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Abstract 30 

The distributions of anthozoan corals are under-characterized due to their wide bathymetric range, occurrences in 31 

remote locales, and difficulties of identification from morphology alone. Environmental DNA (eDNA) sequencing 32 

promises to be a non-invasive strategy to complement conventional approaches for mapping and monitoring coral 33 

communities. Primers for eDNA meta-barcoding have been designed to amplify nuclear and mitochondrial DNA 34 

barcodes in shallow scleractinians and mitochondrial MutS in deep-sea octocorals. However, a comprehensive method 35 

for eDNA meta-barcoding from all anthozoan corals, including black corals, has not been developed. We leveraged a 36 

sequence database of global coral collections, from shallow water to the deep sea, to design new PCR primers for 37 

coral eDNA sequencing that target the 28S rRNA gene. We tested the performance of these primers by amplifying and 38 

sequencing eDNA from water samples collected in the Gulf of Mexico near mesophotic and deep-sea corals that were 39 

also imaged, sampled, and sequenced. Sequencing libraries produced using the primers were highly enriched in coral 40 

eDNA, with up to 99.8% of the reads originating from corals. Further, the 28S barcode amplified using the primers 41 

distinguished coral genera. We recovered amplicon sequencing variants (ASVs) identical to DNA barcodes derived 42 

from Sanger sequencing and genome skimming of corals sampled at the same field sites. This new eDNA meta-43 

barcoding strategy permits targeted eDNA sequencing of black corals, octocorals, and scleractinians at sites where 44 

they co-occur and expands our current toolkit for mapping and monitoring coral communities in shallow coral reefs 45 

and the deep sea. 46 

 47 

Keywords: Environmental DNA, Biodiversity, Antipatharia, Scleractinia, Octocorallia, Ribosomal RNA  48 
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1. Introduction 54 

Anthozoan corals, including stony corals (Order: Scleractinia), black corals (Order: Antipatharia), and octocorals 55 

(Orders Malacalcyonacea and Scleralcyonacea), occur globally and are foundation species in shallow (less than 30 56 

meters depth), mesophotic (30 to 150 m), and deep-sea (> 150 m) benthic ecosystems (Cordes et al. 2008; Slattery 57 

and Lesser 2021). Mesophotic and deep-sea coral ecosystems are ecologically distinct from shallow reefs yet face 58 

similar threats, including invasive species, ocean warming, pollution, destructive fisheries, and other bottom-59 

damaging activities (Koslow et al. 2000; Fisher et al. 2014; Etnoyer et al. 2016; Rocha et al. 2018). Developing novel 60 

methods that can rapidly assess the distributions of coral communities with meaningful taxonomic resolution will 61 

expedite the assessment of coral biogeography, diversity, and resilience.  62 

Environmental DNA (eDNA) sequencing complements conventional methods for assessing biodiversity and the 63 

distribution of invasive and ecologically important invertebrates in marine habitats, including corals (Everett and Park 64 

2018; West et al. 2020; Dunn et al. 2022, Nishitsuji et al. 2023). Water sampling for eDNA analysis is inherently non-65 

destructive and thus is well suited for monitoring marine protected areas and areas where past disturbances have 66 

impacted deep-sea corals with slow growth and recovery rates. The most often used eDNA sequencing method is 67 

eDNA meta-barcoding, wherein a DNA barcoding gene is amplified and sequenced from an environmental sample. 68 

eDNA meta-barcoding may be conducted using PCR primers that amplify DNA barcodes from specific taxa (e.g. 69 

Miya et al. 2015) or all metazoans (e.g. Leray et al. 2013). With a comprehensive reference database for a taxon of 70 

interest, primers can be designed to amplify taxonomically informative regions not yet amplified by other eDNA meta-71 

barcoding protocols. Thus, taxonomically specific primers are necessary for generating sequencing data that can be 72 

used to assess coral diversity at a taxonomic resolution comparable to established methods that do not involve physical 73 

sampling (e.g. video transects). 74 

Multiple primer sets have been designed to amplify taxonomically informative eDNA nuclear and mitochondrial 75 

DNA barcodes in shallow scleractinians (Brian et al. 2019; Nichols and Marko, 2019; Alexander et al. 2020; Shinzato 76 

et al. 2021) and the mitochondrial MutS gene (mtMutS) in deep-sea octocorals (Everett and Park, 2018). Due to a slow 77 

rate of evolution in octocorals and scleractinians, mitochondrial barcoding genes are not taxonomically informative 78 

across all orders of anthozoan corals (McFadden et al. 2011). Furthermore, mtMutS is not present in black corals or 79 

scleractinians, precluding the use of this gene for comprehensive anthozoan meta-barcoding (Shimpi and Bentlage 80 

2023). Nuclear ribosomal RNA (rRNA) genes encode for the small (18S rRNA) and large (5S, 5.8S and 28S rRNA) 81 
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subunits of the ribosome and are present in tandem repeats that occur in many copies in the eukaryotic nuclear genome. 82 

Due to their high copy number, like mitochondrial genes, nuclear rRNA genes have also been targeted for eDNA meta-83 

barcoding. In anthozoan corals, 28S has been sequenced in previous phylogenetic studies and has shown utility in 84 

discriminating taxa (e.g. Barbeitos et al. 2010; Brugler and France 2013; McFadden et al. 2014; Cairns and Wirshing 85 

2015).  86 

Here, we leveraged a database of sequences from global coral collections with broad bathymetric distributions 87 

(from shallow reefs to over 2,000 meters depth) to design new eDNA primers for meta-barcoding a taxonomically 88 

informative region of 28S rRNA gene in all anthozoan corals. We assess the specificity of the primers to Anthozoa 89 

and the ability of the amplified DNA barcode to discern taxonomic relationships both in silico and through the meta-90 

barcoding of field samples collected at mesophotic and deep-sea coral communities in the northwestern Gulf of 91 

Mexico. Furthermore, we investigate the utility of this novel nuclear eDNA meta-barcoding sequencing approach for 92 

anthozoan coral biodiversity assessment by pairing eDNA sampling with video observation and sequencing coral 93 

specimens collected at the same field sites.  94 
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2. Methods 95 

2.1 Barcode Sequence Data Compilation 96 

We obtained 28S sequences from 1) a target-capture enrichment genomic dataset of global coral collections 97 

(Quattrini et al. 2020) and 2) samples of various mesophotic and deep-sea coral species collected in the northwestern 98 

Gulf of Mexico (GoMx). 99 

Quattrini et al. (2020) conducted target-capture phylogenomic sequencing of anthozoans collected from the 100 

Atlantic, Indian, Pacific, and Southern Ocean basins. Partial contig assemblies from each specimen sequenced by 101 

Quattrini et al. (2020) were transformed into local BLAST (Altschul et al. 1990) databases, and BLASTN searches 102 

(Hexacorallia: -evalue .5; Octocorallia: -evalue 1e-5, -max_target_seqs 5 -max_hsps 5) were executed using 28S query 103 

sequences from a range of anthozoan species downloaded from GenBank. Out of the 28S blast results for each 104 

specimen, those with the highest bit scores, lowest e-values, and minimum match lengths of 3,000 nt. were selected. 105 

Sequences were aligned by their taxonomic group (Octocorallia, Antipatharia, and Scleractinia) using MAFFT online 106 

v7 (Katoh and Standley 2013), visually adjusted, trimmed, and exported using AliView v1.26 (Larsson 2014).  107 

Mesophotic and deep-sea corals were collected from the Gulf of Mexico from depths of 53 to 1,850 m during 108 

remotely operated vehicle (ROV) dives from 2018 to 2021 (Table S1). Samples from the Flower Garden Banks 109 

National Marine Sanctuary were collected under permits FGBNMS-2017-007-A2 and FGBNMS-2019-003-A2 to 110 

S.H. DNA was extracted from these specimens using a salting-out protocol 111 

(dx.doi.org/10.17504/protocols.io.bypypvpw). An ~810 base pair (bp) sequence of 28S was amplified and Sanger-112 

sequenced from 48 octocoral and black coral species using previously published primers (McFadden and Ofwegen, 113 

2012). Further detail is provided in the Supporting Information. 114 

 115 

2.2 Primer design 116 

Sequences from the target-capture dataset (143 sequences) and the Sanger sequencing data generated from 117 

the GoMx samples (48 sequences) were aligned using Clustal Omega (Sievers et al. 2011) and the default parameters 118 

in Geneious Prime version 2022.1.1 (https://www.geneious.com). Primers were designed to amplify a ~400 bp 119 

variable region of the trimmed alignment (Fig. 1). Black corals and octocorals share substantial sequence similarity 120 

at the forward primer sequence such that a single forward primer could be designed for both groups. However, a 121 
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second primer set needed to be designed specifically for scleractinians due to divergence in scleractinian sequences at 122 

the forward primer binding site as compared to octocorals and black corals. 123 

 124 

 125 

Figure 1: Sequence alignment of the barcoding region of the 28S targeted for eDNA meta-barcoding from a selection 126 

of zoantharian, octocoral, black coral, and scleractinian species. The similarity of the aligned sequences was calculated 127 

as the percent identity shared at each position across all sequences. The scale bar represents the number of substitutions 128 

per site. The tree is rooted at the node representing the most recent common ancestor of hexacorals and octocorals. 129 

 130 

Black coral and octocoral barcode sequences were aligned separately from scleractinians using MUSCLE 131 

(Edgar, 2004) and the default parameters in Geneious. Primers for black corals and octocorals were designed to 132 

complement the 95% consensus sequence of the aligned sequences using Primer 3 (Untergasser et al. 2012; Version 133 

2.3.7) in Geneious. Melting temperatures of candidate primers were calculated using the formula from Santa-Lucia 134 

(1998), with a 2 mM concentration of divalent salt cations (MgCl2), an oligo concentration of 50 nM, a 0.2 mM 135 

concentration of dNTPS, and a 50 mM concentration of monovalent salt cations. The minimum, optimal, and 136 

maximum primer lengths, melting temperatures, and GC% were 18, 20, and 22 bp; 55, 60, and 65 degrees C; and 35, 137 

50, and 65%, respectively. A GC clamp of 1 bp was set, and the maximum polynucleotide run was limited to 3 bp. 138 

Primers were designed to the alignment of scleractinians using the same parameters as for black corals and octocorals. 139 
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Forward and reverse primer pairs were chosen with a preference for primers with a C or G in 3 of the 5 nucleotides at 140 

the 3-prime ends of the forward primer sequences to increase specificity to the target (Andruszkiewicz et al. 2020).  141 

We introduced ambiguities into the forward primer sequence for black corals and octocorals to complement 142 

single nucleotide polymorphisms (SNPs) in sequences of black corals and the primnoid octocorals Callogorgia 143 

gracilis and Paracalyptrophora carinata that occur in the northwestern Gulf of Mexico. We introduced additional 144 

ambiguities into the forward primer sequence for scleractinians to complement SNPs present in the sequences of the 145 

deep-sea genus Enallopsammia, and the shallow Western Atlantic genera Orbicella and Montastraea. Primers with 146 

and without CS1 and CS2 Illumina universal adapters were synthesized by Eurofins Genomics using standard 147 

desalting. The 28S forward and reverse primer sequences were synthesized as mixtures with 50% of each nucleotide 148 

at each ambiguous position. We refer to the primers designed to target black coral and octocoral sequences as Anth-149 

28S-eDNA, to reflect their broader diversity of targets and the primers designed to scleractinian sequences as Scler-150 

28S-eDNA.  151 

  152 
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Table 1: Primer sequences designed for anthozoan coral eDNA meta-barcoding at the nuclear 28S gene. The Anth-153 

28S-eDNA primers were designed to target black coral and octocoral sequences, and the Scler-28S-eDNA primers 154 

target scleractinian sequences. For meta-barcoding, the forward and reverse primers were synthesized with CS1 and 155 

CS2 universal adapters, respectively, at the 5’ ends to facilitate the binding of Access Array (Standard BioTools) 156 

indices unique to each sample during library preparation. The CS1 universal adapter is 5’-157 

ACACTGACGACATGGTTCTACA-3’, and the CS2 universal adapter is 5’-TACGGTAGCAGAGACTTGGTCT-158 

3’. The %GC content reported for primers with ambiguities is the average of the possible primer sequences. 159 

Primary target 

taxa 

Primer sequences Tm %GC 

Antipatharia and 

Octocorallia 

Anth-28S-eDNA-F: 5’–CGTGAAACCGYTRRAAGGG–3’ 55.7 – 

62.3°C 

56.3% 

Anth-28S-eDNA-R: 5’–TTGGTCCGTGTTTCAAGACG–3’ 59.9°C 50% 

Scleractinia Scler-28S-eDNA-F: 5’–AKGGAAACGAATGGRCTMAG–3’ 54.0 – 

61.1°C 

47.1% 

Scler-28S-eDNA-R: 5’–TCCTTGGTCCGTGTTTCAAG–3’ 59.3°C 50% 

 160 

2.3 Reference database compilation 161 

Low coverage whole-genome sequencing (genome skimming) data were generated from specimens collected 162 

in the Gulf of Mexico following the methods described by Quattrini et al. (2023). Several of these specimens were 163 

also barcoded with Sanger sequencing. Briefly, DNA extractions were cleaned with a PowerClean Cleanup Pro Kit 164 

(Qiagen) following the manufacturer’s protocol. Genomic DNA was enzymatically sheared, and libraries were 165 

prepared using the NEBNext Ultra II FS DNA Library Prep Kit for Illumina (New England Biolabs, Ipswich, MA). 166 

Libraries were sequenced with 150 bp paired end reads on an Illumina NovaSeq. Read pairs were quality-filtered and 167 

trimmed using Trimmomatic (Bolger et al. 2014) and merged using BBMerge (Bushnell et al. 2017) in Geneious Prime 168 

version 2023.1.2 using the default settings. Merged reads were aligned with the Map to Reference function to a 169 

complete rRNA operon sequence extracted from the Xenia sp. NCBI reference genome (scaffold NW_025813507.1) 170 

and a sequence of Cladopathes cf. plumosa from Barrett et al. 2020 that includes 18S, ITS1, 5.8S, ITS2 and the majority 171 
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of 28S. Consensus sequences from the assemblies were generated with a 90% identity threshold at each position, and 172 

the barcoding region was extracted from these consensus sequences. See Quattrini et al. (2023) for further 173 

methodological details.   174 

To supplement the sequences generated in this study, we also compiled 28S sequences from GenBank that 175 

aligned with the 28S barcode. GenBank was queried using the terms “Antipatharia”, “Octocorallia” or “Scleractinia” 176 

and “28S” or “large subunit”. The resulting sequences were aligned with sequences generated in this study using 177 

Clustal Omega with default parameters, trimmed to the alignment, and extracted for inclusion in the reference 178 

sequence database. 179 

To compare results using 28S to mtMutS for octocoral eDNA analyses, octocoral mtMutS sequences were 180 

downloaded from GenBank using the search terms “Octocorallia” and “mutS” or “msh1”. Predicted amplicons using 181 

the mtMutS primers were extracted from these sequences with cutadapt by setting the forward primer and the reverse 182 

complement of the reverse primer as linked adapters with a minimum overlap of 20 bp and a maximum of 2 allowed 183 

mismatches to either primer.  184 

 185 

2.4 In silico Assessments of Primer Complementarity and Taxonomic Resolution of the 28S rRNA Barcode 186 

To determine the complementarity of the designed primers to the compiled coral 28S barcode reference 187 

sequences, reference barcode sequences were imported into Geneious Prime, and the primers were queried against 188 

them, allowing two possible mismatches using the “Add Primers to Sequences” function. Annotations of the primer 189 

matches to the 28S barcode reference sequences for the Anth-28S-eDNA and Scler-28S-eDNA primers were exported 190 

as .csv files and joined with metadata for each sequence using the tidyverse packages (Wickham et al. 2019) in R 191 

v4.1.3.  192 

To determine the taxonomic resolution of the 28S barcodes amplified using the primers, predicted amplicons 193 

were extracted from the reference sequences using cutadapt with primer sequences set as required linked adapters 194 

with two possible mismatches to either the forward or reverse primer. 28S barcodes identified from the reference 195 

sequence database using the Anth-28S-eDNA primers (for Octocorallia and Antipatharia) and the Scler-28S-eDNA 196 

primers (for Scleractinia) were separately aligned in Geneious using MAFFT and the default settings. Pairwise percent 197 

identities were calculated between all 28S barcode sequences and exported as .csv files. The pairwise identity matrix 198 
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was analyzed in R using the tidyverse packages and visualized using the pandas, seaborn, and matplotlib.pyplot python 199 

v3 libraries.  200 

To compare to 28S, we also determined the taxonomic resolution of the mtMutS barcodes amplified with the 201 

primers described in Everett and Park (2018). Barcodes were aligned with MAFFT and pairwise identities were 202 

calculated as for the 28S barcodes. To minimize the influence of misidentified specimens, we only included sequences 203 

from samples identified to the species level.  204 

 205 

2.5 in silico Assessment of 28S Primer Specificity to Anthozoan Corals 206 

To assess the specificity of the two primer sets to 28S sequences of anthozoan corals, we used cutadapt to 207 

identify potential PCR products from the SILVA ribosomal large subunit (LSU) dataset (version 138.1; 208 

https://www.arb-silva.de/), which is a curated reference database of prokaryotic and eukaryotic ribosomal RNA 209 

sequences. The primer sequences were set as required linked adapters and cutadapt was run with 0, 1 and 2 mismatches 210 

to either the forward or reverse primer (i.e. the “-e” flag was set to 0, 1 or 2). The minimum overlap was set to 19 211 

bases (equal to the shortest primer sequence). Sequences that did not match were excluded from the output. Predicted 212 

amplicons were visualized by taxa and sequence length in R using ggplot2. 213 

 214 

2.6 Testing the Performance of the 28S Primers with eDNA Samples from the Gulf of Mexico 215 

To test the performance of the 28S primers, we meta-barcoded 46 field-collected eDNA samples from seven 216 

sites in the northwestern Gulf of Mexico at depths between 55 to 530 meters (Figure 2). Samples were collected 217 

during Remotely Operated Vehicle (ROV) dives or Niskin bottle rosette casts during expedition PS22-04 in August 218 

2021 aboard the R/V Point Sur. We tested the Anth-28S-eDNA primers on water samples taken near mesophotic coral 219 

communities south of Stetson Bank, east of Bright Bank, and on Bright Bank within the Flower Garden Banks National 220 

Marine Sanctuary (FGBNMS). We also tested the Anth-28S-eDNA primers on water samples taken near deep-sea 221 

coral communities at Bureau of Ocean Energy and Management (BOEM) designated lease blocks GC354 and VK826. 222 

We tested the previously developed primers by Everett and Park that amplify mtMutS on the same samples (Everett 223 

and Park 2018). The Scler-28S-eDNA primers were tested on water samples collected from mesophotic coral 224 

communities at East Flower Garden Bank (EFGB), east of Bright Bank, and VK826. 225 
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 226 

Figure 2: (A) eDNA sampling sites (white points) across the Northern Gulf of Mexico. Water sampling was conducted 227 

with Niskin bottles during remotely operated vehicle (ROV) dives and Niskin bottle rosette (CTD) casts. Bathymetry 228 

data is from the Global Multi-Resolution Topography Data Synthesis (GMRT.org), and contours represent 100-meter 229 

isobaths. EFGB stands for Eastern Flower Garden Bank. (B) At Bright Bank and to its east, eDNA samples were 230 

collected at three proximate sites at differing depths. Navigational fixes during ROV dives are shown in black and 231 

intersect contour lines. The spatial extent of the highlighted area on the right is indicated as the yellow shaded area on 232 

the map of Bright Bank on the left panel. Bathymetry data is from the USGS Multibeam Mapping of Selected Areas 233 

of the Outer Continental Shelf, Northwestern Gulf of Mexico (https://pubs.usgs.gov/of/2002/0411/index.html). 234 

Contours represent 10-meter and 2-meter isobaths. Sampling sites at EFGB and at 67 and 85 meters depth at Bright 235 

Bank were conducted within the boundaries of the Flower Garden Banks National Marine Sanctuary (highlighted in 236 

red).  237 

 238 

2.6.1 eDNA Sampling During ROV Dives 239 

Seawater was sampled during ROV dives using 1.7L General Oceanics Niskin bottles (Model 1010) mounted 240 

to the port side of the ROV Global Explorer (Oceaneering, Houston, TX). Two to four Niskin bottles were remotely 241 
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triggered at a time to collect replicate water samples at the seafloor near corals seen in video. Once the ROV was 242 

recovered, water from each Niskin was drained through rubber tubing into a sterile, 2L stand-up Whirl Pak bag 243 

(Nasco). The seawater was then filtered over a 0.22 μm pore size polyethersulfone Sterivex filter using a Masterflex 244 

L/S peristaltic pump with Easy Load II pump heads and Masterflex L/S 15 platinum-cured silicone tubing. The 245 

Sterivex filter was connected to the tubing via a luer-lock nylon barb, and the pump was set to 100 RPM. The effluent 246 

was collected in a bucket, and the volume filtered was measured using a graduated cylinder. The average filtered 247 

volume was 0.92 ± 0.15 (SD) liters. Once the entire volume was filtered, the Sterivex filter was placed in a Sterile 248 

Whirl-Pak and frozen at -80°C. The filters were transported back to the laboratory at Lehigh University on dry ice and 249 

stored at -80°C prior to DNA extraction. 250 

 251 

2.6.2 eDNA Sampling Using a Niskin Bottle Rosette 252 

In the evenings after ROV dives were completed, conductivity, temperature, and depth (CTD) casts were 253 

conducted at ROV dive sites at Bright Bank and VK826 using a Seabird 911plus CTD unit on a Niskin bottle rosette 254 

with twelve ~12 L General Oceanics and Ocean Test Equipment Niskin bottles. The ship was moved to the position 255 

on the seafloor of eDNA sampling during ROV dives, and the Niskin bottle rosette was lowered to the seafloor. 256 

Altitude from the seafloor was measured with an altimeter, and water samples were collected in duplicate or triplicate 257 

by remote triggering of the Niskin bottles as close to the seafloor as possible and at intervals in altitude from the 258 

bottom. After recovery of the rosette, samples were processed and preserved in the same way as the samples from 259 

Niskins mounted to the ROV, except that filtration was conducted directly from the Niskin bottle rather than after 260 

transferring the water to a Whirl-pak. To sample directly from Niskin bottles, a short segment of bleach-sterilized 261 

Masterflex L/S 24 C-flex tubing was connected to the bottle’s petcock and stepped down to the L/S 15 tubing via a 262 

bleach-sterilized nylon barbed straight reducer. The average volume of the samples collected from these two casts was 263 

3.3 ± 0.4 (SD) and 5.0 ± 0.7 (SD) liters, respectively.  264 

After each sampling day, a sampling negative control was run by pumping 1 liter of high-purity water over 265 

a Sterivex filter using the sampling equipment sterilized for that day. This sampling negative control was treated in 266 

the same manner as the field samples to monitor for any potential sources of contamination in the field. A detailed 267 

description of efforts taken to mitigate the risk of sampling and laboratory contamination is included in the Supporting 268 

Information (Section 1.3). 269 
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 270 

2.6.3 eDNA Extraction and Metabarcoding Library Preparation 271 

DNA was extracted from the frozen Sterivex filters using the Qiagen DNEasy Blood and Tissue Kit with a 272 

modified protocol for extraction from the filter capsule. This method was first described by Spens et al. (2017), and 273 

modifications were subsequently detailed by Govindarajan et al. (2022). DNA was eluted in 100 μL of Qiagen Buffer 274 

AE. Sampling negative controls from each site were extracted alongside eDNA samples, and these extracts were also 275 

subjected to PCR, and any amplicons were sequenced. 276 

Samples collected from mesophotic sites were amplified via PCR using the Anth-28S-eDNA-F primer 277 

without the R ambiguity at the 14th nucleotide, since we did not expect to recover eDNA from deep-sea 278 

scleralcyonaceans from these samples. To amplify mtMutS using the primers designed by Everett and Park (2018) 279 

from samples collected at GC354 and VK826, we used a 50/50 mix of the published reverse primer and a second 280 

reverse primer (5’-CAGTCTTCTAAATTGCAACCGGGAGAATA-3’). This primer is complementary to sequences 281 

of coralliid octocorals that occur at deep-sea depths (M. Everett, personal communication). 282 

Duplicate PCR reactions were performed for each eDNA extraction. The reactions consisted of 2 μL of DNA, 283 

10 μL of 2X Platinum SuperFi II MasterMix (ThermoFisher), 2 μL of each of the forward and reverse primers with 284 

CS1/CS2 universal adapters diluted in molecular grade water to 10 μM (final reaction concentration 1.0 μM), 0.6μL 285 

of 50 mM MgCl2 (final concentration 3.25 mM), and 3.4 μL of molecular-grade water. For the 28S rRNA primers, 286 

cycling conditions were as follows: initial denaturation at 98°C for 30 seconds; then 15 cycles of denaturation at 98°C 287 

for 10 seconds, the touchdown annealing step from 70°C to 56°C for 10 seconds, and elongation at 72°C for 15 288 

seconds; followed by 25 cycles of denaturation at 98°C for 10 seconds, annealing at 55°C for 10 seconds, and 289 

elongation at 72°C for 15 seconds; and a final elongation at 72°C for 5 minutes. For the mtMutS primers, 30 cycles 290 

with an annealing temperature of 55°C following the touchdown cycles were performed to enhance amplification. 291 

PCRs were performed in 96 well-plates, and duplicate PCR negative controls (NTCs) were conducted in each plate of 292 

PCR reactions, carried through library preparation, and sequenced. Amplification success was assessed through 293 

electrophoresis by running 4 μL of each PCR product on a 1% agarose TBE gel stained with GelRed at 110V until the 294 

sample ran nearly to the entire gel length. Amplification success was scored based on the relative intensity of the band 295 

across samples and the visualization of any off-target products, as compared to the band corresponding to the predicted 296 

amplicon size. After visualization, the duplicate PCR products from each sample were pooled. Pooled PCR products 297 
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were shipped to the Rush University Genomics and Microbiome Core Facility (GMCF) (Chicago, Illinois, USA) on 298 

dry ice for all subsequent library preparation steps and sequencing.  299 

At GMCF, a second PCR was conducted to ligate unique indices to the pooled PCR products from each 300 

sample. This PCR reaction was conducted in 10 μL reactions with 5 μL of 2X repliQa HiFi ToughMix (QuantaBio, 301 

Beverly, MA, USA), 1 μL of the PCR product, 2 μL of the unique barcode index from the Access Array Barcode 302 

Library for Illumina (Standard BioTools, South San Francisco, CA), and 2 μL of molecular-grade water. Cycling 303 

conditions were as follows: initial denaturation at 98°C for 2 minutes; then 8 cycles of denaturation at 98°C for 10 304 

seconds, annealing at 60°C 1 minute, and elongation at 68°C for 1 minute. Indexed, pooled PCR products from each 305 

sample were combined, cleaned using a 0.6X ratio of AMPure beads (Beckman Coulter, Indianapolis, IN), visualized 306 

on a TapeStation (Agilent Technologies, Santa Clara, CA), and further size-selected using Blue Pippin (Sage Science, 307 

Beverly, MA). The target fragment length was on average 541 bp, including the primers, universal adapters, and 308 

Access Array indices. Libraries were first pooled and sequenced with equal volumes of each sample (2 μL) on an 309 

Illumina MiniSeq (150 bp paired-end reads) with a 15% phiX spike-in. For subsequent sequencing on an Illumina 310 

MiSeq, the volumes of each library in the pool were adjusted based on the comparative number of reads each sample 311 

produced from the MiniSeq run. The goal was to normalize the number of reads produced across all samples. Only 1 312 

μL of sampling negative controls and PCR no-template controls were sequenced in the MiSeq run since these samples 313 

did not produce visible amplicons and yielded comparatively fewer reads than the eDNA samples in the MiniSeq run. 314 

Volume-adjusted libraries were pooled and re-sequenced on an Illumina MiSeq with v3 chemistry (300 bp paired-end 315 

reads) and a 15% phiX spike-in. 316 

 317 

2.6.4 Bioinformatics Analysis 318 

First, FASTQC (Andrews 2010) and MultiQC (Ewels et al. 2016) were used to summarize read quality and 319 

counts across the samples. Primers anchored to the 5’ ends of the forward and reverse reads were trimmed from the 320 

sequences using cutadapt (Martin 2011) with a minimum overlap of 5 bases and the default settings otherwise. The 321 

reverse complement of primers at the 3’ end was also trimmed if it was identified. Untrimmed read pairs were excluded 322 

from subsequent analysis. Sequences were processed using the DADA2 pipeline (Callahan et al. 2016) to infer error-323 

corrected amplicon sequence variants (ASVs) from the sequencing data. For filtering and quality trimming, forward 324 

reads were trimmed to 250 bases in length, reverse reads were trimmed to 175 bases in length, and the maximum 325 
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number of expected errors per read was set to 2. Denoising, wherein errors are inferred and corrected based on the 326 

error profile of the sequencing libraries, read pair merging and chimera identification and removal were conducted 327 

using the default settings. A remote BLASTN search was conducted to query the denoised ASVs against the entire 328 

GenBank nucleotide database. The hits were filtered from the resulting BLAST searches to identify denoised ASVs 329 

derived from anthozoan coral eDNA. ASVs were identified as derived from coral if the top hit (according to the lowest 330 

e-value) of the ASV was to a black coral, scleractinian or octocoral, and the ASV sequence was >90% identical to the 331 

subject sequence across its length. The ASV table output from DADA2 was then filtered to ASVs identified as corals 332 

and further curated using the LULU algorithm and a minimum match percent identity of 95% (Frøslev et al. 2017).  333 

 334 

2.6.5 Taxonomic Classification of Coral Amplicon Sequence Variants 335 

From the sequences generated in this study and those downloaded from GenBank, a reference database of 336 

barcode sequences (N = 735; Table S2) of anthozoan corals, a zoantharian, several corallimorpharians, and an 337 

anemone was created for the taxonomic classification of 28S anthozoan coral ASVs using the assignTaxonomy and 338 

addSpecies functions in DADA2. The reference barcode sequences were included in a .fasta file with the required 339 

header format for the assignTaxonomy function. A second .fasta file was compiled from sequences of coral species 340 

recorded in the western North Atlantic with the required header format for the addSpecies function, which classifies 341 

ASVs to the species level if a 100% identical match to a sequence in the reference database is identified. Sequences 342 

of corals not identified to the species level (e.g. Bebryce sp.) were only included in this file if it could be verified that 343 

they were collected from the western North Atlantic. The species distributions in the reference database were assessed 344 

using the OBIS database (obis.org). Questionable occurrence records, for example, single occurrences of species in 345 

genera known otherwise exclusively from the Pacific, were not considered valid. Both the .fasta files for 346 

assignTaxonomy and addSpecies were trimmed to the target barcode region amplified using the Anth-28S-eDNA and 347 

Scler-28S-eDNA primers using cutadapt with 2 mismatches to create separate reference files for each of these primer 348 

sets.  349 

Another reference database was created for the taxonomic classification of octocoral mtMutS ASVs to 350 

compare to the 28S rRNA data. For the 5,068 MutS barcodes extracted from sequence data downloaded from GenBank 351 

(Table S3; discussed in section 2.4), the taxonomic hierarchy for each sequence was gleaned from WoRMS using the 352 

taxize package in R (Chamberlain and Szocs 2013), and a .fasta file with the taxonomy in the required header format 353 
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was created for the assignTaxonomy function. Thirty-five additional mtMutS sequences from octocoral mitochondrial 354 

genomes were assembled and annotated from the genome skimming data (see Section 2.3) using MitoFinder (Allio et 355 

al. 2020). Together, with an additional mtMutS sequence for Chelidonisis aurantiaca mexicana generated by Quattrini 356 

et al. (2013), these sequences were aligned, trimmed to the region amplified by the octocoral eDNA primers, and 357 

properly formatted to determine 100% matches to corals collected from the Gulf of Mexico using the addSpecies 358 

function.  359 

For both datasets, 28S and mtMutS, ASVs were recovered with identical sequences to that of Thesea nivea. 360 

However, due to the uncertainty of the taxonomic placement of Thesea at the family level (Family: Malacalcyonacea 361 

incertae sedis), these ASVs were not classified beyond the order level. The taxonomic identity of these ASVs was 362 

manually assigned as Thesea nivea for analyses of the taxonomic composition of eDNA samples. 363 

 364 

2.6.6 Meta-barcoding Data Analysis and Visualization 365 

To visualize phylogenetic relationships, 28S barcode sequences were aligned using MAFFT and the default 366 

parameters in Geneious Prime. Maximum-likelihood phylogenetic trees were then created using IQTree (Nguyen et 367 

al. 2015) with ModelFinder (Kalyaanamoorthy et al. 2017). ASV tables and taxonomic assignments generated from 368 

the bioinformatic pipeline were analyzed in R using the tidyverse packages. To remove sequence reads that may have 369 

resulted from sampling or laboratory contamination, the maximum number of sequences enumerated in any negative 370 

control sample (sampling negative controls, target-specific PCR no-template controls, and library prep. PCR no-371 

template controls) was determined for each genus from each sampling location and in each sampling replicate. If the 372 

number of reads from a sample replicate did not exceed the maximum for that genus in the negative controls, those 373 

reads were removed from the dataset for analyses. The maximum number of reads in any negative control sample for 374 

a genus was 18 reads, which were classified as the genus Lateothela. We detected several ASVs classified to deep-375 

sea or mesophotic taxa in samples outside their plausible depth range with few read numbers (maximum = 11 classified 376 

as Desmophyllum dianthus). Thus, we also removed ASVs detected with sequencing read abundances equal to or less 377 

than 11 from each sample to correct for implausible detections likely derived from cross-contamination. Bar plot 378 

visualizations of eDNA read abundances and their classifications to the genus level across eDNA samples were 379 

generated using ggplot2. 380 

 381 
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3. Results and Discussion 382 

3.1 The 28S metabarcoding primers are broadly complementary to anthozoan coral sequences. 383 

We analyzed the complementarity of the Anth-28S-eDNA and Scler-28S-eDNA primers to anthozoan coral 384 

sequences generated in this study and downloaded from GenBank (Table S2). The Anth-28S-eDNA primers are 385 

broadly complementary to black coral, octocoral, and scleractinian sequences. The Anth-28S-eDNA primers are 386 

complementary with zero mismatches to all 68 black coral barcode sequences analyzed. These sequences represent 387 

all seven recognized black coral families and 22 accepted genera (according to WoRMS). While 28S rRNA sequence 388 

data for several genera, including the deepest genus Abyssopathes, are not available, high sequence conservation at 389 

the forward and reverse primer binding sites across all seven antipatharian families supports their utility in yet-to-be-390 

sequenced black coral species. We expect that the primers are broadly applicable for meta-barcoding black coral 391 

eDNA across all ocean depths. 392 

The Anth-28S-eDNA primers are complementary to the vast majority (84.7%, N = 409) of the 483 octocoral 393 

barcode sequences analyzed with zero mismatches and are complementary to sequences in 64 of 82 recognized 394 

octocoral families in 147 accepted genera with two or fewer mismatches. Specifically, the primers are complementary 395 

to sequences of all malacalcyonacean octocorals with two or fewer mismatches except for sequences from Astrogorgia 396 

rubra and Pacifigorgia sp. The primers have one or two mismatches to five sequences in the genera Xenia, Hanah, 397 

Acrossota, and Pacifigorgia. We designed the forward primer with ambiguities to accommodate sequence variation 398 

in scleralcyonacean octocorals present at our field sites. Nevertheless, the forward primer has greater than two 399 

mismatches to Junceella fragilis, Dichotella gemmacea, and four primnoid species. Additionally, the forward primer 400 

has at least one mismatch to sequences of a sea pen (Pennatula sp.), two bamboo corals (Family: Keratoisididae), and 401 

31 species in the family Primnoidae.  402 

Alterations to the forward primer sequence are possible and recommended if primnoid species with 403 

mismatches to the primers are known or expected to occur at sampling locations. For example, octocorals of the genus 404 

Primnoa have an A rather than a G at the 10th nucleotide in the forward primer sequence. From samples taken near 405 

habitats where Primnoa may occur, substituting an R for the A at the 10th position would correct for this mismatch 406 

while maintaining a range of melting temperatures (54.9°C – 62.3°C) within 5°C of the reverse primer.  407 

While the Anth-28S-eDNA primers were designed to an alignment of black coral and octocoral sequences, 408 

we also found that the primers are complementary to 165 of the 174 scleractinian barcodes analyzed with 2 or fewer 409 
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mismatches, and most sequences (92) have zero mismatches. The Scler-28S-eDNA primers, which were designed to 410 

an alignment of scleractinian sequences, are complementary to a larger number of scleractinian sequences (165) with 411 

zero mismatches and complement sequences from 24 out of 36 recognized families and 75 accepted scleractinian 412 

genera. Thus, while the Anth-28S-eDNA primers will amplify many scleractinian species, we recommend also using 413 

the Scler-28S-eDNA primers for eDNA meta-barcoding from locales where scleractinians are known to occur. 414 

We tested the specificity of the primers to anthozoan corals in silico by extracting barcodes with two or fewer 415 

mismatches the forward or reverse primers from the entire SILVA large-subunit ribosomal RNA database. We found 416 

that with zero or one mismatch to the forward or reverse primer, off-target amplicons predicted using the Anth-28S-417 

eDNA primers consisted largely of marine invertebrates. Besides anthozoans, sponges and hydrozoans had the highest 418 

number of predicted amplicons. Fungi sequences may be amplified using the primers if potential template sequences 419 

with two mismatches to the Anth-28S-eDNA primers are considered. However, the distribution of expected fungi 420 

amplicons is shorter (~200 bp) than that of marine invertebrates (Figure S1). Thus, by visualizing the size distribution 421 

of the PCR product generated using the Anth-28S-eDNA primers (either through agarose gel or automated 422 

electrophoresis), it should be simple to assess the specificity of PCR reaction to corals and other marine invertebrates. 423 

When considering zero or one mismatch of the primers to potential template sequences, we found that the Scler-28S-424 

eDNA primers are highly specific to hexacorals; amplicons were only predicted from hexacorals. When two 425 

mismatches in potential template sequences are considered, sponges may also be amplified using the Scler-28S-eDNA 426 

primers. 427 

 428 

3.2 The 28S barcode distinguishes anthozoan coral sequences to the genus and species levels. 429 

To assess the taxonomic resolution of the DNA barcode amplified with the Anth-28S-eDNA and Scler-28S-430 

eDNA primer sets, we extracted and aligned predicted amplicons from anthozoan coral sequences generated in this 431 

study and downloaded from GenBank. We found that 28S DNA barcodes predicted using the primers are non identical 432 

across all anthozoan families. Further, 28S barcodes are non identical across all genera within 18 of 20 octocoral 433 

families, 9 of 11 scleractinian families, and 4 of 7 black coral families (Figure 3).  434 

Identical barcodes exist across genera in a minority of cases. Within the octocoral family Primnoidae, 435 

identical barcodes exist 1) between Candidella helminthophora and Parastenella pacifica and 2) between Pyrogorgia 436 

lemnos and Primnoa pacifica. Within Paramuriceidae, barcode sequences of Paramuricea sp. and Placogorgia sp. are 437 
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identical. Within the scleractinian family Dendrophylliidae, barcode sequences of Cladopsammia gracilis and 438 

Tubastraea coccinea are identical, unfortunately precluding the identification of the invasive Tubastraea from 439 

Cladopsammia, two genera that are already challenging to distinguish morphologically (Hoeksema et al. 2019). In 440 

Fungiidae, barcode sequences of Zoopilus echinatus, Polyphyllia and Sandolitha are identical, and barcode sequences 441 

of Halomitra sp. and Lobactis scutaria are also identical. Within the black coral family Antipathidae, a barcode 442 

sequence of Cirrhipathes anguina collected from Hawai’i (GenBank: FJ626243.1) and a sequence of Stichopathes sp. 443 

collected from the Gulf of Mexico are identical. The Stichopathes specimen is morphologically similar to Stichopathes 444 

pourtalesi and was collected from this species’ known depth range and habitat (Opresko et al. 2016). Within the deep-445 

sea genus Schizopathidae, a sequence of Bathypathes sp. is identical to sequences of Stauropathes arctica. Within 446 

Cladopathidae, sequences of Cladopathes cf. plumosa and Trissopathes cf. tetracrada are identical. 447 

Many of these problematic cases, especially within the black corals, reflect incongruences between 448 

phylogenetic relationships and taxonomic nomenclature rather than the rate of evolution of the 28S barcode and its 449 

ability to distinguish taxonomic identity at the genus level. In black corals, phylogenetic evidence suggests that the 450 

genera Stichopathes and Cirrhipathes are polyphyletic (Bo et al. 2018, Quattrini et al. 2023). Likewise, Barret et al. 451 

(2020) suggested that validations of the genera within Schizopathidae and Cladopathidae are necessary based on 452 

mitochondrial genome sequencing data. Paraphyletic and polyphyletic taxa preclude the confident classification of 453 

ASVs derived from eDNA sequencing data. Unless a 100% identical match to a reference sequence is available, 454 

caution should be used when inferring occurrences from eDNA data within taxa where discrepancies between 455 

phylogenetic relationships and current taxonomy are known. Efforts focused on resolving the systematics of these 456 

anthozoan corals using phylogenomic methods will benefit biodiversity assessment and monitoring using eDNA 457 

sequencing. Whenever possible, voucher specimens deposited in accessible collections should accompany reference 458 

barcode sequences to confirm morphological identifications, especially considering our evolving understanding of 459 

coral taxonomy. 460 

To compare the taxonomic resolution of octocoral DNA barcodes amplified using the Anth-28S-eDNA 461 

primers and the mtMutS primers (Everett and Park 2018), we analyzed the pairwise identities of predicted mtMutS 462 

barcodes in the same manner as for 28S. We found that mtMutS barcodes are identical in some cases across genera 463 

within ~30% (N=10) of the 34 families represented in the dataset (Figure S3). While some of these cases may be due 464 

to misidentifications, others appear to be legitimate. For instance, in Primnoidae, which is well represented in both the 465 
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mtMutS and 28S barcode sequence databases, mtMutS barcodes are identical across thirteen genera, whereas 28S 466 

barcodes are identical across just four genera. The 28S barcode may distinguish taxa in more cases than the mtMutS 467 

barcode in part due to its  longer length (~ 400 bp vs. ~300bp). The 28S barcode is also, on average, more variable 468 

among genera of the same family (average mean pairwise identity = 89.0%) than the mtMutS barcode (average mean 469 

pairwise identity = 94.0%). 470 

 471 

Figure 3: Matrices of pairwise identities between 28S rRNA barcode sequences generated in this study and 472 

downloaded from GenBank. Boxes with thick black borders highlight comparisons within families, and boxes with 473 

thin black borders highlight comparisons within genera. Only families represented by the largest numbers of barcode 474 

sequences are labeled to highlight these comparisons and improve readability.  475 

 476 

3.3 Sequencing libraries produced using the 28S rRNA primers were enriched in coral eDNA. 477 
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We successfully amplified the 28S barcode from all field eDNA samples collected from the northwestern 478 

Gulf of Mexico using the Anth-28S-eDNA primers. On average, 72.3% of sequencing reads generated from each 479 

sample taken at the seafloor during ROV dives were identified as coral. In some samples, up to 99.8% of reads were 480 

identified as coral (Table S4). By producing sequencing libraries enriched with barcodes from coral eDNA, meta-481 

barcoding using the Anth-28S-eDNA primers is a cost-effective approach for discerning anthozoan biodiversity as 482 

compared to primers that broadly target marine invertebrates. Other marine invertebrate ASVs recovered using the 483 

Anth-28S-eDNA primers included those with top BLAST hits to hydrozoans (16.9% of reads across all libraries), 484 

ctenophores (16.8%), sponges (2.3%), and anemones (< 0.1%). The Scler-28S-eDNA primer set was exceptionally 485 

specific to hexacorals. From the samples amplified using this primer set, virtually all (99.5%) reads were identified as 486 

belonging to scleractinians and black corals. 487 

The levels of taxonomic specificity to anthozoan corals that we found using the Anth-28S-eDNA and Scler-488 

28S-eDNA primer sets are comparable to those of previously published eDNA primer sets designed to anthozoan coral 489 

DNA sequences. Among the multiple primer sets designed to scleractinian sequences, Shinzato et al. designed highly 490 

specific primers that target mitochondrial 12S rRNA and COI (Shinzato et al. 2021). Using their primers designed to 491 

12S rRNA, they found that 83.27% to 98.98% of the sequencing reads in the sequencing libraries from field samples 492 

were scleractinian. Using their primers designed to COI, 55.78% to 96.92% of the sequencing reads in their libraries 493 

were scleractinian. Using the primers designed to octocoral mtMutS sequences (Everett and Park 2018), we found that 494 

100% of the sequencing reads were derived from octocorals in all samples that amplified. We cannot expect that the 495 

primers we designed to 28S rRNA have the same specificity as the mtMutS primers since nuclear 28S is present in all 496 

eukaryotic genomes. However, we are encouraged to find that in samples taken at the seafloor, most sequencing reads 497 

recovered using our 28S rRNA primers were from corals. 498 

 499 

3.4 Sampling efficacy using a Niskin bottle rosette depended on proximity to the seafloor. 500 

The distance above the seafloor at which a sample was taken during Niskin bottle rosette casts was negatively 501 

correlated with the percentage of sequencing reads produced in libraries using the Anth-28S-eDNA primers (Pearson’s 502 

r = -0.50, P-value = 0.018; Figure S4). Compared to samples taken at the seafloor, across samples taken at altitudes 503 

greater than 5.8 meters from the seafloor the average percentage of coral sequencing reads was just 0.8% and the 504 

remaining reads were derived from other taxa. Similarly, using the Scler-28S-eDNA primers, in sample duplicates 505 
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taken ~20 meters above the seafloor, no band on an agarose gel was visible after PCR and just one coral read was 506 

recovered. While further systematic testing is necessary to constrain the vertical extent of benthic eDNA confidently, 507 

these preliminary results suggest that the efficacy of coral eDNA meta-barcoding relies on proximity to the seafloor. 508 

Practically, accurate characterization of seafloor bathymetry and the use of altimeter sensors are vital for successful 509 

coral eDNA capture using Niskin bottle rosettes in deep waters. 510 

 511 

3.5 eDNA meta-barcoding with the 28S primers detected coral genera and species in field samples. 512 

From meta-barcoding eDNA field samples collected from mesophotic and deep-sea sites in the northern Gulf 513 

of Mexico, we recovered 112 coral ASVs using the Anth-28S-eDNA primers and 17 coral ASVs using the Scler-28S-514 

eDNA primers. Of the 112 coral ASVs recovered using the Anth-28S-eDNA primers, 73% (n = 82) were classified as 515 

octocorals, 24% (n = 27) were classified as black corals, and 3% were classified as scleractinians (n = 3). Of the 17 516 

coral ASVs recovered using the Scler-28S-eDNA primers, 65% (n = 11) were classified as black corals and 35% (n = 517 

6) were classified as scleractinians. The black corals detected using the Scler-28S-eDNA primers were a subset of 518 

those detected using the Anth-28S-eDNA primers. Likewise, the scleractinians detected using the Anth-28S-eDNA 519 

primers were a subset of those detected using the Scler-28S-eDNA primers. The proportions of ASVs classified to 520 

each group met our expectations for each primer set, given the taxonomic breakdown of the sequences to which they 521 

were designed.  522 

Using the Anth-28S-eDNA primers, we recovered ASVs classified to both octocoral orders, Malacalcyonacea 523 

(n = 58, 71%) and Scleralcyonacea (n = 24, 29%). Among those ASVs classified to the Malacalcyonacea, 69% (n = 524 

40) were further classified to the family level and 62% (n = 36) were further classified to the genus level. Among 525 

those ASVs classified to the Scleralcyonacea, 96% (n = 23) were further classified to the family level, and 21 of these 526 

ASVs were further classified to the genus level. Using the Anth-28S-eDNA and Scler-28S-eDNA primers, we recovered 527 

38 ASVs classified to the order Antipatharia and 8 to Scleractinia. All but one (n = 37) of the black coral ASVs were 528 

classified to the family level, and nearly all (n = 36) of those ASVs were further classified to the genus level. Of the 529 

8 scleractinian ASVs, 7 were classified further to the family and genus levels. Of all 129 coral ASVs, we found 530 

identical matches to 19 unique sequences in our reference database that we interpret as representing species-level 531 

detections. The high percentage of scleractinian, black coral, and scleralcyonacean octocoral ASVs that were classified 532 

at the genus level is comparable to a study of shallow-water benthic fauna that paired eDNA sampling and sequencing 533 
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using scleractinian-specific markers with collections of representative morphospecies across belt-transect surveys 534 

(West et al. 2022). When paired with systematic, regional sampling and sequencing of voucher specimens to generate 535 

reference DNA barcodes, it should be expected for marine invertebrates that a high percentage of ASVs from eDNA 536 

sequencing data will be classifiable to the genus or species levels, as observed in vertebrates (Gold et al. 2022). 537 

The percentage of malacalcyonacean octocoral ASVs classified to the family and genus levels was 538 

comparably lower than in other orders. Among the malacalcyonacean ASVs unclassified based the order level was a 539 

clade of sequences (8) with a maximum pairwise identity of just 93.4% (BLASTN) to any sequence in GenBank. These 540 

ASVs were placed phylogenetically in a clade sister to a clade consisting of ASVs classified to the genera Lateothela, 541 

Chironephthya, and Nidalia (Figure S4). We interpret that these 8 ASVs unclassified past the order level represent a 542 

group of malacalcyonacean octocorals for which 28S sequencing data does not currently exist, highlighting the 543 

importance of compiling a comprehensive reference database for taxonomic classification to the family level or to 544 

genus or species. We expect that further sampling and sequencing efforts of Malacalcyonacea from the Western 545 

Atlantic will resolve the taxonomic identity of more ASVs classified in this diverse order. 546 

Given that most of the 28S rRNA ASVs were classified to the genus level, we were able to make meaningful 547 

comparisons of the taxonomic composition of eDNA samples across sites and depths and to observations made during 548 

ROV dives. Like a number of other studies (Gösser et al. 2023; Dugal et al. 2022; West et al. 2022; Everett and Park 549 

2018), we found that coral eDNA sequencing data and video observations/collections are largely congruent, yet unique 550 

detections were gleaned using both methods. 551 

Using eDNA sequencing, we detected coral genera observed in video and/or collected from the same field 552 

sites, and we confidently detected taxa that were not observed (Figures 4 and 5). At Bright Bank and to its east, we 553 

recovered substantial numbers of sequencing reads from the octocoral genera Thesea (Family: incertae sedis) and 554 

Muricea (Family: Plexauridae), respectively.  While neither taxon was observed during ROV dives at these sites, 555 

Muricea pendula and Thesea spp. are common mesophotic octocorals in the Gulf of Mexico, and we have observed 556 

high densities during ROV surveys at nearby sites. We detected ASVs classified to the genera Parasphaerasclera and 557 

Incrustatus, at Bright Bank and VK826, respectively, while neither of these genera were observed or are known from 558 

the Atlantic Ocean. It is possible that due to their small and cryptic morphologies, these octocorals have been 559 

overlooked. These eDNA sequencing data are evidence for range extensions of these genera, which can be verified 560 

through regional collection efforts at mesophotic and deep-sea sites. We did not detect eDNA from some species 561 
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observed and sampled during ROV dives and subsequently sequenced for inclusion in our reference database. Notably, 562 

at VK826, we did not detect eDNA from a mushroom coral in the sub-family Anthomastinae. At Bright Bank, we 563 

observed a large colony of Plumapathes pennacea (Family: Myriopathidae). However, we did not detect eDNA 564 

identical to the sequence generated from a sample of this colony using genome skimming. This non-detection was 565 

significant because this colony was very large and supported numerous commensal organisms, including the pipefish 566 

Aulostomus maculatus. 567 

  568 
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Figure 4: Octocoral eDNA sequence read abundances from replicate water samples taken during ROV dives and CTD 569 

casts near coral communities in the Northern Gulf of Mexico. Data are separated by the primer set used (Anth-28S-570 

eDNA vs. mtMutS). Variable x-axis scales are used to aid in data visualization for all taxa.  571 

 572 

 573 

Figure 5: Black coral and scleractinian eDNA sequence read abundances from replicate water samples taken during 574 

ROV dives and CTD casts near coral communities in the Northern Gulf of Mexico. Data generated using both the 575 

Anth-28S-eDNA and Scler-28S-eDNA primers are summed. Sequence libraries from East Flower Garden Bank were 576 

only generated using the Scler-28S-eDNA primers. Variable x-axis scales are used to aid data visualization. Sequence 577 

reads classified to the genus Tubastraea are not visible due to the low sequence read abundance.   578 
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3.5 28S and mtMutS coral eDNA markers are complementary for deep-sea coral eDNA sequencing. 579 

Using the mtMutS primers, sequencing data was generated from all sample replicates collected at just two of 580 

the sampling locations, GC354 at 531 m and Stetson Bank at 55 m. These same sample replicates produced the highest 581 

percentage of coral reads using the Anth-28S-eDNA primers and had the largest proportions of octocoral reads relative 582 

to black coral reads. We detected one scleralcyonacean octocoral genus not detected with the Anth-28S-eDNA primers, 583 

Ctenocella (Family: Ellisellidae). Colonies with similar morphology to Ctenocella were observed at Bright Bank 584 

(although not sampled for confirmation of ID). Sequence reads classified to Nicella and Ellisella (Family: Ellisellidae) 585 

were detected at two sites where they were not detected using the 28S primers. Furthermore, eDNA sequence read 586 

abundances produced with the mtMutS and 28S primers differed. For instance, sequences classified to the family 587 

Paramuriceidae make up most of the sequence reads in sample duplicates from GC354 using the mtMutS primers. 588 

However, using the 28S rRNA primers, sequences from Paracalyptrophora are the most numerous among the 589 

octocorals detected, and ASVs classified to Paramuriceidae total less than 80 sequencing reads.  590 

From these data, we can infer that sequencing mtMutS is particularly suited to sites with abundant octocoral 591 

eDNA and that the mtMutS may be optimally designed for detecting eDNA from scleralcyonacean octocorals. Thus, 592 

combining the 28S and mtMutS primer sets could enhance octocoral eDNA detection and biodiversity characterization. 593 

If sequencing both markers is impractical or too expensive, we suggest that the 28S primer set alone would provide 594 

the most comprehensive characterization of anthozoan coral biodiversity, including octocorals, black corals, and 595 

scleractinians. 596 

 597 

4. Conclusion 598 

Here, we present a new approach for meta-barcoding eDNA from shallow, mesophotic, and deep-sea 599 

anthozoan corals by amplifying a variable barcode region of 28S. By targeting the 28S rRNA gene, we were able to 600 

design primers complementary to octocorals, black corals, and scleractinians. We predict that the barcode amplified 601 

using these primers distinguishes families in all cases and genera and species in most cases. Through meta-barcoding 602 

eDNA in field samples from mesophotic and deep-sea coral communities in the Gulf of Mexico, we demonstrate the 603 

utility of this new method for characterizing coral biodiversity.  604 

eDNA sequencing is being rapidly adopted to assess biodiversity in nearly all of Earth’s ecosystems, 605 

including the deepest depths of our oceans. While protocols and reference databases are well established for vertebrate 606 
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taxa, such as fish, eDNA sequencing for corals is still in its infancy and will not reach its full potential until reference 607 

sequences are generated for more species and incongruencies between phylogenetics and current taxonomy are 608 

resolved. Nevertheless, with new molecular tools and the diminishing costs of amplicon and genomic sequencing, we 609 

are rapidly approaching a more comprehensive understanding of the distributions and diversity of these ecologically 610 

important and vulnerable animals. 611 

 612 

Statements and Declarations 613 

Competing Interests: On behalf of all authors, the corresponding author states that there is no conflict of interest. 614 

Data Availability: 28S DNA barcode sequences generated in this study using conventional PCR/Sanger sequencing 615 

and from target-capture data published in Quattrini et al. (2020) will be made available on GenBank (Accession 616 

Numbers to be determined). 28S and mtMutS DNA barcode sequences trimmed from contigs generated from genome 617 

skimming data in Quattrini et al. (2023) are being made available on GenBank (Accession Numbers to be determined). 618 

eDNA meta-barcoding amplicon sequencing data generated in this study will be made available on the Sequence Read 619 

Archive (Submission ID to be determined). All code used for data analysis, intermediate data files and 620 

sequence/sample metadata files are available in a repository on LJM’s github page upon request and will be made 621 

public upon manuscript publication.   622 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 31, 2023. ; https://doi.org/10.1101/2023.10.26.564240doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.26.564240
http://creativecommons.org/licenses/by-nc-nd/4.0/


29 

 

References   623 

Alexander, J. B., Bunce, M., White, N., Wilkinson, S. P., Adam, A. A. S., Berry, T., Stat, M., Thomas, L., Newman, 624 

S. J., Dugal, L., and Richards, Z. T. (2020). Development of a multi-assay approach for monitoring coral diversity 625 

using eDNA metabarcoding. Coral Reefs, 39(1), 159–171. https://doi.org/10.1007/s00338-019-01875-9 626 

  627 

Allio, R., Schomaker‐Bastos, A., Romiguier, J., Prosdocimi, F., Nabholz, B., and Delsuc, F. (2020). MitoFinder: 628 

Efficient automated large‐scale extraction of mitogenomic data in target enrichment phylogenomics. Molecular 629 

Ecology Resources, 20(4), 892–905. https://doi.org/10.1111/1755-0998.13160 630 

  631 

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990). Basic local alignment search tool. 632 

Journal of Molecular Biology, 215(3), 403–410. https://doi.org/10.1016/s0022-2836(05)80360-2 633 

  634 

Andrews, S. (2010). FastQC:  A Quality Control Tool for High Throughput Sequence Data. Available online at: 635 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ 636 

 637 

Andruszkiewicz, E. A., Yamahara, K. M., Closek, C. J., and Boehm, A. B. (2020). Quantitative PCR assays to detect 638 

whales, rockfish, and common murre environmental DNA in marine water samples of the Northeastern Pacific. PLoS 639 

ONE, 15(12), e0242689. https://doi.org/10.1371/journal.pone.0242689 640 

  641 

Barbeitos, M. S., Romano, S. L., and Lasker, H. R. (2010). Repeated loss of coloniality and symbiosis in scleractinian 642 

corals. Proceedings of the National Academy of Sciences, 107(26), 11877–11882. 643 

https://doi.org/10.1073/pnas.0914380107 644 

  645 

Barrett, N. J., Hogan, R. I., Allcock, A. L., Molodtsova, T., Hopkins, K., Wheeler, A. J., and Yesson, C. (2020). 646 

Phylogenetics and Mitogenome Organisation in Black Corals (Anthozoa: Hexacorallia: Antipatharia): An Order-Wide 647 

Survey Inferred From Complete Mitochondrial Genomes. Frontiers in Marine Science, 7, 440. 648 

https://doi.org/10.3389/fmars.2020.00440 649 

  650 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 31, 2023. ; https://doi.org/10.1101/2023.10.26.564240doi: bioRxiv preprint 

https://doi.org/10.1007/s00338-019-01875-9
https://doi.org/10.1007/s00338-019-01875-9
https://doi.org/10.1111/1755-0998.13160
https://doi.org/10.1111/1755-0998.13160
https://doi.org/10.1016/s0022-2836(05)80360-2
https://doi.org/10.1016/s0022-2836(05)80360-2
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1371/journal.pone.0242689
https://doi.org/10.1371/journal.pone.0242689
https://doi.org/10.1073/pnas.0914380107
https://doi.org/10.1073/pnas.0914380107
https://doi.org/10.1073/pnas.0914380107
https://doi.org/10.3389/fmars.2020.00440
https://doi.org/10.3389/fmars.2020.00440
https://doi.org/10.3389/fmars.2020.00440
https://doi.org/10.1101/2023.10.26.564240
http://creativecommons.org/licenses/by-nc-nd/4.0/


30 

 

Bo, M., Barucca, M., Biscotti, M. A., Brugler, M. R., Canapa, A., Canese, S., Iacono, C. L., and Bavestrello, G. (2018). 651 

Phylogenetic relationships of Mediterranean black corals (Cnidaria: Anthozoa: Hexacorallia) and implications for 652 

classification within the order Antipatharia. Invertebrate Systematics, 32(5), 1102–1110. 653 

https://doi.org/10.1071/is17043 654 

  655 

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina sequence data. 656 

Bioinformatics, 30(15), 2114–2120. https://doi.org/10.1093/bioinformatics/btu170  657 

 658 

Brian, J. I., Davy, S. K., and Wilkinson, S. P. (2019). Elevated Symbiodiniaceae richness at Atauro Island (Timor-659 

Leste): a highly biodiverse reef system. Coral Reefs, 38(1), 123–136. https://doi.org/10.1007/s00338-018-01762-9 660 

  661 

Brugler, M. R., Opresko, D. M., and France, S. C. (2013). Black Coral Systematics. Zoological Journal of the Linnean 662 

Society, 169(2), 312–361. https://doi.org/10.1111/zoj.12060 663 

  664 

Bushnell, B., Rood, J., and Singer, E. (2017). BBMerge – Accurate paired shotgun read merging via overlap. PLoS 665 

ONE, 12(10), e0185056. https://doi.org/10.1371/journal.pone.0185056 666 

  667 

Cairns, S. D., & Wirshing, H. H. (2015). Phylogenetic reconstruction of scleraxonian octocorals supports the 668 

resurrection of the family Spongiodermidae (Cnidaria, Alcyonacea). Invertebrate Systematics, 29(4), 345–368. 669 

https://doi.org/10.1071/is14063  670 

 671 

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and Holmes, S. P. (2016). DADA2: 672 

High resolution sample inference from Illumina amplicon data. Nature Methods, 13(7), 581–583. 673 

https://doi.org/10.1038/nmeth.3869 674 

  675 

Chamberlain, S. A., and Szöcs, E. (2013). taxize: taxonomic search and retrieval in R. F1000Research, 2, 191. 676 

https://doi.org/10.12688/f1000research.2-191.v2 677 

  678 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 31, 2023. ; https://doi.org/10.1101/2023.10.26.564240doi: bioRxiv preprint 

https://doi.org/10.1071/is17043
https://doi.org/10.1071/is17043
https://doi.org/10.1071/is17043
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1007/s00338-018-01762-9
https://doi.org/10.1007/s00338-018-01762-9
https://doi.org/10.1111/zoj.12060
https://doi.org/10.1111/zoj.12060
https://doi.org/10.1371/journal.pone.0185056
https://doi.org/10.1371/journal.pone.0185056
https://doi.org/10.1071/is14063
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.12688/f1000research.2-191.v2
https://doi.org/10.12688/f1000research.2-191.v2
https://doi.org/10.12688/f1000research.2-191.v2
https://doi.org/10.1101/2023.10.26.564240
http://creativecommons.org/licenses/by-nc-nd/4.0/


31 

 

Cordes, E. E., McGinley, M. P., Podowski, E. L., Becker, E. L., Lessard-Pilon, S., Viada, S. T., and Fisher, C. R. 679 

(2008). Coral communities of the deep Gulf of Mexico. Deep-Sea Research Part I: Oceanographic Research Papers, 680 

55(6), 777–787. https://doi.org/10.1016/j.dsr.2008.03.005 681 

  682 

Dugal, L., Thomas, L., Wilkinson, S. P., Richards, Z. T., Alexander, J. B., Adam, A. A. S., Kennington, W. J., Jarman, 683 

S., Ryan, N. M., Bunce, M., & Gilmour, J. P. (2022). Coral monitoring in northwest Australia with environmental 684 

DNA metabarcoding using a curated reference database for optimized detection. Environmental DNA, 4(1), 63–76. 685 

https://doi.org/10.1002/edn3.199  686 

 687 

Dunn, N., Savolainen, V., Weber, S., Andrzejaczek, S., Carbone, C., and Curnick, D. (2022). Elasmobranch diversity 688 

across a remote coral reef atoll revealed through environmental DNA metabarcoding. Zoological Journal of the 689 

Linnean Society, 196(2), 593–607. https://doi.org/10.1093/zoolinnean/zlac014 690 

  691 

Edgar, R. C. (2004). MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic Acids 692 

Research, 32(5), 1792–1797. https://doi.org/10.1093/nar/gkh340 693 

  694 

Etnoyer, P. J., Wickes, L. N., Silva, M., Dubick, J. D., Balthis, L., Salgado, E., and MacDonald, I. R. (2016). Decline 695 

in condition of gorgonian octocorals on mesophotic reefs in the northern Gulf of Mexico: before and after the 696 

Deepwater Horizon oil spill. Coral Reefs, 35(1), 77–90. https://doi.org/10.1007/s00338-015-1363-2 697 

  698 

Everett, M. V., and Park, L. K. (2018). Exploring deep-water coral communities using environmental DNA. Deep-699 

Sea Research Part II: Topical Studies in Oceanography, 150(September 2017), 229–241. 700 

https://doi.org/10.1016/j.dsr2.2017.09.008 701 

  702 

Ewels, P., Magnusson, M., Lundin, S., & Käller, M. (2016). MultiQC: summarize analysis results for multiple tools 703 

and samples in a single report. Bioinformatics, 32(19), 3047–3048. https://doi.org/10.1093/bioinformatics/btw354 704 

 705 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 31, 2023. ; https://doi.org/10.1101/2023.10.26.564240doi: bioRxiv preprint 

https://doi.org/10.1016/j.dsr.2008.03.005
https://doi.org/10.1016/j.dsr.2008.03.005
https://doi.org/10.1002/edn3.199
https://doi.org/10.1093/zoolinnean/zlac014
https://doi.org/10.1093/zoolinnean/zlac014
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1007/s00338-015-1363-2
https://doi.org/10.1007/s00338-015-1363-2
https://doi.org/10.1016/j.dsr2.2017.09.008
https://doi.org/10.1016/j.dsr2.2017.09.008
https://doi.org/10.1016/j.dsr2.2017.09.008
https://doi.org/10.1101/2023.10.26.564240
http://creativecommons.org/licenses/by-nc-nd/4.0/


32 

 

Fisher, C. R., Hsing, P. Y., Kaiser, C. L., Yoerger, D. R., Roberts, H. H., Shedd, W. W., Cordes, E. E., Shank, T. M., 706 

Berlet, S. P., Saunders, M. G., Larcom, E. A., and Brooks, J. M. (2014). Footprint of deepwater horizon blowout 707 

impact to deep-water coral communities. Proceedings of the National Academy of Sciences of the United States of 708 

America, 111(32), 11744–11749. https://doi.org/10.1073/pnas.1403492111 709 

  710 

Frøslev, T. G., Kjøller, R., Bruun, H. H., Ejrnæs, R., Brunbjerg, A. K., Pietroni, C., and Hansen, A. J. (2017). 711 

Algorithm for post-clustering curation of DNA amplicon data yields reliable biodiversity estimates. Nature 712 

Communications, 8(1), 1188. https://doi.org/10.1038/s41467-017-01312-x 713 

  714 

Gold, Z., Curd, E. E., Goodwin, K. D., Choi, E. S., Frable, B. W., Thompson, A. R., Walker, H. J., Burton, R. S., 715 

Kacev, D., Martz, L. D., and Barber, P. H. (2021). Improving metabarcoding taxonomic assignment: A case study of 716 

fishes in a large marine ecosystem. Molecular Ecology Resources, 21(7), 2546–2564. https://doi.org/10.1111/1755-717 

0998.13450 718 

  719 

Gösser, F., Schweinsberg, M., Mittelbach, P., Schoenig, E., & Tollrian, R. (2023). An environmental DNA 720 

metabarcoding approach versus a visual survey for reefs of Koh Pha‐ngan in Thailand. Environmental DNA, 5(2), 721 

297–311. https://doi.org/10.1002/edn3.378  722 

 723 

Govindarajan, A. F., McCartin, L., Adams, A., Allan, E., Belani, A., Francolini, R., Fujii, J., Gomez-Ibañez, D., 724 

Kukulya, A., Marin, F., Tradd, K., Yoerger, D. R., McDermott, J. M., and Herrera, S. (2022). Improved biodiversity 725 

detection using a large-volume environmental DNA sampler with in situ filtration and implications for marine eDNA 726 

sampling strategies. Deep Sea Research Part I: Oceanographic Research Papers, 189, 103871. 727 

https://doi.org/10.1016/j.dsr.2022.103871 728 

  729 

Hoeksema, B. W., Hiemstra, A., and Vermeij, M. J. A. (2019). The rise of a native sun coral species on southern 730 

Caribbean coral reefs. Ecosphere, 10(11). https://doi.org/10.1002/ecs2.2942 731 

  732 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 31, 2023. ; https://doi.org/10.1101/2023.10.26.564240doi: bioRxiv preprint 

https://doi.org/10.1073/pnas.1403492111
https://doi.org/10.1073/pnas.1403492111
https://doi.org/10.1038/s41467-017-01312-x
https://doi.org/10.1038/s41467-017-01312-x
https://doi.org/10.1111/1755-0998.13450
https://doi.org/10.1111/1755-0998.13450
https://doi.org/10.1111/1755-0998.13450
https://doi.org/10.1002/edn3.378
https://doi.org/10.1016/j.dsr.2022.103871
https://doi.org/10.1016/j.dsr.2022.103871
https://doi.org/10.1016/j.dsr.2022.103871
https://doi.org/10.1002/ecs2.2942
https://doi.org/10.1002/ecs2.2942
https://doi.org/10.1101/2023.10.26.564240
http://creativecommons.org/licenses/by-nc-nd/4.0/


33 

 

Kalyaanamoorthy, S., Minh, B. Q., Wong, T. K. F., Haeseler, A. von, and Jermiin, L. S. (2017). ModelFinder: fast 733 

model selection for accurate phylogenetic estimates. Nature Methods, 14(6), 587–589. 734 

https://doi.org/10.1038/nmeth.4285 735 

  736 

Katoh, K., and Standley, D. M. (2013). MAFFT Multiple Sequence Alignment Software Version 7: Improvements in 737 

Performance and Usability. Molecular Biology and Evolution, 30(4), 772–780. 738 

https://doi.org/10.1093/molbev/mst010 739 

  740 

Koslow, J. A., Boehlert, G. W., Gordon, J. D. M., Haedrich, R. L., Lorance, P., and Parin, N. (2000). Continental 741 

slope and deep-sea fisheries: implications for a fragile ecosystem. ICES Journal of Marine Science, 57(3), 548–557. 742 

https://doi.org/10.1006/jmsc.2000.0722 743 

  744 

Larsson, A. (2014). AliView: a fast and lightweight alignment viewer and editor for large datasets. Bioinformatics, 745 

30(22), 3276–3278. https://doi.org/10.1093/bioinformatics/btu531 746 

  747 

Leray, M., Yang, J. Y., Meyer, C. P., Mills, S. C., Agudelo, N., Ranwez, V., Boehm, J. T., and Machida, R. J. (2013). 748 

A new versatile primer set targeting a short fragment of the mitochondrial COI region for metabarcoding metazoan 749 

diversity: application for characterizing coral reef fish gut contents. Frontiers in Zoology, 10(1), 34. 750 

https://doi.org/10.1186/1742-9994-10-34 751 

  752 

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet.Journal, 753 

17(1), 10–12. https://doi.org/10.14806/ej.17.1.200 754 

  755 

McFadden, C. S., Benayahu, Y., Pante, E., Thoma, J. N., Nevarez, P. A., and France, S. C. (2011). Limitations of 756 

mitochondrial gene barcoding in Octocorallia. Molecular Ecology Resources, 11(1), 19–31. 757 

https://doi.org/10.1111/j.1755-0998.2010.02875.x 758 

  759 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 31, 2023. ; https://doi.org/10.1101/2023.10.26.564240doi: bioRxiv preprint 

https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1006/jmsc.2000.0722
https://doi.org/10.1006/jmsc.2000.0722
https://doi.org/10.1006/jmsc.2000.0722
https://doi.org/10.1093/bioinformatics/btu531
https://doi.org/10.1093/bioinformatics/btu531
https://doi.org/10.1186/1742-9994-10-34
https://doi.org/10.1186/1742-9994-10-34
https://doi.org/10.1186/1742-9994-10-34
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1111/j.1755-0998.2010.02875.x
https://doi.org/10.1111/j.1755-0998.2010.02875.x
https://doi.org/10.1111/j.1755-0998.2010.02875.x
https://doi.org/10.1101/2023.10.26.564240
http://creativecommons.org/licenses/by-nc-nd/4.0/


34 

 

McFadden, C. S., and Ofwegen, L. P. van. (2012). Stoloniferous octocorals (Anthozoa, Octocorallia) from South 760 

Africa, with descriptions of a new family of Alcyonacea, a new genus of Clavulariidae, and a new species of Cornularia 761 

(Cornulariidae). Invertebrate Systematics, 26(4), 331–356. https://doi.org/10.1071/is12035 762 

  763 

McFadden, C. S., Brown, A. S., Brayton, C., Hunt, C. B., and Ofwegen, L. P. van. (2014). Application of DNA 764 

barcoding in biodiversity studies of shallow-water octocorals: molecular proxies agree with morphological estimates 765 

of species richness in Palau. Coral Reefs, 33(2), 275–286. https://doi.org/10.1007/s00338-013-1123-0 766 

  767 

Miya, M., Sato, Y., Fukunaga, T., Sado, T., Poulsen, J. Y., Sato, K., Minamoto, T., Yamamoto, S., Yamanaka, H., 768 

Araki, H., Kondoh, M., and Iwasaki, W. (2015). MiFish, a set of universal PCR primers for metabarcoding 769 

environmental DNA from fishes: detection of more than 230 subtropical marine species. Royal Society Open Science, 770 

2(7), 150088. https://doi.org/10.1098/rsos.150088 771 

  772 

Nichols, P. K., and Marko, P. B. (2019). Rapid assessment of coral cover from environmental DNA in Hawai’i. 773 

Environmental DNA, 1(1), 40–53. https://doi.org/10.1002/edn3.8 774 

 775 

Nishitsuji, K., Nagata, T., Narisoko, H., Kanai, M., Hisata, K., Shinzato, C., & Satoh, N. (2023). An environmental 776 

DNA metabarcoding survey reveals generic-level occurrence of scleractinian corals at reef slopes of Okinawa Island. 777 

Proceedings of the Royal Society B, 290(1995), 20230026. https://doi.org/10.1098/rspb.2023.0026  778 

 779 

Nguyen, L.-T., Schmidt, H. A., Haeseler, A. von, and Minh, B. Q. (2015). IQ-TREE: A Fast and Effective Stochastic 780 

Algorithm for Estimating Maximum-Likelihood Phylogenies. Molecular Biology and Evolution, 32(1), 268–274. 781 

https://doi.org/10.1093/molbev/msu300 782 

  783 

Opresko, D. M., Nuttall, M. F., and Hickerson, E. L. (2016). Black Corals of the Flower Garden Banks National 784 

Marine Sanctuary. Gulf of Mexico Science, 33(1). https://doi.org/10.18785/goms.3301.05 785 

  786 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 31, 2023. ; https://doi.org/10.1101/2023.10.26.564240doi: bioRxiv preprint 

https://doi.org/10.1071/is12035
https://doi.org/10.1071/is12035
https://doi.org/10.1007/s00338-013-1123-0
https://doi.org/10.1007/s00338-013-1123-0
https://doi.org/10.1098/rsos.150088
https://doi.org/10.1098/rsos.150088
https://doi.org/10.1002/edn3.8
https://doi.org/10.1002/edn3.8
https://doi.org/10.1098/rspb.2023.0026
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.18785/goms.3301.05
https://doi.org/10.18785/goms.3301.05
https://doi.org/10.1101/2023.10.26.564240
http://creativecommons.org/licenses/by-nc-nd/4.0/


35 

 

Quattrini, A. M., Georgian, S. E., Byrnes, L., Stevens, A., Falco, R., and Cordes, E. E. (2013). Niche divergence by 787 

deep‐sea octocorals in the genus Callogorgia across the continental slope of the Gulf of Mexico. Molecular Ecology, 788 

22(15), 4123–4140. https://doi.org/10.1111/mec.12370 789 

  790 

Quattrini, A. M., Rodríguez, E., Faircloth, B. C., Cowman, P. F., Brugler, M. R., Farfan, G. A., Hellberg, M. E., 791 

Kitahara, M. V., Morrison, C. L., Paz-García, D. A., Reimer, J. D., and McFadden, C. S. (2020). Palaeoclimate ocean 792 

conditions shaped the evolution of corals and their skeletons through deep time. Nature Ecology and Evolution, 4(11), 793 

1531–1538. https://doi.org/10.1038/s41559-020-01291-1 794 

 795 

Quattrini, A. M., McCartin, L. J., Easton, E. E., Horowitz, J., Wirshing, H. H., Bowers, H., Mitchell, K., Sei, M., 796 

McFadden, C. S., and Herrera, S. (2023). Skimming genomes for systematics and DNA barcodes of corals. bioRxiv. 797 

https://doi.org/10.1101/2023.10.17.562770  798 

  799 

Rocha, L. A., Pinheiro, H. T., Shepherd, B., Papastamatiou, Y. P., Luiz, O. J., Pyle, R. L., and Bongaerts, P. (2018). 800 

Mesophotic coral ecosystems are threatened and ecologically distinct from shallow water reefs. Science, 361(6399), 801 

281–284. https://doi.org/10.1126/science.aaq1614 802 

  803 

SantaLucia, J. (1998). A unified view of polymer, dumbbell, and oligonucleotide DNA nearest-neighbor 804 

thermodynamics. Proceedings of the National Academy of Sciences, 95(4), 1460–1465. 805 

https://doi.org/10.1073/pnas.95.4.1460 806 

  807 

Shimpi, G. G., and Bentlage, B. (2023). Ancient endosymbiont‐mediated transmission of a selfish gene provides a 808 

model for overcoming barriers to gene transfer into animal mitochondrial genomes. BioEssays, 45(2), e2200190. 809 

https://doi.org/10.1002/bies.202200190 810 

  811 

Shinzato, C., Narisoko, H., Nishitsuji, K., Nagata, T., Satoh, N., and Inoue, J. (2021). Novel Mitochondrial DNA 812 

Markers for Scleractinian Corals and Generic-Level Environmental DNA Metabarcoding. Frontiers in Marine 813 

Science, 8, 758207. https://doi.org/10.3389/fmars.2021.758207 814 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 31, 2023. ; https://doi.org/10.1101/2023.10.26.564240doi: bioRxiv preprint 

https://doi.org/10.1111/mec.12370
https://doi.org/10.1111/mec.12370
https://doi.org/10.1038/s41559-020-01291-1
https://doi.org/10.1038/s41559-020-01291-1
https://doi.org/10.1101/2023.10.17.562770
https://doi.org/10.1126/science.aaq1614
https://doi.org/10.1126/science.aaq1614
https://doi.org/10.1073/pnas.95.4.1460
https://doi.org/10.1073/pnas.95.4.1460
https://doi.org/10.1073/pnas.95.4.1460
https://doi.org/10.1002/bies.202200190
https://doi.org/10.1002/bies.202200190
https://doi.org/10.1002/bies.202200190
https://doi.org/10.3389/fmars.2021.758207
https://doi.org/10.3389/fmars.2021.758207
https://doi.org/10.1101/2023.10.26.564240
http://creativecommons.org/licenses/by-nc-nd/4.0/


36 

 

  815 

Sievers, F., Wilm, A., Dineen, D., Gibson, T. J., Karplus, K., Li, W., Lopez, R., McWilliam, H., Remmert, M., Söding, 816 

J., Thompson, J. D., and Higgins, D. G. (2011). Fast, scalable generation of high‐quality protein multiple sequence 817 

alignments using Clustal Omega. Molecular Systems Biology, 7(1), 539–539. https://doi.org/10.1038/msb.2011.75 818 

  819 

Slattery, M., and Lesser, M. P. (2021). Gorgonians Are Foundation Species on Sponge-Dominated Mesophotic Coral 820 

Reefs in the Caribbean. Frontiers in Marine Science, 8, 654268. https://doi.org/10.3389/fmars.2021.654268 821 

  822 

Spens, J., Evans, A. R., Halfmaerten, D., Knudsen, S. W., Sengupta, M. E., Mak, S. S. T., Sigsgaard, E. E., and 823 

Hellström, M. (2017). Comparison of capture and storage methods for aqueous macrobial eDNA using an optimized 824 

extraction protocol: advantage of enclosed filter. Methods in Ecology and Evolution, 8(5), 635–645. 825 

https://doi.org/10.1111/2041-210x.12683 826 

  827 

Untergasser, A., Cutcutache, I., Koressaar, T., Ye, J., Faircloth, B. C., Remm, M., and Rozen, S. G. (2012). Primer3—828 

new capabilities and interfaces. Nucleic Acids Research, 40(15), e115–e115. https://doi.org/10.1093/nar/gks596 829 

  830 

West, K. M., Stat, M., Harvey, E. S., Skepper, C. L., DiBattista, J. D., Richards, Z. T., Travers, M. J., Newman, S. J., 831 

and Bunce, M. (2020). eDNA metabarcoding survey reveals fine-scale coral reef community variation across a remote, 832 

tropical island ecosystem. Molecular Ecology, 29(6), 1069–1086. https://doi.org/10.1111/mec.15382 833 

  834 

West, K. M., Adam, A. A. S., White, N., Robbins, W. D., Barrow, D., Lane, A., and Richards, Z. (2022). The 835 

applicability of eDNA metabarcoding approaches for sessile benthic surveying in the Kimberley region, north‐western 836 

Australia. Environmental DNA, 4(1), 34–49. https://doi.org/10.1002/edn3.184 837 

   838 

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L., François, R., Grolemund, G., Hayes, A., Henry, L., 839 

Hester, J., Kuhn, M., Pedersen, T., Miller, E., Bache, S., Müller, K., Ooms, J., Robinson, D., Seidel, D., Spinu, V., 840 

Takahashi, K., Vaughan, D., Wilke, C., Woo, K., and Yutani, H. (2019). Welcome to the Tidyverse. Journal of Open 841 

Source Software, 4(43), 1686. https://doi.org/10.21105/joss.01686 842 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 31, 2023. ; https://doi.org/10.1101/2023.10.26.564240doi: bioRxiv preprint 

https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.3389/fmars.2021.654268
https://doi.org/10.3389/fmars.2021.654268
https://doi.org/10.1111/2041-210x.12683
https://doi.org/10.1111/2041-210x.12683
https://doi.org/10.1111/2041-210x.12683
https://doi.org/10.1093/nar/gks596
https://doi.org/10.1093/nar/gks596
https://doi.org/10.1111/mec.15382
https://doi.org/10.1111/mec.15382
https://doi.org/10.1002/edn3.184
https://doi.org/10.1002/edn3.184
https://doi.org/10.21105/joss.01686
https://doi.org/10.21105/joss.01686
https://doi.org/10.1101/2023.10.26.564240
http://creativecommons.org/licenses/by-nc-nd/4.0/

