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Abstract

Once considered the most speciose mostly azooxanthellate scleractinian group, the
family Caryophylliidae is found to be highly polyphyletic based on molecular data
and is undergoing a process of systematic revision. High-throughput sequencing
methods coupled with morphological analyses have facilitated revision of
several scleractinian lineages, including the aforementioned family. In previous
studies that relied on few mitochondrial and nuclear markers, the caryophylliid
genera Stephanocyathus and Vaughanella were phylogenetically recovered
in separate clades from the lineage that includes the type genus of the family,
Caryophyllia, which is considered the ‘true’ Caryophylliidae. To help untangle
the relationship among taxa of this family, here a new deep-sea scleractinian
family (Stephanocyathidae Vaga, Cairns & Kitahara fam. nov.) is proposed based
on phylogenomic reconstructions coupled with molecular features, specifically
gene order, of the complete mitochondrial genome. Evolutionary reconstructions
were based on both mitochondrial and nuclear ultraconserved elements (UCES)
and exon loci data sets and confirmed the divergent position of the genera
Stephanocyathus and Vaughanella. The new family shows a specific gene
transposition in the mitochondrial genome, not present in the ‘true’ caryophylliid
lineage, but instead already observed for the species Paraconotrochus antarcticus,
recovered as sister taxon of the here proposed new family. Although its
phylogenetic position is unknown, the genus Ericiocyathus is also added to the
new family, based on macromorphological similarities. This study represents a
step forward in our understanding of deep-sea corals relationships and provide
further information (e.g., mitochondrial gene order) that will aid in future efforts

of assessing the systematic of caryophylliid lineages.
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1 | INTRODUCTION
Since the onset of molecular studies, scleractinian coral
systematics has been under revision and several families
have been recovered as para- or polyphyletic (e.g., Arrigoni
et al.,, 2014; Fukami et al.,, 2008; Huang et al., 2011;
Kitahara et al., 2016). Among the latter, species of the fam-
ily Caryophylliidae Dana, 1846, once considered the most
morphologically diverse and speciose family composed
mostly—but not only—by azooxanthellate species, have
been recovered in at least nine unrelated clades in both
the ‘Complex’/Refertina and ‘Robust’/Vacatina main coral
groups (e.g., Campoy et al., 2020; Kitahara et al., 2010,
2016). Consequently, to unify molecular and morpho-
logical data, the taxonomy/systematics of the family has
been under revision using integrative approaches. Within
this effort, studies based on microstructural analyses and
phylogenetic results from few nuclear and mitochondrial
markers have reassigned: (i) the monospecific caryo-
phylliid genus Dactylotrochus Wells, 1954 to the referti-
nan family Agariciidae Gray, 1847 (Kitahara, Stolarski,
et al., 2012)—the former becoming the first azooxanthel-
late, solitary and deep-sea agariciid—and, concurrently,
(ii) the early diverging vacatinan clade composed solely
of the ‘caryophylliid’ Deltocyathus Milne Edwards &
Haime, 1848 species to the newly established monogene-
ric family Deltocyathidae Kitahara, Cairns, et al. (2012).
More recently, the more thorough usage of high-
throughput sequencing methods—for example target en-
richment and genome skimming—has enabled the access
and handling of vast amounts of molecular data (Goodwin
et al.,, 2016; Kulkarni & Frommolt, 2017; Quattrini
et al., 2023). Coupling nuclear ultraconserved elements
(UCEs) and exon loci and complete mitochondrial (mt)
genomes, a recent study showed that all sequenced com-
ponents of the caryophylliid clade comprising the type
genus of the family (i.e., Caryophyllia Lamarck, 1801),
have a specific mt genome rearrangement (i.e., a transpo-
sition of the gene block containing cob, nad2 and nadé
genes between nad5 5’ and trnW different from the canon-
ical scleractinian mt gene order—gene block located be-
tween nadl and atp6) not present in any other sequenced
scleractinian taxa (Seiblitz et al., 2022; Vaga et al., 2022).
The aforementioned studies recovered the genera
Crispatotrochus Tenison-Woods, 1878, Desmophyllum
Ehrenberg, 1834, Premocyathus Yabe & Eguchi, 1942 and
Solenosmilia Duncan, 1873 grouping with Caryophyllia
in a monophyletic clade that is phylogenetically indepen-
dent from all the other ‘caryophylliid’ clades recovered
so far. Together, these results suggested that mt genome
rearrangements can have taxonomic significance (also
shown in other groups of animals such as crabs (Zhang
et al., 2020), scale worms (Zhang et al., 2018), and black

corals (Brugler & France, 2007)) and that the family
Caryophylliidae is smaller than previously thought.
Within the two suborders of Scleractinia, mitochondrial
rearrangements have been found to occur more fre-
quently in vacatinans than in refertinan corals: (i) dupli-
cated trnW in Seriatopora Lamarck, 1816 and Stylophora
Schweigger, 1820 (Chen, Chiou, et al., 2008; Chen, Dai,
et al., 2008); (ii) transposition of trnM in Paraconotrochus
Cairns & Parker, 1992 (Stolarski et al., 2021); (iii) in-
verted order of the cox3 and cox2 genes in Madrepora
Linnaeus, 1758 (Lin et al., 2012); (iv) transposition of
the genes cob, nad2, and nadé6 in Caryophyllidae (sensu
Seiblitz et al., 2022); and (v) transposition of the genes cox2
and cox3 in Deltocyathidae (Vaga et al., 2024). Besides the
caryophylliids transposition, at least another rearrange-
ment (i.e., inverted gene order in Madrepora) appears to
be family specific (Capel et al., 2024).

The caryophylliid genera Vaughanella Gravier, 1915
and Stephanocyathus Seguenza, 1864 comprise five and 16
solitary and azooxanthellate extant species, respectively
(Hoeksema & Cairns, 2023). For taxonomic purposes, the
genus Stephanocyathus is divided into three sub-genera
based on the presence, size and number of costal spines/
tubercles (i.e., Acinocyathus Wells, 1984, Odontocyathus
Moseley, 1880, and Stephanocyathus). Similar in gross
morphology, Vaughanella and Stephanocyathus are mainly
distinguished by their mode of life: the former always at-
tached to the substrate through a reinforced pedicel and a
fairly well-developed encrusting base; and, the latter, being
free-living in the adult stage (e.g., Cairns, 1995; Kitahara
& Cairns, 2021). Due to their fairly large dimensions for
a solitary species and widespread distribution, these spe-
cies, in particular the ones ascribed to Stephanocyathus,
are among the most frequently sampled and readily iden-
tified deep-sea scleractinians.

Historically assigned to the family Caryophylliidae,
both genera have been recovered from previous studies
as sister taxa occupying an early divergent position in the
vacatinan clade (Kitahara et al., 2016; Quek et al., 2023;
Stolarski et al., 2011 [only Stephanocyathus included];
but see Campoy et al., 2020). Kitahara and Cairns (2021)
proposed ‘Clade B’, which is composed of a lineage of
early diverging genera—that is Aulocyathus, Conotrochus,
Faustinotrochus, Lochmaeotrochus, Stephanocyathus and
Vaughanella—within vacatinan scleractinians previously
assigned to the family Caryophylliidae. However, some of
their ‘Clade B’ genera were included based either only on
shared morphological features (Kitahara & Cairns, 2021)—
that is Aulocyathus and Lochmaeotrochus—or on
previous phylogenies resulting only from few mitochon-
drial and nuclear markers (e.g., 16S and 28S; Stolarski
et al.,, 2011) or from a supertree algorithm (Kerr, 2005;
Kitahara et al., 2016). Moreover, unlike previous studies,
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covered this lineage as early diverging inside the Refertina ?Ea 9 g
clade. Thus, due to the lack of extensive molecular data 2 E g
that often improves resolution in phylogenetic reconstruc- ) ."é ~ T 8
tions, Clade B was not elevated to the family rank. S8 g8 g8 E
Herein, based on newly sequenced complete mt ge- ?
nomes and nuclear (>120,000 bp from UCE/exon loci) data o - g
sets from Stephanocyathus (Odontocyathus) coronatus (de g § ,?i
Pourtales, 1867), Stephanocyathus (Odontocyathus) webe- 8§88 o cm o« E
rianus (Alcock, 1902), Stephanocyathus (Stephanocyathus) én :‘Eﬁ E E E E %
platypus (Moseley, 1876) and Vaughanella hexagona o E
Kitahara & Cairns, 2021, we propose a new scleractin- i
ian family in the Robust/Vacatina clade. S. (O.) weberi- - ‘é’ é,;
anus was recently synonymized with S. (O.) coronatus by é % _%’ §n =
Kitahara & Cairns (2021: 428); however, we kept these spe- 2 § § § @ fey o i %
cies separated to test their relationship with the new set of - <88 Y23 7 g
genomic data. We explored the phylogenetic position of E . E
the new family through phylogenomic reconstructions 2 S =
using both nuclear and mitochondrial data sets and mi- E 5 § 3 %
togenome features. Furthermore, based on similar macro- 2 33 § £
morphological characteristics, we also included the genus g 285 3 E g § § -E
Ericiocyathus Cairns & Zibrowius, 1997 in the new family, g % D & ~ :
although its phylogenetic placement remains unknown. % ‘;“
s b
;g 'ED N s O un :%
=t E ¥ o K © &
2 | MATERIALS AND METHODS S g Y S S
g # 28 %83 3
2.1 | DNA extractions, library E 2
preparation and sequencing g E
E’ g E o g o é
Specimens were identified to the species level follow- é’ g & g% 4 4 Tz‘
ing Cairns (1995) and Kitahara and Cairns (2021). Total g = % ‘é é é é g
genomic DNA extraction of the four specimens analysed % - E
in this study (details in Table 1, additional information 8 . &
in Table S1) was performed using the DNeasy Blood and % 9 203 oﬁ %
Tissue kit (Qiagen) following the manufacturer's animal Ed & & J = g
tissue protocol. DNA purity and integrity were assessed g § % é % % E
on a spectrophotometer (Nanodrop, Thermo Fisher % E 5 MM 4 M s
Scientific) and in a 1% agarose gel electrophoresis, respec- 9 82 z z 2 z 5
tively. Libraries were prepared using the TruSeq DNA 2 5 § E E = E §
Nano library preparation kit (Illumina) with 350bp in- § - BAE §
sert target size and with modifications in index adapter g S
concentration and number of PCR cycles as proposed %3 §
by Seiblitz et al. (2022). DNA concentration before and G v i 2
after library preparation was quantified on a Qubit 2.0 § £ § ‘é %
fluorometer (Thermo Fisher Scientific), and size distribu- % § _§ 5 ;g
tions were assessed on a Bioanalyzer (Agilent). Illumina i A E ,N‘if § 3 =
sequencing was performed either on a MiSeq (300bp % % S % g B ‘§
PE reads) at the Genome Investigation and Analysis & E § E E E &
Laboratory of the Centro de Facilidades para a Pesquisa - § § §» E = g
(GENIAL CEFAP, USP) or on a NovaSeq 6000 (150bp PE = _g ;é § § % E g
reads) at the Human Genome and Stem Cell Research 2 2 & 8 8 38 &8
Center (CEGH-CEL, USP) (details in Table 1). ( @ 4 @A s 53
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2.2 | Mitochondrial genome analyses

Quality control of sequencing data was performed
with Trimmomatic (Bolger et al., 2014). Trimmed
sequences were assembled into contigs using SPAdes v
3.1 (Bankevich et al., 2012; with the careful parameter)
and mitochondrial contigs were selected using
command line BLASTn against a set of reference coral
mitogenomes. Mitochondrial genes were annotated
using MITOS2 online tool (Bernt et al., 2013) with
the genetic code 4 (mold) and RefSeq 89 Metazoa.
Annotation and circularity were manually verified
using Geneious Prime 2022.2.1 (Biomatters Ltd.
Auckland, New Zealand). Boundaries of all genes
were then confirmed using BLAST against either the
NCBI nucleotide database or non-redundant protein
sequences database. Base pair differences between
complete mitogenomes were calculated through
Geneious Prime 2022.2.1. Once mitogenomes were
fully annotated, they were included in a phylogenetic
reconstruction together with 66 published mitogenomes
(see Table S1). Sequence alignments of protein coding,
transfer RNA and ribosomal RNA genes were performed
with MUSCLE 3.8.425 (Edgar, 2004). Alignments were
visually inspected for ambiguous sites and successively
concatenated resulting in a final alignment of 13,872 bp.

2.3 | Bioinformatic processing,
assembly and alignment of UCE

For the processing of nuclear data, the resulting contigs
files from the SPAdes assembler were used. Assembled
reads were processed using the phyluce pipeline
(Faircloth, 2016). At this stage, previously published
genomic and transcriptomic scleractinian data—and
Corallimorpharia species as outgroup taxa—were
included in the analyses (see Table S2). UCEs and exon
loci were identified through genome skimming using the
program ‘phyluce_assembly_match_contigs_to_probes’
that matched a combined scleractinian bait set (Cowman
et al., 2020; Quattrini et al., 2018; Quek et al., 2020) to
the assembled contigs with a minimum coverage of 70%
and a minimum identity of 70%. Loci were then extracted
into separate FASTA files using ‘phyluce_assembly_get_
fastas_from_match_counts’ and aligned with default
parameters using ‘phyluce_align seqcap_align’ in
MAFFT (Katoh et al., 2002). Loci were internally trimmed
with ‘phyluce_align_get_gblocks_trimmed_alignments_
from _untrimmed’ that uses GBlocks (Castresana, 2000).
Multiple data matrices of locus alignments were created
using ‘phyluce_align_get_only_loci_with_min_taxa’,
in which each locus had either 50% or 75% species

occupancy, and ‘phyluce_align_get informative_sites’
was applied to calculate the number of parsimony
informative sites. Finally, each locus alignment was then
concatenated, and the partition charset explicit using
‘phyluce_align_format_nexus_files_for_raxml’.

2.4 | Phylogenomic analyses

For both the mitochondrial and the nuclear data sets, a
partitioned phylogenomic analysis was conducted using
maximum likelihood (ML) in IQ-TREE v 2.1 (Nguyen
et al.,, 2015). The best-fit models and best partition
scheme for the nuclear loci, and the best-fit models for
mitochondrial genes were selected by ModelFinder
(Kalyaanamoorthy et al., 2017) as implemented in 1Q-
TREE v 2.1. Ultrafast bootstrap approximantion (UFBoot)
(-B 1000; Hoang et al., 2018) was conducted as well as
the SH-like approximate likelihood ratio test (-alrt 1000;
Anisimova et al., 2011). Both phylogenetic reconstructions
were rooted with Corallimorpharia.

3 | RESULTS

3.1 | Nuclear data

For the nuclear data set, a total of 2483 loci (out of
2490) across all targeted specimens were recovered from
the assembled contigs (Nuclear UCEs and exon loci
sequences were deposited as a Targeted Locus Study
[TLS] at GenBank under the BioProject PRINA1079249,
BioSamples # SAMN40034314-7, accession numbers
KIFQO00000000-KIFT00000000). The final alignment
included 69 scleractinian species, four of which were
sequenced for this study, and five corallimorpharians that
were used as outgroups. The number of loci recovered
from each species ranged from 90 to 1649 per sample
(mean: 780 + 365 loci), with a range between 637 and 1432
loci for the newly sequenced species (Table 1). The 50%
and 75% taxon occupancy matrices resulted in identical
and well-supported maximum likelihood (ML) topologies
(75% taxon occupancy ML tree in Appendix S1). The final
50% matrix (resulting ML topology shown in Figure 1)
included a concatenated alignment of 635 UCEs and exon
loci with an alignment length of 122,610bp, of which
41.9% were informative.

The ML phylogeny has 91% of the nodes with support
equal or higher than 95% in both SHaLRT and UFBoot
values (Figure 1). Paraconotrochus, Stephanocyathus and
Vaughanella species were recovered with maximum sup-
port (SHaLRT =100, UFBoot=100) as a clade sister of the
family Deltocyathidae (SHaLRT =100, UFBoot=100) and
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FIGURE 1 Maximum likelihood phylogeny based on the nuclear data set (50% taxon occupancy—122,610bp). Nodes without numbers
indicate SHaLRT and UFBoot values >95. Light blue box indicates the new family Stephanocyathidae Vaga, Cairns and Kitahara fam. nov.
Yellow box indicates the ‘true’ Caryophylliidae clade. Species sequenced for this study are in bold.

early diverging within the Robust/Vacatina clade, well
separated from the ‘true’ Caryophylliidae clade (sensu
Seiblitz et al., 2022). Specifically, P. antarcticus was recov-
ered as sister species to Stephanocyathus and Vaughanella.
The two Stephanocyathus (O.) species were recovered as
paraphyletic with V. hexagona embedded in the clade.

3.2 | Mitochondrial data

The average coverage of mitochondrial genomes ranged
from 17.2 to 165.9x (Table 1). The complete mt genomes

of Stephanocyathus (0.) coronatus, Stephanocyathus
(0.) weberianus, Stephanocyathus (S.) platypus
and V. hexagona (GenBank accession numbers
PP180009-PP180012) are circular and very similar to
each other, with equal length (15,713 bp) and GC con-
tent (36.7%). Numbers of base pair differences between
the four recovered mt genomes are specified in Table 2
and are found both in protein coding genes and in-
tergenic regions. Stephanocyathus and Vaughanella
mitogenomes, similarly to P. antarcticus (Stolarski
et al., 2021), do not present the coxI gene intron previ-
ously observed in other scleractinians (Celis et al., 2017;
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TABLE 2 Number of mt genome base pair differences between Stephanocyathus (O.) coronatus, Stephanocyathus (O.) weberianus,

Stephanocyathus (S.) platypus and Vaughanella hexagona.

S. (0.) coronatus

S. (0.) coronatus

S. (0.) weberianus 21
S. (S.) platypus 11 21
V. hexagona 18 25

Chuang et al., 2017) and, thus, do not have the LAGLI-
DADG type homing endonuclease encoded within it
(found in some scleractinian coxI intron—Fukami
et al., 2007; Quattrini et al., 2023). All four mt genomes
have a transposition of the gene trnM, which is placed
between the nad4 and 12S rDNA, while in the sclerac-
tinian canonical mt genome order, the trnM is found be-
tween the coxI and 16S rDNA (Figure 3). This specific mt
gene transposition has already been detected in P. ant-
arcticus (Stolarski et al., 2021). The intergenic regions
(IGR) are all rather short (<200 bp), the only longer one
(341bp) being between the coxI and 16S rDNA.

In the mt genome ML phylogeny, 90% of the nodes had
support higher than 95% in both SHaLRT and UFBoot
values (Figure 2). Paraconotrochus, Stephanocyathus and
Vaughanella species were recovered as a clade within the
‘Robust’/Vacatina clade (SHaLRT =100, UFBoot=100)
as sister to all remaining vacatinan corals. The specific
position of P. antarcticus in relation to Stephanocyathus
and Vaughanella species mirrors what resulted from
the nuclear phylogenetic reconstruction. The position
of the family Deltocyathidae, which divides the afore-
mentioned species from the remaining vacatinan clades,
is poorly supported (Figure 2). However, the ‘true’
Caryophylliidae group was recovered as a well-separated
clade (SHaLRT =100, UFBoot=100).

3.3 | Taxonomic account
Order Scleractinia Bourne, 1900

Suborder Vacatina Okubo, 2016

Family Stephanocyathidae fam. nov. Vaga, Cairns &
Kitahara (Figure 4)

Type genus
Stephanocyathus Seguenza, 1864.

Etymology
Named after the designated type genus Stephanocyathus.

Genera included
Ericiocyathus Cairns & Zibrowius, 1997; Stephanocyathus
Seguenza, 1864; and Vaughanella Gravier, 1915.

S. (0.) weberianus

S. (S.) platypus V. hexagona

16

Diagnosis

Corallum solitary, robust, trochoid when attached but pa-
tellate to bowl-shaped when unattached. Septotheca cos-
tate. In some species C1 (or C1-2) bear spines or tubercles.
Paliform lobes present before all but last (or last and pe-
nultimate) septal cycle. Columella papillose or formed by
a solid fusion of axial septal edges.

Remarks

The family is composed of solitary taxa characterized by
slightly different macromorphology. Albeit Ericiocyathus
lacksanymolecular data, the genusistransferred to the new
family due toits closest resemblance with Stephanocyathus
as described by Cairns and Zibrowius (1997). The septo-
theca is costate in all the genera. Long C1 spines are only
known in some Stephanocyathus species, while the genus
Ericiocyathus is recognized by having a series of delicate,
elongated spines along the entire length of C1 and C2
(Cairns & Zibrowius, 1997). All genera are free-living, ex-
cept for Vaughanella, whose components are attached to
the substrate by a robust pedicel (Cairns & Kitahara, 2012).
Representatives of this family are distributed worldwide
but they are known only from waters deeper than 200m
with the deepest records being at more than 3000 m (see
Kitahara & Cairns, 2021).

Micromophological characteristics of the skeleton of
Stephanocyathidae Vaga, Cairns & Kitahara fam. nov. are
common toall their representatives: distal edges of septaare
straight/slightly undulated and rather smooth. Illustrated
examples (e.g., Stolarski, 2003: Stephanocyathus) show
that septal edges consist of densely packed, individual-
ized rapid accretion deposits (RAD); in transverse, etched
sections RADs are recognizable as densely packed hollow-
out regions; lateral sides of septa are covered with gran-
ulations typically with rounded tips; thickening deposits
consist of bundles of fibres arranged approximately per-
pendicularly to the septal surface.

Comparisons

The family Caryophylliidae has been historically defined
by the character of its representatives of having completely
smooth margins of septa that reflected a simple microstruc-
tural organization of the skeleton (Vaughan & Wells, 1943).
However, this is an overly generic character that led to
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Agaricia humilis
Pavona clavus

L

Euphyllia ancora

Galaxea fascicularis
Pseudosiderastrea tayami
Siderastrea radians
Corallimorphus profundus
Corynactis californica

I

02

Pseudocorynactis sp.
Ricordea florida
Ricordea yuma
Rhodactis indosinensis
Rhodactis mussoides

FIGURE 2 Maximum likelihood phylogeny based on the mitochondrial data set (13,872bp). Nodes without numbers indicate SHaLRT
and UFBoot values >95. Light blue box indicates the new family Stephanocyathidae Vaga, Cairns and Kitahara fam. nov. Yellow box

indicates the ‘true’ Caryophylliidae clade. Species sequenced for this study are in bold.

NAD5-5'  NAD1 cos NAD2 NAD6  ATP6 NAD4 trnM 125

NAD4L trnW

COX3 COX2 NAD3  NAD5-3' ATP8 COX1 * 16S

FIGURE 3 Mitochondrial gene map of the species Stephanocyathus (O.) coronatus, Stephanocyathus (O.) weberianus, Stephanocyathus
(S.) platypus and Vaughanella hexagona. Protein coding, tRNA and rRNA genes were abbreviated as in the text. Blank regions between

genes represent intergenic spacers. The NADS intron is indicated by the green underline. The transposed gene (trnM) is marked in bold and
an asterisk (*) indicates the canonical position of this gene for Scleractinia.

the inclusion in the family of a wide variety of species
and genera. While representatives of Stephanocyathidae
Vaga, Cairns & Kitahara fam. nov. present smooth mar-
gins of septa, they can be differentiated by other traditional

caryophylliid lineages using the combination of characters
detailed in the diagnosis. The most closely related taxa to
Stephanocyathidae Vaga, Cairns & Kitahara fam. nov. fol-
lowing our analysis are Paraconotrochus antarcticus and the
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Stephanocyathus (Acintocyathus) spiniger

Ericiocyathus echinatus

family Deltocyathidae. Species belonging to the latter are
easily differentiated from Stephanocyathidae Vaga, Cairns
& Kitahara fam. nov. by having a more discoidal corallum
(vs. patellate to bowl-shaped) and by having only S1 inde-
pendent (vs. all septa being independent except for S2 and
S3 in some species). Regarding P. antarcticus, it presents
a thicker theca, smooth or with low granulated ridges (vs.
costate in Stephanocyathidae Vaga, Cairns & Kitahara fam.
nov.). The corallum is usually trochoid to turbinate (vs. pa-
tellate to bowl-shaped) and always free.

Resurrecting

Stephanocyathus (Odontocyathus) weberianus (Alcock,
1902): S. (0.) weberianus was synonymized to
Stephanocyathus (Odontocyathus) coronatus based on a
large collection that casted doubts on the differentiation of
the two species (Kitahara & Cairns, 2021). However, part
of the molecular results presented herein advocates that it
is a valid species (i.e., not synonymous to Stephanocyathus
[Odontocyathus] coronatus). Therefore, the previous mor-
phological differences used to differentiate both species

FIGURE 4 Calicular (top)

and lateral view (bottom) of some
representatives of the three genera
included in the newly described

family. (a) Stephanocyathus (S.)
platypus, (b) Stephanocyathus (O.)
webarianus, (c) Stephanocyathus

(0.) coronatus, (d) Stephanocyathus (A.)
spiniger, (e) Ericiocyathus echinatus and
(f) Vaughanella hexagona. Scale bars: a,
lcm; b, c, e, f,2cm;d, 0.5cm.

Stephanocyathus (Odontocyathus) coronatus

Vaughanella hexagona

(i.e., [based on Cairns, 1995]: (i)—costal tubercles [12] in
S. (0.) coronatus is complexly ornamented and in S. (O.)
weberianus [12-18] are simple and usually worn; (ii)—
base of S. (O.) coronatus is usually convex, whereas in S.
(0.) weberianus is flat; (iii)—corallum of S. (O.) coronatus
is higher in the proportion to its diameter; (iv)—S. (O.)
coronatus usually have only four septal cycles [48 septa],
and that of S. (0.) weberianus usually have additional S5;
and (v)—S3-5 of S. (0.) coronatus are less exsert in relation
to their S1-2 than in S. (O.) weberianus) are still valid.

4 | DISCUSSION

4.1 | The mitochondrial genomes

The mt genomes from S. (O.) coronatus, S. (O.) weberianus,
S. (S.) platypus and V. hexagona (details in Table 1) have
a length that match those of other vacatinan taxa (from
~14.9 to ~17.8 kbp; e.g., Chen, Dai, et al., 2008; Seiblitz
et al., 2022) but a GC content most similar to refertinans
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(~36.2 to ~40.5%; e.g., Kitahara et al., 2014), while vacati-
nan GC content range from ~29.1 to ~35.1%. A higher mt
genome GC content has already been detected in other va-
catinans such as of Caryophyllia (Seiblitz et al., 2022) and
Deltocyathus (Vaga et al., 2024), as well as in the ‘Basal’
clade—sensu Stolarski et al. (2011) (but see Quattrini
et al., 2020; Seiblitz et al., 2020). The mt genome of
Paraconotrochus antarcticus—recovered as sister species
of the Stephanocyathus and Vaughanella clade—is longer
(i.e., 17,562 bp; Stolarski et al., 2021) mostly due to an IGR
of 2187bp between the coxI and the 16S rDNA, which is
absent from the other mt genomes from vacatinan species
presented in this study. Such significant differences in spe-
cies belonging to closely related lineages are seldom found
in Scleractinia and hexacorals in general. Nevertheless, P.
antarcticus is a unique and puzzling scleractinian species
that was recently discovered to deposit a two-component
calcite-aragonite skeleton (Stolarski et al., 2021). Future
genomic data of this species will confirm these mitochon-
drial characteristics and its phylogenetic position inside the
order. Results presented here and data from Deltocyathus
mt genomes (Vaga et al., 2024) show that longer intergenic
regions, and highly divergent in the case of Deltocyathus
species, are found corresponding to the ‘canonical’ position
of the transported genes. This result could point at a pos-
sible mechanism of increased base pair substitution rates
and/or increased insertion rates after the rearrangement
occurred. However, data from additional species are neces-
sary to better investigate this feature and its implications.

Notably, Stephanocyathus and Vaughanella mt ge-
nomes have the trnM located between nad4 and 12S
rDNA genes (Figure 3), while the scleractinian ‘canoni-
cal’ position of trnM is between coxI and 16S rDNA genes.
The same transposition was known before only for the
mt genome of P. antarcticus (Stolarski et al., 2021). Some
scleractinian mt genome transpositions have been hy-
pothesized to be specific to certain lineages (i.e., they are
synapomorphic), thus acquiring taxonomic significance
(Capel et al., 2024; Lin et al., 2012; Seiblitz et al., 2022;
Vaga et al., 2024). Given the early divergent position of
the new family here described, and the fact that several
genera recovered as closely related in previous studies are
still missing complete mt data, it is still uncertain whether
this transposition is specific to this clade, or if it is more
widely present across different lineages.

4.2 | Phylogenetic position of
Stephanocyathidae Vaga, Cairns & Kitahara
fam. nov.

Both the nuclear and mitochondrial phylogenies
recovered the clade comprising Stephanocyathus and

Vaughanella as distinctly separated from the family
Caryophylliidae  (‘true’ Caryophylliidae (Seiblitz
et al.,, 2022)). However, while the mt genome-based
phylogeny recovered Stephanocyathidae Vaga, Cairns
& Kitahara fam. nov.—together with P. antarcticus—
as sister to the remaining vacatinan lineages, the
nuclear phylogeny placed them as sister to the family
Deltocyathidae (sister clade), with the two clades as an
early diverging vacatinan lineage. Missing data from
several species of a specific group can lead to inconsistent
topologies (e.g., Liu et al., 2015), thus, a future inclusion
of additional early diverging scleractinian lineages will
clarify the relationship of Stephanocyathidae Vaga,
Cairns & Kitahara fam. nov. with other vacatinan clades,
as well as to P. antarcticus.

Coupling nuclear and mt genome phylogenetic recon-
structions with mitochondrial gene order, this study con-
firmed the placement of Stephanocyathidae Vaga, Cairns
& Kitahara fam. nov. as an independent and early diverg-
ing clade within the Vacatina. This result—discordantly
only from Campoy et al. (2020) that recovered this lineage
as pertaining to the order Refertina—agrees with previous
studies that, based on nuclear and mitochondrial markers,
consistently recovered Paraconotrochus, Stephanocyathus
and/or Vaughanella species as separate lineages from the
‘true’ Caryophylliidae clade (Daly et al., 2003; Kitahara
et al., 2016; Quattrini et al., 2020; Romano & Cairns, 2000;
Stolarski et al., 2011).

4.3 | The Stephanocyathus/Vaughanella
species complex

Together, Stephanocyathus and Vaughanella comprise
21 extant species (Hoeksema & Cairns, 2023) but, for
this study, only four species were successfully sequenced
and analysed. We attempted the sequencing of another
three species spanning across the two genera (i.e., S. (S.)
regius, S. (A.) spiniger and V. multipalifera) but either
extraction or library preparation repeatedly failed even
when using: (i) different specimens of the same species,
(ii) different DNA extraction/purification kits and (iii)
modifications in the DNA shearing settings and num-
ber of PCR cycles for the library preparation of samples
with degraded DNA (see Seiblitz et al., 2022 for details).
DNA extractions from some deep-sea scleractinian gen-
era (e.g., Leptopenus) often fail or do not perform well
regardless of the use of somewhat fresh or museum ma-
terial (authors’ personal observations, C. F. Vaga, M. V.
Kitahara and I. G. L. Seiblitz). Nevertheless, some rep-
resentatives of Stephanocyathus and Vaughanella are
within the commonly collected scleractiniansin the deep
sea and, therefore, additional molecular data might be
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produced from freshly collected material for the herein-
described family in the future. Sequencing the subgenus
Stephanocyathus (Acinocyathus) is of particular interest.
In a previous phylogenetic study Stephanocyathus (A.)
spiniger was recovered in a separate lineage from S. (O.)
weberianus and S. (0.) coronatus (Stolarski et al., 2011)
and could therefore belong to a different scleractinian
group.

Stephanocyathus (0O.) weberianus has been recently
synonymized with S. (O.) coronatus based on a large set
of specimens of the latter sampled from New Caledonia.
According to Kitahara and Cairns (2021), the examina-
tion of more than 400 specimens suggested that some of
the morphological characters used to differentiate both
species overlap. However, both the nuclear and mito-
chondrial phylogenies did not recover S. (O.) weberianus
and S. (0O.) coronatus as monophyletic. Moreover, the
mitochondrial genomes of the two Stephanocyathus spe-
cies show a significant number of base pair differences
(Table 2), comparable to the differences found between
S. (S.) platypus and S. (O.) weberianus already consid-
ered distinct species. Currently, complete mt genomes
are available for a limited number of scleractinian spe-
cies and rarely for multiple specimens of the same spe-
cies, thus a widely accepted genetic distance threshold
to differentiate scleractinian genera and/or species using
complete mitochondrial genome sequences has not
been established to date, and it would be probably ‘lin-
eage’ specific. Nevertheless, Seiblitz et al. (2022) com-
pared multiple complete mt genomes of geographically
distant specimens of Desmophyllum pertusum—already
suggested to be a cryptic species complex (Le Goff-
Vitry et al., 2004)—and found a maximum of 15 base
pair differences. Thus, mitochondrial characteristics
corroborate the hypothesis suggested by the phylogeny
reconstruction that S. (0.) coronatus and S. (O.) weberi-
anus may, in fact, be distinct species. Stephanocyathus
(0.) weberianus is therefore herein resurrected resulting
in a species known to occur in the western Pacific and
New Caledonia. The two species can be separated by
the following characters (see Cairns, 1994; Kitahara &
Cairns, 2021): (i) S. (O.) coronatus invariably has only 12
costal tubercles corresponding to each C1-2 whereas S.
(0.) weberianus has 12-18 smaller tubercles; and (ii) S.
(0.) coronatus has more exsert S1-2.

In both the nuclear and mitochondrial phylogenies V.
hexagona was recovered embedded in the Stephanocyathus
lineages and, specifically, as sister species of either S. (S.)
platypus (Figure 1) or S. (O.) weberianus (Figure 2). This
result mirrors previous studies that show Vaughanella as
closely related to Stephanocyathus (Kitahara et al., 2016;
Romano & Cairns, 2000), specifically with the former
recovered as a paraphyletic lineage, intermingled with

Stephanocyathus species (Campoy et al., 2020; Stolarski
et al., 2011). Stephanocyathus and Vaughanella share simi-
lar macromorphology of the calicular elements (Figure 4),
and species have been historically divided into these two
genera based on their relationship with the substrate in
adult stage: free in Stephanocyathus; and attached to
the substrate in Vaughanella (Cairns, 1995; Kitahara &
Cairns, 2021). While such an easily observable trait makes
a misidentification of the specimens highly improbable,
it is probably not a taxonomically informative feature.
In fact, several scleractinian genera house both free-
living and attached species—for example Trochocyathus,
Balanophyllia, Flabellum (see Kitahara & Cairns, 2021)
and Cycloseris (Benzoni et al., 2012; Gittenberger
et al., 2011)—thus this morphological feature is not nec-
essarily a genus-level defining characteristic. Molecular
data from the type taxon and additional species will de-
termine whether Vaughanella needs to be synonymized to
Stephanocyathus.

4.4 | The genus Ericiocyathus

The monospecific genus Ericiocyathus Cairns &
Zibrowius, 1997 was described from dry museum material
collected in 1909 from the Philippines (holotype and all
paratypes available at the Smithsonian National Museum
of Natural History—NMNH). These specimens had been
previously identified as Trochocyathus (Aplocyathus) sp.
and, therefore, included in the family Caryophylliidae. No
ethanol-preserved specimens are available for this genus.
Thus, its placement inside caryophylliids was firstly
due to its resemblance to Trochocyathus. Unfortunately,
fresh Ericiocyathus specimens have never been collected
on recent expeditions and, therefore, its phylogenetic
position remains obscure. Nevertheless, considering the
recent efforts of revision of the family Caryophylliidae
(see Kitahara, Stolarski, et al., 2012; Kitahara, Cairns,
et al., 2012; Seiblitz et al., 2022) and the reassessed closest
resemblance between Ericiocyathus and Stephanocyathus
(Cairns & Zibrowius, 1997) we tentatively transfer it to the
new family here designated.
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