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Abstract

We describe five new species of black corals from the Great Barrier Reef and Coral Sea, collected at depths ranging
from 14 to 789 m: two in the family Antipathidae (Antipathes falkorae sp. nov. and Antipathes morrisi sp. nov.), two
in the family Aphanipathidae (Aphanipathes flailum sp. nov. and Rhipidipathes helae sp. nov.), and one in the family
Cladopathidae (Hexapathes bikofskii sp. nov.). We also present a phylogeny of 80 black corals reconstructed from a
target capture dataset of ultraconserved elements and exons, to show the systematic relationships among new and nominal
species. This phylogeny also represents a backbone for future species descriptions and research into the evolutionary
history of the Antipatharia.
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Introduction

Black corals are an anthozoan order consisting of 296 currently accepted species (WoRMS 2022, accessed April
2022) that are found in most marine habitats, all oceans, and from just below the surface to over 8,000 m depth. Black
corals are ecologically important because they provide three-dimensional habitats for other invertebrates ( Sanchez
1999; Love et al. 2007; Wagner et al. 2012; Bo et al. 2012), especially in the deep sea where photosymbiotic corals
cannot survive. Black corals are threatened because they are slow growing, occur in habitats where trawling and
mining occurs, and are harvested for jewellery (Wagner et al. 2012; Pusceddu et al. 2014; Sharma 2015; Molodtsova
& Opresko 2017). Conservation of black corals requires knowledge about taxonomic diversity, where species occur,
and how species are related, to design interventions (e.g., marine reserves) that yield positive conservation impact
(Ponder et al. 2001; Mace 2004; Bridge et al. 2016). However, little is known about the taxonomy of the group
because 1) most species occur deeper than 50 m depth (Cairns 2007; Opresko 2019), making them logistically
challenging to collect, 2) there are a limited number of taxonomists that specialize in black coral identification; and,
3) closely related species have few and overlapping morphological features that can be used to differentiate species,
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making it difficult to identify undescribed species based on morphology. Despite considerable research conducted
in the Great Barrier Reef and Coral Sea, just one study has focused on the taxonomy of black corals from this region
(Horowitz et al. 2018), and it is likely that many species remain to be described.

Herein, we describe five new black coral species collected during three recent expeditions to the Great Barrier
Reef and Coral Sea, Australia. These new species are described morphologically, and molecular data of 80 black
corals are used to place the new species in a systematic context within the Antipatharia. The phylogeny will also
facilitate further research on the taxonomy and evolutionary history of the Order.

Materials and methods

Specimens. Specimens were collected during three expeditions to the Great Barrier Reef and Coral Sea (Fig. 1). The
Voyage of the Kalinda expedition consisted of SCUBA dives along the length of the Great Barrier Reef (23.30°S
to 11.13°S) from October 13 to November 2, 2019. Schmidt Ocean Institute R/V Falkor expedition: Seamounts,
Canyons, and Reefs of the Coral Sea expedition FK200802 consisted of remotely operated vehicle (ROV) dives
along the length of the Coral Sea (14.95°S to 17.43°S) from August 2 to August 30, 2020. Schmidt Ocean Institute
R/V Falkor expedition: Northern Depths of the Great Barrier Reef expedition FK200930 consisted of ROV dives
along the deep north Great Barrier Reef (24.25°S to 12.09°S) from September 30 to November 17, 2020. Together,
these expeditions collected biological samples from depths from just below the surface to over 2,000 m, and the
five new species from these expeditions were collected between depths of 14 and 789 m. All specimens were
curated and deposited in the Queensland State collection at the Museum of Tropical Queensland (MTQ) campus
of the Queensland Museum in Townsville, Australia. The reconstructed phylogeny also includes specimens from
Horowitz et al. (2020) and specimens from museum collections across the world (see Supplementary Table 1 for
specimen data).

Spine characteristics were imaged with a Hitachi TM4000 scanning electron microscope. Spine height was
measured as the distance from the spine tip to the middle of the base of the spine. Polyp and branch characteristics
were measured with a dissecting microscope and terminal branch diameter was measured near the base of the branch.
Specimens included in this study were identified as “new to science” based on comparisons with descriptions of
type material, recent taxonomic revisions, and terminology described in Opresko (2001, 2002, 2004, 2015) and
Molodtsova (2006).

Accessioning of type and molecular sequences. Type material is accessioned at the Museum of Tropical
Queensland, Townsville, Australia, and all molecular data were deposited in the short read archive (SRA) of the
National Center for Biotechnology Information (Supplementary Table 2).

Molecular analyses. DNA extraction for most specimens followed the protocol detailed in Maclsaac et al.
(2013) and some samples were processed using a modification of the previously optimized SDS-based extraction
method (Wilson et al. 2002). The targeted enrichment of UCE/exon loci was carried out using the hexacoral-v2
probe design, a Hexacorallia specific bait set that was designed to maximize capture of UCE and exonic loci
among hexacorals (Cowman ef al. 2020). The hexacoral-v2 bait set includes 25,514 baits targeting 2,499 loci (1,132
UCE and 1,367 exon loci) (Cowman ef al. 2020). The initial concentration of each extracted DNA sample was
measured with a Qubit 2.0 fluorometer and sent to Arbor Biosciences (Ann Arbor, MI) for library preparation and
sequencing, following details in Quattrini et al. (2018). Post-sequencing analyses followed Cowman et al. (2020)
using the Phyluce software (Faircloth 2016). Raw reads were internally trimmed, assembled, matched to UCE/exon
probes and aligned following the steps in Cowman et al. (2020), and the Phyluce online documentation (https://
phyluce.readthedocs.io/en/latest/tutorial-one.html) with the notable exception that UCEs and exons were assembled
and matched to separate UCE and exon probes, and then the data were combined for alignment. Individually
aligned UCE/exon loci were filtered to include only those that were present in at least 50% of the samples, which
were then concatenated into a single partitioned alignment. Phylogenetic relationships were reconstructed using
maximum likelihood in IQtree v1.7 with 1,000 ultrafast bootstrap replicates (Minh et al. 2020b). ModelFinder
(Kalyaanamoorthy et al. 2017) was used to determine the best model scheme for each UCE/exon partition to infer
the evolutionary relationship of the new species to known taxa within the Order Antipatharia. Example code used
for post-sequencing analyses is detailed in Supplementary Code, Section 1.

Ultrafast bootstrap support approximation, gene concordance factor and site concordance factors were estimated
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across the phylogeny using IQtree. Ultrafast bootstrap approximation reduces computing time while also achieving
more unbiased branch supports compared with traditional bootstrap support methods (Hoang et al. 2018). Gene
concordance factor is defined as the proportion of gene trees that contain a given branch of the resulting phylogeny
and site concordance factor is an estimation of concordance at the loci-level in the resulting phylogeny (Minh et
al. 2020a). These metrics provide insight into agreement between gene trees and a species tree, which are used to
interpret, and have greater confidence in, the tree topology (Minh ef al. 2020a).
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FIGURE 1. Locations where specimens were collected shown on a bathymetric surface map of the Great Barrier Reef and
Coral Sea. Blue boxes represent specimens hand collected while on SCUBA, and red circles represent specimens collected via
a remotely operated vehicle.

We also reconstructed a species tree using ASTRAL-III (Zhang et al. 2018), a multi-species coalescent method.
Methods for reconstructing the species tree are as follows: IQtree v1.7 was used to create individual bootstrap
trees, one for each locus post-filtering 50% taxon occupancy. Newick utilities v1.6 (Junier & Zdobnov 2010) was
used to remove low support branches (< 30% bootstrap support) following the Astral Il (Zhang et al. 2018) online
tutorial (https://github.com/smirarab/ASTRAL/blob/master/astral-tutorial-template.md). TreeShrink was used to
remove outlier long branches from individual gene trees and corresponding gene alignments, following the online
documentation (https://github.com/uym?2/TreeShrink) (Mai & Mirarab 2018). IQtree was again used to reconstruct
individual bootstrap trees from the cleaned alignments, and then ASTRAL-III was used to estimate the resulting
species tree (Zhang et al. 2018) from the individual gene trees. Example code used to make the species tree is
detailed in Supplementary Code, Section 2.
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Results

Molecular results. The total number of raw reads ranged from 39,887 to 12,760,452. Total number of assemblies
ranged from 15,508 to 1,774,379 base pairs (average base pair lengths ranged from 272 to 1,338). The total number
of matched UCE/exon loci was 2,334 with an average base pair length of 236 (ranging from 68 to 816 base pairs).
The 50% taxon occupancy matrix included 1,047 loci that were concatenated into an alignment with a total length
0f 504,186 base pairs. Read and locus summary statistics from the UCE/exon analysis are detailed in Supplementary
Table 2.

The maximum likelihood phylogeny (Fig. 2 and Supplementary Fig. 1) and species tree (Supplementary Fig.
2) are congruent at all deep nodes, and at most shallow nodes (Supplementary Figs. 1-2). The trees include all
seven black coral families and place the new species in the families Antipathidae Ehrenberg, 1834, Aphanipathidae
Opresko, 2004, and Cladopathidae Kinoshita, 1910.

Taxonomic results.
Family Antipathidae Ehrenberg, 1834
Genus Antipathes Pallas, 1766

Diagnosis (after Opresko 2019). Corallum sparsely to densely branched. Branching bushy, bramble-like, broom-
like, or fan-shaped. Terminal branchlets of varying length; arranged irregularly, or bilaterally. Spines triangular or
cone-shaped in lateral view; smooth or papillose; apex of spines simple or with one or more lobes or bifurcations.
Polyps less than 1 mm in transverse diameter.

Type Species. Antipathes dichotoma Pallas, 1766

Type Locality. Mediterranean Sea

Remarks. Antipathes dichotoma is the type species of the Antipathidae; however, molecular studies (Bo et al.
2018; Brugler et al. 2013), including this study (Fig. 2), have found that the species is more closely related to species
in the Aphanipathidae than the Antipathidae. A formal review with integrated morphological and molecular data of
all species in each family is required to resolve this taxonomic issue.

Antipathes morrisi Horowitz sp. nov.
(Figs. 1-3; Supplementary Tables 1-2)

Material examined. Holotype, MTQ G80140, Australia, Great Barrier Reef, Orpheus Island, Pioneer Bay North,
expedition Voyage of the Kalinda, collected on October 22, 2019, -18.5998° S, 146.4888° E, 14 m depth, collector
Jeremy Horowitz.

Diagnosis. Flabellate corallum, up to ~1 cm thick; branches and terminal branchlets arranged bilaterally, or
anterolaterally; overlapping, and branches anastomose. Terminal branchlets 4 to 10 mm in length, slightly curved
distally, distal angles ~45 to almost 90°, 0.11 to 0.25 mm in basal diameter, spaced 2 to 5 mm apart: with a density
of ~4 per cm including all rows. Spines smooth, conical, and laterally compressed, 0.085 to 0.19 mm tall. Some
spines on branches possess up to four small, cone-shaped apical knobs. Four to five axial rows of spines counted in
one view and four to seven spines counted in one cm in one row. Polyps 0.8 to 1 mm in transverse diameter, spaced
~0.2 mm apart, with eight to nine polyps per cm.

Description of holotype. The entire colony was 60 cm tall by 60 cm wide and 1 cm thick (Fig. 3A), but
only a 28 cm tall and 20 cm wide section (MTQ G80140) was collected. The colony is branched to the fourth
and rarely fifth order and has branches and terminal branchlets that are mostly distally directed and form one
distinct, ~1 cm thick flabellate plane with highly anastomosing branches (Fig. 3B). Branches bilaterally arranged
projecting in one plane with the smaller branchlets occurring unilaterally or bilaterally in two lateral or rarely
anterolateral rows. Branches range from ~0.3 to ~1 mm in diameter excluding spine heights. Terminal branchlets
are mostly 4 to 10 mm in length, have basal diameters ranging from 0.11 to 0.25 mm, and are spaced 2 to 5 mm
apart on one side of a branch resulting in about 8 to 10 terminal branchlets per cm, counting terminal branches
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on both sides of the branch. Branches and terminal branchlets form ~45 to almost 90° distal angles and can be
almost straight or slightly curved upwards.

Spines on terminal branchlets are smooth, conical, and laterally compressed. Spines are slightly distally inclined
or perpendicular to the axis with convex proximal sides, and tips curved slightly upwards (Fig. 3C). On terminal
branchlets with diameters from 0.11 to 0.25 mm, polypar spine heights range from 0.12 to 0.19 mm and abpolypar
spine heights range from 0.085 to 0.11 mm (Fig. 3C). On lower order branches, spines are more conical and can
possess two to four small conical knobs 0.01 to 0.03 mm tall, concentrated near their apexes that are directed in the
same general direction as the spine. On a section of a branch 0.22 mm in diameter, polypar spines are 0.13 mm and
abpolypar spines are 0.1 mm (Fig. 3D). Four to five axial rows of spines can be counted in one view of branches and
terminal branchlets and four to seven spines can be counted in one cm, in one row.

Polyps are yellow to brown in color, oblong in shape, and occur on one side of the colony, in one row. Polyps
are 0.8 to 1 mm in transverse diameter and spaced ~0.2 mm apart resulting in about nine polyps per cm (Fig. 3E).

Comparative diagnosis. Twenty-one out of 67 nominal species possess flabellate planar corallums with
anastomoses. Of this number, Antipathes clathrata Pallas, 1766 and Antipathes tristis (Duchassaing, 1870) have
very vague original descriptions that lack sufficient taxonomic information to clearly separate these two species.
All other species can be distinguished from the new species. Antipathes delicatula Schultze, 1896 and Antipathes
ceylonensis (Thomson & Simpson, 1905) are more loosely branched than the new species. Antipathes atlantica
Gray, 1857, A. ceylonensis, Antipathes gracilis Gray, 1860, Antipathes indistincta (van Pesch, 1914) and Antipathes
rhipidion Pax, 1916 form only rare occasional anastomoses, whereas the new species form a densely anastomosing
fan. Antipathes craticulata Opresko, 2015, Antipathes dubia (Brook, 1889) and Antipathes plana Cooper, 1909 have
uniserial arrangement of terminal branchlets throughout the corallum in contrast to new species, that demonstrate
characteristic biserial arrangement (Fig. 3B). The new species is also different than A. craticulata by having less
distinctly curved branches and terminal branchlets. Antipathes hypnoides (Brook, 1889), Antipathes minor (Brook,
1889), Antipathes sibogae (van Pesch, 1914), and Antipathes elegans (Thomson & Simpson, 1905) have polyps
less than 0.5 mm in transverse diameter compared with 0.8 to 1.0 mm in the new species. The new species is also
different than 4. hypnoides by having much more regularly spaced terminal branchlets and a lower density of
terminal branchlets (4 per cm vs > 9 per cm). Antipathes assimilis (Brook, 1889), Antipathes flabellum Pallas, 1776
(sensu Terrano et al., 2021), Antipathes irregularis (Thomson and Simpson, 1905), Antipathes ternatensis Schultze,
1896, Antipathes zoothallus Pax, 1932 and Antipathes speciosa (Brook, 1889) have rather small spine heights 0.09
mm and less, whereas the new species has polypar spines 0.12-0.19 mm and abpolypar spines 0.0085 to 0.11 mm.
The new species is also different than A. flabellum by having branches projecting perpendicular to the colony plane,
narrower distal angles (45° vs 79°), and spines that are more perpendicular.

The new species has some similarities with Antipathes aculeata (Brook, 1889) including fused branches and
short spines with sharp and sometimes forked tips. However, the new species differs from A. aculeata regarding the
colony thickness where the new species is only 1 cm thick because branches and terminal branchlets are arranged
bilaterally forming a distinct fan-shape while 4. aculeata forms a dense mass of branches resembling a bush. Also,
the new species has a smaller terminal branchlet basal diameter compared to A. aculeata (0.11 to 0.25 mm vs
0.3 mm). The new species also has some features similar with Arachnopathes ericoides (Pallas, 1776) like fused
branches and short branchlets slightly curved upwards; however, as with A. aculeata, the new species forms a fan
while Ar. ericoides forms a thick and dense mass, like 4. aculeata. Additionally, Ar. ericoides has spines that can
be forked and inclined in different directions, including downwards, and can lack longitudinal rows (Terrana et
al. 2020) while the new species has spines that are not forked but can be slightly multi-knobbed, not proximally
directed, and form distinct longitudinal rows along branches and terminal branchlets.

This new species is phylogenetically similar to A. falkorae sp. nov. and Ar. ericoides; however, A. morrisi sp.
nov. and Ar. ericoides have fused branches while A. falkorae sp. nov. does not contain any fused branches (see
description below). 4. falkorae sp. nov. also contains longer and straighter branches that form fronds rather than
the single fan characteristic of A. morrisi sp. nov. The morphological differences are sufficient to separate the
species and the phylogenetic comparison does not include holotype or topotype specimens for most species being
compared with the new species in the Antipathidae, which should be done in future studies that are devoted to
species delimitations.

Etymology. In recognition of the Morris Family Foundation that funds research at the Orpheus Island Research
Station where the new species was first found and collected.

Distribution. Known only from the Great Barrier Reef at 14 m depth.
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-+ ‘Antipathes cf. delicatula MTQ G77187
- - ‘Antipathes delicatula MTQ G77186
- - -Antipathes aculeata MTQ G74922
- - ‘Antipathes flabellum INV M110519
-+ ‘Antipathes cf. furcata MTQ G74921
-+ ‘Antipathes cf. simplex MTQ G80062
- ‘Antipathes atlantica USNM 1288454
-+ - ‘Antipathes leptocrada MTQ G80066
- - ‘Antipathes densa USNM 1267308
Antipathes cf. leptocrada MTQ G80065
----- ‘Arachnopathes ericoides INV 131339
----- -‘Antipathes morrisi sp. nov. MTQ G80140
----- -Antipathes falkorae sp. nov. MTQ G80067
----- -Antipathes cf. aculeata MTQ G80032
-+ - - ‘Antipathes cf. aculeata MTQ G80137
-+ ‘Antipathes grandis MTQ G80005
- - ‘Antipathes grandis USNM 1096111
- - ‘Antipathes grandis MTQ G77185
-+ -Cirrhipathes anguina INV 151019 Antipathes morrisi sp. nov. MTQ G80140
-+ -Cirrhipathes anguina INV 131359
- - :Stichopathes cf. flagellum MTQ G80013
- - :Stichopathes maldivensis INV 131370
-+ ‘Antipathes fruticosa MTQ G80070
- - Cirrhipathes densiflora INV 131368
- - ‘Antipathes virgata INV 131349
e -+ ‘Antipathes curvata MTQ G79996
------------- Blastopathes medusa NMAG 1893
------------ Blastopathes medusa MTQ G74904
s - - ‘Rhipidipathes reticulata MTQ G74924
- - ‘Rhipidipathes helae sp. nov. MTQ G80117
- ‘Pseudocirrhipathes sp. USNM 99810
- - ‘Aphanipathes cf. verticillata MTQ G80075
-+ ‘Antipathes dichotoma UG sard14b
- - ‘Antipathes dichotoma USNM 1280884
- - ‘Antipathes dichotoma UG sard13
-+ ‘Antipathes dichotoma UG spin
-+ -‘Aphanipathes flailum sp. nov. MTQ G80019 :
- - -Aphanostichopathes cf. paucispina MTQ G80016  Antipathes falkorae sp. nov. MTQ G80067
- - ‘Aphanostichopathes cf. paucispina MTQ G80018
- - :Aphanipathes pedata USNM 1288458
- - ‘Myriopathes sp. INV 131335
- - ‘Myriopathes ulex INV 131356
.- - :Myriopathes ulex MTQ G80031
------------------------- Myriopathes antrocrada MTQ G74920
------------------------ Cupressopathes pumila INV 131366
- - - ‘Cupressopathes sp. INV 131340
- - *Cupressopathes sp. INV 131365
- - ‘Cupressopathes pumila MTQ G80025
-+ -Stylopathes sp. MTQ G80174
-+ -Stylopathes sp. MTQ G80044
- - ‘Asteriopathes cf. arachniformis MTQ G80021
- - Asteriopathes colini MTQ G80153
- - ‘Elatopathes abietina USNM 1288451
- - ‘Bathypathes patula USNM 1204050
- - ‘Bathypathes patula NIWA 4295
- - ‘Bathypathes alaskensis USNM 1288462
- - -Bathypathes patula USNM 1467584
-+ -Telopathes magna USNM 1204049
- - :Stauropathes staurocrada USNM 1071042
- - ‘Bathypathes pseudoalternata MTQ G80038
- - ‘Bathypathes pseudoalternata USNM 1490547
- -Bathypathes pseudoalternata NIWA 86338 : "
- - ‘Bathypathes pseudoalternata NIWA 64561 Aphanipathes flailum sp. nov. MTQ G80019
-+ ‘Bathypathes platycaulus MTQ G80152
- - -Bathypathes platycaulus MTQ G80037
- -Bathypathes platycaulus NIWA 4288
- - *Parantipathes sp. UG mss29
- - ‘Alternatipathes bipinnata USNM 1234554
- - :Umbellapathes litocrada USNM 1404092
- -Dendropathes sp. CAS 223580
‘Lillipathes lilliei CAS 179055
‘Lillipathes sp. CAS 218816
- ‘Hexapathes bikofskii sp. nov. MTQ G80122
- ‘Hexapathes bikofskii sp. nov. MTQ G80024
- - ‘Hexapathes cf. heterosticha MTQ G80120
- - ‘Hexapathes heterosticha USNM 1453828
- - ‘Heteropathes americana USNM 1483032
- - :Acanthopathes thyoides USNM 1288453

G e W 1071408 Hexapathes bikofskii sp. nov. MTQ G80024

Ultrafast Bootstrap
o 100

o 290

FIGURE 2. Maximum likelihood phylogeny of the Antipatharia based on a 50% complete matrix containing 1,047 loci. Taxa
in blue and imaged represent species described in this study.
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| mm :
FIGURE 3. Antipathes morrisi sp. nov.: A, Holotype, G80140, in-situ image of colony; B, image of part of collected specimen
showing branches and terminal branchlets; C, section of terminal branchlet showing polypar (right side of branchlet) and

abpolypar (left side of branchlet) spines; D, section of second highest order branch showing spines; E, image of polyp row on
terminal branchlet.
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Antipathes falkorae Horowitz sp. nov.
(Figs. 1-2 and 4; Supplementary Table 1)

Material examined. Holotype, MTQ G80067, Australia, Great Barrier Reef, Ribbon Reef Canyons, Schmidt Ocean
Institute R/V Falkor, Seamounts, Canyons, and Reefs of the Coral Sea expedition FK200802, ROV SuBastian dive
S0385, collected on August 18, 2020, -15.3968° S, 145.7934° E, 111 m depth, collector Jeremy Horowitz.

Diagnosis. Colony fan-like, with unilateral and sparse branching mostly to the second and third order; terminal
branchlets 3 to 5 cm long and curved proximally forming 45° distal branch angles. Spines conical, mostly smooth with
distinct apical knobs, secondary knobs, and some papillae on the apical section of spines 0.15 to 0.17 mm tall. Four to
five axial rows of spines counted in one view. Polyps 0.8 to 1 cm in transverse diameter and eight polyps per cm.

Description of holotype. Specimen is fan-like and 21 cm in height (lowermost 5 cm or more of the stem and
the holdfast not collected); branched mostly to the second and rarely to the third or fourth order, with stiff and
straight or slightly curved vertically directed branches (Figs. 4A—B). Distal branch angles are mostly 45°. Branching
is sparse and in one plane, with mostly one and sometimes two or three branches occurring on a given lower order
branch. Branching is unilateral with successive orders of branches often arising on the same side as the lower order
branches. The five most basal branches are disposed on one side of the stem with subsequent branches disposed on
the same side as lower order branches, while the four most apical branches occur on the opposite side of the stem
and have higher order branches disposed on the same side as their direct lower order branches (Fig. 4B). The one
branch between the five most basal and four most apical branches is disposed on the same side as the basal branches
but has secondary branches occurring on both sides of the branch. Terminal branchlets are 3 to 5 cm in length and
0.19 to 0.2 mm in diameter near the base (Fig. 4B). The lowest portion of the stem is 0.9 mm in diameter.

Spines on a branch 0.2 mm thick or greater have polypar spines 0.15 to 0.17 mm tall and abpolypar spines 0.1 to
0.15 mm tall (Fig. 4C). On branches 0.20 mm in diameter, spines are about 0.14 mm tall (Fig. 4D), and on terminal
branchlets 0.2 mm or less in diameter, spines are at most 0.13 mm tall (Fig. 4E). Spines on large (about 0.2 mm
or thicker) branches have extensive apical knobbing with knobs reaching maximum heights of 0.04 mm (Fig. 4F).
Where knobbing is most pronounced, spine tips flare outward (at right angles to the direction of the branch axis)
and become vertically compressed with small secondary knobs occurring on primary knobs (Fig. 4G). Faint papillae
can be seen on and in between well-developed knobs (Fig. 4G). Spines on terminal branchlets less than 0.2 mm in
diameter have few or no apical knobs, and are smooth, triangular, slightly distally directed, laterally compressed.
Four to five axial rows of spines can be counted in one view; 3.5 to 4 spines can be counted in one mm; and distances
between axial rows range from ~0.3 to 0.4 mm.

Polyps are yellow to white in color, 0.8 to 1 mm in the transverse diameter with about 0.5 mm space between
polyps resulting in about eight polyps in one cm (Fig. 4H).

Comparative diagnosis. A. falkorae sp. nov. is most like Antipathes coronata Opresko, 2019 by having straight
and vertically directed branches, unilateral branching, slightly larger polypar than abpolypar spines, and apical knobs
on the spines. However, the new species has more extensive apical knobbing where on a spine ~0.14 mm tall, the
new species has five to six primary knobs compared to A. coronata, which has three knobs. The new species also has
small protrusions that could be considered secondary knobs on top of primary knobs that are absent on 4. coronata.
The new species has on average a smaller terminal branchlet diameter than A. coronata (0.2 vs 0.3 mm); however,
both species have ~5 axial spine rows visible in a lateral view. The new species also has slightly wider distal branch
angles that create more of a fan shape compared to 4. coronata. Lastly, the new species has very faint papillae on and
in between primary and secondary knobs, which differs from A. coronata that has smooth knobs. Antipathes elegans
Thomson & Simpson 1905 and A. gallensis Thomson & Simpson 1905 are also morphologically like 4. falkorae sp.
nov. where both have apical knobbing on the spines and faint papillae on the surface of the spines; however, the new
species is different from both species by having more extensive knobbing (about six knobs per spine vs three to four
in A. elegans and A. gallensis) and a presence of secondary knobs that are lacking in these other species.

This new species is phylogenetically similar to Az ericoides and A. aculeata (Supplementary Table 3); however,
the new species does not possess fused branches while Ar. ericoides and A. aculeata have high levels of fused
branches. Additionally, the specimens representing A. aculeata are not holotype or topotype specimens, which
explains why they do not form a monophyletic relationship. The new species also has a low phylogenetic distance
with A. morrisi sp. nov. and a feature that unites the two new species is a presence of apical knobs on the spines.
However, 4. morrisi sp. nov. has fused branches, unlike 4. falkorae sp. nov.
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1 mm

FIGURE 4. Antipathes falkorae sp. nov. Holotype, MTQ G80067: A, in-situ image of colony; B, image of colony showing
branching pattern; C—E, sections of terminal branchlets showing spines (scale in C applicable for three subfigures); F-G, close-
up of skeletal spines with knobs, secondary knobs, and papillae; H, image of polyp row on terminal branch.
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Etymology. In recognition of the Schmidt Ocean Institute R/V Falkor, onboard which this and many other
black coral species were collected from the Great Barrier Reef and Coral Sea.
Distribution. Known only from the Great Barrier Reef at 111 m depth.

Family Aphanipathidae Opresko, 2004
Genus Rhipidipathes Milne-Edwards & Haime, 1857

Diagnosis. Corallum flabellate; anastomosing among some branches; polypar spines acute or blunt, smooth or
tuberculate; circumpolypar spines slightly larger than interpolypar spines; hypostomal spines often equal to the
circumpolypar spines but may be reduced in size or absent on some portions of the corallum.

Remarks. Although Rhipidipathes is currently in the Aphanipathidae, previous (Brugler et al. 2013; Bo et al.
2018; Terrana ef al. 2021) and the present study indicate that the genus is more closely related to species in the
Antipathidae. The present study suggests that Rhipidipathes shares a lineage with the genus Blastopathes Horowitz,
2020 (Fig 2). Both genera have distinct morphological differences. For example, Rhipidipathes consists of thin
branches that can fuse to create flabellate “fan-like” colonies (Opresko 2004) and Blastopathes consists of thick,
stem-like branches that do not fuse and possess branches that sprout from clusters to create “tree-like” colonies
(Horowitz et al. 2020). Due to the differences between these “sister” genera, their family-level relationships need
to be verified.

Type Species: Rhipidipathes reticulata (Esper 1795)

Type Locality: East Indian Ocean

Rhipidipathes helae Horowitz sp. nov.
(Figs. 1-2 and 5; Tables 1 and Supplementary Table 1)

Material examined: MTQ G80117, Australia, Great Barrier Reef, Bowl Slide, Schmidt Ocean Institute R/V Falkor
Northern Depths of the Great Barrier Reef expedition FK200930, ROV SuBastian dive S0394, collected on October
5, 2020, 18.3865° S, 147.6705° E, 119 m depth, collector Jeremy Horowitz.

Diagnosis: Corallum flabellate, branched; branches and branchlets extensively anastomosing. Terminal
branchlets 0.5 to 1 ¢cm in length and 0.08 mm in diameter, arranged bilaterally, are irregularly alternate, opposite,
or subopposite, and slightly protrude from the colony plane. Spines on branches perpendicular or distally inclined.
Circumpolypar spines 0.23 to 0.29 mm tall and hypostomal and interpolypar spines maximum of 0.11 mm tall.
Spines on terminal branchlets are distinctly curved apically and rarely basally. Five to six axial rows of spines can
be counted in one view. Surface of spines extensively tuberculated, especially from about the midpoint to the apex.
Polyps roundish, 0.8 mm in transverse diameter. Interpolypar space 0.1 to 0.2 mm, with 10 polyps per cm.

Description of holotype: Colony flabellate and about 20 cm wide and 20 cm high based on estimations from
in situ images (Figs. SA-B). Collected sample about 7 cm wide and 9 cm tall. Longest branches are ~8 cm in length
and have 0.1 cm basal diameter. Terminal branchlets are 0.5 to 1 cm in length, arranged bilaterally, and are either
irregularly alternate, opposite, or subopposite. Branchlets often not strictly bilateral but slightly protrude from the
general plane of the colony forming ~120° interior angles. Most terminal branchlets form ~80° distal angles and
are slightly curved distally (Fig. 5B). There is extensive fusing among branches and terminal branchlets (Fig. 5C).
Four anastomosing branches/branchlets can be counted in a 5 cm? fragment of a colony. Terminal branchlet basal
diameter is 0.08 mm, distance between neighboring terminal branchlets ranges from 1 to 3 mm, and about 10
branchlets can be counted per cm of a branch, counting branches in both rows.

On a branch 0.2 mm thick, polypar spines are anisomorphic with circumpolypar spines ranging from 0.23 to
0.29 mm tall and hypostomal and interpolypar spines reduced to 0.11 mm. Abpolypar spines are uniform in height,
ranging from 0.13 to 0.15 mm (Fig. 5D). Polypar spines on branches are positioned mostly perpendicular to the
axis or slightly distally inclined and abpolypar spines are more distally directed than polypar spines, creating ~45°
distal angles (Figs. SD-E). Six to 10 conical and apically directed tubercles can be counted in lateral view of the
polypar spines, including those on the edges (Fig. SE) and three to six tubercles can be counted in lateral view of
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abpolypar spines, with the proximal surface of all spines being mostly smooth (Figs. 5C—D). Tubercles become
elongated and strongly appressed to the surface of the spine as they increase in size, reaching a maximum size of
0.03 mm (measuring the distance from the base of the tubercle to the apex of the tubercle). Tip of largest tubercles
up to 0.004 mm above the spine surface (Fig. SE). On thin branchlets (0.08 to 0.095 mm in diameter), circumpolypar
spines are 0.13 mm tall, oriented perpendicular to the axis, and are distinctly curved upward (Fig. 5D, right image).
On thin branchlets abpolypar spines are 0.11 mm tall, distally directed and are curved upward. On thin branchlets, a
maximum of three tubercles can be counted in one lateral view of the surface of polypar and abpolypar spines, with
the proximal surface of all spines being mostly smooth. On branches and terminal branchlets, five to six uneven
axial rows of spines can be counted in one view.

l'//
FIGURE 5. Rhipidipathes helae sp. nov.: holotype, MTQ G80117, A-E. A, in situ images of colony; B, collected sample; C,
branches showing anastomosis; D, sections of branch (left) and terminal branchlet (right) showing curved polypar (left sides of

0.2 mm - | 0.25 mm v‘ . “ y

.

branch and terminal branchlet) and abpolypar (right sides of branch and terminal branchlet) spines; E, skeletal spine showing
tubercles; F, Rhipidipathes reticulata (Esper), holotype, SMF 5885, section of terminal branchlet showing straight spines.
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TABLE 1. Comparison of Rhipidipathes species

Species and associated references: Rhipidipathes Rhipidipathes Rhipidipathes helae sp.
colombiana reticulata nov. G80117
(Opresko & Sanchez (Esper 1795; Opresko &
1997) Baron-Szabo 2001)

Branch

Longest branch (cm) 7 ~10 8

Basal diameter of longest branch (cm) >0.3 ~0.3 0.1

Arrangement of terminal branches

Distal angle of branches
Terminal branchlet length (cm)
Branchlet density (per cm)

Relative amount of anastomosing
branchlets

Basal diameter terminal branchlet (mm)
Spines (on branch 0.2 mm thick)
Circumpolypar spine height (mm)

Hypostomal and interpolypar spines
heights (mm)

Abpolypar spine height (mm)
Polypar spine distal angle
Abpolypar spine distal angle

Number of tubercles in one view of
polypar spine

Tubercles present on bottom of spine?

Tubercles present on abpolypar spines?

Tubercle length, tip to base (mm)

Tubercle distance of tip to spine surface
(mm)

Spine orientation on terminal branchlets
Spine rows in one view

Polyp

Shape

Transverse diameter of polyp (mm)
Polyp density (per cm)

Tentacle length (mm)

Bilateral, irregularly
alternate

60 to 80°
0.6t00.9

810 10

Limited

0.08 to 0.14

Up to 0.27

Minimally reduced

0.1t00.11
85

45°

No
No

Unknown

Unknown

Spines straight

4t05

Slightly elongate
0.5t0 0.65

9to 10

0.2t00.3

Bilateral, irregularly
alternate

90 to 80°
0.5t00.7

10

Extensive

0.22

Upto 0.35

Can be reduced from
0.03 to 0.04

0.11t0 0.14
90 to 85
100 to 75°

3to7

Diminished to none
Yes

~0.2

Unknown

Spines straight

4t06

Unknown
0.63

10 to 11

Bilateral, irregularly
alternate

80°
05to1

10

Extensive

0.08

Up to 0.29

Can be reduced to 0.11

0.13t00.15
90 to 85
45°

6to 10

Diminished to none
Yes

0.03
0.004

Spines curved distinctly

5t06

Roundish
0.8

10

0.15

Polyps are pink, roundish with equally developed tentacles, and sagittal tentacles positioned slightly lower than
lateral tentacles (Fig. SB). On terminal branchlets and branches, polyps occur in one row; however, polyps can be
arranged in several rows along thicker branches near the base of the colony. Polyps are ~0.8 mm in the transverse
diameter and spaced 0.1 to 0.2 mm apart, resulting in 10 polyps per cm. Tentacles are approximated from in situ

images to be 0.15 mm in length, when extended.
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Comparative diagnosis. This is the third nominal species in the genus Rhipidipathes. Rhipidipathes reticulata
(Esper 1795) and Rhipidipathes colombiana (Opresko & Sénchez 1997) are similar in most features (See Table
1 for comparison of three species); however, R. colombiana has limited anastomosing branchlets, hypostomal
spines that are only minimally reduced in size, and spines with almost no tubercles while R. reticulata has greater
anastomosing branchlets, reduced hypostomal spines, and possesses tubercles on polypar spines. The new species
is morphologically and phylogenetically most similar to R. reticulata by having highly anastomosing branchlets
and terminal branches, reduced hypostomal spines and clear presence of tubercles on spines. The new species is
different from R. reticulata by having thinner terminal branchlets (0.08 vs 0.22 mm in the type) and has spines on
terminal branchlets that are distinctly curved, mostly upward but sometimes downward, not found in R. reticulata.
See comparison of spines on a terminal branchlet between R. helae sp. nov. (Fig. 5D, right image) that possesses
upward curved spines and R. reticulata holotype (Fig. 5F) that possesses straight spines. Additionally, the new
species has a greater number of tubercules on polypar and abpolypar spines than R. reticulata (six to 10 vs three to
seven tubercles in one view of a polypar spine, and three to six vs zero to three tubercles in one view of an abpolypar
spine).

Etymology: From the Norse, “hel”, goddess of death, who is depicted wearing a headdress of curved deer
antlers that resemble the distinctively curved spines of the new species.

Distribution. Known only from the Great Barrier Reef at 119 m depth.

Genus Aphanipathes Brook, 1889

Diagnosis. Colony sparsely to densely, irregularly branched, bushy, sometimes broom-like, with short to long,
straight or curved, often ascending branches. Spines with tall and pronounced tubercles.

Type Species. Aphanipathes sarothamnoides Brook, 1889

Type Locality. Vanuatu

Aphanipathes flailum Horowitz sp. nov.
(Figs. 1-2 and 6; Supplementary Table 1)

Material examined. Holotype, MTQ G80019, Australia, Coral Sea, Malay Reef, expedition Schmidt Ocean Institute
R/V Falkor Seamounts, Canyons, and Reefs of the Coral Sea expedition FK200802, ROV SuBastian dive S0377,
collected on August 10, 2020, 17.9076° S, 149.3327° E, 210 m depth, collector Jeremy Horowitz.

Diagnosis. Colony forming fronds of long, straight uniserially arranged branches and terminal branchlets that
occur mostly on abpolypar side of lower order branches. Terminal branchlets maximum of 10 cm in length, occur
midway and more distal on lower order branches, and are spaced mostly 2 cm apart ranging from 0.4 to 3 cm,
and have 0.2 to 0.3 mm basal diameters. Spine heights 0.09 to 0.12 mm tall with no noticeable difference in
height between polypar and abpolypar spines. Spines subconical, slightly compressed on sides, and blunt apex with
numerous tubercles from apex to midway down the spine or to the base. Five to six axial rows of spines can be
counted in one view. Polyps round, 1.8 to 2 mm in transverse diameter, in a single row, with three to four polyps
counted per cm (seven per 2 cm).

Description of holotype. This colony is upright and consists of several parallel broom-like fronds (Fig. 6A),
each frond is densely branched to the sixth order with long straight and uniserially arranged branches. One 65 cm
frond was collected from the colony for this study (Fig. 6B). Branches begin close to the base of the collected
fragment and are uniserial, growing in one row on the upper side of each lower order branch. Branches and terminal
branchlets form ~30° distal angles. Branches are long, ranging from 30 to a maximum of 37 ¢cm in length. Terminal
branchlets mostly range from 5 to 10 ¢cm in length. Branches and terminal branchlets occur mostly on the abpolypar
side of the lower order ramifications. Terminal branchlets occur from about midway along a lower order branch
to the branch tip with distances between terminal branchlets being mostly 2 cm; however, in rare cases distances
between terminal branchlets can be as small as 0.4 cm or as large as 3 cm. Branch diameter near the base of the
collected frond is 3.2 mm in diameter, and terminal branchlet basal diameter ranges from 0.2 to 0.3 mm.
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FIGURE 6. Aphanipathes flailum sp. nov. Holotype, MTQ G80019: A, in-situ image of colony; B, image of colony showing
branching pattern; C, section of terminal branchlet showing spines with tubercles; D-E, close-up of spines showing tubercle

arrangement; F, image of polyps on a branch (distances between horizontal lines represent 1 mm).
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Spines on branchlets from 0.2 to 0.23 mm in diameter range from 0.09 to 0.12 mm in height and five to six
axial rows of spines can be counted in a side view (Fig. 6C). Average distance between spines in one longitudinal
row is 0.4 mm (Fig. 6C). Seven spines can be counted in two mm of one longitudinal row. Spines are subconical
with slightly compressed sides and a blunt apex with numerous distinct tubercles (about eight to 12 in one view of
one spine) covering from just around the tip of a spine in an inconsistent whorl-like fashion, to midway down the
spine, or to almost the base of the spine (Fig. 6D). Tubercles are larger and more distally directed on the distal sides
of spines compared to proximal sides, reaching maximum heights of 0.01 mm (Fig. 6E).

Polyps are roundish with long sagittal tentacles and distal lateral tentacles are shorter than proximal laterals in
preserved state. Polyps are white (from in-situ video footage) to brown (after being preserved) in color, occur in one
row, are mostly 1.8 to 2 mm in transverse diameter, and seven polyps can be counted in two cm (Fig. 6F).

Comparative diagnosis. This specimen bears resemblance to Aphanipathes sarothamnoides Brook, 1889 and
Aphanipathes pedata (Gray 1857) in terms of their fan-like corallums with straight and distally directed branches;
however, Ap. flailum sp. nov. has longer branches (25 to 30 vs 15 cm max in both A. sarothamnoides and A. pedata)
and longer terminal branchlets (10 cm vs max of 4 and 3.5 cm in 4. sarothamnoides and A. pedata, respectively), and
a lower polyp density (3.5 to four per cm vs six per cm in A. sarothamnoides and no information on polyp density for
the type of 4. pedata). Terminal branchlets are also more evenly spaced along lower order branches compared to A.
pedata that has terminal branchlets confined mostly to the distal end of the lower order branches. The new species
resembles Aphanostichopathes spiessi (Opresko et al. 2021) with regards to ornamentation on the spines where
both have tubercles; however, the new species has much shorter spine heights (maximum of 0.12 mm vs maximum
of 0.24 mm in Ap. spiessi). Although Ap. flailum sp. nov. has close molecular affinity with Aphanostichopathes cf.
paucispina, all species currently in Aphanostichopathes are unbranched while the new species and other species in
Aphanipathes are branched.

Etymology: In reference to the arrangement of tubercles on the new species’ subconical-shaped spines, which
resembles a spiked flail, a medieval weapon.

Distribution. Known only from the Coral Sea at 210 m depth.

Family Cladopathidae Kinoshita, 1910

Genus Hexapathes Kinoshita, 1910

Diagnosis: Corallum simple or very sparsely branched, and pinnulate. Pinnules in two lateral rows and in one or
two anterior rows. Lateral pinnules simple; anterior pinnules simple or subpinnulate. Anterior primary pinnules
and subpinnules sometimes nearly as long as lateral pinnules. Spines subequal in size on primary and secondary
pinnules. Polyps 3 to 6 mm in transverse diameter.

Type Species: Hexapathes heterosticha Kinoshita, 1910

Type Locality: Japan

Hexapathes bikofskii Horowitz sp. nov.
(Figs. 1-2 and 7; Supplementary Table 1 and Table 2)

Material examined: Holotype. MTQ G80122, Australia, Great Barrier Reef, Noddy Reef, expedition Schmidt
Ocean Institute R/V Falkor Seamounts, Canyons, and Reefs of the Coral Sea expedition 200802, ROV Subastian dive
S0398, collected on October 15, 2020, 13.5174° S, 144.1012° E, 789 m depth, collector Jeremy Horowitz. Paratype.
MTQ G80024, Australia, Coral Sea, Herald Cays, expedition Schmidt Ocean Institute R/V Falkor Seamounts,
Canyons, and Reefs of the Coral Sea expedition 200802, ROV SuBastian dive S0376, collected on August 08, 2020,
-16.9095° S, 149.1601° E, 638 m depth, collector Jeremy Horowitz.

Diagnosis: Colony monopodial, unbranched, and pinnulate. Pinnules arranged in two lateral rows and one
anterior row. Basal-most pair of lateral pinnules subopposite, other lateral pinnules alternating. Striatum present
from 1 cm above basal plate to first anterior pinnules. Lateral pinnules simple, up to 12 cm long, densities of six to
10 per 3 cm counting both rows. Anterior pinnules simple, 0.8 to 1.2 cm in length, densities of 11 to 15 per 3 cm.
Polyps 4 to 6 mm in transverse diameter.
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Description of holotype (G80122): Colony is monopodial and pinnulate with a slight sickle shape curvature of
the stem (Fig. 7A). Grooves and ridges on the stem are present from 1 cm from the basal plate to the first anterior
pinnule. Colony is 23 cm tall and 17 cm wide. Unpinnulated section of the stem is 4 cm and the pinnulated section
of the stem is 19 cm (Fig. 7A). The specimen has two rows of lateral pinnules where the bottom pair of pinnules
are subopposite and positioned perpendicular to the stem. Above the bottom pair of pinnules, pinnules are arranged
alternately with distal angles ranging from ~80° at the bottom of the pinnulated section to ~20° at the top; with most
pinnules having 45° distal angles. Lateral pinnules are curved forward and then backward so that the pinnule tips
face in the opposite direction from the anterior pinnules. Lateral pinnules increase in length from the lowest pair of
pinnules, which are ~8.5 cm, to midway up the pinnulated section where the longest pinnules are 12 cm, and then
decrease towards the apex where the most distal pinnules are ~3 cm. Lateral pinnules are ~0.5 mm in diameter near
the attachment point, and distances between pinnules in each row range from 5 to 10 mm (increasing in distance
distally), resulting in 10 lateral pinnules counted near the bottom of the pinnulated section of the stem and six
pinnules counted near the top of the pinnulated section, per 3 cm counting lateral pinnules in both rows. Anterior
pinnules are simple, in one row and range from 0.8 to 1.5 cm in height, with most up to 1 cm in height. Distance
between anterior pinnules range from 2 to 3 mm, resulting in 11 to 13 anterior pinnules counted per 3 cm.

Spines on lateral pinnules are 0.025 to 0.1 mm in height, smooth, triangular, and distally directed (Fig. 7B).
Lateral pinnule spines are spaced 0.45 to 0.7 mm apart in each row, and two spines can be counted per mm in one
row. Four axial rows of spines can be counted in lateral view (Fig. 7B). Spines on anterior pinnules are smooth,
triangular to conical, and distally directed. Spine heights are variable, ranging from 0.04 to 0.08 mm, and the
distance between spines in one row is about 0.25 mm. Three to four axial rows of spines can be counted in one view
of anterior pinnules. Polyps are ~4 to 6 mm in the transverse diameter and 6 to 8 polyps counted per three cm.

Description of paratype (G80024): The colony is monopodial and pinnulate with a slight sickle shape curvature
of the stem (Fig. 7C) and has two rows of distally directed lateral pinnules. Grooves and ridges are present along
the stem from 1 cm above basal plate to the first anterior pinnule. Colony is 13 cm tall and 13 ¢cm wide. The
unpinnulated section of the stem is 4 cm and the pinnulated section is 9 cm in height. The lowest pair of pinnules are
suboppositely arranged and are positioned almost perpendicular to the axis. All other pinnules are alternating and
have distal angles ranging from ~20 degrees proximally to ~80 degrees distally. Lateral pinnules increase in length
from the lowest pair of pinnules, which are 4 cm, to midway up the pinnulated section where the longest pinnules
range from 6.5 to 8 cm, and then decreasing towards the apex where the highest pair of pinnules are ~3 cm (Fig.
7C). Distances between pinnules range from 5 to 9 mm (increasing in distance distally), resulting in eight pinnules
(near the top of the pinnulated section of stem) to 10 pinnules (near the bottom of the pinnulated section of stem)
per 3 cm, counting lateral pinnules in both rows. Lateral pinnules are 0.3 mm in diameter near the attachment point.
Anterior pinnules are simple, in one row with lengths ranging from 0.5 to 1 cm, with most pinnules being close to
1 cm (Fig. 7D). Anterior pinnules begin from the same height on the stem as the second lowest lateral pinnules, and
extend to 5 mm above the most distal lateral pinnule. Anterior pinnules are 0.18 mm in diameter near the attachment
point, and distances between pinnules range from 2 to 4 mm, resulting in 13 to 15 pinnules per 3 cm. Spines on
lateral pinnules 0.05 mm in height and are smooth and triangular (Fig. 7E). Lateral pinnule spines have distances
between spines in one row from 0.48 to 0.7 mm and two to three spines can be counted in one mm in one row. Five
axial rows of spines can be counted in one view. Spines on anterior pinnules are smooth, triangular to conical, and
distally directed (Fig. 7F).

Spine heights are variable, and range from 0.02 to 0.07 mm and distances between spines in one row range from
0.32 to 0.45 mm. Three to four axial rows of spines can be counted in one view of anterior pinnules.

Polyps are in a poor state of preservation and estimated based on in-sifu images to be reddish in color and 6 mm
in the transverse diameter.

Comparative diagnosis. H. bikofskii sp. nov. is different than other species in Hexapathes by having only
one row of simple (unpinnulated) and short (maximum of 1 cm in the new species vs maximum of 6 to 11 cm in
currently described Hexapathes spp.) and straight anterior pinnules. See Table 2 for comparison of species in the
genus.

The new species is like H. australiensis Opresko, 2003 and H. alis Molodtsova, 2006 by having just one row of
anterior pinnules; however, the anterior pinnules of both species are subpinnulated while the new species has simple
anterior pinnules. The new species is like H. hivaensis Molodtsova, 2006 and H. heterosticha Kinoshita, 1910 by
lacking anterior subpinnules; however, both species have two or more rows of anterior pinnules while the new
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species only has one row of anterior pinnules. Another difference between the new species and currently described
species in the genus is the length of the unpinnulated section of the stem (ranging from 2 to 2.5 cm in described
species vs 4 cm in the new species).

The new species shares other features with H. australiensis for the following morphometrics: 1) distance
between lateral pinnules on one side of the stem (0.5 to 1 cm vs 0.4 to 1.1 cm in H. australiensis), both of which
have spaces greater than the other three described species, and 2) the basal diameter of lateral pinnules is 0.3 to 0.5
mm in the new species and 0.5 mm in H. australiensis), both of which are smaller than the other three described
species. The two specimens representing the new species form a clade sister to H. heterosticha; however, the other
species in the genus have yet to be sequenced. Specimens representing species in the genus Hexapathes should be
sequenced to further investigate morphological boundaries between species.

Etymology: In recognition of lead author’s grandfather, Morton Isaiah Bikofsky, a high school teacher whose
passion for science fuelled JH’s interest in research.

Distribution. Known only from the Great Barrier Reef and Coral Sea from 638 to 789 m depth.

FIGURE 7. Hexapathes bikofskii sp. nov.: A, holotype, G80122, image of colony; B, holotype, G80122, section of lateral pinnule;
C, paratype, G80024, in-situ image of colony; D, paratype, G80024, section of colony showing anterior pinnule characteristics; E,
paratype, G80024, spines on section of lateral pinnule; F, paratype, G80024, spines on section of anterior pinnule.
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TABLE 2. Comparison of Hexapathes species.

Species and H. heterosticha H. australiensis H. alis H. hivaensis H. bikofskii sp. H. bikofskii sp.
associated Kinoshita, Opresko, 2003~ Molodtsova, Molodtsova, nov. Holotype  mov. Paratype
references: 1910 2006 2006 G80122 G80024
Colony
height/width ~ 20/19 25/7 21/20 18.5/19.5 23/17 13/13
(cm)
Stem
Basal diameter 2.0 0.9 1.8 1.8 1.0 ~0.8
(mm)
Unpinnulated 2.0 2.5 2.5 2.4 4.0 4.0
region (cm)
Ridges and N/A Present Present Present, lower 2 From 1 cm From 1 cm
grooves at cm of stem above basal above basal
stem plate to first plate to first
anterior anterior
pinnule pinnule
Lateral
pinnules
Direction Directly Straight, Curved at Curved; inclined  Curved; Curved;
obliquely inclined distally ends; inclined  distally (20-80°) inclined inclined
above (60°) distally (30— distally (20-90 distally (20—
60°) degrees) 80°)
Arrangement  ? Lowermost Lowermost Lowermost Lowermost Lowermost
opposite others  opposite others opposite others opposite others  opposite others
alternate alternate alternate alternate alternate
Length (cm) up to 14 Supto 10.5 3-9to 15 3.5-5to 13-15 3-12 4-8
Distance 2.5-6 4-11 3.5-15 2.1-4.5 5-10 5-9
between
pinnules (mm)
Basal diameter 0.7 0.5 0.9-1.3 0.6-1.3 0.5 0.4
(mm)
Anterior
pinnules
Direction Horizontally Basal Inclined Perpendicularly  Directed Directed
perpendicular,  distally (30— to the stem and  horizontally horizontally
upper inclined  60°) curved laterally
distally (70—
80°)
Number of >1.0 1.0 1.0 >1.0 1.0 1.0
TOWSs
Length (cm) up to 10 2-3t06 1-6.5 3—4to 10-11 0.8-1.5 0.5-1
Subpinnules Absent Present Present Absent Absent Absent
Spines
Shape Conical, Triangular Triangular Triangular to Triangular Triangular
laterally to conical, to conical conical laterally  to conical, to conical,
compressed laterally laterally compressed laterally laterally
compressed compressed compressed compressed
Angle Perpendicular ~ Perpendicular ~ Perpendicular ~ Perpendicular or  Perpendicular ~ Perpendicular
or inclined or inclined inclined distally, or inclined or inclined
distally distally or proximally distally distally

...... continued on the next page
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TABLE 2. (continued)

Species and H. heterosticha H. australiensis H. alis H. hivaensis H. bikofskii sp. H. bikofskii sp.
associated Kinoshita, Opresko, 2003 ~ Molodtsova, Molodtsova, nov. Holotype  mov. Paratype
references: 1910 2006 2006 G80122 G80024
Size (mm) 0.05-0.10 0.08-0.12 (up  0.04-0.07 (up  0.04-0.07 (up to  0.025-0.1 0.02-0.07
to 0.14) t0 0.9) 0.9)
Polypar vs Larger; more Larger No notable No notable Larger No notable
abpolypar inclined difference difference difference
spines
Axial rows 6-9 (total?) 3-5 4-6 5-7 34 3-5
(lateral view)
Density (per ~2 34 3-5 4-5 2-4 2-4
mm)
Polyps
Transverse 5-9 34 2.5-6 3.1-53 ~4-6 ~6
diameter (mm)
Density (per Not reported Not reported Not reported 25t03 Unknown Unknown
cm)
Sexual Not reported Located at base Located at base Base of lateral Absent Absent
products of subpinnules  of subpinnules  and proximal of
anterolateral
Discussion

This study demonstrates that the Great Barrier Reef and Coral Sea have greater black coral taxonomic diversity than
previously thought. This is not surprising because although black corals have been collected from Australian waters
and deposited in Australian museums since the late 1800s, the material is understudied due to the few taxonomists
that work on Australian black corals. Continued taxonomic effort in Australia will likely lead to the discovery of
more undescribed species.

This study used targeted capture techniques with high-throughput sequencing of UCEs and exonic loci,
that has shown to be more informative at the genus and species-level compared to single locus markers and full
mitochondrial genomes in black corals (Horowitz et al. 2020), hard corals (Cowman et al. 2020; Ramirez-Portilla
et al. 2022), soft corals (McFadden et al. 2021), and more widely across the anthozoan tree of life (Quattrini et al.
2018, 2020). Genome reduction techniques like targeted capture methods can provide high resolution molecular
datasets to aid in species delimitation (Erickson et al. 2021) and unravelling the evolutionary history of anthozoan
lineages (McFadden et al. 2021; Quattrini et al. 2020). However, biased and incomplete species level sampling still
remains an issue for species discovery and description when based solely on molecular data. This is especially true
for anthozoan orders such as the Antipatharia that are still heavily reliant on a few morphological features to inform
taxonomy and systematics. Herein we provide precise taxonomic assessment of specimens with reference to type
material and descriptions, with phylogenetic assessment as a secondary line of evidence to highlight the systematic
affinity of newly described species. Further sampling of individuals within these defined species is essential to
further define their taxonomic and geographic boundaries.

Taxonomic issues can also emerge when holotype and/or topotype specimens (specimens that have features
closely resembling the holotype and collected from the type locality) are absent from a phylogenetic reconstruction
(Bonito et al. 2021). For example, the phylogenetic trees presented in this study (Fig. 2, and Supplementary Figs. 1—
2) contain many Australian specimens identified to the species-level using morphological characteristics; however,
most included species were not described from Australian waters. Therefore, these specimens either represent range
expansions of nominal species or undescribed species that resemble nominal species morphologically, highlighting
the need to include and compare original type material (where possible) or topotypes with potential undescribed
species (Bonito et al. 2021). Doing so will provide a robust backbone phylogeny for new specimens to be compared,
and allow for an estimation of phylogenetically distinctiveness between closely related species for future species
descriptions. Itis likely that phylogenetic distinctiveness will vary between species in different families. For example,
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the two specimens representing H. bikofskii sp. nov. have a higher phylogenetic distance than the distance between
A. morrisi sp. nov. and A. falkorae sp. nov. Studies have yet to formally quantify thresholds between species and
how species thresholds might differ between families. Future research should utilize multispecies coalescent models
to further investigate species boundaries.
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Supplementary Tables

Supplementary Table 1. Metadata for specimens included in this study.

Museum Family Genus Species Latitude Longitude Depth Date

Registration (m) Collected
MTQ G74922 Antipathidae Antipathes aculeata -32.42 159.11 65 15/03/2018
NMNH 1288454  Antipathidae Antipathes atlantica 27.84 -93.42 233 1/07/2015
MTQ G80137 Antipathidae Antipathes ¢f- aculeata 19.24 148.15 45 20/10/2019
MTQ G80032 Antipathidae Antipathes ¢f. aculeata -16.51 147.17 119 6/08/2020
MTQ G77187 Antipathidae Antipathes ¢f. delicatula -18.6 146.49 14 22/10/2019
MTQ G80065 Antipathidae Antipathes cf. leptocrada -15.36 145.8 360 17/08/2020
MTQ G80066 Antipathidae Antipathes ¢f- leptocrada -15.36 145.8 433 17/08/2020
MTQ G80062 Antipathidae Antipathes ¢f. simplex 21.36 150.82 40 18/10/2019
MTQ G79996 Antipathidae Antipathes curvata -18.77 146.52 20 15/02/2021
MTQ G77186 Antipathidae Antipathes delicatula 17.47 146.41 25 23/10/2019
NMNH 1267308  Antipathidae Antipathes densa 34.56 171.23 297 7/06/2014
NMNH 1280884  Antipathidae Antipathes dichotoma 39.97 9.73 160 1/08/2013
UG SARDI14b Antipathidae Antipathes dichotoma 39.97 9.73 145 31/08/2013
UG SARDI13 Antipathidae Antipathes dichotoma 39.97 9.73 144 31/08/2013
UG SPIN Antipathidae Antipathes dichotoma 43.43 8.68 1,822 7/08/2018
MTQ G80067 Antipathidae Antipathes falokorae -15.4 145.79 111 18/08/2020
INV M110519 Antipathidae Antipathes [flabellum -23.59 43.71 17 5/11/2019
MTQ G80070 Antipathidae Antipathes Sfruticosa 12.08 143.81 10 27/10/2019
MTQ G74921 Antipathidae Antipathes Surcata -31.58 159.11 65 15/03/2018
NMNH 1096111  Antipathidae Antipathes grandis 20.94 -156.76 81 26/09/2004
MTQ G80005 Antipathidae Antipathes grandis -18.62 146.5 11 22/10/2019
MTQ G77185 Antipathidae Antipathes grandis -20.76 160.15 26 20/10/2019
MTQ G80140 Antipathidae Antipathes morrisi -18.62 146.5 14 22/10/2019
INV 131349 Antipathidae Antipathes virgata -23.35 43.61 19 8/07/2016
INV 131339 Antipathidae Arachnopathes ericoides -23.35 43.61 23 1/05/2019
MTQ G74904 Antipathidae Blastopathes medusa -5.3 150.12 35 13/03/2019
NMAG 1893 Antipathidae Blastopathes medusa -5.31 150.13 30 13/03/2019

...Continued on the next page
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Supplementary Table 1. (Continued)

Museum
Registration

INV 131359
INV 151019
INV 131368
NMNH 1288451
CAS 179055
CAS 218816
NMNH 99810
MTQ G80013
INV 131370
NMNH 1288453
MTQ G80075

MTQ G80019
NMNH 1288458
MTQ G80016
MTQ G80018
MTQ G80021
MTQ G80153
MTQ G80117
MTQ G74924
NMNH 1483032
MTQ G80024
MTQ G80122
MTQ G80120
NMNH 1453828
NMNH 1071405
NMNH 1490549
MTQ G80025
INV 131366
INV 131365
INV 131340
INV 131335
INV 131356
MTQ G74920
MTQ G80031
NMNH 1234554
NMNH 1288462
NMNH 1204050
NMNH 1467584

Family

Antipathidae
Antipathidae
Antipathidae
Antipathidae
Antipathidae
Antipathidae
Antipathidae
Antipathidae
Antipathidae
Aphanipathidae
Aphanipathidae

Aphanipathidae
Aphanipathidae
Aphanipathidae
Aphanipathidae
Aphanipathidae
Aphanipathidae
Aphanipathidae
Aphanipathidae
Cladopathidae
Cladopathidae
Cladopathidae
Cladopathidae
Cladopathidae
Leiopathidae
Leiopathidae
Myriopathidae
Myriopathidae
Myriopathidae
Myriopathidae
Myriopathidae
Myriopathidae
Myriopathidae
Myriopathidae
Schizopathidae
Schizopathidae
Schizopathidae
Schizopathidae

Genus

Cirrhipathes
Cirrhipathes
Cirrhipathes
Elatopathes
Lillipathes
Lillipathes

Pseudocirrhipathes

Stichopathes
Stichopathes
Acanthopathes

Aphanipathes

Aphanipathes
Aphanipathes

Aphanostichopathes

Aphanostichopathes

Asteriopathes
Asteriopathes
Rhipidipathes
Rhipidipathes
Heteropathes
Hexapathes
Hexapathes
Hexapathes
hexapathes
Leiopathes
Leiopathes
Cupressopathes
Cupressopathes
Cupressopathes
Cupressopathes
Myriopathes
Myriopathes
Myriopathes
Myriopathes
Alternatipathes
Bathypathes
Bathypathes
Bathypathes

Species

anguina
anguina
densiflora
abietina
lilliei

sp.

sp.

cf. flagellum
maldivensis
thyoides

cf. verticillata
mauiensis

flailum
pedata

cf. paucispina
cf. paucispina
arachniformis
colini

helae
reticulata
americana
bikofskii
bikofskii

cf. heterosticha
heterosticha
annosa
glaberrima
pumila
pumila

sp.

sp.

sp.

ulex
antrocrada
ulex
bipinnata
alaskensis
patula

patula

Latitude

-23.5
-23.35
-23.35
27.79
57.76
-123.16
23.65
-12.63
-23.35
27.79
-17.44

-17.91
27.81
-17.37
-15.36
-17.41
-17.41
-18.39
-20.47
27.71
-16.91
-13.52
-17.43
5.86
27.02
30.94
-21.36
-23.35
-23.59
-23.35
-23.59
-23.35
-32.42
-19.82
35.81
58.2
37.46
32.21

Longitude Depth Date
(m) Collected
43.72 10 7/11/2016
43.62 23 24/11/2015
43.62 23 24/11/2015
-93.68 130 1/07/2015
-173.99 897 27/06/2004
37.69 1,372 26/08/2016
-164.52 457 15/10/1976
143.54 28 16/10/2019
43.61 29 25/11/2015
-93.68 228 1/07/2015
150.93 128 25/08/2020
149.33 210 10/08/2020
-93.69 229 1/07/2015
148.41 501 3/08/2020
145.8 377 17/08/2020
148.35 331 4/08/2020
148.35 331 4/08/2020
147.67 119 5/10/2020
161.28 400 24/04/2018
-92.22 401 16/12/2017
149.16 639 8/08/2020
144.1 789 15/10/2020
150.93 441 25/08/2020
-162.13 418 11/05/2017
-176.53 471 3/10/2003
-77.33 1,247  17/06/2018
150.82 45 17/10/2019
43.61 24 23/11/2015
43.71 14 21/07/2016
43.61 19 11/06/2018
43.7 17 11/05/2019
43.61 19 8/07/2016
159.11 65 15/03/2018
149.47 20 19/10/2019
-122.65 2,634 30/01/2006
-138.98 515 6/06/2015
-59.95 1,909  28/08/2005
-163.62 3,017 16/09/2017

...Continued on the next page
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Supplementary Table 1. (Continued)

Museum Family Genus Species Latitude Longitude Depth Date

Registration (m) Collected
NIWA 4295 Schizopathidae ~ Bathypathes patula -37.3 178.18 1,357 3/10/1968
NIWA 4288 Schizopathidae Bathypathes platycaulus -37.54 176.97 185 13/11/2004
MTQ G80037 Schizopathidae  Bathypathes platycaulus -15.4 145.79 256 18/08/2020
MTQ G80152 Schizopathidae  Bathypathes platycaulus -17.44 150.93 216 25/08/2020
MTQ G80038 Schizopathidae  Bathypathes pseudoalternata  -14.01 146.6 1,443 20/08/2020
NIWA 86338 Schizopathidae Bathypathes pseudoalternata -34.89 179.04 1,670  24/10/2012
NMNH 1490547  Schizopathidae  Bathypathes pseudoalternata  30.94 -77.33 1,321 17/06/2018
NIWA 64561 Schizopathidae  Bathypathes pseudoalternata  -37.3 178.18 1,357  3/10/1968
CAS 223580 Schizopathidae ~ Dendropathes sp. n/a n/a n/a n/a
UG MSS29 Schizopathidae ~ Parantipathes sp. 23.65 -164.52 457 15/10/1976
NMNH 1071042  Schizopathidae Stauropathes staurocrada 25.7 -171.45 1,489 18/10/2003
NMNH 1204049  Schizopathidae Telopathes magna 37.46 -59.95 1,909  28/08/2005
NMNH 1404092  Schizopathidae Umbellapathes sp. 15.47 -169.07 1,528  19/09/2015
MTQ G80044 Stylopathidae Stylopathes sp. -17.41 148.35 273 4/08/2020
MTQ G80174 Stylopathidae Stylopathes sp. -13.52 144.1 269 15/10/2020

CAS—California Academy of Sciences

INV—Royal Belgian Institute of Natural Sciences

MTQ—Museum of Tropical Queensland

NIWA—National Institute of Water and Atmospheric Research

NMAG—National Museum and Art Gallery of Papua New Guinea

NMNH—Smithsonian Institution, National Museum of Natural History (USNM in phylogenies)
UG—Zoology Collection, University of Genova

Unk—Unknown

n/a—Not Applicable
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Supplementary Figures

Ultrafast Bootstrap
O 100

O =29

Gene Concordance Factor
o =250

® =10

Site Concordance Factor
® =50

® =34

Antipathes cf delicatula MTQ G77187
Antipathes delicatula MTQ G77186
Antipathes aculeata MTQ G74922

Antipathes atlantica USNM 1288454
Antipathes leptocrada MTQ G80066
Antipathes densa USNM 1267308
Antipathes cf leptocrada MTQ G80065
Arachnopathes ericoides INV 131339
Antipathes morrisi sp nov MTQ G80140
Antipathes falkorae sp nov MTQ G80067
Antipathes cf aculeata MTQ G80032
Antipathes cf aculeata MTQ G80137

Antipathes virgata INV 131349

Antipathes curvata MTQ G79996

Blastopathes medusa NMAG 1893

Blastopathes medusa MTQ G74904

& Rhipidipathes reticulata MTQ G74924
Rhipidipathes helae sp nov MTQ G80117

@Pseudocirrhipathes sp USNM 99810
Aphanipathes cf verticillata MTQ G80075
Antipathes dichotoma UG sard14b

Antipathes dichotoma USNM 1280884
Antipathes dichotoma UG sard13

Antipathes dichotoma UG spin

Aphanipathes flailum sp nov MTQ G80019
Aphanostichopathes cf paucispina MTQ G80016

Aphanostichopathes cf paucispina MTQ G80018
Aphanipathes pedata USNM 1288458

Supplementary Figure 1. Maximum likelihood cladogram of the Antipatharia based on a 50% complete matrix
containing 1,047 loci. Ultrafast bootstrap value, gene concordance factor, and site concordance factor is depicted at
each node. Taxa in blue represent undescribed species.
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Myriopathes sp INV 131335

Myriopathes ulex INV 131356

Myriopathes ulex MTQ G80031
Myriopathes antrocrada MTQ G74920
upressopathes pumila INV 131366
upressopathes sp INV 131340
upressopathes sp INV 131365
upressopathes pumila MTQ G80025
Stylopathes sp MTQ G80174

Stylopathes sp MTQ G80044
Asteriopathes cf arachniformis MTQ G80021
Asteriopathes colini MTQ G80153
latopathes abietina USNM 1288451
Bathypathes patula USNM 1204050
Bathypathes patula NIWA 4295
Bathypathes alaskensis USNM 1288462
Bathypathes patula USNM 1467584
Telopathes magna USNM 1204049
Stauropathes staurocrada USNM 1071042
Bathypathes pseudoalternata MTQ G80038
Bathypathes pseudoalternata USNM 1490547
Bathypathes pseudoalternata NIWA 86338
Bathypathes pseudoalternata NIWA 64561
Bathypathes platycaulus MTQ G80152
Bathypathes platycaulus MTQ G80037
Bathypathes platycaulus NIWA 4288
Parantipathes sp UG mss29
Alternatipathes bipinnata USNM 1234554
mbellapathes litocrada USNM 1404092
Dendropathes sp CAS 223580

illipathes lilliei CAS 179055

illipathes sp CAS 218816

exapathes bikofskii sp nov MTQ G80122
exapathes bikofskii sp nov MTQ G80024
exapathes cf heterosticha MTQ G80120
exapathes heterosticha USNM 1453828
eteropathes americana USNM 1483032
Acanthopathes thyoides USNM 1288453
eiopathes glaberrima USNM 1490549
eiopathes annosa USNM 1071405

Supplementary Figure 1. Continued.
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Antipathes delicatula MTQ G77186
Antipathes cf delicatula MTQ G77187
- -Antipathes aculeata MTQ G74922
- ‘Antipathes flabellum INV M110519
- ‘Antipathes cf furcata MTQ G74921
- ‘Antipathes cf simplex MTQ G80062
----- Antipathes atlantica USNM 1288454

—— * ‘Antipathes cf leptocrada MTQ G80066
_E- - -Antipathes cf leptocrada MTQ G80065
1 -+ - -Antipathes densa USNM 1267308

— - "Antipathes morrisi sp nov MTQ G80140
. 636 - “Arachnopathes ericoides INV 131339
g Antipathes cf aculeata MTQ G80032
----- Antipathes falkorae sp nov MTQ G80067

— s B9 5 e Antipathes cf aculeata MTQ G80137

i Antipathes grandis MTQ G80005
_E ------ Antipathes grandis USNM 1096111

1 = Antipathes grandis MTQ G77185
1 I: - -Cirrhipathes anguina INV 151019
1 L. -Cirrhipathes anguina INV 131359
— [ Stichopathes cf flagellum MTQ G80013
q =—nacw=s Stichopathes maldivensis INV 131370
" e Antipathes fruticosa MTQ G80070
e Antipathes curvata MTQ G79996
. | 4&: ------- Antipathes virgata INV 131349

------- Cirrhipathes densiflora INV 131368

=== amne Blastopathes medusa NMAG 1893
1 ... Blastopathes medusa MTQ G74904
bl Rhipidipathes reticulata MTQ G74924
E ----------- Rhipidipathes helae sp nov MTQ G80117
---------------------- Pseudocirrhipathes sp USNM 99810
|, [ P P

---------------------- Aphanipathes cf verticillata MTQ G80075
------------------ Antipathes dichotoma UG sard14b
------------------ Antipathes dichotoma USNM 1280884
------------------- Antipathes dichotoma UG sard13
-------------------- Antipathes dichotoma UG spin
------------------- Aphanostichopathes cf paucispina MTQ G80016
------------------- Aphanostichopathes cf paucispina MTQ G80018
-------------------- Aphanipathes flailum sp nov MTQ G80019
b A S S R R R R Aphanipathes pedata USNM 1288458
1 Myriopathes ulex MTQ G80031
- Myriopathes ulex INV 131356
Myriopathes sp INV 131335
Myriopathes antrocrada MTQ G74920
Cupressopathes pumila MTQ G80025
Cupressopathes pumila INV 131366
Cupressopathes sp INV 131340
Cupressopathes sp INV 131365
Stylopathes sp MTQ G80174
Stylopathes sp MTQ G80044
T Asteriopathes cf arachniformis MTQ G80021
_|1__|: ------------------------ Asteriopathes colini MTQ G80153
............................. E/atopathes abietina USNM 1288451

Supplementary Figure 2. Coalescent-based species phylogeny of the Antipatharia based on 1,047 gene trees using
ASTRAL-III. Scale bar represents coalescent units and taxa in blue represent undescribed species.
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Bathypathes patula USNM 1204050
Bathypathes patula NIWA 4295
Bathypathes alaskensis USNM 1288462
Bathypathes patula USNM 1467584
Telopathes magna USNM 1204049
Stauropathes staurocrada USNM 1071042
Bathypathes pseudoalternata MTQ G80038
Bathypathes pseudoalternata NIWA 86338
Bathypathes pseudoalternata NIWA 64561
Bathypathes pseudoalternata USNM 1490547
Bathypathes platycaulus MTQ G80152
Bathypathes platycaulus MTQ G80037
Bathypathes platycaulus NIWA 4288
e Parantipathes sp UG mss29
---------------------- Alternatipathes bipinnata USNM 1234554
Umbellapathes litocrada USNM 1404092
Dendropathes sp CAS 223580
Lillipathes lilliei CAS 179055
Lillipathes sp CAS 218816
Hexapathes cf heterosticha MTQ G80120
Hexapathes heterosticha USNM 1453828
Hexapathes bikofskii sp nov MTQ G80122
Hexapathes bikofskii sp nov MTQ G80024
Heteropathes americana USNM 1483032
E=siis5s d sl i Bl B S il e GEE Bk SEe s B @ A Canthopathes thyo,des USNM 1288453
_E ................................... Lelopathes glaberrlma USNM 1490549
................................... LeiOpatheS annosa USNM 1071405

Supplementary Figure 2. Continued.

Supplementary Code

Supplementary Code. Example code used for post-sequencing analyses and tree building.

Supplementary Code

#HH#HSECTION 1
###PHYLUCE WORKFLOW (following https://phyluce.readthedocs.io/en/latest/tutorial-one.html)

#Trim and clean sequences

illumiprocessor --input rawreads --output clean-fastq --config black coral.config --cores 48
#. /rawreads/filename example:

bcl CTCCTAGA L001_R1 001.fastq.gz bc2 CGTACGAA _L001 R1 001.fastq.gz

bcl CTCCTAGA_L001_R2 001.fastq.gz bc2 CGTACGAA_L001_R2 001.fastq.gz

#Blackcoral.config example

[adapters]
i7:GATCGGAAGAGCACACGTCTGAACTCCAGTCAC*ATCTCGTATGCCGTCTTCTGCTTG
15:AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT*GTGTAGATCTCGGTGGTCGCCGTATCATT

[tag sequences]
i5-N501:AAGCCACA
15-N502:AGAACGAG
15-N503:CGTACGAA
i5-N504:CTCCTAGA
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i5-N505:CTCGTCTT
15-N506:GACGAATG
15-N507:GCATGTCT
15-N508:GGTCAGAT
17-N703:AGGTTCGA
i7-N702:ACTCCATC
i7-N701:AAGAAGGC
i7-N708:GGTGTCTT
17-N707:GCATGTCT
17-N704:CGAAGAAC
17-N709:.TGTGACTG
i7-N705:CGAGACTA
i7-N706:GACATGGT

[tag map]
bcl CTCCTAGA:i7-N706,i5-N504
bc2 CGTACGAA:i7-N701,i5-N503

[names]
bcl CTCCTAGA:bcla
bc2 CGTACGAA:bc2a

###Spades Assembly
spades.py -o /spades-assemblies-blackcoral/bcl -1 /CLEANED READ/bc1/split-adapter-quality-trimmed/bc1-READ1.
fastq.gz -2 /CLEANED READ/bc1/split-adapter-quality-trimmed/bc1-READ2.fastq.gz --careful --threads 40 --cov-cutoff 2;

#Example of matching uce probes to contigs, extracting and aligning them, and then running them through RAxML

phyluce assembly match contigs to probes --contigs spades-assemblies/contigs --probes probes/hexa-v2-sclerac-subset-
final-probes-uce.prbsrm.final.fasta --output uce-search-results --min-coverage 70 --min-identity 70

phyluce assembly get match counts --locus-db uce-search-results/probe.matches.sqlite --taxon-list-config taxon-set.conf
--taxon-group ‘bc_all’ --incomplete-matrix --output taxon-sets/all/all-taxa-incomplete.conf

#Example of taxon-set.conf

[samples]
bel
bc2

phyluce assembly get fastas from match_counts --contigs ../../spades-assemblies/contigs --locus-db ../../uce-search-
results/probe.matches.sqlite --match-count-output all-taxa-incomplete.conf --output all-taxa-incomplete.fasta --incomplete-matrix
all-taxa-incomplete.incomplete --log-path log

phyluce align seqcap_align --fasta all-taxa-incomplete.fasta --output mafft-nexus-internal-trimmed --taxa 50 --aligner
maftt --cores 12 --incomplete-matrix --output-format fasta --no-trim --log-path log

phyluce align_get gblocks trimmed_alignments_from_untrimmed --alignments mafft-nexus-internal-trimmed --output
mafft-nexus-internal-trimmed-gblocks --cores 12 --log log

phyluce align get align summary data --alignments mafft-nexus-internal-trimmed-gblocks --cores 12 --log-path log --
show-taxon-counts

phyluce align remove locus name from nexus lines --alignments mafft-nexus-internal-trimmed-gblocks --output mafft-
nexus-internal-trimmed-gblocks-clean --cores 12 --log-path log

phyluce align get only loci with min_taxa --alignments mafft-nexus-internal-trimmed-gblocks-clean --taxa 50 --percent
0.50 --output mafft-nexus-internal-trimmed-gblocks-clean-50p --cores 12 --log-path log

#HH##1QTree

# Inferring Species tree

igtree2 -p /spades-taxon-sets-final/bc/mafft-nexus-internal-trimmed-gblocks-clean-50p --prefix concat.bc.i50 -B 1000 -nt 3
-m MFP+MERGE --merge-model GTR --merge-rate G -rcluster 10 --cptime 4000

# Inferring gene trees
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iqtree2 -S /spades-taxon-sets-final/bc/mafft-nexus-internal-trimmed-gblocks-clean-50p --prefix loci.bc.i50 -nt AUTO --
cptime 4000

# Gene concordance factor

iqtree2 -t concat.bc.i50.treefile --gcf loci.be.i50.treefile -p /spades-taxon-sets-final/bc/mafft-nexus-internal-trimmed-
gblocks-clean-50p --scf 100 --prefix concord.be.i50 --cf-verbose

###SECTION 2
##SPECIES TREE METHODS

#Make gene trees as above from 50% data matrices
#Concatenate trees together into 1 file

cat uce* >out.tre

#Remove long branches from gene trees using TreeShrink (following https://github.com/uym2/TreeShrink)
run_treeshrink.py -t out.tre -o treeshr

#Prune low support (<30) branches using nw_ed
PROGRAMS/newick-utils-1.6/bin/nw_ed treeshr.tre ‘i & b<=30’ o0 > treeshr2

#Make individual gene trees (same as above) on each cleaned alignment

#Run astral (following https://github.com/smirarab/ASTRAL/blob/master/astral-tutorial-template.md)
java -jar /Astral/astral.5.6.3 jar -i treeshr2.v2.tre -o astral.all.50p.tre
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