gibbosa sp. n. from the Pacifie Ocean and L. magaloni 

36 sp. n. from the south western Indian Ocean and formally considered L. pruinosa as a junior synonym of L. purpurea. 

37 Notably, mitogenomes and rDNA yielded a concordant yet less resolved phylogeny reconstruction compared to the 

38 ones based on SNPs. This aspect demonstrates the strength and utility ofRADseq technology for disentangling species 

39 boundaries in closely related species and in a challenging group such as scleractinian corals. 

40 

41 Keywords ezRAD · dDocent · Holobiont · SNAPP · Bayes Factor Delimitation · Morphometrics · New species 

42 

43 Introduction 

44 Scleractinian corals represent the major bioconstructors of tropical coral reefs, with millions of species living in 

45 closely association with them, and support economies of several countires (Knowlton 2001 ; Roberts et al. 2002). 

46 Nevertheless, they are threatened organisms given their rapid decline worldwide in response to numerous 

47 enthropogenic drivers both at local and global scales (Pratchett et al. 2017; Hughes et al. 2018, 2019). Considering 

48 this ongoing loss of coral diversity and the high extinction rate in marine habitats as we are transitioning in the 

49 Anthropocene era (McCauley et al. 2015; Hughes et al. 2017; Johnson et al. 201 7), conservation strategies urgently 

50 call for accurate species assessments in characterizating coral biodiversity. 

51 Coral species have been traditionally described using morphological traits of skeleton (Wells 1956; Chevalier 

52 1975). Disagreements between conventional - and genetics-based systematics are common in ail genera and have left 

53 the delineation of most extant species unresolved (Kitahara et al. 2016). From a molecular perspective, currently 

54 available markers are insufficient for species del imitation in the majority of genera (see for example Forsman et al. 

55 2009; Terraneo et al. 2016). Mitochondrial barcoding genes of Anthozoa exhibit a slow evolutionary rate (Shearer et 

56 al. 2002; Hellberg 2006) while the nuclear ITS marker poses problems as it displays elevated intraindividual and 



57 intraspecific variation and retention ofancient lineages (Van Oppen et al. 2000; Vollmer and Palumbi 2004). From a 

58 morphological point of view, environment-induced phenotypic plasticity (Todd 2008 ; Paz-Garcia et al. 2015) and 

59 genotype-driven intraspecific morphological variation (Carlon and Budd 2002; Dimond et al. 2017) have contributed 

60 to the taxonomie uncertainties. Furthermore, evolutionary convergence, morphological stasis, and homoplasy occur 

61 in several traditional skeletal traits (Fukami et al. 2008; Flot et al. 2011; Arrigoni et al. 2016a, 2019). 

62 The advent of high-throughput sequencing technologies provides an unprecedented chance to access a huge 

63 amount of genomic information and to resolve controversial phylogenetic relationships in great depth and ail 

64 taxonomie levels (Metzker 2010). This is particularly true for Restriction-site associated DNA sequencing (RADseq; 

65 Miller et al. 2007; Baird et al. 2008), a reduced-genome technique that can be applied to non-mode! organisms for 

66 which there are no reference genome data available (Davey and Blaxter 2010). This approach relies on the sequencing 

67 of short DNA fragments tlanking restriction sites, generating hundreds to thousands of random, unlinked, and 

68 homologous genomic loci, and single nucleotide polymorphisms (SNPs) (Andrews et al. 2016). Typically, RADseq 

69 has been used to establish phylogenetic relationships between closely related species and populations (Rubin et al. 

70 2012; Ceballos et al. 2019). Nevertheless, its application has been successfully extended from shallow timescales also 

71 to divergences dating back to 50--60 Ma (Cari ou et al. 2013 ; Eaton et al. 2017). 

72 ln this work, the scleractinian genus leptastrea Milne Edwards and Haime, 1849, actually transferred to lncertae 

73 Sedis at the family level (Budd et al. 2012) , is selected as case study to propose a rigorous integrative method to infer 

74 evolutionary relationships and delimitation ofspecies within hard corals. leptastrea is widely distributed throughout 

75 the lndian and central Pacifie Ocean, where it is a common element of shallow reefs (Veran 2000). The genus currently 

76 includes seven colonial and zooxanthellate ex tant nominal species (Hoeksema and Cairns 2019), namely L. aequalis 

77 Veran, 2000, l. bewickensis Veran, Pichon and Best, 1977, l. bottae (Milne Edwards and Haime, 1849), l. inaequalis 

78 Klunzinger, 1879, l. purpurea (Dana, 1846), l. pruinosa Crossland, 1952, and l. transversa Klunzinger, 1879. 

79 According to the distribution maps in Veran (2000) , they are widely distributed from the Red Sea to the central Pacifie 

80 with the exception of l. bewickensis spanning from the eastern lndian to the Central Pacifie. Species ascribed to 

81 Leptastrea have been described exclusively based on size and shape of skeletal structures (Matthai 1914; Chevalier 

82 1975; Scheer and Pillai 1983). Nevertheless, remarkable morphological variation of the skeleton was described for 

83 species such as l. bottae, l. purpurea, and l. transversa from distinct habitats or different localities of the lndo-

84 Pacifie (Matthai 1914; Chevalier 1975; Veran et al. 1977; Scheer and Pillai 1983). Such variability has led to the 
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85 complex synonymy history of, for example, L. purpurea with several nominal species described starting from the 19th 

86 century and now considered its junior synonyms (Milne Edwards and Haime 1849; Verrill 1867; Hoeksema and Cairns 

87 2019). Moreover, some species can be superficially so similar that taxonomists have hesitated to tell them apart, e.g. 

88 L. purpurea with L. transversa and L. purpurea with L. pruinosa (Vaughan 1918; Scheer and Pillai 1974; Veron et al. 

89 1977). Due to the challenges of its species morphological identification, and the resulting taxonomie uncertainty, 

90 Leptastrea provides a good case study to address evolutionary and systematics issues in scleractinians. It has, however, 

91 remained poorly studied without any genetic analyses aimed to clarify species boundaries carried out so far (Fukami 

92 et al. 2008; Arrigoni et al. 2012). Therefore, Leptastrea is an ideal mode! to test general questions that are frequently 

93 applied to most phylogenetic studies on corals: (a) how can we distinguish closely related and morphologically similar 

94 species?; (b) which morphological characters are diagnostic of the independently evolving molecular lineages (i.e. 

95 species)?; (c) what is the actual species geographic distribution? 

96 Herein, we applied a genome-scale ezRAD framework (Toonen et al. 2013) to elucidate the phylogenetic 

97 relationships and species del imitation in Leptastrea, using one of the largest coral genomic datasets published so far 

98 from a large geographic range spanning the whole Indo-Pacific. We newly sequenced and assembled three 

99 phylogenomic datasets: (a) 9,573 loci from the coral dataset by mapping reads to coral transcriptome reference; (b) 

100 3,701 anonymous loci from the holobiont dataset ( a close association of a diverse variety of organisms including coral, 

101 obligate symbiotic dinoflagellate algae, bacteria, fungi, and microbes, see Forsman et al. 2017) based on de novo 

102 assembly; (c) nearly complete mitochondrial genomes and ribosomal DNA arrays, including the barcoding region of 

103 the cytochrome oxidase subunit I gene and the ITS 1 and ITS2 regions traditionally used in coral phylogenetic work, 

104 respectively. Phylogenomic information was then combined with morphological, morphometric, and geographical 

105 data to propose species delineation of Leptastrea in an integrative taxonomie context arising from multiple lines of 

106 evidence. 

107 

108 Materials and methods 

109 Sampling and identification 

110 A total of 77 Leptastrea colonies were sampled while SCUBA <living between 1 and 35 m depth at nine Indo-

111 Pacifie localities, namely Saudi Arabia (Red Sea coast), Djibouti, Yemen (Gulf of Aden coast and Socotra Island), 

112 Madagascar, Mayotte Island, the Maldives, Papua New Guinea, New Caledonia, and French Polynesia (Data S 1). Two 



113 Lobactis scutaria (Lamarck, 1801) from the Red Sea were used as outgroup because this species is phylogenetically 

114 closely related to Leptastrea (Fukami et al. 2008; Arrigo ni et al. 2012) and its transcriptome is availab le (Ki tchen et 

115 al. 2015). Digital images of living corals were taken in the field with a Canon Powershot G9 in an lkelite underwater 

116 housing system. Samples were broken off from the colonies with hammer and chisel. A small fragment of each sample 

117 was then preserved in 96% ethanol or CHAOS solution (not an acronym; 4 M guanidine thiocyanate, 0.1 % N-lauroyl 

118 sarcosine sodium, 10 mM Tris pH 8, 0.1 M 2-mercaptoethanol) (Sargent et al. 1986) for molecular analyses. The 

119 remaining portion of the corallum was immersed in sodium hypochlorite for 48 hours to remove ail soft parts, rinsed 

120 in freshwater, and dried for identification and microscope observation. Material sampled for this study was deposited 

121 at King Abdullah University of Science and Technology (KAUST, Kingdom ofSaudi Arabia), University ofMilano-

122 Bicocca (UNIMIB, ltaly), Institut de Recherche pour le Développement (!RD, New Caledonia), James Cook 

123 University (JCU, Australia), and the Muséum National d'Historie Naturelle (MNHN, France). Specimens were 

124 identified to species based on skeleton morphology following Milne Edwards and Haime ( 1849), Klunzinger ( 1879), 

125 Crossland (1952), Veron et al. (1977), and Veron (2000) as well as referring to illustrations of holotypes in their 

126 original descriptions. Moreover, the type specimens of L. bottae, L. inaequalis, L. purpurea, and L. transversa and 

127 were examined (Figs. la, e, i, m, q) (Data S2). 

128 

129 DNA extraction, ezRAD library preparation, and sequencing 

130 Total DNA was extracted using DNeasy® Blood and Tissue kit (Qiagen Inc. , Hilden, Germany) for coral 

131 fragments preserved in ethanol or through a phenol-chloroform based method for samples in CHAOS. A Qubit® 

132 Fluorometer 3.0 (Thermo Fisher Scientific Inc. , Waltham, MA, USA) was used to check that each DNA extract 

133 contained a minimum of 1.2-1.3 µg ofgenomic DNA. We followed protocols by Toonen et al. (2013) and Knapp et 

134 al. (2016) for DNA digestion and ezRAD library preparation. Each sample was digested using frequent cutter 

135 restriction enzymes MboI and Sau3AI (New England BioLabs, Ipswich, MA, USA) to cleave sequences at GATC eut 

136 sites (Toonen et al.2013). Ali ezRAD libraries were obtained using TruSeq Nano DNA HT Library Prep Kit (Illumina, 

137 San Diego, CA, USA), size selected at 350 bp, ligated with a unique combination of Illumina adapters D701-D712 

138 and D50 l-D508, normalized, and combined to two pools of 40 and 39 libraries, respectively . Each library pool was 

139 run in a single 150 bp paired-end lane on Illumina HiSeq 4000 System at KAUST Genomics Core Lab (Thuwal , 
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140 Kingdom of Saudi Arabia). The sequenced lengths, number of reads, and sample information for each library are 

141 presented in Data S 1. 

142 

143 ezRAD data processing 

144 The Illumina raw data consisted of 509,354,215 million 150 bp reads for ail 77 samples. Ail samples were de-

145 multiplexed using their unique barcode and adapter sequences under the Illumina pipeline bcl2fastq/2. l 7. l .14 (with 

146 no mismatches allowed for the barcode), effectively removing reads that lacked identifiable barcode pairs. Ali samples 

147 were trimmed for low quality base-pairs and adapter sequences using Trimmomatic v.0.36 under the default 

148 parameters (Bolger et al. 2014). The ezRAD analysis was performed twice, first as a holobiont and after assembling 

149 the reads to the L. scutaria transcriptome. 

150 To perform the holobiont analysis, the dDocent 2.2.25 pipeline mentioned in Puritz et al. (2014) was followed 

151 under the default parameters unless indicated here. Total reads were placed in a folder as* .F.fq.gz and * .R.fq.gz and 

152 trimmed reads were placed as *.Rl.fq.gz and *.R2.fq.gz, respectively. About 5.9 million trimmed reads per sample 

153 were obtained. Briefly, the dDocent v.2.2.25 pipeline (Puritz et al. 2014) was started merging the trimmed reads using 

154 PEAR v.0.9.6 (Zhang et al. 2013) and an assembly was created using BWA v.0.7. 15 (Li and Durbin 2009) under the 

155 following options, t 16 -a -M -T 10-R. The barn files were then sorted and merged using SAMtools v.1.6 (Li et al. 

156 2009) to create one single barn file. Variants were called using FreeBayes (Garrison and Marth 2012) under the 

157 following options, -0 -E 3 -G 5 -z 0.1 -X -u -n 4 --min-coverage 5 --min-repeat-entropy 1 -V -b options. The post-

158 assembly dDocent 2.2.25 pipeline was done after aligning the trimmed reads to the transcriptome of L. scutaria using 

159 Bowtie v.2 2.3.4 (Langmead and Salzberg 2012), and the aligned reads were converted to fastq files using BEDTools 

160 v.2.26.0 (Quinlan and Hall 2010). These files were renamed as *F.fq.gz and *R.fq.gz and were placed along with the 

161 L. scutaria transcriptome as reference.fasta. dDocent 2.2.25 (Puritz et al. 2014) was initiated without the assembly 

162 option to create the reference fasta file and executed with the same options as mentioned above. SNPs were identified 

163 using FreeBayes (Garrison and Marth 2012) following Forsman et al. (2017). 

164 One of the main benefits of ezRAD is that it ends up with both considerable vertical and horizontal coverages (as 

165 depth and breadth) (Terraneo et al.2018a, 2018b; Stobie et al.2019). Wh ile the former is used to call SNPs, the latter 

166 generates very long contigs, resulting in the resolution of the complete or a large percentage of the mitochondrial 

167 genomes and other multicopy gene regions such as ribosomes. Reference mapping against previously published 



168 reference sequences of mitochondrial genome (mitogenome) and nuclear ribosomal DNA (rDNA, including the 

169 complete l 8S, ITS l , 5.8S, ITS2, and 28S regions) was carried out to acquire and compare nearly complete 

170 mitogenomes and rDNA from each library. As reference, we used the complete mitochondrial genome of Polycyathus 

171 chaishanensis Lin et al. 2012 (JF825140) and the nearly complete rDNA of L. purpurea (LT631161 , HE648522, 

172 JQ966138). Raw de-multiplexed reads were trimmed for adapters and low-quality bps using Trimmomatic v.0.36 

173 (Bolger et al. 2014). Trimmed reads were aligned to the reference sequences using Bowtie v.2 2.3.4 (Langmead and 

174 Salzberg 2012) in -- fast-local mode. Aligned reads were convert to barn and indexed using SAMtools v.1.6 (Li et al. 

175 2009), and the consensus sequences were identified using SAMtools mpileup combined with Vcfutils.pl. 

176 

177 Phylogenomic analyses 

178 The resulting vcf files from both the coral and holobiont datasets were further filtered using VCFtools v.0.1.16 

179 (Danecek et al. 201 !). To examine the sensitivity of the phylogenetic inference to the filtering process, we generated 

180 two filtered supermatrices for both the coral and holobiont datasets. In particular, following Forsman et al. (2017) we 

181 obtained the "coral-max'' and the "holobiont-max" supermatrices using the following filter options: mean depth = 5, 

182 max missing data= 50%, and minimum distance between SNPs = 10. Conversely. we generated the ··coral-min'· and 

183 the "holobiont-min'' supermatrices using the following filter options: mean depth = 10, max missing data= 0%, and 

184 minimum distance between SNPs = 300. Haplotypes were then called and filtered for complex loci , potential paralogs, 

185 missing data, and sequencing errors using the rad _hap lotyper v.1.1.8 pipeline 

186 (https://github.com/chollenbeck/rad_haplotyper; Willis et al. 20 l 7). Contigs were then collapsed into genotypes for 

187 final analyses. PGDspider v.2.1.1.5 (Lischer and Excoffier 2011) was used to convert the dataset to the required file 

188 types for further analysis. The resulting four concatenation-based loci supermatrices were analyzed in RAxML v8.2. l 0 

189 (Stamatakis 2014) for maximum likelihood (ML) phylogenetic inference. We applied the GTR + GAMMA 

190 substitution mode! for all the phylogenetic analyses, and the branch support was assessed by 500 rapid bootstrap 

191 replicates. The "coral-max'' and "holobiont-max" supermatrices were also investigated by means of Bayesian 

192 lnference with BEA ST v.2.5.2 (Bouckaert et al. 20 l 4). The GTR + GAMMA substitution mode! and an uncorrelated 

193 (lognormal) clock mode! were applied. Chains were run for l 00 million iterations, sampling every 50,000 iterations, 

194 and checked for stationarity and parameter effective sample sizes with Tracer v.1.7 (Rambaut et al.2018). Final trees 
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195 were built using the BEAST module TreeAnnotator v.2.5.2 (Bouckaert et al.2014), discarding the first 10% as burnin 

196 as indicated by Tracer v.1.7 (Rambaut et al. 2018). 

197 The mitogenome and rDNA datasets were aligned using MAFFT v. 7 with the E-INS-i strategy (Katoh and Standley 

198 2013). We determined the optimal among-gene partitioning scheme and mode! choice for dataset in PartitionFinder 

199 v.2 (Lanfear et al. 2016) un der the Bayesian Information Criterion (BIC). The mitogenomes were partitioned 

200 according to the genes, considering ail intergenic regions as a single partition, while genes were further partitioned 

201 according to the codon positions. The rDNA dataset was partitioned in five partitions, l 8S, ITS 1, 5.8S, ITS2 , and 28S. 

202 Phylogenetic relationships based on mitogenome and rDNA alignments were inferred using both ML and BI, under 

203 parameters and options applied for the "coral-max'· and "holobiont-max" supermatrices. We also built ML 

204 phylogenetic trees based on two barcoding loci traditionally and widely used for scleractinian corals (Kitahara et al. 

205 2016), namely a portion of the cytochrome oxidase subunit I gene of the mitochondrial genome (COI) and the complete 

206 ITSI, 5.8S, and ITS2 regions of the rDNA (ITS). Lobactis scutaria was selected as outgroup for ail the phylogenetic 

207 analyses following Arrigoni et al. (2012). Ali ML and BI analyses were run on the CIPRES Science Gateway (Miller 

208 et al. 2010). 

209 

210 Species delimitation analyses 

211 Bayes Factor Delimitation with genomic data (BFD*) was used to test eight reasonably possible species 

212 delimitation models (Leaché et al. 2014 ). In particular, we considered the following models: (1) one single species; 

213 (2) current taxonomy, distinguishing L. bottae , L. inaequalis, L. pruinosa, L. purpurea, L. transversa, and the 

214 undescribed morph from Madagascar and Mayotte (six species); (3) current taxonomy but Jumping L. purpurea with 

215 L. transversa (five species); (4) current taxonomy but Jumping L. purpurea with L. pruinosa and L. transversa (four 

216 species); (5) groups resulting from ezRAD phylogenies including the undescribed morph from Madagascar and 

217 Mayotte and L. cf bottae from New Caledonia and Papua New Guinea (six species); (6) proposed ezRAD phylogenies 

218 but splitting L. purpurea and L pruinosa (seven species); (7) proposed ezRAD phylogenies but lumping L. purpurea 

219 with L pruinosa and L. transversa (five species); (8) proposed mitogenome and rDNA phylogenies (five species). In 

220 order to reduce computational time, we sampled three individuals per species. We used VCFtools v.0.1. 16 (Danecek 

221 et al.2011) to generate a supermatrix of21 individuals, including only unlinked biallelic SNPs with 0% missing data 

222 as required by SNAPP. The SNAPP package (Bryant et al. 2012) implemented in BEAST v.2.5.2 (Bouckaert et al. 



223 2014) was used to run a path sampling method with 48 steps, each one consisting of 100,000 MCMC generations 

224 saving every 1000 generations with a pre-bumin of 10,000 steps. Mode! convergence was assessed using Tracer v.1.7 

225 (Rambaut et al. 2018). We compared and ranked models to select the best-supported species hypothesis by using the 

226 estimated marginal likelihood (MLE) of each mode! and by calculating the Bayes factor (BF) as (2 * [mode! 1 -

227 model2]) (Kass and Raftery 1995). 

228 The species tree anal y sis was based on the results of BFD* runs described above, using the best supported mode!. 

229 A coalescent-based species tree was obtained by using the SNAPP package (Bryant et al. 2012) implemented in 

230 BEAST v.2.5.2 (Bouckaert et al. 2014). ln order to reduce the complexity in species tree estimation and increase 

231 parameter convergence probability, we sampled two individuals per species since calculations do not benefit from 

232 adding extra individuals over number ofloci (Drummond and Bouckaert 2015). We used VCFtools v.0.1.16 (Danecek 

233 et al. 2011) to generate a supermatrix of 12 individuals, including only unlinked biallelic SNPs with 0% missing data 

234 as required by SNAPP. The analysis run for 10 million MCMC generations, sampling every 1000 steps, with mutation 

235 rate and priors estimated during the chains , and ail the other settings set as default. The convergence of the analysis 

236 was checked using Tracer v.1.7 (Rambaut et al. 2018) and, as suggested by the software, we discarded the first 10% 

237 oftrees as bum-in. We analyzed the tree files with SNAPP-TreeSetAnalyser v.2.5.2 to identify species trees that are 

238 contained in the 95% highest posterior density (HPD) set and using 10% of topologies as bum-in. Densitree v.2.5.2 

239 (Bouckaert 2010) was used to visualize the posterior distributions of topologies as cladograms, hence allowing for a 

240 clear depiction ofuncertainty in the topology. 

241 

242 Morphological and morphometric analyses 

243 Macro and micromorphological observations of coral skeletons were performed using light microscopy and 

244 scanning electron microscopy (SEM), respectively. Images of the coralla with a reference scale were taken with a 

245 Canon G 15 digital camera and through a Leica M205 FA stereo-microscope at fixed magnifications. A collection of 

246 skeleton images was obtained for each of the examined specimens and of the type specimens. Measurements were 

247 done with the lmageJ Analyse tool (Rueden et al. 2017; https://imagej.nih.gov/ij/) from images at known 

248 magnification. Six characters on each of five corallites were measured for each specimen: (vl) maximum calice 

249 diameter; (v2) minimum calice diameter; (v3) maximum columella diameter; (v4) minimum columella diameter 

250 perpendicular to v3; (v5) distance between the centre of the columella and the centre of the columella of the closes! 
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251 adjacent corallite; (v6) width of the groove among the corallites. A principal component analysis (PCA) was conducted 

252 on averaged measures per specimen for the six variables using the PRIMER v.7.0.13 statistical package (Primer-e). 

253 For SEM imaging, fragments of coral specimens were ground, mounted on stubs using silver glue and sputter 

254 coated with gold, and examined with a Vega Tescan Scanning Electron Microscope at the SEM Laboratory (UNIMIB). 

255 lmaging was conducted to describe and illustrate the following skeletal features of each species for comparative 

256 purposes: radial elements relative thickness, height and ornamentation (margin and sides), septal fusion pattern among 

257 cycles and with the columella, structure and shape of the columella. 

258 For a glossary ofskeletal terms, we followed Budd et al. (2012) and Huang et al. (2014). 

259 

260 Geographic distribution analyses 

261 Occurrence data plotted to obtain species distribution maps came from two different sources: (a) material collected 

262 and analyzed from a genomic and morphological point of view for this study (Data S 1 ); (b) specimens with reliable 

263 sampling locality information deposited in museum collections housed at the MNHN, National Museum of Natural 

264 History, Smithsonian Institution (NMNH, USA), Natural History Musem, London (NHM, the U.K.), the Museum für 

265 Naturkunde, Berlin (ZMB , Germany), and the Museum of Tropical Queensland, Townsville (MTQ, Australia) 

266 (Taxonomie Account and Data S2). The reliability and objectivity of the latter source were based on the diagnostic 

267 morphological characters that we summarized in the nomenclature acts. 

268 To ease the visual identification of large scale biogeographical patterns, and particularly the degree of overlap in 

269 species distributions, we used species occurrences to derive geographical ranges for the six coral species using the a-

270 hull procedure (Garcia-Rosell6 et al. 2015). To select a proper value for the a parameter (that is, ensuring a 

271 conservative estimation of species ranges), we started with a very small a (0.001), and then we incremented it 

272 progressively in smalt amounts (0.005), and then largest a value for which ail occurrences where included in the 

273 resulting range. 

274 

275 Results 

276 The Leptastrea colonies sampled for this study belong to five morpho-species currently considered valid 

2 77 (Hoeksema and Cairns 201 9), namely the genus type species L. pur pure a (n=29) (Fig. 1 a-d, Fig. S 1 _ 1 ), L. pruinosa 

278 (n=3) (Fig. le-h) , L. transversa (19) (Fig. li-1, Fig. Sl_2), L. bottae (n=6) (Fig. lm-p, Fig. Sl_3), and L. inaequalis 



279 (n=9) (Fig. 1 q-t, Fig. S l_ 4). Plocoid specimens with barrel-shaped corallites and distinctive coenosteum grooves from 

280 New Caledonia and Papua New Gu inea match the east Australian material identified as L. cf bottae (n=S) by Veron 

281 et al. ( 1977 : Figs 300-302) (Fig. 2, Fig. S 1 _5). A distinctly plocoid morph of leptastrea collected from Mayotte Island 

282 and north Madagascar (n=6) does not match any of the existing species descriptions (Fig. 3, Fig. S 1_6). Hereafter, we 

283 use the name L. gibbosa sp. n. for the specimens preliminary identified as L. cf bottae sensu Veron et al. ( 1977), and 

284 L. magaloni sp. n. for the distinct undescribed morph of leptastrea co llected from Madagascar and Mayotte. Both 

285 names are formally ass igned based on genomic, morphological , and distributional evidence in the taxonomie section 

286 further in this paper. However, for the sake of clari ty, they are used throughout the manuscript in order to avoid 

287 nomenclatural confusion. 

288 

289 ezRAD phyiogenomic inference 

290 The unfiltered holobiont dataset included a total of 8,323 contigs whi le the coral transcriptome itself had 101,322 

291 contigs (= loci). Therefore, the chance of reads mapping and SNP detection was high in the binned case. At the end 

292 of the dDocent and rad_ haplotyper pipeline, the "holobiont-max'· supermatrix included 3,701 loci and a total of 44,162 

293 SNPs, the "coral-max'· supermatrix 9,573 loci and 62,728 SNPs, the '·holobiont-min" supermatrix 2,075 loci and 2, 141 

294 SNPs, and the "coral -min" supermatrix 2,366 loci and 2,479 SNPs (ail alignment data are availab le upon request to 

295 the corresponding author). 

296 The phylogenetic trees intèrred from the concatenated ·'holobiont-max" and "coral-max'· matrices provided a fully 

297 resolved phylogeny of leptastrea species (Fig. 4). They recovered the presence of six strongly supported clades, 

298 namely clade I (L. gibbosa sp. n.) , clade II (L. purpurea and L. pruinosa), clade III (L. transversa), clade IV (L. 

299 magaloni sp. n.) , clade V (L. inaequalis), and clade VI (L. bottae). leptastrea gibbosa sp. n. and L. magaloni sp. n. 

300 were reciprocal ly monophyletic with high support values in ail analyses. Moreover, L. gibbosa sp. n. , previously 

301 identified as L. cf bottae (Veron et al. 1977) or L. bottae (Veron 2000) based on the traditional morphology-based 

302 taxonomy, was clearly separated and distinct from the Indian representatives of L. bottae. The three samples matching 

303 the typical morphology of L. pruinosa from the Gambier Islands (French Polynesia) and New Caledonia were mixed 

304 with the many analyzed samples of L. purpurea from the lndo-Pacific, without any genomic distinction. The sister 

305 relationships between L. bottae and L. inaequalis, and between the lineage they constitute and L. magaloni sp. n. were 

306 found in both the phylogenetic trees with strong support values (Fig. 4). Notably, the topologies of the two phylogeny 
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307 reconstructions were different because of the position of L. gibbosa sp. n., which was sister to L. transversa in the 

308 holobiont tree and sister to the lineage leading to L. magaloni sp. n. , L. bottae, and L. inaequalis in the coral tree (Fig. 

309 4). 

310 The phylogenetic trees inferred from the concatenated "holobiont-min" and "coral-min" datasets (Fig. S2) were 

311 much less resolved, presenting low/very low bootstrap support compared to the ones obtained with more loci and 

312 more missing data. Nevertheless, the two phylogenetic analyses resolved, with generally low support values, four out 

313 of the six molecular clades found based on "holobiont-max" and "coral-max" matrices, including clade I (L. gibbosa 

314 sp. n.), clade II (L. purpurea and L. pruinosa), clade III (L. transversa), and clade IV (L. magaloni sp. n.). Conversely, 

315 representatives of the two closely related clades clade V (L. inaequalis) and clade VI (L. bottae) were mixed. 

316 

317 Nearly complete mitogenome and rDNA phylogenetic inference 

318 Mapping reads to the mitochondrial reference genome of Polycyathus chaishanensis resulted in a mean of 2,539 

319 reads, covering 91% of the reference sequence per library (Data SI). The mitogenome alignment was 10,837 bp long 

320 and revealed low divergence across samples, with 98% of the positions conserved, and only 214 variable sites of 

321 which 165 were parsimony-informative (Data S3). By excluding the two outgroup sequences, the alignment contained 

322 140 variable positions of which 99 were parsimony-informative. Concerning the rDNA arrays, approximately 17,269 

323 reads mapped to the rDNA reference sequences, with a mean of 83% of the reference sequence covered (Data SI). 

324 The rDNA multiple alignment consisted of 5,835 bp and displayed low genetic variability across the samples, being 

325 conserved for 98.9% nucleotide positions, with a total of 66 variable bp of which 53 were parsimony-informative 

326 (Data S4 ). Considering only the ingroup , the variable positions decreased to 43 of which 38 were parsimony-

327 informative. 

328 The phylogeny reconstructions based on mitogenomes and rDNA resolved clade I (L. gibbosa sp. n.), clade II (L. 

329 purpurea and L. pruinosa), clade III (L. transversa), and clade IV (L. magaloni sp. n.) (Fig. 5), although with weaker 

330 support values than the ones obtained from the phylogenetic trees inferred based on the holobiont and coral ezRAD 

331 data. Both mitogenomes and rDNA trees failed to recover clade V (L. inaequalis) and clade VI (L. bottae) as distinct 

332 lineages as samples of these two species grouped together in a single clade without genetic distinction. Both 

333 phylogenetic analyses placed L. magaloni sp. n. and the lineage including L. inaequalis and L. bottae assister taxa, in 

334 agreement with the holobiont and coral ezRAD topologies. Moreover, L. transversa and clade II (L. purpurea and L. 



335 pruinosa) had a sister relationship in both trees. Similarly to the discordance described between the holobiont and 

336 coral ezRAD trees, the mitogenome and rDNA tree topologies differed in the placement of l. gibbosa sp. n. which 

337 was the basal species of Leptastrea according to the mitogenome whereas it was the sister taxon of the lineage leading 

338 to l. transversa and the clade with l. purpurea and l. pruinosa. 

339 The phylogenetic trees based on the barcoding loci COI and ITS were mostly unresolved, generally displaying 

340 very low bootstrap support (Fig. S3). In particular, the phylogeny reconstruction inferred from COI resolved clade II 

341 (l. purpurea and l. pruinosa) with high support value (100) and clade I (L. gibbosa sp. n.) without any significant 

342 support values. Ail the samples from the remaining four clades identified by the ezRAD phylogenies were mixed and 

343 their relationships unresolved. The phylogenetic hypothesis based on ITS resolved clade II (L. purpurea and l. 

344 pruinosa) with medium support value (80) and clade I (L. gibbosa sp. n.) with low support value (56). Clade II (L. 

345 transversa) was not monophyletic but its samples did not group with any other species. Samples of clade IV, V, and 

346 VI clustered together without any genetic structuring. 

347 

348 Species delimitation analyses 

349 We tested eight species del imitation models with the BFD* method to identify the number oflineages in Leptastrea 

350 (Table I ). The best-supported mode! involved considering the six molecular clades (from I to VI) found in the ezRAD 

351 phylogenies as six distinct species (mode! 5, MLE = -12,650.36 , BF = - ). The other seven models were ranked as 

352 follows: proposed EzRAD phylogenies but splitting l. purpurea and L. pruinosa (mode! 6, MLE = -12 ,659.39, BF= 

353 18.06), proposed mitogenome and rDNA phylogenies (mode! 8, MLE = -12,680.83 , BF= 60.94), current taxonomy 

354 (mode! 2, MLE = -13 , 128.18, BF= 955.64 ), proposed EzRAD phylogenies but lumping l. purpurea with L pruinosa 

355 and l. transversa (mode! 7, MLE = -1 3,561.36, BF= 1,822), current taxonomy but lumping l. purpurea with L. 

356 pruinosa and l. transversa (mode! 4, MLE = -14,010.44 , BF= 2,720.16), current taxonomy but lumping l. purpurea 

357 with l. transversa (mode! 3, MLE = -14,015.65 , BF= 2,730.58), one single species (mode! 1, MLE = -15 ,329.96, BF= 

358 5,359.2). In summary, BFD* supported the findings of the two phylogeny reconstructions presented in Fig. 4. 

359 The species tree was estimated based on 1,857 unlinked biallelic coral SNPs with 0% missing data (Fig. 6a). We 

360 followed the best-supported mode! from the BFD* analysis, i.e. considering the six molecular clades (from 1 to VI) 

361 found in the concatenation-based ezRAD phylogenies as six distinct species. Following the SNAPP- TreeSetAnalyser 

362 package, only one topology summarized the 95% HPD consensus tree. This was consistent with the topology of the 
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363 concatenation-based tree inferred from the ·'holobiont-max" supermatrix. Two major groups, each of which was 

364 composed by three species, were resolved: the first clade recovered the sister relationship between L. bottae and L. 

365 inaequalis, which were sister to L. magaloni sp. n.; the second group supported the sister relationship between L. 

366 transversa and L. gibbosa sp. n. , which were sister to L. purpurea. Ail the nodes received full support values with a 

367 Bayesian posterior probability of!, except the one referring to L. bottae and L. inaequalis, supported by 0.99. 

368 

369 Morphometric analyses 

370 A total of 74 Leptastrea colonies, including type specimens, were included in our morphometric analyses based 

371 on six variables (vl-v6) measured on each (5 replicates per variable). Mean values (st. dev.) and the number of colonies 

372 per species are provided in Data S5. Multivariate analysis of the skeletal variables per specimen dataset could separate 

373 specimens into five groups (Fig. 7) corresponding to L. transversa, L. bottae, L. inaequalis, L. gibbosa sp. n. and L. 

374 magaloni sp. n., thus matching the groupings obtained by genomic analyses. However, specimens of the 

375 morphologically variable L. purpurea (Fig. S4a-h) completely overlapped with L. magaloni sp. n. and partially with 

376 L. bottae along the first two PC of the PCA plot (Fig 7). The strongest correlations were between PC! and the linear 

377 distance among centres of adjacent corallites (v5, r = 0.66) and the maximum calice diameter (v 1, r = 0.63). Similarly, 

3 78 moderate positive correlations were recovered between initial variables and PC2, the stronger being with v4 (minimum 

379 columella diameter, r = 0.62) and v5 (r = 0.59). Gap width among corallites was observed and measured exclusively 

380 in specimens of L. gibbosa sp. n. and L. inaequalis. Despite the former having consistently smaller corallite and 

381 columella features than the latter (Data S5), the gaps width was similar in the two species. 

382 

383 Geographic distribution analyses 

384 The newly obtained distribution maps of the six Leptastrea species are illustrated in Fig. 66. Leptastrea purpurea 

385 and L. bottae exhibit a widespread and overlapping geographic distribution in the Indo-Pacific. Notably, the total 

386 number of occurrences for these two species considerably increased based on the information obtained from museum 

387 collections and the taxonomie literature. Leptastrea gibbosa sp. n. is distributed across Papua New Guinea, Australia, 

388 and New Caledonia. The remaining three species, i.e. L. bottae, L. inaequalis, and L. magaloni sp. n., display an Indian 

389 Ocean distribution with some distinctions. Leptastrea bottae appears to have a disjoint distribution, occurring in the 

390 seas around the Arabian Peninsula (Red Sea and the Gulfof Aden) and in the eastem lndian Ocean (Cocos Islands). 



391 Leptastrea inaequa!is is found in the seas around the Arabian Peninsula and in the western-central lndian Ocean 

392 (Mayotte Island, Seychelles, Maldives, and Laccadive Sea). Leptastrea magaloni sp. n. is restricted to the southern-

393 western lndian Ocean (Mayotte Islands, Madagascar, and South Africa). 

394 

395 Taxonomie Account 

396 Based on the results arising from genomic, morphological, and distributional data, we propose a revised taxonomy 

397 for the examined Leptastrea species. ln particular, (a) L. gibbosa sp. n. and L. magaloni sp. n. are formally described; 

398 (b) L. pruinosa is considered a junior synonym of L. purpurea; (c) L. bottae and L. inaequalis geographic distributions 

399 are revised and they are now considered restricted to the Red Sea and lndian Ocean (Data S2) . 

400 

401 Order Scleractinia Bourne, 1900 

402 Family lncertae Sedis 

403 Genus Leptastrea Milne Edwards and Haime, 1849 

404 Synonyms: Bathyastrea Milne Edwards and Haime, 1849, Orbicella (leptastraea) Milne Edwards and Haime, 1849, 

405 Orbicella (Leptastrea) Milne Edwards and Haime, 1849. 

406 Type species: Leptastrea roissyana Milne Edwards and Haime, 1849 (=Astrea purpurea Dana, 1846). 

407 Species included: Leptastrea aequalis Veron, 2000, Leptastrea bewickensis Veron, Pichon and Best, 1977, Leptastrea 

408 bottae (Milne Edwards and Haime, 1849), Leptastrea gibbosa sp. n. Benzoni and Arrigoni, 2019, Leptastrea 

409 inaequalis Klunzinger, 1879, Leptastrea magaloni sp. n. Benzoni and Arrigoni, 2019, Leptastrea purpurea (Dana, 

410 1846), Leptastrea transversa Klunzinger, 1879. 

411 

412 Leptastreagibbosa sp. n. Benzoni and Arrigoni , 2020 (Fig. 2, Figs. Sl _5, S4m-p) 

413 Synonymy: Leptastrea bottae (Milne Edwards and Haime, 1849), Crossland 1952, Plate 1, Fig. 4; Plate li, Fig. 3; 

414 Leptastrea bottai (Milne Edwards and Haime, I 849) Chevalier, 1975, Plate II , Figs. 8-9; Plate III, Fig. 5; Plate 

415 XXXVIII, Figs. 4-5 , 11; Leptastrea cf bottae (Milne Edwards and Haime, 1849), Veron et al. 1977, Figs. 300-302, 

416 466; leptastrea inaequalis Nishihira and Veron 1995; Veron 2000, Figs. 3-6 and corallite image. 

417 Etymology: Gibbosus, "humped" in Latin, retèrs to the uneven aspect of the colony surface caused by the protruding 

418 rounded corallites. 
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419 Type material: MNHN-IK-2012-9822 Magic Pass, Madang, Papua New Guinea (5°11.356' S; 145°49.637' E), 

420 MNHN NIUGINI Expedition, 11/11 /20 12 (coll. F. Benzoni: UNIMIB PFB082). 

421 Other material examined: Australia: BM 1934.5 .14.444 (GBR Expedition: n°407), 1934; MTQ: G68954 Elisabeth 

422 and Middleton (coll. J.E.N. Veran); G68956 Yule Reef, Queensland, 02/1 l/1974 (coll. J.E.N. Veran & M. Pichon); 

423 G68955 Middleton Reef, 05/12/1981 (coll. J.E.N. Veran); G36744 Jewell Reef, Queensland (14°23' S; 145°22 'E); 

424 G68957 Jewell Reef, Queensland (coll. J.E.N. Veran & M. Pichon); G65509 Elisabeth Reef (29°56' S; 159°4' E), 

425 2007 (coll. A. Noreen); G36748 Lizard Island, Queensland (14°40' S; 145°27' E); G36750 Bowl Reef, Queensland 

426 ( 18°3 1' S; 147°32' E); G36745 Fantome Island, Palm Islands(! 8°41' S; I 46°3 I' E); G39298 Bullumbooroo Bay, Great 

427 Palm Islands (18°43' S; 146°34' E); G36749 Hook Island, Whitsunday Islands (20°04' S; 148°57' E); G39297 Swain 

428 Reefs (21°07' S; 142°46' E); JCU AU519 Mellish Reef, Coral Sea ( 17°25.591' S; 155° 51.196' E), JCU Coral Sea 

429 Cruise, 15/12/2018 (coll. F. Benzoni); Papua New Guinea UNMIB PFB805 Kavieng (2°37.224' S; 150° 31.750' E), 

430 22/08/2014 (coll. F. Benzoni). New Caledonia: MNHN-IK-2016-10 (coll. J.-P. Chevalier: Pl52gl); MNHN-IK-

431 2016-9 (coll. J.-P . Chevalier: PI52g2); MNHN unregistered Surprise Atoll, d'Entrecasteaux Reefs (coll. J.-P. 

432 Chevalier: SU14c); HS0330 Extérieur Grand Récif Tetembia, 02/02/1987 (coll. !RD-plongeur); IRD HSl678 

433 Kouakoué (21°47.842' S; 166°37.66 1' E), CORALCALI, 25/03/07 (coll. F. Benzoni & G. Lasne); HSI681 ST!082 

434 (21°47.842' S; 166°37.661' E), CORALCALI, 25/03/07 (co ll. F. Benzoni & G. Lasne); HS1684 Kouakoué, Grande 

435 Terre (21°47.842' S; 166°37.661' E), CORALCALI, 25/03/07 (co ll. F. Benzoni & G. Lasne); HS2189 îlot du 

436 Mouillage, Chesterfield Islands ( 19°47. 191' S 158°27.519' E) CORALCAL2 19/-07/08 (coll. G. Lasne & J. Butscher); 

437 HS2344 Belep Island, Great North Lagoon (19°32.182' S 163°34.380' E), CORALCAL3, 15/03/09 (coll. G. Lasne & 

438 J. Butscher); HS2460 Cook Reef, Great North Lagoon (19°02.989' S 163°38.857' E), CORALCAL3, 2 l /03/09 (coll. 

439 G. Lasne & J. Butscher); HS3167 Moneo, Grande Terre (21 °03.354' S; 165°35.297' E), CORALCAL4; HS3653 Uaté-

440 Oro Bay, Isle of Pines (22°35.2' S; 167°31.73' E), CORALCAL5, 01/10/2015 ( coll. F. Benzoni); HS3740 Kuto, Isle 

441 of Pines (22°39. I O l' S; l 67°21. l 54' E), CORALCAL5, 05/10/2015 ( coll. F. Benzoni) . 

442 Description: Corallum encrusting to submassive (Fig. 2a-c, Fig. S 1_5), circular to irregular in outline, rarely 

443 exceeding 15 cm in diameter. Budding extracalicular. Corallites can be evenly arranged on the corallum surface or 

444 variably exsert and inclined, bath arrangements can occur in different parts of the same colony (Fig. Sl_5). Among 

445 the corallites, 0.4 mm wide (± 0.1 s.d.) grooves and pits altemate with an irregularly developed coenosteum (Fig. 2a-

446 e, g, Fig. S4m-p). Longitudinal sections of the coralla show that this is composed of distinct sol id beam-like structures 



447 transversally joining adjacent corallite walls ail along their length (Fig. 2f; Crossland 1952: Plate li, Fig. 2). These 

448 structures have been called verrues (warts, in French) by Chevalier (1975: 56) and beams (Crossland 1952: 116) in 

449 descriptions of material we examined and that is here ascribed to Leptastrea gibbosa sp. n .. As shown also in the 

450 skeleton histological sections by Chevalier (1975: Fig. 26), the beams result from the fusion of processes laterally 

451 developing from, and ail along, the outer wall of adjacent corallites (Fig. 2f) . Calice outline mainly circular, average 

452 maximum diameter 1.6 mm(± 0.2 s.d.) and minimum diameter 1.3 mm(± O. 1 s.d.) (Fig. 2g). Corallite outline circular 

453 to irregularly polygonal with rounded corners (Fig. 2d-e, g). Two complete and one incomplete cycles of radial 

454 elements are present (Fig. 2i). S 1 reaches the columella, its septa typically exsert from the colony surface (Fig. 2h) 

455 and with a slightly undulating upper margin (Fig. 21). S2, of variable length, shorter and less exsert than S 1. S3 

456 incomplete and very reduced (Fig. 2i-j). Septal sides irregularly covered in well -spaced pointed omamentations (Fig. 

457 21). Beyond the corallite wall, radial elements are clearly distinguishable, tightly packed and finely granulated (Fig. 

458 2j). Columella formed by mostly fused trabecular processes and forming granulations at their upper end (Fig. 2i -k) , 

459 0.6 mm (± 0.1 s.d.) in maximum diameter. A giant corallite can form in some coralla (Fig. 2b, Fig. S4p; Crossland 

460 1952: 116, Plate Il , Fig. 3; Veron et al 1977: 156, Figs. 301 , 158). This is usually twice as large as the others in the 

461 same colon y and more exert (Fig. S4p). It contains up to 4 complete cycles of sep ta with both S 1 and S2 reaching the 

462 columella formed by multiple trabecular processes and fusing with it. These odd oversized corallites do not seem to 

463 be linked to an ongoing budding process. In addition to the present description, the reader can also refer to the detail 

464 treatment of specimens P 152g2 (MNHN-IK-2016-9) and SU 14c (MNHN unregistered) in Chevalier (1975: 57-58). 

465 Polyps of Leptastrea gibbosa sp. n. have a rather consistent brown colouration and their tentacles are usually retracted 

466 at daytime (Fig. S1_5). The tissue covering the outer part of the corallites and the coenosteum is yellowish to light 

467 green, becoming almost transparent in parts where corallites are more exsert or irregularly arranged (Fig. S1_5f, g). 

468 This species was most often encountered on the upper part of the reef slope between 2 and 15 m in well-lit 

469 environments. 

470 Molecular phylogeny: Recovered as a monophyletic lineage (clade 1) with high node support values in ail 

4 71 phylogenetic trees presented in this study (Figs. 4-5). This species is clearly genomically distinct from L. inaequalis 

472 (clade V) and L. bottae (clade VI). Although the phylogenetic placement of the species is unstable across the 

4 73 phylogenetic analyses, the species tree indicates that the species is sister to L. transversa (Fig. 6a). 
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4 7 4 Remarks: This species has been referred to as L. inaequalis, L. bottae and/or L. cf bottae (Crossland 1952; Veron et 

475 al. 1977; Nishihira and Veron 1995; Veron 2000). This confusion likely stems from the fact that both L. inaequalis 

476 and L. bottae share with L. gibbosa sp. n. a typically circular calice outline (Figs. 1 m-o, q-s). Moreover, the irregular 

4 77 corallite arrangement and formation of grooves and pits described ab ove for L. gibbosa sp. n. are also observed in L. 

478 inaequalis (Figs. lq-s, Fig. S4q-t), and the gaps among corallites have similar dimensions in both species (Data S5). 

479 However, L. gibbosa sp. n. is distinguished from both L. inaequalis and L. bottae based on its smaller calice and 

480 columella dimensions (Data S5) and the presence of2 rather than 3 complete cycles ofsepta. Finally, L. gibbosa sp. 

481 n. is restricted to the Pacifie Ocean whereas L. inaequalis and L. bottae are largely sympatrie and occur in the Red Sea 

482 and Indian Ocean (Fig. 6b). 

483 Distribution: Western and central Pacifie Ocean (Papua New Guinea, New Caledonia, Australia). Possibly in Japan 

484 although the record in N ishihira and Veron ( 1995) could not be confirmed because the published image is that of a 

485 specimen from Australia already published by Veron et al. ( 1977: Fig. 301 ). 

486 

487 leptastrea magaloni sp. n. Benzoni and Arrigoni, 2020 (Fig. 3, Figs. Sl_6, S4y-ab) 

488 Etymology: This species is named after Mme Helene Magalon (Université de La Réunion), chief scientist and 

489 organizer of the 2016 MAD Expedition to north Madagascar during which this species previously only collected in 

490 Mayotte Island was detected and collected. 

491 Type material: Holotype MNHN-IK-2012-9823 Bouzi, Mayotte Island ( l 2°48'44.94"S, 45° l 4'29. l 6"E), Tara 

492 Oceans Expedition, 18/06/2010 (coll. F. Benzoni: UNIMIB MY345). 

493 Other material examined: Madagascar: MTQ 062190 Nosy Be (13 °20'0"S; 48° 15'0"E), Jan 2002 (coll. J.E.N. 

494 Veron); MNHN-IK-2016-230 (coll. code !RD MD260) west Nosy Be ( 13° 19'28.l0"S, 48° 4'37.82"E), 30/ 10/2016, 

495 MAD Expedition (coll. F. Benzoni) ; !RD, MAD Expedition (coll. F. Benzoni): MD222 Nosy Lava west 

496 (14°33'17.29"S, 47°33'59.7l"E), 27/10/2016; MD225 Nosy Lava west (14°33'17.29"S, 47°33'59.7l"E), 27/10/2016; 

497 MD266 Nosy Sakatia (13 °19'1.67"S, 48° 8'49.88"E), 30/10/2016; MD274 Nosy Sakatia (13° 19'1.67"S, 48° 

498 8'49.88"E), 30/ 10/2016; South Africa: BMNH 1961.7.18.3-5 Inyoni, 1948 (coll. T.A. Stephenson). 

499 Description: Corallum encrusting to massive (Fig. 3a-c, Fig. S 1_6), circular to irregular in outline, the larges! colony 

500 observed 20 cm in diameter. Budding predominantly extracalicular (Fig. 3b, g), occasionally intracalicular (Fig. 3d). 

501 Corallites plocoid, variably exsert but not inclined on the corallum surface (Fig. S 1_6a-e). Coenosteum present, 



502 compact, and variably developed (Fig. 3a-h). Calice outline mainly circular to elliptical (Fig. 3a-d, g), irregular with 

503 rounded corners in some specimens (Fig. 3e-f, h-i). Calice average maximum diameter 4.7 mm (± 0.7 s.d.) and 

504 minimum diameter 3.9 mm(± 0.6 s.d.) (Data S5). Four complete cycles of radial elements are present (Fig. 3h-i, k), a 

505 fifth incomplete one can be observed in larger corallites (Fig. S4y). S 1 and S2 equal or sub-equal, septa of higher 

506 cycles increasingly thinner and shorter (Fig. 3k). S 1 and S2 upper septal margin slightly arched (Fig. 3i, 1). S 1-2 reach 

507 the columella, S3 and S4 free (Fig. 3g-h) or fused with S2 and S3, respectively (Fig. 3e-f, Fig. S4y, aa-ab). S1-3 bear 

508 at their proximal end a granular palar structure of the same size and shape as the columellar processes. The inner upper 

509 margin of S3 forms obvious paddle-shaped structures (white arrows in Fig. 3k). S4 devoid palar structures (Fig. 3k). 

510 Septal sides densely covered in obvious granules (Fig. 3j-l). Beyond the corallite wall , radial elements form granulated 

511 costae which continue over the coenosteum (Fig. 3j). Columella composed of granules (Fig. 3h-i), 1.1 mm(± 0.1 s.d.) 

512 in maximum diameter, and 0.8 mm(± 0.1 s.d.) in minimum diameter. 

513 Polyps of leptastrea magaloni sp. n. are mostly typically fully extended at daytime (Fig. S1_6a-c, f-g), with green or 

514 brown tentacles, and a distinctive white oral dise (Fig. S 1_6). The tissue among the polyps is beige to brown (Fig. 

515 SI_6f, g). This species was encountered between 15 and 25 min turbid and protected environments, often growing 

516 on hard substrate partially or completely covered in terrigenous sediment. 

517 Molecular phylogeny: Recovered as a monophyletic lineage (clade IV) with high node support values in ail 

518 phylogenetic trees presented in this study (Figs. 4-5). This species is sister to the lineage leading to l. bottae and l. 

519 inaequalis (Fig. 6a) . The three species thus belong to a lineage which appears to be restricted to the Red Sea and 

520 Indian Ocean regions. 

521 Remarks: Among its congeners, leptastrea magaloni sp. n. is similar to, yet distinct from, L. purpurea and l. 

522 aequalis. Within the wide range of L. purpurea morphological variability (Fig. S4a-h), L. magaloni sp. n. most c!osely 

523 resembles specimens displaying the l. pruinosa morphology (Figs. 1 e-h), a species here synonymised with l. 

524 purpurea. However, although average calice and columella diameter are similar in l. magaloni sp. n. and l. purpurea, 

525 the two species can readily be told apart: the former has distinctly plocoid, typically protruding, more rounded and 

526 uniformly sized corallites, while the latter is characterised by cerioid to sub-cerioid, polygonal and variably sized 

527 corallites within the same corallum (Fig. S4a-h). Furthermore, l. magaloni sp. n. polyps are usually fully extended at 

528 daytime, a condition sel dom observed in the field for l. purpurea (Fig. S 1 _ 1 a-e, g). However, when tentacles of l. 

529 pur pure a are full y extended (Fig. S 1 _l f), they are shorter, thinner, and less crowded than those of l. magaloni sp. n. 
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530 (Fig. S 1 _ 6f-g). Leptastrea aequalis, originally described from from Cocos (Keeling) Atoll , shares with L. magaloni 

531 sp. n. a similar plocoid to sub-plocoid arrangement, a raunded calice outline, and pratruding corallites. Based on the 

532 holotype (W AM Zl 2912) illustrations and the original description (Veran 2002: Figs. 306-307), and the specimens 

533 housed at MTQ identified as L. aequalis by JEN Veran, differences with L. magaloni sp. n. are clear. Corallite and 

534 columella size are larger in L. magaloni sp. n. (4.0-5.4 mm) than in L. aequalis (2.5-3.5 mm ) (Veran 2002). Moreover, 

535 in the latter species "there are no paliform lobes" (Veran 2002: 168), while palar structures are variably but 

536 consistently developed in the former species. Finally, in L. aequalis corallites are often uniformly inclined on the 

537 colony surface, while in L. magaloni sp. n. they can be variably exsert from the coenosteum but not inclined. 

538 Distribution: Southern and western Indian Ocean (SWIO). Currently reported from Mayotte Island, north 

539 Madagascar, and South Africa. 

540 

541 Leptastrea purpurea (Dana, 1846) 

542 (Figs. 1 a-h, S 1 _ 1, S4a-h) 

543 Astraea (Fissicella) purpurea Dana, 1846. 

544 Leptastrea purpurea (Dana, 1846) Crassland, 1952, Pl.!, Fig. 5, Pl. III , Fig. 3; Chevalier 1975, Pl. II , Fig. 3-4, Pl. III , 

545 Fig. 2; Veran et al. 1977, Figs. 303-310, 467; Wijsman Best 1980, Pl. 3, Figs. 1-2; Scheer and Pillai 1983 , Pl. 31 , Figs. 

546 11-12; Sheppard and Sheppard 1991 , Fig. 159; Veran 2000, Figs. 1, 3-5; Claereboudt 2006 and figures therein; Dai 

54 7 and Homg 2009 and figures therein; Al Tawaha et al. 2019, Figs. 1-4. 

548 Leptastreapruinosa Crassland, 1952 Crassland, 1952, Pl. III , Fig. l ; Veran et al 1977, Figs. 319-321, 323 -324, 326; 

549 Wijsman Best 1980, Pl. 2, Fig. 1; Veran 2000, Fig 8; Claereboudt 2006 and figures therein ; Dai and Homg 2009 and 

550 figures therein; Pichon et al. 2010, Figs. 1, 4. 

551 Leptastrea cf pruinosa Crassland, 1952 Chevalier 1975, Pl. II , Fig. 5, Pl. III, Fig. 7. 

552 Leptastrea transversa Klunzinger, 1879 Chevalier 1975 , Pl. II , Fig. 7; Veran et al 1977, Figs. 314-316, 468; Veran 

553 2000, Figs. 4, 6. 

554 Holotype: USNM 75, Fiji , U.S. Exploring Expedition. 

555 Other material examined: complete list in Data S2. 

556 Remarks: Both genomic and morphological data clearly indicate that the distinction between L. purpurea and L. 

557 pruinosa is unnecessary and, therefore, the latter species is formally considered a junior synonym of the former taxon. 



558 From a genomic point of view, the two species are mixed within a single lineage (clade li) in the phylogenetic trees 

559 based on bath the holobiont and the coral datasets (Fig. 4) and no genomic distinction between them is found. This is 

560 a robust result considering that the two datasets include a total of3 ,701 and 9,573 loci, respectively. The phylogenomic 

561 analyses are further confirmed by the species delimitation analysis BFD* (Table 1 ), where the best-supported mode! 

562 is the one considering L. purpurea and L. pruinosa as a single species (mode! 5, MLE = -12,650.36, BF = - ), in 

563 constrast to the scenario where the two species are considered as distinct taxa (mode! 6, MLE = -12,659.39, BF= 

564 18.06). From a morphological point of view, there are differences between the holotypes of the two species (Fig. 1) 

565 mainly in terms of corallite arrangement (i.e more ceriod in L. purpurea and plocoid in L. pruinosa). However, the 

566 study of a large collection of specimens allowed us to verify that these two typical morphologies fall within the range 

567 of variation of the same species. Thus, concordant genomic and morphologie evidence support the synonymy. 

568 

569 Identification key to the species examined in this study 

570 

571 

572 

573 

574 

575 

576 

577 

578 

579 

580 

581 

582 

la Adjacent corallite walls not fused and distinct 

lb Adjacent corallite walls fused or touching 

2a Calice outline mostly circular 

2b Calice outline polygonal or irregular 

3a Grooves among adjacent corallites present 

3b Grooves among adjacent corallites absent 

4a Columella lamellar or composed of2-4 aligned granules 

4b Columella circular to elliptical and composed of >4 granules 

Sa Three complete cycles of septa 

Sb Two complete cycles of septa (third incomplete or absent) 

6a Three complete cycles of septa 

6b Four complete cycles of septa 

583 Discussion 

2 

4 

3 

4 

5 

6 

L. transversa 

L. purpurea 

L. inaequalis 

L. gibbosa sp. n. 

L. bottae 

L. magaloni sp. n. 

584 ln this study we evaluated species boundaries within a scleractinian coral genus sampled across the lndo-Pacific 

585 by integrating genomics, morphology, and biogeography. The combination of methods allowed us to delimit six 
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586 species in Leptastrea, two ofwhich new to science, and to update their geographic distribution. Ali species were fully 

587 resolved in the phylogenomic framework based on ezRAD data and could be distinguished based on revised diagnostic 

588 morphological characters as shown in the proposed identification key. The nove! aspects of this study are: the 

589 widespread sampling spanning the entire lndo-Pacific, the unprecedented phylogenetic resolution obtained from the 

590 ezRAD method, and the integration of different lines of evidence for species delimitation and ultimately in a 

591 taxonomie revision. 

592 We are now able to answer the three questions raised in the introduction: (a) closely related and morphologically 

593 similar coral species can be distinguished by analyzing large collection of specimens spanning nearly complete 

594 geographic ranges of species under the integration of reduced-genome data (and nota set of barcoding genes) with 

595 detailed morphometric analyses ; (b) once a robust species delimitation framework is obtained (a), we can look at 

596 diagnostic morphological characters among the large collection of specimens, unambiguously telling apart 

597 intraspecific and interspecific morphological variation, as we presented with the identification key; (c) once diagnostic 

598 skeletal structures are found for species (b), we can better understand the species distribution ranges by correctly 

599 identifying specimens deposited at museum collections and/or illustrated in reference literature. 

600 

601 Improving phylogeny and species delimitation resolution in corals 

602 Our phylogenetic and species delimitation analyses based on ezRAD data provided a robust and fully resolved 

603 hypothesis of the examined Leptastrea across the tropical Indo-Pacific. The results from ail genomic analyses 

604 consistently resolved six species, partially rejecting the current taxonomy of seven species ascribed to the genus (Figs. 

605 4 and 6, Table 1 ). The phylogenetic resolution we obtained from both the holobiont and coral ezRAD datasets is 

606 unprecedented. Such resolution is even more remarkable when compared to the results obtained from the two 

607 traditional barcoding loci COI and ITS (Fig. S3) and from the nearly complete mitogenomes and rDNA arrays (Fig. 

608 5). ln fact, COI and ITS supported the separation of only two out of the six species, i.e. L. gibbosa sp n. and L. 

609 purpurea, whereas L. magaloni sp. n. , L. bottae, and L. inaequalis were consistently grouped in an unresolved 

610 polytomy. Considering the nearly complete mitogenome and rDNA sequences improved the overall tree resolution. 

611 However, the trees obtained from these datasets still persistently failed to separate L. bottae from L. inaequalis, two 

612 admittedly morphologically similar but distinct species (Fig. 1, Fig. S4q-x). The comparison among these different 

613 genetic datasets in Leptastrea may lead to a re-evaluation of the published molecular phylogenies and species 



614 delimitation attempts in corals based on single or few barcoding genes (Kitahara et al 2016). Although the 

615 mitochondrial genome of Anthozoa and Pori fera evolves slower than the one of the other Metazoa (Shearer et al. 

616 2002 ; Hellberg 2006), several mitochondrial regions have been frequently used to infer phylogenetic relationships 

617 among corals (Kitahara et al. 2016). Based on our results , although the application of single barcodes represents a 

618 useful strategy for rapid coral species assessments, the results obtained from mitochondrial and rDNA regions should 

619 be cautioned for species level resolution because oftheir low substitution rates. 

620 In our study, the phylogenetic analyses inferred with more loci , and thus more missing data, were better resolved 

621 at both deep and shallow nodes than the ones based on less loci and low percentage ofmissing data (Fig. 4, Fig. S2). 

622 Notably, the phylogeny reconstructions obtained with about 2,000 loci from both coral and holobiont datasets without 

623 any missing data failed to distinguish L. bottae and L. inaequalis . Nevertheless, although the presence of six species 

624 was consistently detected with very strong support values, we observed notable differences in gene tree topologies 

625 between the concatenation-based ·'holobiont-max" and ·'coral-max" phylogenies, in particular the position of L. 

626 gibbosa sp. n. (Fig. 4). Moreover, the fully-supported topology of the species tree inferred from unlinked biallelic 

627 coral SNPs without missing data (Fig. 6a) was identical to the one of the gene tree based on the "holobiont-max" 

628 dataset (Fig. 3a). Differences in topologies inferred from RADseq data have been already documented in several cases 

629 (Hou et al. 2015; Massatti et al. 2016; Suchan et al. 2017; Rancilhac et al. 2019). In our case, several factors may be 

630 hypothesized to explain this discordance: (a) the holobiont tree is poorly supported at several nodes and especially the 

631 phylogenetic position of L. gibbosa sp. n. is not resolved under the ML criterion; (b) difficulties in resolving 

632 interspecific relationships may be associated with incongruences in the phylogenetic signais associated with different 

633 sets of loci from the holobiont and coral supermatrices (Gori et al. 2016); (c) the different filtering options yielding to 

634 various levels of missing data may have generated di fièrent tree topologies (Wagner et al. 2013; Eaton and Ree 2013 ); 

635 (d) concatenating sequence data from thousands of loci does not account for the individual history of these loci 

636 (Sanderson et al. 2003 ), and, since gene histories differ from species histories, concatenation approaches in some cases 

637 do not produce accurate species trees (Kubatko and Degnan 2007); ( e) the proportion of missing data increases with 

638 interspecific evolutionary distances as a consequence of the loss of the restriction sites (Gautier et al. 2013; Cariou et 

639 al. 2013); (f) in case of rapid and recent radiations, gene trees may depict different evolutionary histories due to 

640 incomplete lineage sorting (Avise et al. 2008) and RADseq datset may be useful for resolving species boundaries but 

641 more research is needed to develop best practices for defining interspecific relationships. Unfortunately, in our case 
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642 we cannot pravide any age estimates of the analyzed species due to lack of fossil calibration. Indeed, we retrieved 

643 images of the few occurrences supposed to belong to extinct Leptastrea species (Paleobiology Database, 

644 https://paleobiodb.org/) but the morphology ofthese specimens could not be unequivocally associated to this genus. 

645 Incongruence between traditional morphology- and molecular-based species identification is common in 

646 scleractinian corals and corals more braadly (Kitahara et al. 2016; McFadden et al. 2017). Although cryptic species 

647 have been documented in several coral genera (Flot et al. 2011; Stefani et al. 2011; Pinz6n et al. 2013 ; Wamer et al. 

648 2015; Richards et al. 2016; Arrigoni et al. 2019), the discordance between morphology and genetics based on 

649 barcoding genes is frequently caused by methodological prablems associated with bath datasets. It is often challenging 

650 to separate intraspecific and interspecific morphological variation, and several skeletal structures are affected by 

651 convergence, stasis, and homoplasy (Fukami et al. 2008; Paz-Garcia et al. 2015). This has caused uncertainties and 

652 led to the description of morphospecies not representing the actual outcome of an evolutionary pracess. Additional 

653 identification prablems and incorrect synonymies have stemmed from a lack of consideration for the actual type 

654 material morphology. ln fact, coral morphospecies thought to be widespread in the Indo-Pacific have recently been 

655 shown to be comprised of multiple, often geographically distinct, lineages (Forsman et al. 2009; Schmidt-Roach et al. 

656 2014 ). This is the case of L. bottae and L. inaequalis, historically confused (Veran 2000) or synonymised ( Chevalier 

657 1975 ; Veran et al. 1977; Wijsman-Best 1980; Scheer and Pillai 1983; Sheppard and Sheppard 1991) (Data S2) and 

658 considered widespread (Veran 2000) due to identification evidently not based on type material examination. Our 

659 results showed that the two species are actually distinct and restricted to the Red Sea and Indian Ocean where they are 

660 sympatrie (A l Tawaha et al. 2019; Berumen et al. 2019), while their records from the Pacifie (Crassland 1952; 

661 Chevalier 1975; Veran et al. 1977; Veran 2000) were based on material here formally described as L. gibbosa sp. n. , 

662 a genetically (Figs. 4-6a) and morphologically (Fig 7, Data SS) distinct species. In other cases, such as in that of L. 

663 purpurea and L. pruinosa, two or more nominal species were shown to be different names used to refer to a single 

664 morphologically variable species (Forsman et al. 201 O; Carl on et al. 2011; Paz-Garcia et al. 2015 ; Arrigoni et al. 

665 2016b ). Nevertheless, unresolved molecular phylogenies or species complexes may also derive from insufficient 

666 genetic variation and lack of phylogenetic resolution ofbarcoding genes (Frade et al.2010; Prada et al.2014; Arrigoni 

667 et al.2016a; Terraneo et al. 2016). The ad vent of reduced -genome techniques such as RADseq significantly overcome 

668 the limitations ofwork based on barcoding loci (Andrews et al. 2016). For example, RADseq appraach fully-resolved 

669 species boundaries within the common scleractinian Pocillopora (Johnston et al. 2017), and the speciose octocorals 



670 Chrysogorgia (Pante et al. 2015), Paragorgia (Herrera and Shank 2016), and Sinularia (Quattrini et al. 2019). For ail 

671 these taxa, traditional molecular markers have proved uninformative and previously generated unresolved 

672 phylogenies. Therefore, RADseq may opened a new era for coral systematics and phylogeny. This approach produces 

673 robust species del imitation hypotheses that may be confronted with the outcome from other lines of evidence such as 

674 morphology and biogeography with the final objective of a solid taxonomie framework for scleractinian corals. 

675 

676 Leptastrea taxonomy 

677 The bewildering geographical morphological variation of Leptastrea, and ofl. purpurea in particular, is well-

678 documented in the literature (Matthai 1914; Chevalier 1975; Veron et al. 1977; Wijsman-Best 1980; Scheer and Pillai 

679 1983) and has led several au th ors to confuse this species with other congeners, and especially with the equal ly common 

680 and widespread L. transversa. For example, Wijsman-Best ( 1980), referring to L. pur pure a, L. transversa, and L. 

681 bottae, stated •'in these the geographical variation extends beyond the interpopulational variation and therefore they 

682 may be regarded as dynamically evolving species" . Indeed, our morphometric analyses confirmed the skeleton 

683 variability of the examined species, and of L. purpurea in particular. However, the present study demonstrated that 

684 this statement is incorrect because the three species are actually clearly genetically and morphologicall y distinct , with 

685 L. bottae also being distinct from the valid L. inaequalis, as already discussed in the previous paragraph. 

686 Based on our measurements, L. purpurea could not be distinguished from material matching the L. pruinosa type 

687 morphology and L. magaloni sp. n. (Figs. l and 7, Data SS). However, while our genomic results showed that the 

688 typical L. purpurea and L. pruinosa morphotypes belong to the same species, and thus led us to consider the latter a 

689 junior synonym of the former (Data S2), they also provided evidence that L. magaloni sp. n. belongs to a separate 

690 lineage from L. purpurea. lndeed, although the variables we measured did not allow us to separate L. purpurea from 

691 L. magaloni sp. n. specimens, the latter has a distinctively plocoid corallite arrangement, a more regular septal plan 

692 and, overall , a smaller variability of corallite and columella dimensions (Data SS). Moreover, differences in polyp 

693 morphology in vivo were illustrated for the two species (Fig. SI_! and SI_6) and highlighted. Specimens of L. 

694 transversa, including the species holotype (F ig. li), albeit similar in corallite shape and arrangement to the L. purpurea 

695 ones with smaller calice dimensions, were readily distinguished based on the typically thinner columella composed of 

696 a series of aligned granules, often fused to forrn a dash shaped structure (Figs. lj-1) with which S l and S2 fuse. Hence, 

697 despite considerable confusion between the two species in the published literature (Data S 1 ), they are actually readily 
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698 distinct upon visual examination of the columella. Phylogenetic and species delimitation analyses based on genomic 

699 data confirmed the morphometric findings showing that the former two species were recipracally monophyletic even 

700 with the inclusion of samples collected from very distant or remote localities, such as the Red Sea and French 

701 Polynesia. 

702 Leptastrea gibbosa sp. n., identified as L. bottae or L. cf bottae so far (Veran et al. 1977; Veran 2000) , is, among 

703 the examined species, the species with the smallest corallite features and, despite similarities with L. bottae and L. 

704 inaequalis in corallite shape and arrangement, is readily distinct from both species . The biogeographic implications 

705 ofthis finding are discussed in the next section. 

706 Two Leptastrea nominal species currently considered val id were not included in our analyses, namely L. aequalis 

707 and L. bewickensis. Nevertheless, we examined the species holotypes and specimens housed at the MTQ and both 

708 species appear to be at least morphologically distinct and are here considered valid. Differences between the distinct 

709 L. aequalis and L. magaloni sp. n. are discussed in detail in the Taxonomie Account. Leptastrea bewickensis remains 

710 a more enigmatic species and its relationships with the morphologically similar L. purpurea and the rest of the species 

711 in the genus need to be ascertained. Finally, based on the morphological examination of specimens of Cyphastrea 

712 agassizi (Vaughan, 1907) housed at the MTQ, the current species assignation is doubtful and further studies on freshly 

713 collected material are needed to verify if the species original assignation to the genus Leptastrea was, in fact , correct. 

714 Finally, it is important to mention that another benefit of ezRAD is that many markers like SNPs and nearly complete 

715 mitogenomes should be compatible and comparable among studies. Therfore, it will be easy to phylogenetically 

716 include and compare L. bewickensis and C. agassizi within our genomic and genetic analyses. 

717 

718 Leptastrea biogeography 

719 It is well-known and documented that the coral maximum biodiversity is located in an area of the Indo-Malay 

720 Archipelago known as the Coral Triangle (Hoeksema 2007). The high number ofspecies living in the Coral Triangle 

721 seems to be largely due to range expansion into this area of taxa that have evolved elsewhere, thus the region is 

722 considered as a center of accumulation of marine biodiversity (Huang et al.201 8). A grawing number of studies aimed 

723 to evaluate scleractinian species boundaries found unexpected biogeographic patterns and several lineages restricted 

724 to the Indian Ocean (for a review see Kitahara et al.2016). Genetie data revealed several cases of evolutionary breaks 

725 between Indian and Pacifie coral populations traditionally identified as the same widespread Indo-Pacific species, and 



726 that these de facto are included multiple distinct species with allopatric and geographically circumscribed distributions 

727 (Flot et al. 2011; Stefani et al. 2011 ; Arrigoni et al. 2012; Pinz6n et al. 2013; Kitano et al. 2014; Huang et al. 2014; 

728 Richards et al. 2016; Gélin et al. 2017, 2018 ; Arrigoni et al. 2018). During the last decade, combined morpho-

729 molecular approaches described new genera and species endemic to the northern and/or western lndian Ocean, thus 

730 increasing the coral biodiversity of this area (Benzoni and Stefani 2012; Benzoni et al. 2012; Terraneo et al. 2014; 

731 Arrigo ni et al. 2015 , 2016b, 2016c). Therefore, it is becoming increasingly clear that, although species richness is 

732 highest in the Coral Triangle, the Indian Ocean displays a higher number of endemisms possibly as the result of a 

733 combination of higher speciation rates and lower extinction rates in its peripheral areas such as the Red Sea and the 

734 western Indian Ocean (Huang et al. 2018; McFadden et al. 2019) . 

735 The integrated approach we adopted to define species boundaries within leptastrea corroborated the above 

736 mentioned findings and provided a new perspective on the biogeography of the genus. So far, ail the analyzed species 

737 have been considered to be widely distributed throughout the lndo-Pacific, from the Red Sea to the Central Pacifie 

738 (distribution maps in Veron 2000). Our results showed, however, that only L. purpurea and L. transversa display such 

739 a widespread geographic distribution without intraspecific genomic breaks. Conversely, L. gibbosa sp . n. only occurs 

740 in the Western and central Pacifie Ocean, L. magaloni sp. n. seems to be an endemism of the Mozambique Channel 

741 (although the species actual distribution could extend further in the SWIO), whereas L. bottae and L. inaequalis occur 

742 in the Red Sea and Arabian Sea, and then extend in various localities of the lndian Ocean. Therefore, leptastrea 

743 actually displays its peak ofdiversity and endemism in the western and northern Indian Ocean (Fig. 6b). These results 

744 confirm the evolutionary distinctiveness of corals occurring in the northern and western Indian Ocean (Obura 2012, 

745 2016). lnterestingly, distributional data ofextant coral species seem to indicate the presence oftwo distinct centers of 

7 46 diversity in this basin which are the northern Mozambique Channel and the Red Sea (Obura 2012; Veron et al. 201 5). 

747 Fossils and phylogenetic data suggest the presence of multiple centers of origin in this area and, in particular, a first 

748 one in the Paleogene Tethys Sea and a second one in the Neogene Red Sea and Arabian Sea (Obura 2016; Arrigoni et 

749 al. 2019). Important tectonic changes occurred in what is now the lndian Ocean during both the Paleogene and the 

750 Neogene and may have promoted isolation and speciation events (Schettino and Turco 2011; Keith et al.2013; Obura 

751 2016). Unfortunately, in the absence of a reliable fossil record for leptastrea or estimates of its lineage ages, we 

752 cannot currently test whether the three species of leptastrea restricted to the lndian Ocean originated in the Paleogene 

753 or Neogene. 
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1086 Figure legends 

1087 Fig. l Skeleton morphology of the Leptastrea type specimens (a, e, i, m, q) and material examined in this study (b-d, 

1088 f-h, j-1, n-p, r-t): L. purpurea (Dana, 1846) (a USNM 75 ; b-d UNIMIB GA059), L. pruinosa Crossland, 1952 (e 

1089 BMNH 1934.5.14.630, reproduction of the original illustration; f-h UNIMIB GA 170), L. transversa Klunzinger, 1879 



1090 (e ZMB Cni 2179; f-h UNIMIB D1297), l. bottae (Mi lne Edwards and Haime, 1849) (m MNHN IK-20 l 0-593 ; n-p 

1091 KAUST SA044), l. inaequalis Klunzinger, 1879 (q MNHN IK-2010-596; n-p UNIMIB D1292) 

Eiamined material 

1092 

1093 Fig. 2 Leptastrea gibbosa sp. n.: a holotype MNHN-IK-2012-9823; b !RD HS2344 (black arrows indicates a giant 

1094 corallite); c !RD HS3740; d and e corallite arrangement and the characteristic pits and grooves in UNIMIB PFB805 

1095 and !RD HS3740, respectively; f longitudinal section of IRD HS3740 showing beam -like structures transversally 

1096 joining adjacent corallite walls the corallite walls (black arrows) and their longitudinal section ( outlined) ; g-1 SEM 

1097 images of a fragment of the holotype showing g detail of the pits among corallites, h a side view of the corallum 

1098 surface and of the exsert septa, i the septa organized in two complete (S 1-2) and one incomplete (S3) cycles, j the 

1099 finely granu lated costae, k the columella, and I a side view of the slightly undulating SI and S2 
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1100 

1101 Fig. 3 Leptastrea magaloni sp. n.: a holotype MNHN-IK-2012-9823; b) !RD MD183 , the arrow points at 

1102 extratentacular budding; c !RD MD225; corallites of d the holotype, the arrow points at intratentacular budding, e 

1103 !RD MD222, f !RD MD274; g !RD MD260; h-1 SEM images of a fragment of the holotype showing h plocoid 

1104 corallites, i side view of a corallite and its columella composed of multiple processes, j the finely granulated costae, 

1105 k the septa organized in three complete (S 1-4) cycles (arrows point at paddle-shaped structures at the proximal end of 

1106 S3 ), and I a side view of SI and S2 



1107 

1108 Fig. 4 Maximum Likelihood (ML) phylogenetic tree of Leptastrea estimated with RAxML v8 .2. 10 using a the 

1109 concatenated ''holobiont-max" supermatrix (3 ,701 loci including a total of 44, 162 SNPs); b the concatenated ' 'coral-

1110 max" supermatrix (9,573 loci including a total of62,728 SNPs). Branch support is based on ML bootstrap analyses 2'. 

1111 50 (first number at node) and Bayesian posterior probabilities 2'. 0.5 (second number at node) 

37 



1112 

1113 

1114 

1115 

1116 

a) 

..... 

l00fl 

• L,qMJ"""'-~ • · n.. Eli--·--•-•--... Eli-
•--

Il ~ ~ • . li. 
rni-• -,..,.,,. 
•-- ~~'11fl• • ,... __ E']--

Il 

m 

Fig. 5 Maximum Likelihood (ML) phylogenetic tree of Leptastrea estimated with RAxML v8.2. 10 using a nearly 

complete coral mitochondrial genomes (10,837 bp); b nearly complete nuclear ribosomal DNA arrays (5 ,835 bp). 

Branch support is based on ML bootstrap analyses è': 50 (first number at node) and Bayesian posterior probabilities è': 

0.5 (second number at node) 



1117 

1118 

1119 

1120 

1121 

1122 

a) 

'""' 

"'' 

• I~)PMD,,a.p,w.. 
llZJ~~ 

• -·-• 1~~-... [!-
•--

ti.OOl 

b) 

Ill 

V+Vl 

,.,.,, 

,111 

VH'l 

m 

• r....,_~,p.rt. 
El ~ --,., 
. f.,pflU.,,..f"M1"'i""" 
• ~,,..,..~ 
• 1.,,,,...,,....-,p,-''I'· n 
rm , __ 

•--

Fig. 6 Species tree estimation of Leptastrea based on 1,857 unlinked biallelic SNPs with 0% missing data inferred 

from SNAPP, following the best-supported mode! from the Bayes Factor Delimitation with genomic data (BFD*) 

analysis shown in Table 1. a complete set of consensus trees visualized with DensiTree; b distribution maps of each 

species. Circles denote specimens analyzed in this study , squares specimens deposited at museum collections that we 

identified based on our newly proposed morphological treatment, stars type locality 
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• L. gibbosa sp. n. 

• L. transversa 

• L. purpurea 

• L. magaloni sp. u . 

• L. inaequalis 

@ L. bottae 

1123 

1124 Fig. 7 Plot of the first two principal components (PC) analyses of ail examined Leptastrea specimens including 

1125 holotypes (star symbols), showing the ordination of the specimens based on corallite morphometric variables. Each 

1126 symbol represents a specimen (average of 5 replicates). Groups of specimens of the same species are enclosed by 

1127 dashed polygon. Corresponding genetic clade in parenthesis as per Fig. 4. Color code is the same as in Figs. 4-6 
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1130 Supplementary Information 

1131 Data S l List of coral sampi es analyzed in this study with collection information and the sequencing and bioinformatics 

1132 statistics summary. In particular, the collection information includes voucher numbers, museum/institute where the 

1133 specimen is deposited, species identification, molecular clade based on SNPs phylogenies, and collection locality. The 

1134 sequencing and bioinformatics statistics summary includes the total number of raw reads, the total number of reads 

1135 after trimming and relative percentage, the percentage of trimmed reads mapped to reference sequences (coral 

1136 transcriptome, coral mitochondrial genome, and coral nuclear ribosomal DNA), average deviation, standard deviation, 

1137 and the percentage of reference sequence covered. Abbreviations: !RD = Institute de Recherche pour le 

1138 Développement (Noumea, New Caledonia); KAUST = King Abdullah University of Science and Technology 

1139 (Thuwal, Saudi Arabia); MNHN = Muséum National d ' Histoire Naturelle (Paris, France); UNIMIB = University of 

1140 Milano-Bicocca (Milan, ltaly); refseq_percentage = percentage ofreference sequence covered. 

1141 Data S2 List of the Leptastrea specimens examined for the species treated in this study including museum and 

1142 collected material in addition to those listed in the Taxonomie Account. Species synonymies and additional taxonomie 

1143 references cited in the synonymies, but not in the main text, are provided. 

1144 Data S3 Alignment ofnearly complete mitochondrial genomes, including 10,837 bp . 

1145 Data S4 Alignment ofnearly complete nuclear ribosomal DNA regions, including 5,835 bp. 

1146 Data SS Average (st. dev.) values of the six Leptastrea skeleton variables measured in this study: v 1, maximum calice 

1147 diameter; v2 , minimum calice diameter; v3 , maximum columella diameter; v4, minimum columella diameter 

1148 perpendicular to v3 ; v5 , distance between the centre of the columella and the centre of the columella of the closes! 

1149 adjacent corallite; v6, width of the groove among the corallites. The number of coralla examined per species is given 

1150 in brackets below the species name. 

1151 Figure Sl ln situ images of colonies of the Leptastrea species analyzed in this study: S 1 _ 1 L. purpurea a) UNIMIB 

1152 MYl43 , Mayotte Island; b) !RD HS3790, Isle ofPines, New Caledonia; c) KAUST SA0056, Saudi Arabia; d) KAUST 

1153 SA0014, Al Lith, Saudi Arabia; e) UNIMIB PFB776, Kavieng, Papua New Guinea; f) lagoon pinnacle north of 

1154 Magareva Island, Gambier Archipelago, French Polynesia (F. Benzoni, 05/07/201 !); g) Aqaba, Jordan (R. Joury, 

1155 17/07/2018); Sl _ 2 L. transversa a) UNIMIB PFB369, Madang, Papua New Guinea; b) Nakety Bay, Grande Terre, 

1156 New Caledonia (F. Benzoni, 22/04/2012); c) KAUST SA0045, Farasan Banks, Saudi Arabia; d) !RD HS3652, Isle of 

1157 Pines, New Caledonia; e) !RD HS3299, Grande Terre, New Caledonia; f) KAUST SA 1027, Magna, Saudi Arabia; g) 
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1158 Aqaba, Jordan (R. Joury, 17/07/2018); Sl_3 L. bottae a) KAUST SA0736 Ras Al-Ubayd, Saudi Arabia; b) KAUST 

1159 SA00l 1, Al Lith, Saudi Arabia; c) Aqaba, Jordan (F. Benzoni, 09/07/2018); d) KAUST SA0044, Farasan Banks, 

1160 Saudi Arabia; e) UNIMIB DJ070, Oblal, Djibouti; f) KAUST SA00I 1, Al Lith, Saudi Arabia; g) Aqaba, Jordan (R. 

1161 Joury, 16/07/2018); S1_4 L. inaequalis a) UNIMIB BA079, Bir Ali, Yemen; b) UNIMIB DJ047, Oblal, Djibouti; c) 

1162 Aqaba, Jordan (F. Benzoni , 15/07/2018); d) KAUST SA0043, Farasan Banks, Saudi Arabia; e) KAUST SA0042, 

1163 Farasan Banks, Saudi Arabia; f) Socotra Island, Yemen (F. Benzoni, 18/03/20 10); g) Aqaba, Jordan (R. Joury, 

1164 16/07/2018); Sl_5 Leptastrea gibbosa sp. n. a) Lifou Island, Loyalty Islands, New Caledonia (F. Benzoni, 

1165 18/02/2014); b) outer reefsouth of the Grande Terre, New Caledonia (F. Benzoni , 08/ 11 /2017); c) !RD HS3167, 

1166 Moneo, Grande Terre, New Caledonia; d) UNIMIB PFB805, Kavieng, Papua New Guinea; e) !RD HS3740, Isle of 

1167 Pines, New Caledonia; f) !RD HS3653 , Isle of Pines, New Caledonia ; g) Mellish Reef, Australia (F . Benzoni, 

1168 02/12/2018); Sl_6 Leptastrea magaloni sp. n. a) IRD MD266, Nosy Sakatia, Madagascar; b) !RD MD260, Nosy Be, 

1169 Madagascar; c) IRD MD222, Nosy Lava, Madagascar; d) MNHN-IK-2012-9823 , Bouzi, Mayotte Island; e) !RD 

1170 MD225, Nosy Lava, Madagascar; f) !RD MD 183 , Nosy Mitsio, Madagascar; g) !RD MD274, Nosy Sakatia, 

1171 Madagascar; h) same colony as in g with retracted tentacles. Ail in situ specimen images by F. Benzoni. For specimens, 

1172 site and date metadata can be found in Data S 1. 

1173 Figure S2 Maximum Likelihood (ML) phylogenetic tree of Leptastrea estimated with RAxML v8.2. 10 using a) the 

1174 concatenated "holobiont-min" supermatrix (2 ,075 loci including a total of 2, 141 SNPs); b) the concatenated "coral-

1175 min" supermatrix (2,366 loci including a total of2,479 SNPs). Branch support is based on ML bootstrap analyses. 

1176 Figure S3 Maximum Likelihood (ML) phylogenetic tree of Leptastrea estimated with RAxML v8.2.I0 using a) the 

1177 barcoding portion of the cytochrome oxidase subunit I gene of the mitochondrial genome (COI); b) the complete ITS 1, 

1178 5.8S, and ITS2 regions of the nuclear ribosomal DNA (ITS). Branch support is based on ML bootstrap analyses. 

1179 Figure S4 Variability of skeleton morphology across specimens of the Leptastrea species examined in this study 

1180 included in the genomic and morphometric analyses: L. purpurea (a-h), L. transversa (i-l), L. gibbosa sp. n. (m-p), L. 

1181 inaequalis (q-t), L. bottae (u-x), L. magaloni sp. n. (y -ab). a) UNIMIB BA081 ; b) UNIMIB MY247; c) UNIMIB 

1182 MY245; d) !RD HS3045 ; e) UNIMIB PFB776; f) UNIMIB GA097; g) UNIMIB GA170; h) UNIMIB GA076; i) 

1183 UNIMIB DJ297; j) UNIMIB MY202; k) UNIMIB PFB252; l) !RD HS3247; m) UNIMIB PFB805; n) !RD HS3740; 

1184 o and p) !RD HS2344; q) UNIMIB DJ292; r) UNIMIB BA044; s) UNIMIB BA079; t) UNIMIB DJ047; u) UNIMIB 

1185 AD040; v) UNIMIB DJ070; w) UNIMIB BAL 144; x) UNIMIB DJ335; y) UN IMIB MY333; z) !RD MD260; aa) IRD 



1186 MD 183; ab) !RD MD222. Ali images were taken at the same magni fi cation (scale bar shown in a). Colour code same 

1187 as in Figures 4-7. Collection metadata for L. magaloni sp. n. and L. gibbosa sp. n. specimens are in the Taxonomie 

1188 Account, for ail the other species in Data S 1. 
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