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Abstract

:

Deep-sea corals are important benthic inhabitants that support the biodiversity and function of the wider faunal community; however, their taxonomy is underdeveloped and their accurate identification is often difficult. In our study, we investigated the utility of a superextended (>3000 bp) barcode and explored the effectiveness of various molecular species delimitation techniques with an aim to put upper and lower bounds on the estimated number of calcaxonian species in Irish waters. We collected 112 calcaxonians (70 Keratoisididae, 22 Primnoidae, 20 Chrysogorgiidae) and one chelidonisid from the Irish continental slope and sequenced a 3390 bp DNA barcode comprising four mitochondrial regions (mtMutS, COI + igr1, 16S rRNA-ND2, and igr4), recovering 38 haplotypes. Individuals that shared a haplotype were often morphologically distinct, and we thus undertook detailed morphological work, including SEM of sclerites, on one representative of each morphotype within each haplotype. GMYC, bGMYC, and mPTP returned incongruent estimates of species numbers. In total, there are between 25 and 40 species, although no definitive number could be assigned, primarily due to poorly defined keratoisidid species boundaries. As expected, the superextended barcode provided greater discrimination power than single markers; bGMYC appeared to be the most effective delimiter. Among the identified species were Chelidonisis aurantiaca, collected deeper than previously known at 1507 m, and Calyptrophora clinata, recorded for the second time from the Northeast Atlantic. A full understanding of the diversity and distribution of calcaxonians requires substantial taxonomic work, but we highlight the Irish continental slope as harbouring significant diversity.
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1. Introduction


The deep sea is the largest and least-explored ecosystem on the planet [1]. Geomorphic features found on continental slopes have been discovered to harbour increased biodiversity; for example, submarine canyons [2], seamounts [3], and cold-water coral reefs [4]. Situated in the Northeast Atlantic at the northwestern edge of Europe, Ireland has a marine territory of ~880,000 km2, ten times that of its landmass, which encompasses an extensive continental slope heavily incised with canyons and gullies across its entirety. These complex topographies at the shelf edge and slope interact with the overlying water, affecting local oceanographic and hydrodynamic conditions which promote biodiversity [5]. Such enhanced biodiversity is evident; for example, in Ireland’s carbonate mound provinces where residual bottom currents are increased [6]; in the Whittard Canyon system where a unique biotope comprising the large bivalves Acesta excavata (Fabricius, 1779) and Neopycnodonte zibrowii Gofas, Salas and Taviani, 2009 is found at 600–800 m where internal waves resuspend particulate matter [7]; and through species distribution modelling that predicts increased species richness and a greater likelihood of corals in areas of Whittard Canyon with elevated currents and complex topography [8].



Octocorals are important benthic constituents in the deep sea, capable of forming dense aggregations referred to as coral gardens. These gardens are important for the wider faunal community. They provide a significant structural role, as octocorals house unique commensal species on their branches [9], harbour eggs of charismatic species such as catsharks [10] and cephalopods [11], and act as a nursery for juvenile invertebrates, e.g., basket stars [12]. Many corals are slow-growing and long-lived, with radiocarbon (14C) ageing of some individuals of Paramuricea sp. and Chrysogorgia sp. showing 464 years and 192 years, respectively, with the upper estimates of Paramuricea exceeding 600 years [13]. These life-history traits, combined with the important ecosystem functions provided by deep-sea corals, have led to concern over the potential effect of fishing impacts on these ecosystems, which have been designated as Vulnerable Marine Ecosystems (VMEs) and now require States to implement appropriate conservation measures to protect them through standard reporting and monitoring.



Certain groups of octocorals are prevalent in the deep sea; for example, within the suborder Calcaxonia (Order Alcyonacea), there are three widely distributed families: Chrysogorgiidae, Keratoisididae, and Primnoidae [9]. A lack of knowledge on definitive species boundaries, scarcity of information regarding intraspecific variation and what morphological characters are taxonomically important, and deficiencies in species descriptions in the older literature are the root cause of the difficulty identifying octocorals’ species, which is further exacerbated by the lack of taxonomic expertise. This is evident in the Keratoisididae, where there is widespread polyphyly at the genus rank due to the historic diagnosis of genera using branching pattern [14,15]. Isidella was diagnosed by nodal branching in a single plane, Acanella by nodal branching in multiple planes, Keratoisis by internodal branching, and Lepidisis by lack of branching. Branching pattern is now known to be labile [14,15], and species formerly thought to be congeneric are now known not to be. Recent taxonomic work has been undertaken to untangle the observed polyphyly in the keratoisidids, and since 2011, three new genera have been erected: Cladarisis, Eknomisis, and Jasonisis. The diversity within Keratoisididae has been described based on phylogenetic analysis [16], which found that the family has 11 genetically and morphologically distinct subclades with taxonomic characters such as sclerite composition (from the polyp body, tentacles, pharynx, and coenenchyme), gross colony morphology, polyp morphology, and polyp distribution along the axis used to discriminate among subclades. Half of the keratoisidid subclades do not contain any currently accepted genera, indicating the presence of many undescribed taxa within Keratoisididae. The genus Chrysogorgia is another taxonomically confusing group of octocorals. While it is one of the most abundant and diverse groups of octocorals, with 71 currently accepted species [17], recent investigations into the phylogenetic relationships among species within this genus have led to the proposal of 11 candidate genera [18], each of which has been assigned a group number in advance of formal description. There are fewer taxonomic problems within Primnoidae due to the work of dedicated museum taxonomists, unburdened by academic duties that university-based taxonomists face, and perhaps due to the frequent incorporation of genetics into their systematics, which helps test and reinforce the usefulness of certain taxonomic characters (e.g., [19,20,21]).



Coral gardens are widely distributed along the Irish continental slope and Rockall-Hatton Plateau, yet none of the known examples of calcaxonian-dominated coral gardens from Irish waters have had their main species fully identified (i.e., to species rank) despite the need for appropriate monitoring and reporting on their distributions. For example, of the three calcaxonian dominated coral gardens identified from Anton Dohrn seamount, the dominant bamboo coral is identified to genus rank in two biotopes (as Keratoisis sp. with Solenosmilia variabilis Duncan 1873 (Ker.Sol) in the first, and Lepidisis sp. with Parantipathes sp. habitat (Lep.Par) in the other), and as an unidentified bamboo coral in a third (mixed coral dominated habitat comprising S. variabilis, Anthomastus grandiflorus Verrill 1878, an unidentified species of bamboo coral, and zoanthids (Gor.Zoa)) [22]. Similarly, in the Whittard Canyon, dense aggregations of “Primnoa sp.” have been reported from vertical walls ([23] Figure 3f).



Increased genomic resolution, provided by hundreds to thousands of single nucleotide polymorphisms (SNPs), is being used to successfully delimit species of octocorals [24,25,26], and SNPs can even detect the roles of hybridisation and introgression in species [27]. However, while next-generation sequencing costs are lowering, it is not cost-effective to generate whole-genome SNP data for exploratory studies that are investigating baseline information about the biodiversity present. Instead, DNA barcoding is commonly used, as it has overcome a lack of taxonomic knowledge in other groups by uncovering cryptic species diversity [28,29]. In octocorals, the usefulness of mitochondrial DNA barcoding is diminished due to the presence of an active mismatch repair gene, mtMutS, which reduces the accumulation of mutations in the mitochondrial genome [30,31]. However, while mtMutS itself is the most variable gene in the mitogenome [32,33], it is still insufficient to resolve species boundaries; therefore, a concatenated multilocus sequence (approximately 1648 bp long) consisting of mtMutS + COI + igr1 and referred to as the “extended octocoral barcode” is widely used, although it is still not able to successfully delimit among all species due to a lack of interspecific variation associated with these genetic markers [34,35]. Within families, different gene regions have been used to further delimit species: igr4 (the intergenic spacer between COB and ND6) has proved useful in Keratoisididae [36], while the addition of ND2 to the extended octocoral barcode increased the number of successfully delimited species in the primnoid genus Narella [37].



The aims of this study were to (i) investigate the utility of a superextended barcode incorporating mtMutS, COI + igr1, 16S rRNA-ND2, and igr4, (ii) explore the effectiveness of various species delimitation techniques in successfully delimiting species in calcaxonian octocorals, and (iii) establish upper and lower bounds on the estimated number of calcaxonian species in Irish waters.




2. Materials and Methods


During two research surveys to the Irish Margin between 24 May–5 June 2017 and 11–23 August 2018 aboard RV Celtic Explorer, targeted collections of octocorals and sponges for biodiscovery gathered 70 Keratoisididae, 22 Primnoidae, 20 Chrysogorgiidae, and one Chelidonisididae (Table S1) using the robotic capabilities of ROV Holland I. All stations from 2017 were within the Whittard Canyon system between 1275 and 1988 m, except two located outside the Hovland Mound and Belgica Mound SACs at ~880 m, and stations from 2018 were within small canyons and gullies along the North Porcupine Bank between 821 and 2308 m (Figure 1).



Onboard, recovered specimens were kept in buckets of chilled seawater until processed. Genetic and morphological subsamples were taken and stored in 96% ethanol; remaining parts of specimens were stored dry at −80 °C. Genetic subsamples comprised a few polyps of a coral and were stored in a 1.5-mL microcentrifuge tube. Morphological subsamples were approximately 4 cm in size and stored in glass vials.



All collected octocorals were photographed in situ using a Kongsberg OE14-208 Digital Still Camera attached to Holland I and again on board using a Nikon P900. The biodiscovery programme did not note the branching pattern (nodal vs. internodal vs. unbranched) of the bamboo corals (Families Keratoisididae and Chelidonisididae) or chrysogorgiids and the small morphological vouchers available for taxonomy usually did not contain a branching point. Branching pattern was not always evident in either in situ or ex situ photographs due to thick coenenchyme of bamboo corals or the bushy gross morphology of the chrysogorgiids.



2.1. Genetics


2.1.1. DNA Extraction and Polymerase Chain Reaction (PCR)


Genomic DNA was extracted from individuals using a PureLinkTM Genomic DNA Mini Kit (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions. Partial regions of mtMutS, COI + igr1, 16S rRNA-ND2, and igr4 (COB–ND6 intergenic spacer) were amplified for all individuals using PCR. Each 25 µL PCR reaction contained 12.5 µL of 1 × GoTaq G2 Green Mastermix (Promega), 0.5 µL of 10 µM forward and reverse primers (final concentration 0.2 µM), 9 µL of nuclease free water, and 2.5 µL of DNA template (<250 ng as per GoTaq G2 Green Mastermix protocol recommendations). Thermocycle profiles varied by primer pair (Table 1). PCR products were purified using a PureLink© PCR Purification kit (Invitrogen, Carlsbad, CA, USA) and sequenced with amplification primers in both forward and reverse directions by Eurofins Genomics.




2.1.2. DNA Sequence Quality Control, Haplotype Discovery, and Phylogenetic Inference


DNA sequences were assembled and amplification primers and poor quality bases were trimmed manually by examining chromatograms in Geneious Prime v. 2020.1.2 [40] and aligning the forward and reverse sequences using the pairwise alignment function to create a consensus sequence. Each genetic marker was aligned separately using the iterative refinement algorithm of MUSCLE [41] implemented in MEGA X [42] with default settings (Gap opening penalty of −400, and no gap extension penalty). The intergenic spacer igr4 and COI + igr1 were also aligned using the L-INS-I iterative refinement alignment in MAFFT v. 7 [43] with default settings (Gap opening penalty of 1.5 and an offset value of 0.14) to account for the different indel placement by different alignment algorithms. Both methods yielded the same result. Sequences from coding regions were adjusted by eye so that codon-length gaps were in the correct position and did not change the amino acid sequence. Sequences from all targeted mitochondrial regions were concatenated into a 3390 bp alignment (hereafter referred to as the superextended barcode).
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Table 1. Primer thermocycle profiles used to amplify mitochondrial gene fragment sequences.






Table 1. Primer thermocycle profiles used to amplify mitochondrial gene fragment sequences.





	
Primer Name

	
Primer Sequences 5′–3′

	
Gene Boundaries Crossed

	
Thermocycle Profile

	
Source






	
CO3Bam5657f

	
GCT GCT AGT TGG TAT TGG CAT

	
CO3—mtMutS

	
a 94 °C, 30 s: 55 °C, 30 s: 72 °C, 45 s. 35x or

	
[44,45]




	
MUT3458R

	
TSG AGC AAA AGC CAC TCC

	
a 94 °C, 30 s: 55 °C, 60 s: 72 °C, 120 s. 35x




	
ND4L2475F

	
TAG GYT TAT TTA CTC ATA CWA T

	
ND4L—mtMutS

	
b 94 °C, 20 s: 50 °C, 30 s: 72 °C, 50 s. 35x

	
[44,46]




	
MUT3458R

	
TSG AGC AAA AGC CAC TCC




	
COII8086f

	
CAT AAC AGG ACT AGC AGC ATC

	
COII—igr1—COI

	
b 94 °C, 30 s: 47 °C, 30 s: 72 °C, 30 s. 40x

	
[34,47]




	
COIOCTr

	
ATC ATA GCA TAG ACC ATA CC




	
16s647F

	
ACA CAG CTC GGT TTC TAT CTA CCA

	
16S rRNA-ND2

	
b 94 °C, 30 s: 47 °C, 30 s: 72 °C, 60 s. 30x

	
[47,48]




	
ND2_1417R

	
CAT CGG GGG CCC ACA TAT G




	
CytbBam1279f

	
AGG AGC CAA TCC AGT AGA GGA ACC

	
COB–ND6

	
b 94 °C, 30 s: 55 °C, 30 s: 72 °C, 45 s. 35x

	
[36]




	
ND6Bam1648r

	
TAY AGG TAA GAA ATG CGA GTG ATC








a Initial denaturing of DNA template at 94 °C for 5 min. Final extension 72 °C for 10 min. b Initial denaturing of DNA template 94 °C for 2 min. Final extension at 72 °C for 6 min.











Haplotypes from the concatenated alignment of the superextended barcode were recovered using TCS v 1.21 [49], which uses a statistical parsimony method. Statistical parsimony is defined as the connectivity between the most closely related haplotypes based on a user-defined probability [50]. Haplotypes will form a single network until the parsimony limit is reached. TCS allows gaps to be coded as a 5th character state, which allows indel variation and structure to be included in the analysis.



A Maximum Likelihood (ML) tree was constructed from haplotype sequences using IQ-Tree [51] with initial partitions between sequenced mitochondrial regions (mtMutS, COI, igr1, 16S rRNA, ND2, and igr4) and by first, second, and third codon positions in protein-coding genes (mtMutS, COI, and ND2). We used the settings -m MFP + Merge, which causes IQTree to implement PartitionFinder’s greedy heuristic algorithm [52], to test whether partitions should be merged during the model selection. This heuristic algorithm merges partitions until the model fit does not increase further. IQTree retained three partitions (Table S2) and applied the TVM + F + R2 substitution model (transversion model where the A-G substitution rate equals the C-T substitution rate, with unequal base frequencies equivalent to the empirical base frequencies, and a FreeRate model with two rate categories) to the first partition and HKY + F + I (unequal transition/transversion rates and unequal base frequencies equivalent to the empirical base frequencies and a proportion of invariant sites) to the other two. Node support was determined using 1000 standard non-parametric bootstraps [53]. Nodes with support values lower than 70 were collapsed using TreeCollapseCL 4 (available at http://hiv.bio.ed.ac.uk (accessed on 10 May 2022)). A sequence from the species Chelidonisis aurantiaca Studer, 1890 (Suborder Holaxonia; see [54]) was chosen as a suitable outgroup, as all ingroup specimens belonged to suborder Calcaxonia.




2.1.3. Genetic Species Delimitation


The widespread use of DNA barcoding across the tree of life has led to heuristic methods being developed to aid species delimitation. One of the first, and still one of the more popular methods, is the Automatic Barcode Discovery Gap [55], which uses pairwise genetic distances to identify a “barcode gap” which distinguishes intraspecific variation from species divergences. However, due to the slow mutating mitogenome of octocorals, many species share the same sequence across the genetic markers we have used, e.g., [34,35], meaning that in many cases there is no gap to discover. Therefore, this analysis was inappropriate for our data and was not conducted. The Generalized Mixed Yule Coalescent (GMYC) model is a tree-based method that uses phylogenetic information to find the transition between branching points based on coalescence within populations and Yule processes that are due to species divergence [56]. This is a maximum likelihood-based method and requires an ultrametric tree. The results of the GMYC model are affected by phylogenetic uncertainty, thus a Bayesian implementation of this process (bGMYC) was developed that can incorporate this uncertainty and provide statistical probabilities [57]. Finally, “Poisson Tree Process” (PTP) methods use a rooted phylogenetic tree to identify speciation events based on the number of substitutions or branch lengths [58].



An ultrametric tree of all haplotypes was constructed with BEAST 2 [59] using the same partition scheme and substitution models found previously, an Optimised Relaxed Clock [60], and a Birth-Death tree prior (determined as best fit by AIC in comparison with the Yule model). The topology of the tree was constrained to that of the ML analysis by providing the ML tree as a starting tree and removing weight from those priors that affect tree topology. BEAST 2 searches were conducted with 10 million MCMC generations, with trees sampled every 1000 generations. A maximum clade credibility (MCC) tree annotated with median node ages in TreeAnnotator v2.6.3 summarised the posterior distribution of 9001 trees. The convergence of the MCMC runs and mixing of the chains were visually checked in Tracer v 1.6 by verifying the presence of a hairy-caterpillar-like trace. In addition, the effective sample size of all parameters was confirmed as above 200. An MCC tree annotated with median node age in TreeAnnotator v2.6.3 summarised the posterior distribution of 9001 trees.



The GMYC method [56] of species delimitation was implemented in the R package Splits [61], where both single (ST-GMYC) and multiple threshold (MT-GMYC) models were fitted on the MCC tree. A Bayesian extension of this model (bGMYC) was implemented in the R package bGMYC [57], with 50,000 MCMC steps including 40,000 as burn-in and a thinning of 100 steps. bGMYC accounts for uncertainty in the trees by sampling over a posterior distribution of randomly sampled trees; as input, one hundred randomly sampled trees were generated using LogCombiner v 2.6, which resampled the initial 9001 trees, generated from BEAST 2, at a lower frequency. We present the results for p (conspecificity among sequences) > 0.9 since p > 0.95 returns almost every terminus as a unique species, and we include results from different probability thresholds as a heatmap in supplementary information (Figure S50).



We also implemented the multi-rate Poisson Tree Processes (mPTP) method of delimitation using two runs of 10 million MCMC, sampling every 10,000 generations with a 20% burn-in. Both single (ST-mPTP) and multiple (MT-mPTP) threshold models were fitted.





2.2. Morphological Investigation


We examined the gross colony morphology from both the in situ and ex situ imagery (colony structure, branching frequency, polyp density, overall colony appearance) of every sample and assigned morphotype numbers to each unique morphology. We then grouped the samples by genetic haplotype and selected a representative coral specimen for detailed morphological examination for each morphotype present within each haplotype. Due to the limited tissue available for morphological analysis, we used a single polyp for SEM imaging, and a single polyp for in situ visualisation of sclerites. Characteristics such as polyp shape, position of the tentacles, composition, density, and orientation of the sclerites on the body were examined. We compared the findings of the gross morphology and SEM imaging to the relevant taxonomic literature to diagnose individuals to genus or species rank [62,63,64,65,66,67,68,69,70].



2.2.1. Light Microscopy Imaging and In Situ Sclerite Visualisation


Polyp morphology was examined using a dissecting microscope (Olympus ZXP16), and in situ sclerite arrangements of keratoisidids and chrysogorgiids: polyp body, tentacles, and coenenchyme were visualised by clearing the tissue for an hour in clove oil [16]. Once clear, polyps were examined while still submerged in clove oil between a pair of cross-polarising lenses, which reduces glare and reveals the birefringent properties of the sclerites. Images were taken with a camera (Olympus DP71) attached to the dissecting scope using extended focus and subsequently stacked using Combine ZP [71].




2.2.2. Scanning Electron Microscopy


Coral polyps were dissected to examine the different sclerite composition among the different anatomical parts of the coral (keratoisidids: polyp body, coenenchyme, tentacles, and pharynx, chrysogorgiids: polyp body, tentacles, and coenenchyme, primnoids: not dissected). The tissue from each part of the polyp was submerged separately in household bleach (5% sodium hypochlorite) for up to 1 hr to release sclerites, which were subsequently washed with distilled water (dH2O) followed by 300 µL of 6% hydrogen peroxide. For the Primnoidae, the polyp was submerged whole in bleach under a microscope and sclerites were sorted (marginal, medial, basal, opercular, and tentacular sclerites). The reaction between sodium hypochlorite and hydrogen peroxide causes an effervescence that removes any remaining organic residues from the surface of the sclerites. A series of ten washes with dH2O, three washes with 70% ethanol, and three washes in 100% ethanol ensured that sclerites were clean of organic debris and residual salts from the reaction between sodium hypochlorite and hydrogen peroxide. Using a 5x0 detail paintbrush/eyelash, sclerites were mounted onto a double-sided carbon adhesive fixed to a metal stub. Sclerites were gold coated for 120 s using a Quorum Q150R ESplus at a sputter current of 25 mA, resulting in a coat thickness of approximately 10 nm. If sclerites appeared charged during SEM imagery, an additional sputter coat using the same settings was applied and the sclerites reimaged. Sclerites were imaged at 15 kV using a Hitachi S-2600 at the Centre for Microscopy and Imaging, Anatomy, School of Medicine, National University of Ireland Galway. Qualitative descriptions of the sclerite shape and texture were noted and named according to the nomenclature established by Bayer et al. [72].



Keratoisidid polyp body, tentacle, pharynx, and coenenchyme sclerites were examined. Sclerites from the body, tentacles, and coenenchyme were examined from chrysogorgiids. Body wall and opercular scales, in addition to coenenchyme and tentacle sclerites, were examined from specimens of Primnoidae.





2.3. Taxon Identification and Nomenclature Used throughout This Study


Sequences of mtMutS generated in this study (Table 2) were compared with those on GenBank using BLAST to provide a family-level indication of taxon identity.



Specimens were initially identified as bamboo corals based on the occurrence of proteinaceous nodes in an otherwise calcareous skeleton, and their placement in the Keratoisididae was confirmed by amplifying across the CO3—mtMutS gene boundary, an arrangement only found in Keratoisididae and some species of Anthoptilum sea pens [73]. For Keratoisididae, we labelled our tree termini with the subclade nomenclature established by France [14] and expanded by Watling et al. [16]. We assigned the nomenclature based on mtMutS sequences generated in this study that were identical or extremely similar (>99.5%) to keratoisidid mtMutS sequences used in Watling et al. [16]. Individuals in the genus Chrysogorgia s.l. were assigned, on the basis of morphological characteristics, by co-author CBU to the established groups of Untiedt et al. [18] to better quantify the observed diversity within the genus while it is undergoing a major redescription. We were conservative in our identifications, and only identified individuals to genus and/or species when we were confident that characteristics matched the relevant taxonomic literature [62,63,64,65,66,67,68,69,70]. Where there was doubt, we assigned individuals to a higher taxonomic rank in which we had confidence.





3. Results


Sequencing revealed 38 unique sequences (haplotypes, H1–H38; Table S3) from the concatenated alignment of the superextended barcode representing 44 distinct morphotypes, numbered M1–M44 (Figure 2, Figure 3, Figure 4, Figure 5 and Figures S1–S49). More haplotypes were recovered using the superextended barcode than with each genetic marker independently (Table S3). In the ML tree, three main clades, each with bootstrap support of 100%, represented (1) Keratoisididae, (2) Primnoidae, and (3) Chrysogorgiidae (Figure 6). All specimens were deposited at the Smithsonian Institute National Museum of Natural History Invertebrate Collection (USNM: 159348–1593580, Table S1).



3.1. Clade 1—Keratoisididae


Gross morphology identified 30 keratoisidid morphotypes belonging to 23 haplotypes. The primary morphological features (colony shape, branching pattern, polyp morphology, coenenchyme thickness, tentacle positioning, and sclerome) of each morphotype are summarised in Table 3.



Genus names could be assigned to some haplotypes identified as being members of Watling et al.’s [16] subclades A1 (Acanella) and D2 (Eknomisis). The subclades B1, C1, D1, and F1 do not contain any currently accepted genera, and the only recognised genus to date in I1 is Lepidisis. Lepidisis is polyphyletic [74], as lack of branching is the diagnostic characteristic for this genus, and this trait is now recognised as labile [14,15,75]. Thus, Lepidisis cannot be used to broadly diagnose unbranched bamboo corals, and the true generic affinity of nine of the eleven presently accepted species is uncertain (see [74]). Only Lepidisis caryophyllia Verrill, 1883 (the type species) and Lepidisis cyanae Grasshoff, 1986 are considered to be representatives of the genus. None of our specimens matched the type description of L. cyanae (the polyp morphology and sclerite composition is best observed in Figures 8 and 9 in Grasshoff [76]), which is known to occur in the Northeast Atlantic. Jasonisis is the only accepted genus recognised from J3. No individuals within J3 in our study could be diagnosed as representative of that genus. It is known that there are many undescribed genera within Keratoisididae [16], thus, in many cases, there are no names to assign.



Keratoisididae (Clade 1) is composed of four smaller clades (1i, 1ii, 1iii, and 1iv) joined in a polytomy.



Clade 1i, which unites 12 termini, received 85% bootstrap support and contains representatives of the France/Watling [16] subclades D2, D1, B1, and F1. One species delimitation method, MT-mPTP, recovered this entire clade as a single species.



Members of D1 and D2 were recovered in a monophyletic group (100% bootstrap support) comprising 14 individuals. ST-mPTP species delimitation recovered these seven haplotypes as a single species. Of these seven haplotypes, five (Haplotypes 7, 8, 9, 10, and 11) belonged to D2. MT-GMYC and ST-mPTP recovered these five haplotypes as a single species, but MT-GMYC and bGMYC recognised Haplotypes 9, 10, and 11 as one species and Haplotypes 7 and 8 as a second. Haplotypes 7 and 8 were identified as representatives of the genus Eknomisis due to the oblique arrangement of the needle and rod sclerites along the polyp body (Figures S4–S6) [68].



Two haplotypes belonged to D1 (Haplotype 1 and 2) and were recovered as sister species (93% bootstrap support). Both ST- and MT-GMYC recognized the two haplotypes as one species; only bGMYC recognised these two haplotypes as individual species.



Fourteen individuals belonging to four haplotypes (Haplotype 3–Haplotype 6) were considered as representative of Watling et al.’s [16] B1 and were unified with 72% bootstrap value. ST-GMYC and bGMYC recognised Haplotype 3, Haplotype 4, and Haplotype 6 as one species, with Haplotype 5 as a second, whereas ST-mPTP recognised all four haplotypes as one species, and MT-GMYC recognised three species, uniting Haplotype 4 and Haplotype 6 as one of those three species. Among the fourteen individuals, five morphotypes were discerned (Table 3).



Lineage F1 (Haplotype 23, Figure 4b) is represented by a single whip coral. All species delimitation methods recovered this haplotype as representing a single species except MT-mPTP, which considered this lineage to be part of a species also encompassing B1, D1, and D2.



Clade 1ii comprises representatives of Watling et al. [16] subclades I1 and J3, with seven termini unified by a node with 99% bootstrap support. One species delimitation method, MT-mPTP, determined the entire clade was representative of only a single species.



Subclade I1 has four termini (Haplotypes 12–15) united by 86% bootstrap support. Both ST- and MT-mPTP recovered the four haplotypes as one species, but other genetic species delimitation methods generated different solutions: ST-GMYC and bGMYC united Haplotype 12–Haplotype 14 as a species, but delimited Haplotype 15 as a unique species while MT-GMYC united Haplotype 12 and Haplotype 13, but delimited each of Haplotype 14 and Haplotype 15 as unique species. The fifteen specimens whose sequences formed subclade I1 comprised five morphotypes (Table 3).



Subclade J3 has three termini (Haplotypes 18–20), comprising ten individuals (representing four morphotypes) united with 100% bootstrap support. These three haplotypes were recovered as a single species by all genetic species delimitation methods except bGMYC, which combined Haplotype 18 and Haplotype 19 as a single species, and recovered Haplotype 20 as a separate unique species. The tissue of every one of our individuals assigned to J3 turned various shades of brown post-preservation in 100% ethanol, a process that has only been reported in keratoisidids for the species Jasonisis thresheri Alderslade and McFadden, 2012 [77] but occurs in other J3 specimens (pers. obvs. D. Morrissey), suggesting this may be a useful diagnostic trait of the wider J3 subclade.



Clade 1iii unites two termini, both of which are representative of Watling et al. [16] subclade A1, with 73% bootstrap support. MT-mPTP recovered this clade and clade 1iv as a single species.



Subclade A1 contains two termini (Haplotypes 21 and 22), which were consistently delimited as separate species by all genetic species delimitation methods except ST-mPTP. The ten specimens which yielded these two haplotypes were diagnosed as Acanella based on the orange-coloured bush-like colonies which branch from the nodes in whorls. The three morphotypes of specimens sequenced as Haplotype 21 varied from loose to tightly branched bushes (M24, Figure 3m; M25, Figure 3n; and M26, Figure 3o), with M24 being found in deeper water (~2000 m), M26 in shallower water (~1300 m), and M25 in intermediate depths (~1600 m). M24, M25, and M26 were all identified as Acanella arbuscula due to the funnel-shaped polyps and/or the presence of elongated rods arranged obliquely along the polyps (Figures S26–S28) [69]. The single specimen sequenced as Haplotype 22 has a flattened more planar colony form (M27, Figure 4a) that does not match the description of any accepted species of Acanella known from the North Atlantic [69]. However, it is possible that this specimen is also A. arbuscula and that the full range of intraspecific variation of this species has yet to be described. Due to the current taxonomic uncertainty, the assignment was left at genus rank.



Clade 1iv contains only individuals assigned to Watling et al. (2022) subclade C1. Subclade C1 contained two termini (Haplotype 16 and 17), which were each recovered as a species by all genetic species delimitation methods except MT-mPTP, which recovered Clade 1iv and Clade 1iii as a single species. C1 specimens comprised three morphotypes of unbranched whip corals (Table 3).




3.2. Clade 2—Primnoidae


Primnoidae was recovered as monophyletic (Clade 2), comprising nine haplotypes (Haplotypes 31–38) unified by a node with 100% bootstrap support. According to genetic species delimitation methods, these termini represented as many as seven species, or as few as one (Table 4). Species names were assigned to all primnoid haplotypes except the four haplotypes assigned to Primnoa sp. (H33–H36). All Primnoa sp. haplotypes were united with 100% bootstrap support. All genetic species delimitation methods recognized these four haplotypes as a single species, except for bGMYC, which recognised Haplotype 34 as one species and Haplotypes 33, 35, and 36 as another, and MT-mPTP, which, while recognising the four termini as one species, also included five other termini as representing that species. All Primnoa sp. haplotypes comprised a single shared morphotype (M31) which had a similar gross morphology to Primnoa resedaeformis (Gunnerus, 1763), including an arborescent colony form densely packed with irregularly placed polyps. However, there were key characteristicss differentiating the morphotype from P. resedaeformis: M31 had neatly arranged paired abaxial body–wall scales (Figures S33–S36), while the body–wall scales of P. resedaeformis are characteristically irregularly placed (best observed in Figure 2 of Cairns and Bayer [65]). A wide variation in polyp morphology has been reported for P. resedaeformis [65], which could mean that the morphological differences observed in M31 could be attributed to intraspecific variation; however, since we could not confidently determine this, the assignment of M31 was kept at genus rank.



In a larger clade with Primnoa sp. are Narella bellissima (Kükenthal, 1915), Narella versluysi (Hickson, 1909), and Candidella imbricata (Johnson, 1862) (Haplotypes 30–32), unified by 93% bootstrap support. Narella bellissima was identified by its distinctive lyrate branching (M32, Figure 4k) and the presence of larger yet fewer polyps per whorl. Narella versluysi was identified by its sparsely dichotomous branching (M33, Figure 4m) and smaller, more densely packed polyps per whorl. Candidella imbricata was identified by the characteristic fan shape of the parent colony that had polyps standing perpendicular to the main axis (M34, Figure 4l). ST-GMYC, MT-GMYC, and bGMYC identified those as three separate species, whereas ST-mPTP identified them as a single species, and MT-mPTP identified them as components of a single species that spans Clade 2.



The remaining two termini of Clade 2 were identified as Thouarella grasshoffi Cairns, 2006 (Haplotype 37) and Calyptrophora clinata Cairns, 2007 (Haplotype 38). Thouarella grasshoffi is one of only two Thouarella species in the North Atlantic and is distinctive due to its bottle-brush colony morphology (M35, Figure 5c) and the presence of paired polyps. Calyptrophora clinata has downward-facing polyps, with the basal scales containing a pair of thin spines that are serrated along their entire length (M36, Figure 5d). All genetic delimitation methods recovered these as unique species, except for MT-mPTP, which recovered a single species for the entire Primnoidae clade (Clade 2), as mentioned previously.




3.3. Clade 3—Chrysogorgiidae


Five haplotypes (Haplotypes 25, 26, 27, 28, and 29), were recovered within a monophyletic clade. All 20 individuals were initially assigned to the genus Chrysogorgia s.l. Duchassaing and Michelotti, 1864 due to the distinctive overall colony morphologies and results from comparisons of mtMutS in GenBank. One of the authors (CBU) identified individuals based on taxonomically useful morphological characters to their corresponding new group ID, as established in Untiedt et al. [18]. Haplotype 27 was assigned to Group 3 (M39–M41), Haplotype 28 was assigned to Dasygorgia (M42, Figure 4i), Haplotype 29 was assigned to Group 1 (M43, Figure 4j), and Haplotype 25 (M37, Figure 4d) and Haplotype 26 (M38, Figure 4e) were assigned to Group 7. M39 and M41, represented by four and two individuals, respectively, both had a bottle brush gross colony shape. M39 was orange in colour, with an unbranched axial skeleton (main stem of the coral) and a dense population of polyps on the lateral branches such that the main stem was not visible. M41, had a distinctive “Y” branching at the distal end of the main stem and lateral branches containing fewer polyps. M40 comprised two individuals with unbranched axial skeletons with pinker, well-spaced polyps along the lateral branches resulting in an overall colony morphology reminiscent of a small loose bush.



All delimitation methods except bGMYC found both representatives of Group 1 (Haplotype 25 and Haplotype 26) to be the same species, and all GMYC methods (ST-GMYC, MT-GMYC, bGMYC) found that Haplotype 27, Haplotype 28, and Haplotype 29 each represent a distinct species. ST-mPTP delimited two species, one represented by Haplotypes 25–28 and the other by Haplotype 29, while MT-mPTP recovered the clade as a single species.




3.4. Chelidonisididae


Haplotype 25, represented by a single individual, was identified morphologically as Chelidonisis aurantiaca Studer, 1890. Initially, it was thought to be a keratoisidid due the presence of nodes on the axis, yet no PCR reaction amplified across the characteristic keratoisidid CO3—mtMutS gene boundary and instead successfully amplified across the ND4L—mtMutS boundary, suggesting it was a different family of bamboo coral. The gross colony morphology of a planar colony with dichotomous branching, and orange coenenchyme (M44, Figure 4c) with six-radiate sclerites (Figure S49), was used to diagnose the species [70]. While six-radiate sclerites are also found in other genera of octocorals such as Corallium and Paragorgia, this feature in corals with nodes is unique to Chelidonisis.




3.5. Uncertainty in Species Estimates


In total, we believe that there are between 25 and 40 species of octocorals in our dataset (Table 4). The largest uncertainty in estimating the upper and lower bounds in our species estimate is due primarily to the poorly understood species boundaries in Keratoisididae.



We placed the lower bound of our keratoisidid species estimate at 14, the number of potential species delimited by bGMYC when a p > 0.9 threshold is applied. Other delimitation methods retuned lower species estimates. For example, MT-mPTP inferred corals from multiple subclades comprised a single species. Such scenarios are unrealistic since the Watling et al. subclades contain multiple undescribed genera, thus the lower estimates returned by some delimitation methods were discarded. The upper bound of our keratoisidid species estimate was 27, which was estimated by considering each morphotype (apart from the three morphotypes diagnosed as A. arbuscula) as a unique species.



The number of putative species in Primnoidae is six or seven. Five haplotypes were diagnosed to an accepted species rank, which is congruent with the delimitation by bGMYC, ST-GMYC and MT-GMYC. Neither ST-mPTP nor MT-mPTP could successfully delimit these species, and thus we discarded the lower species estimates inferred by those methods. The uncertainty in the absolute number of primnoid species is that the four haplotypes diagnosed as Primnoa sp. may represent one species with high haplotypic diversity, or two species as per bGMYC.



There are either four or five species of Chrysogorgiidae in our dataset. Each of Untiedt et al.’s [18] Chrysogorgia groups represents a candidate genera, meaning that there is a minimum of four species present in our data (and potentially five, as there are two haplotypes diagnosed as members of Chrysogorgia Group 7).



There is only one species of Chelidonisididae, C. aurantiaca.





4. Discussion


4.1. Morphological and Genetic Diversity of Calcaxonians


The morphological diversity of keratoisidids is not reflected in the genetic diversity using a concatenated alignment of mtMutS, COI + igr1, 16S rRNA-ND2, and igr4. Of the 30 morphotypes observed across the 23 keratoisidid haplotypes recovered, 16 are found within seven haplotypes (Haplotypes 1, 6, 8, 13, 16, 19, and 21). Morphotypes are also shared between haplotypes; for example, M17 is shared between Haplotypes 13 and 14 and M10 between Haplotypes 4 and 6, suggesting that some species may have more genetic diversity in the selected markers than others. The octocoral genus Paramuricea was thought to harbour multiple distinct species off Canada due to the high haplotypic diversity present [78]; however, more recent examination of those same individuals using genetic variation present in single nucleotide polymorphisms (SNPs) generated via Restriction-site Associated DNA sequencing (RADseq) found that there is evidence for a single species with multiple mtMutS haplotypes [79]. Multiple putative species have also been observed to share an identical mtMutS haplotype: for example, three putative species within the genus Chrysogorgia shared a mtMutS haplotype [24], and two Narella species, N. hawaiiensis Cairns and Bayer, 2008 and N. dichotoma (Versluys, 1906) shared a single mtMutS haplotype [37]. Further genetic work with more variable markers on a wide range of specimens will help untangle what is intraspecific variation and where the species boundaries are.



From our data, there is no consistency in the potential species assignments among genetic delimitation methods, and without additional genome-wide data, it is impossible to accurately define species boundaries. However, it is unlikely that every haplotype or every morphotype represents a distinct species. For example, Haplotype 21 contains three distinct morphotypes (M24, M25, and M26) all diagnosed as Acanella arbuscula. Acanella arbuscula is known to exhibit a wide range of gross colony morphologies [69], and in this current study, three morphotypes were identified that broadly corresponded to a depth cline. The gross morphology of A. arbuscula changed from a loose bush (M24) at ~2000 m to a tight bush (M25) at ~1600 m and finally to a more funnel-shaped bushy colony (M24) at ~1300 m. Phenotypic plasticity along a depth cline has been observed in shallow and mesophotic corals; Eunicea flexuosa (Lamouroux, 1821) has a shallow (<5 m) and deep (>17 m) morphotype in the Caribbean [80] and Briareum asbestinum (Pallas, 1766) has distinct morphs found at 5 m and 35 m [81].



In Clade I1, Haplotype 13 comprises three morphotypes (M16, M17, and M18) that are vastly different in gross colony morphology and are likely to represent different species rather than phenotypic plasticity. Haplotype 4 and some individuals of Haplotype 6 were diagnosed as being the same morphotype, M10, based on gross morphology. However, they differ in their sclerite composition, with Haplotype 4 having wider flat rods in the tentacles, whereas M10 individuals from Haplotype 6 had narrow elongated rods. Finally, Haplotypes 33, 34, 35, and 36 are all diagnosed as Primnoa sp. And all share the same gross colony morphology, M31, which suggests they are all the same species and that there is just high haplotypic diversity within this species using the selected genetic markers. Genetically, the mtMutS sequence of Haplotype 34 is identical to Primnoa notialis Cairns and Bayer, 2005 (GenBank Accession Number MG986917.1 [20]), Primnoa pacifica Kinoshita, 1907 (GenBank Accession number MF319956.1 [82]), and P. resedaeformis (GenBank Accession Number MG986945.1 [20]), while Haplotypes 35, 36, and 37 have a single mutation that differentiates them from these sequences (99.87% similarity). This highlights the need for better markers to delimit between species in this genus.



We found using the superextended barcode comprising the four gene regions, chosen based on previous delimitation potential across different families within the suborder Calcaxonia but not previously used as a single multilocus barcode, delimited more haplotypes than any single gene barcode. The species delimiting power of the intergenic spacer between COB and ND6 (igr4) within Keratoisididae suggested by van der Ham et al. [36] was further evidenced by our data where 16 igr4 haplotypes were recovered versus 13 mtMutS haplotypes (Table S3). This delimiting power was neither observed in Primnoidae, where the well-established primnoid genera Narella, Candidella, and Primnoa shared a single igr4 haplotype, nor in Chrysogorgiidae, where igr4 could not even successfully delimit among all groups of Chrysogorgia (Chrysogorgia Group 3 and Dasygorgia share an igr4 haplotype; Table S3). When the morphological and molecular species designations of Narella were compared, the inclusion of ND2 with the extended octocoral barcode successfully delimited more species than mtMutS and COI + igr1 on its own [37]. The primers for ND2 capture 209 bp of 16S rRNA, and we included these bases in our alignment because of the increased variation it provided when used with ND2. The 16S rRNA-ND2 genetic fragment yielded 15 keratoisidid haplotypes demonstrating delimiting power in Keratoisididae.




4.2. The Usefulness of Genetic Species Delimitation in Octocorals


The number of potential species genetically delimited varied between 5 and 27 depending on the method of delimitation used. MT-mPTP delimited the fewest species and bGMYC recovered the most (the different species recovered using different p thresholds in bGMYC can be found in Figure S50). Due to the lack of variation in octocoral mitochondrial genes, individuals of different species might have identical DNA sequences at these markers, making it likely that multiple species are represented by a single terminus. Since multiple species potentially share a terminus, genetic species delimitation methods could never delimit the species successfully, and additional avenues of investigation such as morphology are required. The added variability associated with using additional nuclear markers such as 28S may help increase the delimiting power of our concatenated alignment, as seen in the well-studied shallow-water genera Sinularia [34,83] and Ovubunda [84], and should be included in future barcoding studies. However, some nuclear markers such as the multicopy internal transcribed spacers (ITS1 and ITS2) may not have a shared evolution due to the heterogeneity in copies of ITS in the genome between species [85], limiting their potential usefulness as barcodes.



Where multiple species are represented by a single terminus, the calibration of intraspecific versus interspecific branching rates in GMYC delimitation methods may be affected [86]. The low nucleotide substitution rates within octocoral mitogenomes further limit the effectiveness of substitution-based delimitation methods such as mPTP, as potentially observed where MT-mPTP united all members of Primnoidae as one species and all members of Chrysogorgiidae as another.



bGMYC is believed to have performed the best, as the differences in morphology between individuals both within and between keratoisidid haplotypes suggest that there are more putative species in our samples than recovered by any genetic delimitation, and bGMYC recovered the most species. However, it is accepted that our current knowledge of intraspecific variation in octocorals is limited, and that some species, such as A. arbuscula, exhibit a wide range of distinctive morphologies, which must be considered as potential intraspecific variation, when we interpret the number of species present. bGMYC successfully delimited all accepted species in the Primnoidae, delimited species among the different groups within the Chrysogorgiidae, and found that the two morphotypes within Chrysogorgia s.l. Group 7 were different species.




4.3. Comparisons of Keratoisidid Diversity with Other Regions


Due to its distinctive gross colony morphology and colouration, Acanella is the most easily identifiable bamboo coral for many deep-sea researchers; therefore, there are relatively more records in the literature of individuals within this genus. Along the Irish Margin, coral gardens dominated by Acanella species have been reported from the Whittard Canyon at unspecified depths between 520 and 4073 m [23,87], along the Hebrides Slope at 1295 m [88], and the Northern Feni Ridge along the Eastern Rockall Bank at 1920 m [89], with occurrences of the species also reported from the rocky outcrop along the Western Hatton Bank between 1100–1600 m [90] and as bycatch from longlining in this region [91] between 950–2200 m.



Because of taxonomic difficulties in Keratoisididae, specific records of the bamboo species encountered in this study are difficult to source. Dense patches of bamboo corals from subclade D2 have been identified at ~900 m in Baffin Bay between Greenland and Canada [92]. These D2 corals were found anchored into soft sediment and had overall bramble-shaped colonies, which were morphologically distinct from any morphotypes we identified off Ireland. One species of keratoisidid, “Keratoisidinae sp. 1” [93], was found at 1288 m on the Galicia Bank and shared the same polyp morphology as M22 (Figure S24) in subclade J3, suggesting it may represent the same species. Four other keratoisidid species, excluding the previously mentioned A. arbuscula, were also collected from the Galicia Bank [93], but none appeared comparable to morphotypes described herein. In comparison with the 14–27 potential species of keratoisidid found in this study, nine keratoisidid morphotypes were found across 17 peaks of the New England and Corner Rise seamounts, including two that could be diagnosed as Keratoisis grayi Wright, 1869 (D2) and A. arbuscula (A1), one morphotype each that was representative of C1, D2, and J3, two morphotypes from subclade D1, and two undescribed species that could not be assigned to a subclade [94]. Our results suggest that the Irish Continental Slope may be an important biodiversity hotspot of keratoisidids; however, further specimens will need to be examined to confirm this.




4.4. Interesting New Occurence Records


This is the first report of C. clinata in Irish waters, and only the second for the Northeast Atlantic, the other being from the Galicia Bank [93]. This species is known from the Northwest Atlantic [64], including the New England and Corner Rise Seamounts [95] (which suggests an Amphi-Atlantic distribution), and from deep waters around New Zealand [96]. Cairns [96] reports that the C. clinata specimens from New Zealand are morphologically identical to those reported from the Northwestern Atlantic, where the species was first described by Cairns [64]. Other scleractinian coral species have been found to have the same disjunct distribution: the cup corals Vaughanella concinna Gravier, 1915 and Dasmosmilia lymani (Pourtalès, 1871) are both found in the North Atlantic, The West Pacific, and the deep waters around New Zealand [96].



This is the second record of C. aurantiaca from Irish waters, the other being in 1907 [97]. Previously, this species has been identified from Morocco to SW Ireland in the Northeast Atlantic, the Florida Keys to the Bahamas in the Northwest Atlantic, and the Ligurian Sea in the Mediterranean (summarised in [98]). Our record is also the deepest this species has ever been observed at 1507 m (previously 1332 m).





5. Conclusions


While we did not report on an absolute number of species present in our dataset, this study represents a significant improvement in our understanding of the distribution, morphological diversity, and genetic diversity of calcaxonian octocorals along the Irish continental slope and is the first step towards quantifying the observed biodiversity in the region. Using a superextended barcode (comprising mtMutS, CO1 + igr1, 16S rRNA-ND2, and igr4) and subsequent genetic species delimitation in tandem with a detailed morphological investigation, we estimate that there are between 25 and 40 species of octocorals in our dataset. However, it is clear that further taxonomic work is needed before a more accurate species estimate is possible for the keratoisidids and chrysogorgiids.
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Figure 1. Locations of ROV dives that collected octocorals from 2017 (green circles) and 2018 (yellow circles). Bathymetry from INFOMAR and Ross et al. [38]. Visualized in ArcGIS Pro [39]. 
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Figure 2. In situ photographs taken by ROV Holland I representing the gross morphology of (a) Haplotype 1 (M7), (b) Haplotype 1 (M8), (c) Haplotype 2 (M9), (d) Haplotype 3 (M12), (e) Haplotype 4 (M10), (f) Haplotype 5 (M13), (g) Haplotype 6 (M10), (h) Haplotype 6 (M11), (i) Haplotype 7 Eknomisis sp. (M4), (j) Haplotype 8 Eknomisis sp. (M5), (k) Haplotype 8 Eknomisis sp. (M6), (l) Haplotype 9 (M1), (m) Haplotype 10 (M3), (n) Haplotype 11 (M2)(there was no in situ image found of Haplotype 11, instead there is an image taken in the laboratory) and (o) Haplotype 12 (M15). 
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Figure 3. In situ photographs taken by ROV Holland I representing the gross morphology of (a) Haplotype 13 (M16), (b) Haplotype 13 (M17), (c) Haplotype 13 (M18), (d) Haplotype 14 (M17), (e) Haplotype 15 (M19), (f) Haplotype 16 (M28), (g) Haplotype 16 (M29), (h) Haplotype 17 (M30), (i) Haplotype 18 (M20), (j) Haplotype 19 (M21), (k) Haplotype 19 (M22), (l) Haplotype 20 (M23), (m) Haplotype 21 Acanella arbuscula (M24), (n) Haplotype 21 A. arbuscula (M25), and (o) Haplotype 21 A. arbuscula (M26). 
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Figure 4. In situ photographs taken by ROV Holland I representing the gross morphology of (a) Haplotype 22 Acanella sp. (M27), (b) Haplotype 23 (M14), (c) Haplotype 24 Chelidonisis aurantiaca (M44), (d) Haplotype 25 Chrysogorgia s.l. Group 7 (M37), (e) Haplotype 26 Chrysogorgia s.l. Group 7 (M38), (f) Haplotype 27 Chrysogorgia s.l. Group 3 (M39), (g) Haplotype 27 Chrysogorgia s.l. Group 3 (M40), (h) Haplotype 27 Chrysogorgia s.l. Group 3 (M41), (i) Haplotype 28 Dasygorgia (M42), (j) Haplotype 29 Chrysogorgia s.l. Group 1 (M43), (k) Haplotype 30 Narella bellissima (M32), (l) Haplotype 31 Candidella imbricata (M34), (m) Haplotype 32 Narella versluysi (M33), (n) Haplotype 33 Primnoa sp. (M31) and (o) Haplotype 34 Primnoa sp. (M31). 
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Figure 5. In situ photographs taken by ROV Holland I representing the gross morphology of (a) Haplotype 35 Primnoa sp. (M31), (b) Haplotype 36 Primnoa sp. (M31), (c) Haplotype 37 Thouarella grasshoffi (M35), and (d) Haplotype 38 Calyptrophora clinata (M36). 






Figure 5. In situ photographs taken by ROV Holland I representing the gross morphology of (a) Haplotype 35 Primnoa sp. (M31), (b) Haplotype 36 Primnoa sp. (M31), (c) Haplotype 37 Thouarella grasshoffi (M35), and (d) Haplotype 38 Calyptrophora clinata (M36).



[image: Diversity 14 00576 g005]







[image: Diversity 14 00576 g006 550] 





Figure 6. Maximum likelihood tree of all recovered haplotypes (H) and corresponding morphotypes (M) from the 3390 base pair alignment and the corresponding species delimitation results from GMYC and mPTP methods (ST = single threshold and MT = multiple threshold). Each box within each column refers to a unique species recovered by that method. 1. Family Keratoisididae. A1, B1, C1, D1, D2, F1, I1, and J3 refer to the keratoisidid subclades defined by Watling et al. [16], 2. Family Primnoidae, and 3. Family Chrysogorgiidae. * represent bootstrap values 90–99. ● represents bootstrap values between 71–89. Nodes with support lower than 70 have been collapsed and bootstrap values not displayed. 
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Table 2. GenBank Accession numbers for gene fragments sequences for every morphotype.






Table 2. GenBank Accession numbers for gene fragments sequences for every morphotype.





	Specimen Voucher
	USNM Number
	Specimen ID
	Haplotype/Morphotype
	mtMutS
	COI + igr1
	16s rRNA-ND2
	igr4





	CE-17-266
	1593468
	Keratoisididae D1 sp.
	1/7
	ON971007
	ON971056
	ON971105
	ON971154



	CE-18-646
	1593473
	Keratoisididae D1 sp.
	1/8
	ON971008
	ON971057
	ON971106
	ON971155



	CE-18-508
	1593474
	Keratoisididae D1 sp.
	2/9
	ON971009
	ON971058
	ON971107
	ON971156



	CE-17-269
	1593475
	Keratoisididae B1 sp.
	3/12
	ON971010
	ON971059
	ON971108
	ON971157



	CE-17-174
	1593476
	Keratoisididae B1 sp.
	4/10
	ON971011
	ON971060
	ON971109
	ON971158



	CE-17-206
	1593477
	Keratoisididae B1 sp.
	5/13
	ON971012
	ON971061
	ON971110
	ON971159



	CE-17-146
	1593481
	Keratoisididae B1 sp.
	6/10
	ON971013
	ON971062
	ON971111
	ON971160



	CE-17-424
	1593483
	Keratoisididae B1 sp.
	6/11
	ON971014
	ON971063
	ON971112
	ON971161



	CE-17-201
	1593489
	Eknomisis sp.
	7/4
	ON971015
	ON971064
	ON971113
	ON971162



	CE-18-129
	1593490
	Eknomisis sp.
	8/5
	ON971016
	ON971065
	ON971114
	ON971163



	CE-18-387
	1593492
	Eknomisis sp.
	8/6
	ON971017
	ON971066
	ON971115
	ON971164



	CE-18-288
	1593493
	Keratoisididae D2 sp.
	9/1
	ON971018
	ON971067
	ON971116
	ON971165



	CE-17-222
	1593498
	Keratoisididae D2 sp.
	10/3
	ON971019
	ON971068
	ON971117
	ON971166



	CE-18-039
	1593495
	Keratoisididae D2 sp.
	11/2
	ON971020
	ON971069
	ON971118
	ON971167



	CE-18-203
	1593497
	Keratoisididae I1 sp.
	12/15
	ON971021
	ON971070
	ON971119
	ON971168



	CE-17-234
	1593498
	Keratoisididae I1 sp.
	13/16
	ON971022
	ON971071
	ON971120
	ON971169



	CE-18-063
	1593499
	Keratoisididae I1 sp.
	13/17
	ON971023
	ON971072
	ON971121
	ON971170



	CE-18-415
	1593500
	Keratoisididae I1 sp.
	13/18
	ON971024
	ON971073
	ON971122
	ON971171



	CE-18-110
	1593503
	Keratoisididae I1 sp.
	14/17
	ON971025
	ON971074
	ON971123
	ON971172



	CE-17-125
	1593509
	Keratoisididae I1 sp.
	15/19
	ON971026
	ON971075
	ON971124
	ON971173



	CE-17-287
	1593512
	Keratoisididae C1 sp.
	16/28
	ON971027
	ON971076
	ON971125
	ON971174



	CE-18-242
	1593514
	Keratoisididae C1 sp.
	16/29
	ON971028
	ON971077
	ON971126
	ON971175



	CE-17-356
	1593516
	Keratoisididae C1 sp.
	17/30
	ON971029
	ON971078
	ON971127
	ON971176



	CE-17-276
	1593517
	Keratoisididae J3 sp.
	18/20
	ON971030
	ON971079
	ON971128
	ON971177



	CE-17-274
	1593518
	Keratoisididae J3 sp.
	19/21
	ON971031
	ON971080
	ON971129
	ON971178



	CE-18-538
	1593524
	Keratoisididae J3 sp.
	19/22
	ON971032
	ON971081
	ON971130
	ON971179



	CE-17-367
	1593526
	Keratoisididae J3 sp.
	20/23
	ON971033
	ON971082
	ON971131
	ON971180



	CE-17-304
	1593531
	Acanella arbuscula
	21/24
	ON971034
	ON971083
	ON971132
	ON971181



	CE-17-357
	1593535
	Acanella arbuscula
	21/25
	ON971035
	ON971084
	ON971133
	ON971182



	CE-17-425
	1593532
	Acanella arbuscula
	21/26
	ON971036
	ON971085
	ON971134
	ON971183



	CE-18-339
	1593536
	Acanella sp.
	22/27
	ON971037
	ON971086
	ON971135
	ON971184



	CE-17-216
	1593537
	Keratoisididae F1 sp.
	23/14
	ON971038
	ON971087
	ON971136
	ON971185



	CE-17-181
	1593580
	Chelidonisis aurantiaca
	24/44
	ON971039
	ON971088
	ON971137
	ON971186



	CE-17-364
	1593538
	Chrysogorgia Group 7 sp.
	25/37
	ON971040
	ON971089
	ON971138
	ON971187



	CE-17-271
	1593539
	Chrysogorgia Group 7 sp.
	26/38
	ON971041
	ON971090
	ON971139
	ON971188



	CE-17-129
	1593543
	Chrysogorgia Group 3 sp.
	27/39
	ON971042
	ON971091
	ON971140
	ON971189



	CE-17-283
	1593545
	Chrysogorgia Group 3 sp.
	27/40
	ON971043
	ON971092
	ON971141
	ON971190



	CE-18-292
	1593548
	Chrysogorgia Group 3 sp.
	27/41
	ON971044
	ON971093
	ON971142
	ON971191



	CE-18-418
	1593551
	Dasygorgia sp.
	28/42
	ON971045
	ON971094
	ON971143
	ON971192



	CE-18-237
	1593554
	Chrysogorgia Group 1 sp.
	29/43
	ON971046
	ON971095
	ON971144
	ON971193



	CE-18-434
	1593558
	Narella bellissima
	30/32
	ON971047
	ON971096
	ON971145
	ON971194



	CE-17-290
	1593559
	Candidella imbricata
	31/34
	ON971048
	ON971097
	ON971146
	ON971195



	CE-18-321
	1593564
	Narella versluysi
	32/33
	ON971049
	ON971098
	ON971147
	ON971196



	CE-17-095
	1593566
	Primnoa sp.
	33/31
	ON971050
	ON971099
	ON971148
	ON971197



	CE-17-160
	1593567
	Primnoa sp.
	34/31
	ON971051
	ON971100
	ON971149
	ON971198



	CE-17-082
	1593568
	Primnoa sp.
	35/31
	ON971052
	ON971101
	ON971150
	ON971199



	CE-17-101
	1593572
	Primnoa sp.
	36/31
	ON971053
	ON971102
	ON971151
	ON971200



	CE-18-261
	1593574
	Thouarella grasshoffi
	37/35
	ON971054
	ON971103
	ON971152
	ON971201



	CE-18-568
	1593579
	Calyptrophora clinata
	38/36
	ON971055
	ON971104
	ON971153
	ON971202
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Table 3. Key morphological characteristics of the Keratoisididae morphotypes.
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	Morphotype (Haplotype, Figures)
	Designation
	Colony Shape
	Branching
	Polyp Morphology
	Coenenchyme
	Tentacles
	Polyp Body Sclerites
	Tentacle Sclerites
	Pharynx Sclerites
	Coenenchyme Sclerites





	1 (9; Figure 2l and Figure S1)
	Keratoisididae D2 sp.
	Planar
	Sparse dichotomous, internodal
	Cylindrical. Originate from all sides of coenenchyme
	Thick. Cream to pink
	In the oral area
	Needles arranged longitudinally
	Blunt ended rods Needles
	Thorned rodlets
	Needles



	2 (11, Figure 2n and Figure S2)
	Keratoisididae D2 sp.
	Unknown
	Unknown
	Orange
	Unknown
	Folded over mouth
	Rods arranged obliquely and longitudinally
	Blunt ended rods and flattened rods
	Unknown
	Rods



	3 (10, Figure 2m and Figure S3)
	Keratoisididae D2 sp.
	Arborescent
	Frequent dichotomous, internodal
	Cylindrical. Orange to pink. Originate on all sides of coenenchyme
	Thick
	In the oral area
	Needles and rods arranged longitudinally
	Blunt ended rods and flattened rods
	Thorned rodlets
	Needles and rods



	4 (7, Figure 2i and Figure S4)
	Eknomisis sp.
	Arborescent
	Sparse dichotomous, internodal
	Distally tapered. Pink Originate in two planes?
	Thin
	In the oral area
	Rods arranged obliquely
	Blunt ended rods and flattened rods
	Thorned rodlets
	Rods



	5 (8, Figure 2j and Figure S5)
	Eknomisis sp.
	Arborescent
	Sparse dichotomous, internodal
	Distally tapered. Pink Originate on all sides of coenenchyme
	Thin
	In the oral area
	Needles and rods arranged obliquely
	Blunt ended rods and flattened rods
	Thorned rodlets
	Rods



	6 (8, Figure 2k and Figure S6)
	Eknomisis sp.
	Arborescent
	Sparse dichotomous, internodal
	Barrel shaped.
	Thin
	Folded over mouth
	Needles and rods arranged obliquely
	Blunt ended rods and flattened rods
	Thorned rodlets
	Needles and rods



	7 (1, Figure 2a and Figure S7)
	Keratoisididae D1 sp.
	Planar
	Frequent dichotomous, internodal
	Pink to orange. Cylindrical.
	Thick
	In the oral area
	Needles and rods arranged obliquely and longitudinally
	Blunt ended rods and flattened rods
	Thorned rodlets
	Unknown



	8 (1, Figure 2b and Figure S8)
	Keratoisididae D1 sp.
	Arborescent
	Sparse dichotomous, internodal
	Pink to orange. Cylindrical. Originate on all sides of coenenchyme
	Thick
	In the oral area
	Needles and rods arranged obliquely
	Blunt ended rods and flattened rods
	Thorned rodlets
	Unknown



	9 (2, Figure 2c and Figure S9)
	Keratoisididae D1 sp.
	Planar
	Sparse dichotomous, internodal
	Pink to orange. Cylindrical. Originate on all sides of coenenchyme
	Thin
	In the oral area
	Needles and rods arranged obliquely
	Blunt ended rods and flattened rods
	Thorned rodlets
	Unknown



	10 (4, Figure 2e and Figure S10)
	Keratoisididae B1 sp.
	Whip or planar
	Branched and unbranched forms
	Trumpet shape. Originate on all sides of coenenchyme
	Thick
	Folded over mouth
	Needles and scales arranged obliquely and longitudinally
	Flattened rods
	Thorned rodlets
	Needles and scales



	10 (6, Figure 2g and Figure S11)
	Keratoisididae B1 sp.
	Whip or planar
	Branched and unbranched forms
	Trumpet shaped. Originate on all sides of coenenchyme
	Thick
	Folded over mouth
	Needles and scales arranged obliquely and longitudinally
	Elongated, narrow flattened rods
	Thorned rodlets
	Needles and scales



	11 (6, Figure 2h and Figure S12)
	Keratoisididae B1 sp.
	Whip or planar
	Branched and unbranched forms
	Barrel shaped. Originate on all sides of coenenchyme
	Thick
	Folded over mouth
	Needles and scales arranged obliquely and longitudinally
	Flattened rods
	Thorned rodlets
	Unknown



	12 (3, Figure 2d and Figure S13)
	Keratoisididae B1 sp.
	Whip
	Unbranched
	Barrel shaped. Originate on all sides of coenenchyme
	Thick
	Folded over mouth
	Needles and scales arranged obliquely and longitudinally
	Flattened rods
	Thorned rodlets
	Unknown



	13 (5, Figure 2f and Figure S14)
	Keratoisididae B1 sp.
	Whip
	Unbranched
	Hourglass. Originate on all sides of coenenchyme
	Thick
	Folded over mouth
	Needles and scales arranged obliquely and longitudinally
	Flattened rods
	Thorned rodlets
	Needles and scales



	14 (23, Figure 4b and Figure S15)
	Keratoisididae F1 sp.
	Whip
	Unbranched
	Tall, narrow. Originate on all sides of coenenchyme
	Thin
	Folded over mouth
	Needles and rods
	Blunt ended rods and flattened rods
	Elongated, thorned rodlets
	Needles



	15 (12, Figure 2o and Figure S16)
	Keratoisididae I1 sp.
	Arborescent
	Sparse dichotomous
	Either barrel shaped, or L-shaped. Originate on all sides of coenenchyme
	Thin
	Loosely gathered over mouth
	Sclerites scarce. Needles occurring in distal end.
	Flattened rods
	Thorny star
	Unknown



	16 (13, Figure 3a and Figure S17)
	Keratoisididae I1 sp.
	Sparse bush
	Di– and trichotomous, nodal
	Polyps slightly flare distally. Funnel shaped
	Thin
	Loosely gathered over mouth
	Sclerites scarce. Needles occurring in distal end.
	Flattened rods
	Thorny star
	Unknown



	17 (13, Figure 3b and Figure S18)
	Keratoisididae I1 sp.
	Bush
	Di– and trichotomous, nodal
	Polyps slightly flare distally. Funnel shaped
	Thin
	Loosely gathered over mouth
	Needles arranged longitudinally
	Flattened rods
	Thorny star
	Needles



	17 (14, Figure 3d and Figure S19)
	Keratoisididae I1 sp.
	Bush
	Di– and trichotomous, nodal
	Polyps slightly flare distally. Funnel shaped
	Thin
	Loosely gathered over mouth
	Needles and rods arranged longitudinally
	Flattened rods
	Unknown
	Needles



	18 (13, Figure 3c and Figure S20)
	Keratoisididae I1 sp.
	Arborescent
	Di– and trichotomous, nodal
	Funnel shaped
	Thin
	Loosely gathered over mouth
	Rods arranged obliquely
	Flattened rods
	Thorny star
	Rods



	19 (15, Figure 3e and Figure S21)
	Keratoisididae I1 sp.
	Whip
	Unbranched
	Funnel/cylindrical shaped
	Thin
	Loosely gathered over mouth
	Needles and rods arranged obliquely and longitudinally
	Flattened rods
	Thorny star
	Needles and rods



	20 (18, Figure 3i and Figure S22)
	Keratoisididae J3 sp.
	Planar
	Branched
	Unknown
	Unknown
	Unknown
	Unknown
	Unknown
	Unknown
	Unknown



	21 (19, Figure 3j and Figure S23)
	Keratoisididae J3 sp.
	Planar
	Branched
	Trumpet shaped, originating from all sides of the coenenchyme
	Thick
	Folded over mouth
	Spindles and rods arranged longitudinally
	Flattened rods
	Flattened rods
	Spindles and Needles



	22 (19, Figure 3k and Figure S24)
	Keratoisididae J3 sp.
	Planar
	Di– and trichotomous, nodal
	Taper distally, originating from all sides of the coenenchyme
	Thin
	In the oral area
	Rods arranged obliquely and longitudinally
	Flattened rods
	Flattened rods
	Rods



	23 (20, Figure 3l and Figure S25)
	Keratoisididae J3 sp.
	Planar
	Dichotomous, nodal
	Barrel shaped. originating from all sides of the coenenchyme
	Thick
	Folded over mouth
	Needles and rods arranged longitudinally
	Flattened rods
	Sparsely toothed rods
	Rods, flattened rods



	24 (21, Figure 3m and Figure S26)
	Acanella arbuscula
	Loose bush
	Sparse di– and trichotomous, nodal
	Funnel shaped
	Thin
	Folded over mouth
	Rods arranged obliquely
	Rods and flattened rods
	Elongated thorny rods
	Rods



	25 (21, Figure 3n and Figure S27)
	Acanella arbuscula
	Tight bush
	Nodal
	Slender, same width throughout
	Thin
	Folded over mouth
	Needles arranged obliquely
	Rods and flattened rods
	Rod
	Rods



	26 (21, Figure 3o and Figure S28)
	Acanella arbuscula
	Funnel shaped bush
	Sparse di– and trichotomous, nodal
	Barrel shaped
	Thin, thickening distally
	Folded over mouth
	Needles arranged obliquely
	Rods and flattened rods
	Elongated thorny rods
	Rods



	27 (22, Figure 4a and Figure S29)
	Acanella sp.
	Fan/bush
	dichotomous, nodal
	Barrel
	Thin, thickening distally
	Contracted over mouth
	Rods and needles arranged obliquely
	Rods and flattened rods
	Elongated thorny rods
	Needles and rods



	28 (16, Figure 3f and Figure S30)
	Keratoisididae C1 sp.
	Whip
	Unbranched
	Barrel shaped, originate on all sides
	Thick
	Folded over mouth
	Sparse, needles, arranged obliquely and longitudinally
	Flattened rods
	Elongated diamond rods
	Unknown



	29 (16, Figure 3g and Figure S31)
	Keratoisididae C1 sp.
	Whip
	Unbranched
	Barrel shaped, originate on all sides
	Thick
	Folded over mouth
	Sparse, needles, arranged obliquely and longitudinally
	Flattened rods
	Elongated diamond rods
	Needles and elongated rods



	30 (17, Figure 3h and Figure S32)
	Keratoisididae C1 sp.
	Whip
	Unbranched
	Barrel shaped, originate on all sides
	Thick
	Folded over mouth
	Sparse, needles, arranged obliquely
	Flattened rods
	Elongated diamond rods
	Rods and flattened rods
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Table 4. Upper and lower bounds of the potential number of species per family. See Section 3.5 for the justification and reasoning for each estimate.






Table 4. Upper and lower bounds of the potential number of species per family. See Section 3.5 for the justification and reasoning for each estimate.





	Family
	Lower Bound of Species Estimate
	Upper Bound of Species Estimate





	Keratoisididae
	14
	27



	Primnoidae
	6
	7



	Chrysogorgiidae
	4
	5



	Chelidonisididae
	1
	1



	Total
	25
	40
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