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The octocoral genus Chrysogorgia (Duchassaing and Michelotti, 1864) contains 81
nominal species that are ecologically important components of benthic communities.
Taxonomic examination of a large set of samples revealed many provisional new
species, exhibiting a wide range of morphological variation. We established nine, distinct
morphological groups of Chrysogorgia s.I. that were hypothesized to represent distinct
genera. Here, we applied a recently developed universal target enrichment bait method
for octocoral exons and ultraconserved elements (UCEs) on 96 specimens varying
in morphology, collection ages and DNA quality and quantity to determine whether
there was genetic support for these morphologically defined groups. Following lllumina
sequencing and SPAdes assembly we recovered 1,682 of 1,700 targeted exon loci
and 1,333 of 1,340 targeted UCE loci. Locus recovery per sample was highly variable
and significantly correlated with time since specimen collection (2—-60 years) and DNA
quantity and quality. Phylogenetically informative sites in UCE and exon loci were ~35%
for 50% and 75% taxon-occupancy matrices. Maximum likelihood analyses recovered
highly resolved trees with topologies supporting the recognition of 11 candidate genera,
corresponding with morphological groups assigned a priori, nine of which are novel.
Our results also demonstrate that this target-enrichment approach can be successfully
applied to degraded museum specimens of up to 60 years old. This study shows that
an integrative approach consisting of molecular and morphological methods will be
essential to a proper revision of Chrysogorgia taxonomy and to understand regional
diversity of these ecologically important corals.
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INTRODUCTION

Octocorals, referred to colloquially as “soft corals” or “sea fans,”
are non-reef forming, sessile invertebrates that are typically
long-lived and slow growing (Roberts et al., 2009; Watling
et al., 2011). These invertebrates are conspicuous components
of benthic communities where they are ecologically important,
providing habitat and refugia for other marine fauna (Mosher
and Watling, 2009; Watling et al,, 2011; De Clippele et al,
2019). Octocorals are also classified as “vulnerable marine fauna”
and are protected from the destructive effects of bottom fishing
in the high seas (FAO, 2009; Auster et al., 2011; Watling and
Auster, 2017). The effective management and regulation of
deep-sea marine environments necessitates knowledge about the
biodiversity, distribution and abundance of octocorals (Ramirez-
Llodraetal., 2010; Watling and Auster, 2017). However, historical
difficulties with octocoral taxonomy hamper our ability to reliably
identify species in this group during monitoring surveys, and
consequently, define effective strategies for their conservation.

The genus Chrysogorgia (Duchassaing and Michelotti, 1864)
(Family: Chrysogorgiidae Verrill, 1883), commonly known as
“gold coral,” is one of the most abundant and diverse octocoral
groups (Cairns, 2001), with 81 nominal species. They are
distributed worldwide, occurring on hard and soft substrates,
at depths of 31-4,327 m based on published records (Cairns,
2001, 2018; Pante et al, 2012) and our own assessment of
museum specimens. The biogeography of Chrysogorgia has been
investigated in both the south-western Pacific and north-western
Atlantic oceans (Thoma et al., 2009; Pante et al., 2012, 2015).
Several Chrysogorgia mitochondrial haplotypes, used as proxies
for species, are found in both the Atlantic and Pacific oceans,
suggesting either a high dispersal ability of these octocorals or
ancient connections between ocean basins (Thoma et al., 2009;
Pante et al., 2012, 2015). Ecologically, chrysogorgiids are host to a
variety of associated invertebrates, including brittle stars (Mosher
and Watling, 2009) and squat lobsters (Schnabel, 2020; Wicksten,
2020). Surveys in Tasmania, Australia, have found that fields
of chrysogorgiids are common on historically fished seamounts,
suggesting these corals maybe used as indicators of deep-sea
community recovery or resilience (Althaus et al., 2009).

The taxonomy of Chrysogorgia has gained interest since the
2000s, partly due to an increase in deep-sea exploration (Pante
and Watling, 2012). As such, several new species have been
recently described (e.g., Pante and Watling, 2012; Cordeiro
et al., 2015; Cairns, 2018; Xu et al., 2020) but a comprehensive
taxonomic revision of the genus and a critical examination of
morphological characters in nominal species of Chrysogorgia has
not been conducted since Versluys (1902). Taxonomists have
recognized the range of morphological variation in this genus
and sought to categorize Chrysogorgia species into groups based
on the nature of the sclerites found in the polyp body and
tentacles (Wright and Studer, 1889; Versluys, 1902). Presently,
three groups are recognized: Group A, the “Spiculosae,” consists
of species that have rod/spindle shaped sclerites in the polyp body
wall and tentacles, while Group C (“Squamosae”) species have
scales in these regions. An intermediate, Group B (“Squamosae
aberrantes”) have scales in the body wall and rods/spindles in

the tentacles (Wright and Studer, 1889; Versluys, 1902; Cairns,
2001; Pante and Watling, 2012; Xu et al., 2020). Species within
these constituent groups are then separated and defined based on
additional morphological features including branching sequence,
the angle between the main stem and branches and several other
colony and polyp morphometrics as well as fine-scale sclerite
features (e.g., Bayer and Stefani, 1988; Cairns, 2001, 2018; Pante
and Watling, 2012).

An integrative approach, assessing both morphology and
molecular variation, is needed to resolve the taxonomy of
Chrysogorgia. Morphological characters are still required for
formal taxonomic revision. However, species identification of
octocorals relies on expert examination of fine-scale, microscopic
features which are not easily interpreted or useable by non-
experts. In addition, homoplasious morphological characters,
subtle variation in morphology, and environmental plasticity
can obscure species boundaries in octocorals (Ament-Velasquez
et al., 2016; McFadden et al., 2017; Quattrini et al., 2019).
While molecular methods have become a valuable tool in
taxonomy, they can still exhibit deficiencies. For instance, studies
of mitochondrial mtMutS divergence revealed conflict among
variation within and between species of Chrysogorgia (Pante and
Watling, 2012; Pante et al., 2015). Studies employing multiple
molecular markers (e.g., mtMutS, mt-coxl, igrl, ND2 and
nuclear 28s rDNA) are also not always effective at distinguishing
octocoral species (McFadden et al, 2010, 2014a,b; Baco and
Cairns, 2012; Quattrini et al., 2019). While molecular analyses
of Chrysogorgiidae using mtMutS, 18S and mt-cox] markers
showed that Chrysogorgia appears monophyletic (Pante et al.,
2012), and genetic variation in mtMutS is congruent with discrete
morphologies that correspond to species boundaries in four
Atlantic species (Pante and Watling, 2012), in each case only
a small number of taxa (< 50) were surveyed and the need
for more comprehensive DNA sequencing was identified (Pante
and Watling, 2012; Pante et al., 2012). A much larger number
of loci have been surveyed for Chrysogorgia using Restriction-
site Associated DNA sequencing (RAD-seq) (Pante et al., 2015),
however the phylogenetic resolution of RAD loci can drop
severely with phylogenetic depth, a phenomenon known as
locus dropout (e.g., Collins and Hrbek, 2018), the number of
shared loci declining with phylogenetic divergence among taxa
(Eaton et al., 2017). Also, this technique requires high quantity
and quality DNA, which can generally only be extracted from
relatively recently collected material (Faircloth et al., 2015; Leaché
etal., 2015; Pante et al., 2015; Harvey et al., 2016). This inherently
limits the use of old type and other museum material that may be
fragmentary, fluid-preserved and/or dried and generally provide
low quantity and quality DNA (McCormack et al., 2016).

Target-capture enrichment of ultra-conserved -elements
(UCEs) and exons has proven useful in capturing 100’s of
loci from both dry and fluid-preserved museum material
(McCormack et al., 2016; Ruane and Austin, 2017; Wood et al.,
2018; Derkarabetian et al., 2019; Tsai et al., 2019). This technique
offers advantages over traditional Sanger sequencing and other
next-generation sequencing methods like RAD-seq because
both UCE and exon loci distributed throughout the genome are
captured and enriched by hybridizing short (~120 bp) RNA
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sequences (i.e., probes) to sheared genomic DNA of each sample
(Faircloth et al., 2012). Therefore, high molecular weight DNA
from specimens is not essential (McCormack et al., 2016; Ruane
and Austin, 2017; Wood et al., 2018; Derkarabetian et al., 2019;
Tsai et al., 2019). Furthermore, UCEs have been used to study
evolutionary relationships at various taxonomic levels (Faircloth,
2013; McCormack et al., 2016; Ruane and Austin, 2017; Wood
et al., 2018), and thus can resolve phylogenies across deep to
shallow timescales (Faircloth et al., 2013; Smith et al., 2014).

Target-capture enrichment of UCEs and exons was recently
pioneered for anthozoans, resulting in the first comprehensive
time-calibrated phylogeny with high support for subclass
and ordinal-level relationships (Quattrini et al., 2018, 2020).
This technique has subsequently been refined and used to
investigate populations and species-level relationships in the
diverse octocoral genera Alcyonium Linnaeus, 1775 and Sinularia
May, 1898 (Erickson et al., 2020). These studies have shown
that this technique has greater utility for resolving phylogenetic
relationships and species boundaries in octocorals than existing
single and multi-locus markers. However, this target enrichment
approach has not been used on specimens collected more
than 30 years ago and preserved in <95% EtOH for extended
periods. Here, we test the utility of target-capture enrichment
of UCEs and exons for analysis of museum specimens of
Chrysogorgiidae. We then use these data to test congruence
between assigned morphological groups and clades obtained in
the phylogeny and also investigate biogeographic patterns across
depth and ocean basin.

MATERIALS AND METHODS

Taxon Sampling and Morphological

Examination

Samples for DNA analysis were obtained from collections
worldwide and comprised 88 specimens assigned to Chrysogorgia
s.l., including six type specimens and 15 specimens assigned
to known species. We also sampled eight outgroup specimens
from other genera within Chrysogorgiidae. The sample
set covered a range of geographic locations (Atlantic and
Indo-Pacific oceans, between 50°S and 50°N; Figure 1),
depths (62-3957 m), collection dates (1959-2018), collection
methods and morphologies (Figure 1 and Supplementary
Table 1). Taxonomic examination was conducted on a larger
set of specimens (>600) and examination of 50 of the 81
valid Chrysogorgia type species. Thorough
of morphological variation was conducted and included
examination of established macroscopic characters such as
colony form, branching sequence, orthostiche interval (defined
as the distance between two reference branches in the branching
sequence), branch lengths, polyp size and sclerite form and
arrangement together with assignment to Versluys’ sclerite group
(A, B, C) Versluys, 1902; Bayer and Stefani, 1988; Cairns, 2001;
Pante and Watling, 2012). Microscopic examination of sclerite
features were performed on several polyps within a colony, where
material was available, by dissolving the tissue in 10% sodium
hypochlorite and using light microscopy (Alderslade, 1998).

examination

Molecular Procedures

DNA Extraction

Polyps were removed from the skeletal axis with a sterile
scalpel and weighed after blotting excess ethanol, and then DNA
extraction was conducted following a CTAB organic extraction
(France et al., 1996). Polyps were macerated in 300 pL 2x
CTAB buffer with a plastic pestle before adding 200 pg of
Proteinase K and 200 L of CTAB buffer. Samples were incubated
at 65°C overnight, with an 200 pg of Proteinase K added
after one hour. DNA was purified using three 500 WL organic
extractions: first chloroform-isoamyl alcohol (24:1), second with
phenol/chloroform-isoamyl alcohol (25:24:1),and finishing with
chloroform-isoamyl alcohol (24:1). DNA was precipitated in
750 pL of cold isopropanol prior to centrifugation at 4°C,
followed by rinsing the pellet with 400 WL of 70% ethanol to
remove excess salt. DNA pellets were dried under vacuum and
resuspended in 25 pL AE buffer. DNA quantity and quality
were assessed with a Fragment Analyzer (Agilent 5200 Fragment
Analyzer System). Before shipping to Arbor BioSciences, Ann
Arbor, MI, United States, DNA extractions were stabilized by
adding 6.25 pL of Biomatrica DNAstable® Plus.

Bait Set Design

An octocoral-specific bait set targeting exons and UCEs was
used in the target enrichment, as described in Erickson et al.
(2020). The bait set included 29,363 baits (120 bp) targeting 3,040
octocoral loci (1,340 UCE and 1,700 exon loci), with 3-18 baits
targeting each locus. From this bait set, a subset (18,791 baits)
designed only against species in the Calcaxonia-Pennatulacea
clade (McFadden et al., 2006), to which Chrysogorgiidae belongs,
were synthesized (Arbor BioSciences myBaits®).

DNA Target Enrichment and Sequencing

Sample preparation, target enrichment and sequencing were
performed through Arbor Biosciences as part of their myReads®
Targeted NGS services. DNA samples were sheared using a
Qsonica Q800R sonicator and then size-selected to 500 bp with
SPRI beads. Ilumina Truseq-style, dual 8nt indexed libraries
were constructed using either six or 10 cycles of indexing
amplification following end repair and adapter ligation. A total
of 22-167 ng of DNA was used per library (specimen), with six
libraries pooled per enrichment reaction (16 enrichments), using
the myBaits® kit and following the myBaits® manual version
4.1, but substituting reagent Block A with IDT’s xGen universal
blocking oligos, volume-for-volume. The myBaits® were diluted
to 1/2 (250 ng) of the standard reaction. Hybridizations were
performed at 62°C for 23 h, with washes also performed at 62°C.
Half of each captured product was re-amplified in 10 cycles using
universal primers, quantified with library quantitative PCR, and
then pooled in an equimolar concentration prior to sequencing.
This pool was sequenced across 400M PE150 read-pairs on a
NovaSeq S4 flowcell.

Postsequencing Analyses
Postsequencing analyses followed protocols in Quattrini
et al. (2018) and PHYLUCE, following the workflow in the
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FIGURE 1 | Collection location and morphological group assignment of samples. Locations of insets are southern Tasmania and northern New Zealand indicated by
the pink boxes.

online tutorial I', with a few modifications to the pipeline
(Faircloth, 2016; Quattrini et al, 2018). Summary data
and statistics were computed on all samples sequenced.
Raw, untrimmed fastq read data were cleaned in order to
remove adapter contamination and low quality bases using
ILLUMIPROCESSOR with default values (Faircloth et al.,
2013; Bolger et al., 2014), followed by contig assembly using
SPAdes v. 3.10 (Bankevich et al., 2012). UCE and exon
probes were separately matched to contigs (70% identity, 70%
coverage) using phyluce_assembly_match_contigs_to_probes
to find targeted loci. Both UCE and exon locus sets were
extracted using phyluce_assembly_get_match_counts
and relevant FASTA  data extracted  using
phyluce_assembly_get fastas_from_match_counts. Files
were aligned wusing phyluce_align_seqcap_align, which
uses default settings in PHYLUCE. Data matrices of
locus alignments were generated for each bait set using
phyluce_align_get_only_loci_with_min_taxa where each locus
had either 50% or 75% species occupancy. Concatenated locus

were

Thttp://phyluce.readthedocs.io/en/latest (accessed March 2019).

alignments consisted of UCE, exon, or all loci. The number
of parsimony informative sites was calculated for each 50%
and 75% concatenated alignment matrix on unphased data
using phyluce_align_get_informative_sites. The total number of
variable sites, total number of parsimony informative sites and
number of parsimony informative sites per locus were calculated
using PHYLUCE (Faircloth, 2016).

Four samples (N025, N038, S080, and T060) had low locus
recovery (< 120) for one or both probe sets and were removed
from subsequent analysis (Supplementary Table 4). Two samples
(C034, C040) were not included in the phylogeny as they were
from multiple collections of the same colony as REMO001D,
and clustered with it in preliminary analyses. Existing fasta
data for a specimen of Chrysogorgia tricaulis (ANT23) and
an additional outgroup specimen, Radicipes (ANT176), from
Quattrini et al. (2018), were added to make a final data set
of 92 samples. Maximum Likelihood inference using RAxML
v.8 (Stamatakis, 2014) was then conducted on 50% and 75%
concatenated matrices for all loci combined. This analysis was
carried out using rapid bootstrapping, which allows for a
complete analysis (20 ML searches and 200 bootstrap replicates)
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in one step. Rooting was to outgroup genera: Metallogorgia
(Versluys, 1902), Pseudochrysogorgia (Pante and France, 2010),
Radicipes (Stearns, 1883), Rhodaniridogorgia (Watling, 2007) and
Iridogorgia (Verrill, 1883). Biogeographic data were mapped onto
the phylogeny in order to determine if there were patterns
with depth and ocean basin. Depth distributions were expressed
as ranges and classified into one of six categories according
to collection event information: <500 m; 500-1000 m; 1000-
1500 m; 1500-2000 m, 2000-3000 m, and >3000 m.

Recovery of mtMutS and 28S rDNA

Although not included in the bait set, we investigated the
recovery of mtMutS and 28S rDNA sequences from our
data. Assembled contigs were blasted against all available
Chrysogorgia sequences from the NCBI database using ncbi
blastn (e-value 0.01). Whole to partial mitochondrial genomes
(including mtMutS) were uploaded to Mitos2 (Bernt et al,
2013) for annotation.

RESULTS

Morphological Examination

Following a detailed taxonomic investigation, 11 of the 15
specimens previously assigned to known species of Chrysogorgia
were re-classified (Supplementary Table 2). An additional 16
specimens could be confidently assigned to known species, while
61 specimens were assigned to 53 putative new species. One
of the outgroup specimens (OG09) was originally assigned to
the genus Pseudochrysogorgia but re-assigned to Chrysogorgia
following morphological identification (Supplementary Table 2).
Given the wide range of morphological variation exhibited by
specimens currently assigned to Chrysogorgia, we established
nine, broad morphological groups and assigned specimens
to them prior to our phylogenetic analysis (Table 1 and
Supplementary Table 2). These morphological groups were

based on an assessment of the following character set: colony
form, branching sequence, polyp size, sclerite complement
(expressed as Versluys' group A, B, C), and presence of diagnostic
features such as a bare, sclerite-free area at the base of the
tentacles or specialized pinnule sclerites (Table 1).

Specimens assigned to Group 1 represent a large assemblage
of species, which can adopt a variety of colony forms including
bottlebrush-shaped as well as bi- and multi-flabellate forms.
Branching sequence in the bottlebrush forms is variable and
no branching sequence can be determined from bi- or multi-
flabellate colonies, unless a significant portion of the single,
main stem is present (Supplementary Table 2). Polyps of these
specimens are very large in size (5-25 mm). Sclerites of the
polyp body are always scales, which can be robust and take on
a variety of shapes, sizes and arrangements. Sclerites in the basal
part of the tentacle are either rods, often robust and warty or
smooth, long, robust scales. This places species of this group into
Versluys’ group B (“Squamosae abberantes”) or C (“Squamosae”).
Differentiation from other groups is based on the presence of
a bare, sclerite free area at the base of the tentacle, a character
which is not present in any other group. Separation between
species in this group is based on the shape and arrangement of
sclerites directly underneath the bare area, which can be the same
as those in the rest of the polyp body (designated as sub-group
1.0) or, more often, modified and arranged to form points (sub-
group 1.1) or cups (sub-group 1.2) (Table 1 and Supplementary
Table 2). Described species of Chrysogorgia s. I. in this group
include C. octagonus (Versluys, 1902), C. calypso (Bayer and
Stefani, 1988), C. bracteata (Bayer and Stefani, 1988), C. chryseis
(Bayer and Stefani, 1988), C. stellata (Bayer and Stefani, 1988),
C. versluysi (Kinoshita, 1913), C. electra (Bayer and Stefani, 1988),
C. squamata (Verrill, 1883) and C. antarctica (Cairns, 2002)
(Supplementary Table 3).

Group 2 represents specimens with a bottlebrush colony form
having a 1/4L branching sequence, in most cases. Polyps in this
group are very small (<1 mm), with sclerites often sparsely

TABLE 1 | Morphological characters used to assign samples to groups prior to molecular analysis.

Morphological Colony form Branching Versluys’ Diagnostic features

group sequence Group (A,B,C)

Group 1 (1.0) variable variable - N/A B bare, uncovered area at the base of the tentacles

Group 1 (1.1) variable variable - N/A B, C specialized, pointed sclerites at the base of tentacles

Group 1 (1.2) variable variable - N/A B specialized, cup-shaped sclerites at the base of tentacles

Group 2 bottlebrush variable A polyps very small (<1 mm) and sclerites often sparse in polyp body.

Group 3 bottlebrush 2/5R A B

Group 4 bottlebrush variable B

Group 5 (56.1) planar, pinnate N/A A B colonies often of an unusual form and when bottlebrush shaped main axis is more or

Group 5 (5.2) variable 1/3L - N/A B less straight. Polyps large and tentacles never folded in toward the mouth

Group 5 (5.3) variable 1/3L - N/A A B

Group 6 bottlebrush variable B, C

Group 7 bottlebrush 1/3L C very long, toothed pinnule sclerites

Chrysogorgia s.s. variable variable - N/A A jigsaw-shaped, robust and warty coenenchyme sclerites. Polyp body rods long and
curved to conform to the shape of the polyp, always longitudinally arranged

Dasygorgia s.s. bottlebrush variable B

Both Group 1 and Group 5 could be divided into morphological sub-groups; those for the latter group were only considered after phylogenetic analysis.

See Supplementary Table 2 for details.
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distributed in the polyp body wall of most polyps. Rods are
also present in the tentacle backs and pinnule sclerites, when
present, are not numerous. Species in this group therefore
fall into the Spiculosae (Versluys group A), having a sclerite
complement of rods only; these always have rounded ends
and are small and uniformly sized throughout the colony
(Table 1 and Supplementary Table 2). This group includes
several Pacific and Indian Ocean species: C. papillosa (Kinoshita,
1913), C. rotunda (Kinoshita, 1913), C. dichotoma (Thomson and
Henderson, 1906), and C. flexilis var. africana (Kiikenthal, 1909)
(Supplementary Table 3).

The morphological characters used to assign specimens to
Group 3 were based on the taxonomic characters of some
nominal species, specifically C. elegans (Verrill, 1883) and
C. spiculosa (Verrill, 1883) (Supplementary Table 3). This group
is characterized by a bottlebrush colony form with a regularly
2/5R branching sequence. Polyps are medium in size (3-8 mm)
and sclerites in the polyp body are rods and/or spindles and
occasionally also scales. The basal part of the tentacle has only
rods and/or spindles. Sclerites are always densely packed and
arranged obliquely longitudinally in the polyp body, modified in
shape and size within a region in some species. This complement
of sclerites places species assigned to this group in either Versluys’
group A or B (Table 1 and Supplementary Table 2).

Assignment of Group 4 was based on the taxonomic
examination of the holotype of Chrysogorgia laevorsa (Cairns,
2018). The colony form is a small bottlebrush with variable
branching sequence. The polyps are long (up to 20 mm)
and slender, resembling those of Group 5, but with a sclerite
complement of rods and spindles, as opposed to narrower,
needle-shaped forms. Other species falling in this group are
C. upsilonia (Cordeiro et al., 2015), C. tuberculata (Cordeiro et al.,
2015), C. midas (Cairns, 2018) and C. debilis (Kiikenthal, 1909).
While this sclerite complement places these species in Versluys’
group A, many forms in either the polyp or tentacle region of
some species can be markedly flattened and are thus considered
as scales, which places them in Versluys’ sclerite group B.

Specimens were assigned to Group 5 based on the unusual
form of their colonies and polyps with respect to others in
Chrysogorgia s.l. The colony form in this group is generally
planar with a pinnate branching pattern, and in specimens with a
branched colony the main axis is more or less straight (Table 1).
Polyps are large, narrow and elongate (up to 20 mm), with long
tentacles that are always extended and never folded in toward the
mouth. Polyp body sclerites can be scales, or more often, long,
slender, needle-like forms; there are no rods. This group therefore
falls in two Versluys sclerite groups A and B. Morphological
Group 6 includes the nominal species C. abludo (Pante and
Watling, 2012), C. dendritica (Xu et al., 2020) and C. pinnata
(Cairns, 2001) (Supplementary Table 3).

Group 6 was assigned to specimens with a bottlebrush colony
form and a sclerite complement of only scales in the polyp
body and scales and sometimes small rods in the tentacle
region (Table 1 and Supplementary Table 2). Polyp body scales
tend to be figure-8-shaped and there is generally a median
constriction regardless of shape. Scales in the tentacle rachis
are always transversely arranged in a single series and are

often butterfly or bone shaped. In some species, there are
pairs of small rods, at the base of the tentacle, arranged either
side of the scale. Having scales and occasionally rods places
species assigned to Group 6 in Versluys’ sclerite group B or
C. This morphological group includes the nominal species
C. rigida (Versluys, 1902), C. artospira (Pante and Watling,
2012), C. campanula (Madsen, 1944) and C. tricaulis (Pante and
Watling, 2012) (Supplementary Table 3).

Assignment of Group 7 was based on the taxonomic
examination of C. cavea (Kinoshita, 1913) and C. geniculata
(Wright and Studer, 1889). Specimens assigned to Group 7 all
had a bottlebrush colony form with a regular 1/3L branching
sequence. The diagnostic character for this group is the presence
of extremely long pinnule sclerites, that are toothed on the
ventral margin. Pinnule sclerites in Chrysogorgia s.l. are usually
small scales, occurring singly or in bundles which are embedded
within the tissue of the pinnules. However, the characteristic
pinnule sclerites of Group 7 are so long that the tentacles
are always extended as opposed to being folded in toward the
mouth, allowing these sclerites to be easily seen under a stereo-
microscope. Polyp body and tentacle sclerites are scales only,
and rods and/or spindles are never present, corresponding with
Versluys’ sclerite group C (Table 1).

The Chrysogorgia s.s. clade was designated based on the
examination of the type species C. desbonni (Duchassaing and
Michelotti, 1864). Morphologically, this clade is characterized
by variable colony shape, including bi-flabellate forms. The
sclerite complement is rods and/or spindles only, placing this
group in Versluys sclerite group A. Sclerites in the polyp
body are transversely arranged and long, curved to conform
to the shape of the polyp body, while tentacle sclerites are
shorter and longitudinally arranged. This is the only group in
which polyp body sclerites are distinctly transversely arranged.
The coenenchyme sclerites in this group are also diagnostic,
resembling jigsaw pieces, which vary in length, robustness and
warty ornamentation on the surface, both within and between
species (Table 1 and Supplementary Table 2). Other nominal
species in this group include C. thyrsiformis (Deichmann, 1936),
C. fewkesii (Verrill, 1883) and C. multiflora (Deichmann, 1936)
(Supplementary Table 3).

Specimens were assigned to Dasygorgia s.s. based on the
taxonomic priority and characteristics of the type species
D. agassizii (Verrill, 1883). This morphological group is
characterized by bottlebrush colonies with variable branching
sequence. Polyp body sclerites are scales and rods and/or spindles
in the basal part of the tentacles, corresponding with the
Versluys’ sclerite group B. Other Chrysogorgia s.l. species that
fall into this group include C. comans (Kinoshita, 1913) and
C. orientalis (Versluys, 1902).

Molecular Results

Read and Assembly Statistics

The total number of raw reads ranged from 632,849 to 13,296,848
per sample (mean: 5,554,471 & 2,538,201 SD) (Supplementary
Table 4). Removing adapter contamination and low-quality bases
using Illumiprocessor reduced the number of reads per sample
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by 3.33-23.28%, resulting in a mean of 5,273,837 % 2,431,309 SD
trimmed reads per sample. Trimmed reads were assembled into
6,026 to 129,463 contigs per sample (mean: 45,076.81 £ 21,731.42
SD) with a mean length of 416.93 4 119.6 bp (range: 159.20-
685.20) using SPAdes (Supplementary Table 4). Contig coverage
ranged from 0.2-48.2% per sample. The highest percentage of
bases removed from Illumiprocessor (23.28%) and lowest contig
coverage after SPAdes assembly (0.2%), were obtained for the
same sample, N038, collected 20 years ago and with low quantity
(5.43 ng/pL) and quality (330 bp mean fragment length) DNA at
extraction. The oldest sample, S080, collected in 1959 had 12.75%
of bases removed and low coverage (1.9%) following SPAdes
assembly (Supplementary Table 4).

Locus Recovery

A total of 1,333 UCE loci (1,340 targeted) and 1,682 exon
loci (1,700 targeted) were recovered from assembled contigs.
Mean length of UCE and exon contigs were 1,063 & 438 bp
(range: 280-1,854 bp) and 1,041 £ 431 bp (range: 289-
1,800 bp), respectively. There was a significant difference
(Wilcoxon signed rank test: W = 5899, p < 0.001) between
the proportion of targeted UCE and exon loci recovered
from samples (Supplementary Figure 1). A significantly
higher proportion (Wilcoxon signed rank test with constraints:
V = 4647, p < 0.001) of UCE loci was recovered per
sample but locus recovery was variable with mean values
of 766 + 236 UCEs (range: 41-1,026 loci) and 892 + 279
exons (range: 40-1,208 loci). UCE and exon locus recovery
was significantly positively correlated with DNA extraction
concentration (p < 0.001, df = 94) and quality (p < 0.01,

df = 94), expressed as mean fragment length (bp) (Figure 2).
Locus recovery was also significantly negatively correlated
(p < 0.05, df = 94) with time since sample collection (Figure 2).
We recovered the lowest numbers of UCE and exon loci
from samples 50 and 60 years old, despite relatively good
quality and concentration of extracted DNA for the latter
sample (S080: 192 bp, 32.15 ng/pL). The 50-year-old sample
(N025) had very low quality and concentration (<100 bp,
0.08 ng/nL) DNA at extraction. 72 of the samples (75%)
in our set were degraded, with an average fragment length
of <300 bp, despite some having high DNA concentrations
(165-719 ng/uL) at extraction. Of these 72, 27 samples
(28%) were collected within the last 10 years. For the 24
samples (25%) which had high quality (330-17,312 bp) and
concentration (mean: 196 ng/pL) DNA at extraction, 11
samples (46%) were collected within the last 5 years. The
highest number of loci were recovered from a sample (S139)
collected 14 years ago with high quality and concentration
of DNA at extraction (3,440 bp, 94.26 ng/pL) (Figure 2 and
Supplementary Tables 1, 4).

Coverage averaged 0.4 to 278.4x, and 0.4 to 236.3x per
sample for the UCE and exon loci set, respectively. There
was no significant difference between the median coverage of
UCE (94.81x £ 66.07 SD) and exon (83.07x + 58.24 SD) loci
recovered from samples (Wilcoxon signed rank test: W = 4983.5,
p = 0.2145). Four samples had loci coverage of <2x for both
probe sets. Three of these samples (N025, N038, and S080) also
had the lowest recovery (<120) of loci. N025 and N038 were
characterized by very low quantity (<5.5 ng/pL), fragmented
(<330 bp) DNA, while S80 was collected 60 years ago.

>
W

1.00 1.00 1001
R=046,p=31e-06 R=021,p=0036 R=-024,p=0019
)
Q075 0.751
P
[}
8050 0501
W4 Yo
2 ~°
30251 ¢ 0.251
S i
..
0.001°* 0.001
0 200 400 600 0 5000 10000 15000
D
1.00 1.001 1.00

R=0.49 , p = 4.5e-07

Locus Recovery (exon)
o
[$))
o

0.001

R=0.23,p=0.023

R=-0.28 , p=0.0061

0 200 400 600 0
DNA concentration (ng/ul)

5000

FIGURE 2 | Spearman’s rank correlation between the proportion of loci recovered (A-C: UCE; D-F: Exon) and DNA extraction quantity (ng/pL) and quality (mean
base pairs) and time since sample collection (years) (A,D: p < 0.001; B,C,E,F: p < 0.05).

Mean base pairs

10000 15000 0 20 40 60

Collection time (yrs.)

Frontiers in Marine Science | www.frontiersin.org

January 2021 | Volume 7 | Article 599984


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Untiedt et al.

Target Enrichment of Chrysogorgia

Alignment Statistics

We generated alignment matrices consisting of UCE and exon
loci at 50% and 75% occupancy as well as concatenated matrices
at each of these occupancies. The alignment matrix generated
at 50% with UCE loci had a total of 1,000 loci with a trimmed
mean locus length of 686 bp and a total alignment length of
686,391 bp. The alignment matrix generated with the exon loci at
50% occupancy included 1,117 loci, with a trimmed mean locus
length of 704 bp and a total length of 786,239 bp. The alignment
matrix generated at 75% with UCE loci had a total of 389 loci with
a trimmed mean locus length of 731 bp and a total alignment
length of 284,292 bp. The alignment matrix generated with the
exon loci at 75% occupancy included 336 loci, with a trimmed
mean locus length of 733 bp and a total length of 246,168 bp. The
concatenated alignment matrix with both loci at 50% occupancy
had 2,117 loci with a mean locus length of 695 bp and a total
length of 1,470,231 bp. The concatenated alignment matrix with
both loci at 75% occupancy had 725 loci with a trimmed mean
locus length of 732 bp and a total alignment length of 530,460 bp.
The average percentage of parsimony informative sites across all
alignments was 35.43%.

Phylogenetic Analysis

Maximum Likelihood topologies produced using the 50 and
75% occupancy datasets were congruent overall (Figure 3).
Bootstrap support values were higher overall in the 50% ML
tree but in both topologies bootstrap values were 100% for
the majority of nodes (Figure 3). Analyses recovered 11 well-
supported clades of Chrysogorgia s.l, most of which were
congruent with the morphological groups assigned herein. Group
5 was the exception, with samples being divided among three
different clades. The clade representing morphological Group
1 was sister to all other morphological groups, which together
formed a second well-supported clade. Within the latter clade,
Chrysogorgia s.s. and Group 3 are sisters to one another and
diverge earliest from a third well-supported clade. A group of
specimens assigned to Group 5 are the earliest divergence in this
clade and sister to a fourth well-supported clade. Within this
clade, a group of specimens assigned to morphological Group
5 diverges first and is sister to a fifth well supported clade.
Group 7 is sister to Group 2 and Dasygorgia s.s and diverged
before Group 4 and Group 5 and 6, which together represent the
most recent lineage.

While specimens were initially assigned to morphological
Group 5 based on a broad set of characters, subsequent, detailed
morphological examination showed that there are morphological
differences which could account for the observed phylogenetic
patterns (Table 1 and Figure 3). Clade 5.1 contains a group
of specimens, collected from the Pacific, characterized by a
pinnate, planar colony form. Polyp body sclerites in this group
of specimens are always small, figure 8-shaped scales, while the
tentacles can have both rods and scales. The closely related Clade
5.2 contains a type specimen of C. abludo, a species known to
have variable colony form. Clade 5.2 also contains a specimen of
C. dendritica, with an arborescent colony having a nearly straight
main axis and specimen S151 is a planar, pinnate colony. Polyp
body sclerites differ from those in Clade 5.1 specimens, in that

the polyp body scales are of a highly irregular, ameboid shape
and tentacle sclerites are only needle-shaped spindles. Clade 5.3
contains type material of the deep-water species C. pinnata, a
planar, pinnate colony, and two other pinnate specimens, that
have only rods/spindle-shaped sclerites in the polyp body wall
and tentacles (Figure 3 and Supplementary Table 2).

Biogeographic Patterns

Representatives of Group 1 and Group 3 were collected from the
Atlantic, Pacific and Indian Oceans. Group 7, Group 2, and two
(5.1, 5.3) of the three clades of Group 5 were sampled exclusively
from the Pacific, while Chrysogorgia s.s. is an exclusively Atlantic
genus (Figure 3). All samples in these clades, were assigned to
the same Versluys sclerite group and the sclerite complement
was either rods and/or spindles only (A: “Spiculosae”) or scales
only (C: “Squamosae”). Diagnostic features related to the colony
form and sclerites were also established for these groups. In
contrast, groups with representatives from more than one ocean
basin tended to have variable colony form, branching sequence
and a mix of sclerite types (B: Squamosae abberantes”). Samples
from most groups were collected from a wide depth range (500-
2000 m). Chrysogorgia s.s., Dasygorgia s.s. and Group 3 were the
only groups containing samples collected from depths shallower
than 500 m. Only Group 5 (5.2, 5.3) and Group 6 specimens were
collected from depths exceeding 2000 m (Figure 3).

Recovery of mtMutS and 28S rDNA

We recovered mtMutS sequences, ranging from partial sequences
as short as 87 bp to the entire gene region (2,961 bp), from 50
individuals. We also recovered 96 rDNA sequences ranging from
partial 28S sequences as short as 141 bp to sequences as long as
2,890 bp that include not only 28S, but also portions of 18S and/or
5.8S. From the SPAdes assemblies, we also recovered whole
mitochondrial genomes for nine specimens and long regions
(>8k bp) for five others.

DISCUSSION

We have demonstrated that UCE and exon loci successfully
delimit a priori assigned morphological groups within
Chrysogorgia s.l, in most cases, and that some of these
groups are also well differentiated by depth and ocean basin.
We have also demonstrated that targeted enrichment of UCE
and exon loci can be successfully applied to older, museum
and fluid-preserved specimens of octocorals, although locus
recovery is highly variable and significantly related to specimen
age, DNA concentration and average fragment length of the
extracted DNA fragments.

Implications for Chrysogorgia Taxonomy

Specimens of Chrysogorgia s.l. were assigned to morphological
groups prior to sequencing based on characters, purported to
be taxonomically important and others which were identified
through extensive examination of specimens assigned to species
in the genus, including type material. The characters presented
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here are intentionally broad and do not detail the entirety of fine-
scale taxonomic detail used for species designation. Fine-scale
taxonomic characters used in the identification of Chrysogorgia
s.l. are complex and require expertise and technical jargon to
understand. A complete and thorough taxonomic revision is
needed to clearly define and document the full complement and
range of characters which delineate each group and importantly,
Chrysogorgia s.s.

In most instances, there was concordance between assigned
morphological groups and highly supported clades recovered
from the UCE + exon phylogeny. The exception was specimens
from Group 5, initially assigned to one group based on their
unusual features compared with all other Chrysogorgia s.1,
but which actually fall into three monophyletic clades in our
phylogeny. Taxonomic examination of Group 5 specimens a
posteriori clearly identified morphological features in colony
shape and sclerite complement of polyps and tentacles that
define each of these three clades. This highlights the value of
an integrated approach using phylogenetic analysis to guide
morphological taxonomy and reveal the homoplasious nature of
some characters. Similarly, a thorough taxonomic investigation
resulted in amended identifications of several samples, some
of which have been published under their previous species
identifications. DNA barcoding makes use of genetic variation
in short, standardized gene regions to aid species identification
(Hebert et al., 2003). Many of these studies make use of sequences
deposited to online repositories (e.g., BOLD, GenBank) which
are linked to vouchered specimens assigned a taxonomic
identification. If the morphological identification is incorrect or
out of date, the error is propagated, as it is associated with
a barcode that is then used to identify additional specimens
(Hubert and Hanner, 2015).

Overall, we recognize 11 molecular clades that are also defined
by specimen morphology; two of these clades have precedents
as Chrysogorgia s.s. and Dasygorgia s.s. The most complete
taxonomic treatment of Chrysogorgia s.l. is the monograph
published by Versluys (1902), in which he defines branching
sequence and suggests, based on the assertions of Wright and
Studer (1889), that Chrysogorgia s.I. could be split into three
groups on the basis of sclerite types in the polyps and tentacles.
He defines three groups: the “Spiculosae” (also called group A),
a grouping of species having rods or spindle shaped sclerites,
while the “Squamosae” (group C) have scale sclerites in these
regions. An intermediate group, the “Squamosae abberantes”
(group B) are defined by having scale sclerites in the polyp body
but rods in the tentacles. A fourth group, D, was established for
two species, C. upsilonia and C. tuberculata, which also have
a mix of sclerite types, as in group B, but have rods in the
polyp body and scales in the tentacles (Cordeiro et al., 2015).
This group has not been formally defined and is considered
herein as being part of Versluys’ group B, due to the mix of
sclerite types. Branching sequence and sclerite group (A, B, C)
are considered useful for distinguishing groups and species in
Chrysogorgia s.l., however, analyses reveal that they do not reflect
phylogenetic relationships. We found that branching sequence,
as defined by Versluys (1902), can be variable within a single
colony and often cannot be determined for planar or flabellate

colonies, or for fragments of whole bottlebrush colonies, resulting
in this character having limited taxonomic utility in Chrysogorgia
s.I. Six clades included specimens belonging to more than one
Versluys’ sclerite group, while for Group 2, Group 4, Group 7,
Chrysogorgia s.s. and Dasygorgia s.s. the same Versluys’ sclerite
group could be assigned to all specimens. There were also a few
discrepancies in the taxonomic literature with regards to sclerite
groups assigned to nominal species and in several cases, we found
that our assessment of sclerite groups differed from that assigned
previously. For example, C. dendritica is reported as belonging
to Versluys’ group A, but the polyp body contains scales, placing
this species in sclerite group B (Xu et al., 2020). Examination of
type specimens of C. spiculosa revealed the presence of scales in
the polyp body, classifying this species in group B, while in the
literature it has only been reported as a group A species (Versluys,
1902; Cairns, 2001). For clades where Versluys’ sclerite group was
consistent among all specimens, there were important additional
sclerite characters diagnostic for the clade. In both Chrysogorgia
s.s. and Group 2, sclerites are Versluys” group A (“Spiculosae”),
being rods and/or spindles only. In Chrysogorgia s.s. sclerites can
be both rods with rounded ends, and spindles, with acute ends,
and in the polyp body sclerites are long and curved, sometimes
robust and bearing lateral protuberances. In Group 2, sclerites
are always small rods of a standard size and shape, often sparsely
distributed in the polyp body. There is scope and need to revise
these sclerite groups and update their definitions to include these
nuanced characteristics for incorporation into the taxonomic
classification of new genera.

Our recognition of 11 morphologically defined groups
corresponding with clades recovered in the UCE + exon
phylogeny, considered to be putative genera, and 53 forms which
could not be matched to existing species, clearly demonstrates
the diversity within Chrysogorgia s.l. and highlights the need to
consider several complex character states in the revision of this
genus. It is clear that, not only the sclerite complement, but also
their arrangement, shape and distribution in the polyp body wall,
tentacle and pinnules are important characters distinguishing
lineages. Morphological characters defining groups are complex,
should be considered in combination, and some characters
are variable within groups as well as being shared between
groups (i.e., colony form and branching sequence). Different
families and genera of closely related octocorals are known to
share characters such as sclerite form and colony morphology
indicating that these characters can be homoplasious and are
not necessarily taxonomically important (Figueroa and Baco,
2014; Vargas et al., 2014). This further highlights the inherent
difficulty in the taxonomy of octocorals and the need to develop
integrated morphological and molecular approaches in revisions
and species designations.

There are several instances where specimens assigned to
the same nominal or putatively new species do not cluster
together, for example specimens C030, C062 and C028 in Group
1 identified as C. antarctica. From a molecular perspective
this could be due to introgressive hybridization or incomplete
lineage sorting (Quattrini et al., 2019). It is also possible that
the current morphological characters used are not diagnostic
enough to tease apart cryptic species. In other cases where
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several morphologically identified species group together (i.e.,
C. rotunda, C. papillosa, Chrysogorgia sp. 43), it is possible that
the morphological characters used are ‘over-splitting’ taxa, or
perhaps these characters are phenotypically plastic. A follow-
up study using species delimitation methods and quantitative
methods for defining morphological differences is necessary to
address these outstanding issues.

In a family level investigation, Pante et al. (2012) included
14 specimens of Chrysogorgia s.I. and found this group to be
monophyletic based on a concatenated mtMutS, coxl and 18S
region. Our sample set included five (C. chryseis, C. abludo,
C. pinnata, C. artospira and C. tricaulis) of the 14 Chrysogorgia
analyzed in the mtMutS, cox1 and 18S region phylogenetic study
of Pante et al. (2012), three of which were the same specimen.
While both studies recovered Chrysogorgia s.I. as monophyletic,
our a priori assigned morphological groups, recovered as
clades in our UCE + exon phylogeny were individually
monophyletic, in most cases. The most comprehensive phylogeny
for Chrysogorgia prior to our work is based on RAD-seq
data from 82 samples (Pante et al, 2015), assigned to one
of 12 mitochondrial haplotypes corresponding with discrete
morphologies. However it is difficult to compare their tree
against ours because theirs lacks species names or descriptions
of morphology (Pante et al, 2015). While mtMutS and 28S
regions were not explicitly targeted in our study, we did recover
some sequence data for most of our specimens. The ability
to coincidentally extract more commonly sequenced regions
during target enrichment of UCEs and exons has the added
advantage of enabling greater integration between studies using
Next Generation and Sanger sequencing.

Biogeography

We identified three groups that corresponded to single ocean
distributions. Chrysogorgia s.s. is an exclusively Atlantic genus
while Group 2, Group 5.1, 5.3 and Group 7 are exclusively Pacific
clades. Representatives of all other Groups were found in both the
Atlantic and Pacific Oceans, while only Group 1 and 3 contained
Indian Ocean samples as well. A connection between Atlantic
and Pacific Ocean Chrysogorgia s.I. based on the direction of
branching, Versluys sclerite group and mtMutS haplotypes has
been reported and hypothesized to have been sustained for
much of the evolution of Chrysogorgia s.I, based on species
with all major morphological characters being found in both
oceans (Pante and Watling, 2012). Region-specific lineages have
been found in other octocoral groups. Ellisellid and Melithaeid
clades were found to correspond more to geographic distribution
than to colony morphology (Bilewitch et al., 2014; Reijnen
et al., 2014). Most groups in the present study were collected
from a wide depth range (500-2000 m), indicating that they
have also successfully diversified across a broad bathymetric
gradient. There were, however, a few groups that displayed
differentiation in depth range. Chrysogorgia s.s., Dasygorgia s.s.
and Group 3 were the only groups which had specimens collected
from shallower than 500 m and only Group 5 and Group 6
specimens were collected from depths exceeding 2000 m. We
acknowledge that these observations are based on relatively
few samples, which could bias results. Further exploration and

sampling will more clearly elucidate patterns with depth and
geography. Nevertheless, depth and the environmental factors
that co-vary with depth have a significant influence on the
evolution and ecology of octocorals (e.g., Pante and Watling,
2012; Quattrini et al., 2013; Pante et al., 2015). Pante and Watling
(2012) investigated Chrysogorgia s.1. species from the Atlantic and
contended that the depth distribution of NW Atlantic species is
influenced by the nature of the substrate (hard vs. soft) which
can be inferred from the shape of the holdfast. Following formal
definition and description of the 11 candidate genera established
herein, future work should investigate the evolution and potential
habitat association of their morphology.

Utility of This Methodology

We successfully sequenced a high number (99%) of targeted
UCE and exon loci overall using an octocoral specific probe
set (Erickson et al, 2020). This is the first time that target
enrichment of UCE and exon loci has been applied to older
(collected > 30 years ago), fluid-preserved museum specimens
of octocorals. Here we extracted usable data from specimens
that were collected up to 45 years ago and even samples with
comparatively poor locus recovery still yielded a large amount of
data (e.g., N025: 50 years since collection; 41 and 40 loci for UCE
and exons, respectively). Target enrichment of UCE and exon
loci has been used in various other invertebrate and vertebrate
taxa held in museum collections, for a variety of specimen
ages, and histories of preservation and collection (McCormack
et al., 2016; Ruane and Austin, 2017; Wood et al., 2018; Tsai
et al, 2019). A major advantage of this method is that it can
accommodate short, fragmented DNA, inherent in museum
samples, that is otherwise a significant impediment for successful
Sanger sequencing (Derkarabetian et al., 2019; Tsai et al., 2019).
Our findings are significant for phylogenetic studies within the
Octocorallia, because the ability to sequence older, low quality
type and museum material, particularly for octocorals which
have little tissue, means that specimens previously unsuitable for
genetic studies in this group can now be examined. The difficulty
of sampling fresh octocoral specimens also necessitates reliance
on existing collections. Obtaining genetic information from
specimens in natural history collections and on which species
descriptions have been based is fundamental to documenting
and understanding biodiversity and evolutionary processes
(Yeates et al., 2016).

While our approach was highly successful, locus recovery
was still significantly negatively correlated with time since
collection of the specimen, DNA concentration and fragment
length. Declines in the quality and quantity of DNA over
time are mediated by enzymatic and biochemical processes
(Derkarabetian et al, 2019). Notwithstanding our statistical
results we found locus recovery to be highly variable. For
example, we recovered the lowest numbers of UCE and exon
loci from a sample collected 50 years ago and having a very
low quality and quantity of DNA at extraction, yet a sample
collected 10 years later (i.e., 60 years ago) had over double the
number of loci recovered and the concentration of DNA at
extraction was 30x higher than the 50 year old sample and more
than several other samples collected as recently as 7 years ago.
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Other factors such as collection practices, preservation history
and storage must play a part in the variability of these trends
(McCormack et al., 2016). In the past, collection and preservation
protocols for octocorals have sometimes employed an initial
fixation step using formalin, after which samples are transferred
to ethanol for long-term storage (Alderslade and Fabricius, 2001;
Etnoyer et al., 2006; Williams and Van Syoc, 2007). Fixation with
formalin is well documented to negatively affect both the quality
and quantity of DNA which can be obtained from biological
specimens (Sarot et al., 2017). Factors such as the duration of
exposure to the fixative and environmental conditions such as
temperature as well as the duration of the sampling event and
time spent on deck will contribute to the degradation of samples
and the challenges around extracting PCR-amplifiable DNA from
octocorals. All the samples used in this study had been stored in
ethanol, but the fixation history and other collection and curation
idiosyncrasies are unknown and generally not documented in
museum data, which inhibits our ability to understand their
effects on DNA analysis.

CONCLUSION

Our phylogenetic results form the basis to propose that
11 candidate genera, with specific morphologies, should be
recognized. The multi-locus approach used in this study has
significantly improved our understanding of diversity and will
guide the revision of this morphologically complex group. Fully
resolving the taxonomy of the Chrysogorgiidae will require a
comprehensive assessment of nominal species and candidate
genera. Because this study sequenced just a fraction of the species
of Chrysogorgiidae, more individuals and more putative species
will help elucidate species-level diversity within this family.
To help delimit species, combining coalescent-based and allele
frequency methods with SNP calling from the UCE and exon loci
will be considered for future work. Target locus enrichment for
octocorals will revolutionize systematics studies in this group and
facilitate resolution of deep phylogenetic relationships which is
not possible using mitochondrial regions and Sanger sequencing.
We also demonstrated that targeted bait enrichment of UCEs and
exons is suitable for obtaining sequence data from older, museum
and fluid preserved specimens.
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