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Overlooked Marine Fishes in New
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Mark Y. Stoeckle* , Mithun Das Mishu and Zachary Charlop-Powers

Program for the Human Environment, The Rockefeller University, New York, NY, United States

An accurate, comprehensive reference sequence library maximizes information gained
from environmental DNA (eDNA) metabarcoding of marine fishes. Here, we used a
regional checklist and early results from an ongoing eDNA time series to target mid-
Atlantic U.S. coastal fishes lacking reference sequences. We obtained 60 specimens
representing 31 species from NOAA trawl surveys and institutional collections, and
analyzed 12S and COI barcode regions, the latter to confirm specimen identification.
Combined with existing GenBank accessions, the enhanced 12S dataset covered most
(74%) of 341 fishes on New Jersey State checklist including 95% of those categorized
abundant or common. For eDNA time series, we collected water samples approximately
twice monthly for 24 months at an ocean and a bay site in New Jersey. Metabarcoding
was performed using separate 12S primer sets targeting bony and cartilaginous
fishes. Bioinformatic analysis of Illumina MiSeq fastq files with the augmented library
yielded exact matches for 90% of the 104 fish amplicon sequence variants generated
from field samples. Newly obtained reference sequences revealed two southern U.S.
species as relatively common warm season migrants: Gulf kingfish (Menticirrhus
littoralis) and Brazilian cownose ray (Rhinoptera brasiliensis). A beach wrack specimen
corroborated the local presence of Brazilian cownose ray. Our results highlight the value
of strengthening reference libraries and demonstrate that eDNA can help detect range
shifts including those of species overlooked by traditional surveys.

Keywords: environmental DNA, eDNA, metabarcoding, marine, fishes, range shift, extralimital species, time
series

INTRODUCTION

Human activities increasingly crowd the neritic zone ocean, from shoreline recreation to wind
farms at the edge of the continental shelf. Addressing human impacts asks for up-to-date,
spatially detailed reporting on the diversity, distribution, and abundance of near-shore marine life.
Censusing marine fish and other nekton – animals that move – is challenging, as surveys typically
involve costly specialized equipment, personnel, and time. Aquatic environmental DNA (eDNA)
offers a relatively low-cost, low-impact tool that may help in sustainable ocean management
(Hansen et al., 2018).

Taberlet and colleagues were the first to show that a small volume of water suffices to detect
resident fauna, demonstrating that pond water eDNA reliably reports an invasive frog’s presence
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(Ficetola et al., 2008). Potential sources of aquatic eDNA include
cells lost from body surfaces, body wastes, and tissue fragments
following predation, death, or injury (Taberlet et al., 2018).
Most aquatic eDNA is in particulate form that can be captured
with a small-pore size (0.2–10 µM) filter (Turner et al., 2014).
Degradation and dispersal typically limit detection to a few
days after animals leave, although the sources and fates of
eDNA from different organisms and in different environments
need more study (Collins et al., 2018; Andruszkiewicz et al.,
2019). Metabarcoding profiles ecological communities by high-
throughput sequencing of eDNA amplified with broad-range
primers (Pompanon et al., 2011; Riaz et al., 2011; Thomsen et al.,
2012; Miya et al., 2015; Kelly et al., 2017). Primers targeting the
vertebrate mitochondrial 12S rRNA gene, for example, detect
marine fish diversity with similar recovery as traditional surveys
(Kelly et al., 2014; Port et al., 2016; Thomsen et al., 2016;
Andruszkiewicz et al., 2017). Assessing relative fish abundance
based on frequency of detection or number of reads looks
promising, although more work is needed (Lodge et al., 2012;
Buxton et al., 2017; Yamamoto et al., 2017; Lamb et al., 2019).
Identifications rely on an accurate, comprehensive library. For
species-level IDs, full-length exact matches are desirable, as some
closely related taxa differ at only one or two nucleotides in the
typical 100–200 bp 12S target region.

Here, we evaluate the 12S metabarcoding reference library for
U.S. mid-Atlantic fishes, report new eDNA reference sequences,
and test the enhanced library against a 2-year time series of
marine samples collected in coastal New Jersey. Ichthyofauna
in the mid-Atlantic Bight have received careful long-term
monitoring including more than 30 years of trawl surveys
conducted by New Jersey Bureau of Marine Fishes and NOAA
Northeast Fisheries Science Center (Politis et al., 2014; Hinks and
Barry, 2019; Levesque, 2019), and diverse studies in ocean and
estuary locations (e.g., Tatham et al., 1984; Able et al., 2010, 2011;
Valenti et al., 2017).

MATERIALS AND METHODS

General Precautions
Standard molecular biology precautions were employed. Gloves
were worn for all laboratory procedures and changed frequently
to minimize potential cross-contamination including after
filtering water samples, setting up PCR reactions, and any
handling of PCR products. Filtration equipment was scrubbed
and rinsed thoroughly after each use with tap water, and
equipment and workspace areas were wiped with a 1:10 dilution
of household bleach (final concentration approximately 0.5%)
after use. After each procedure, used tips and other disposables
were carefully discarded away from the workspace area, and
collection containers were rinsed with 0.5% bleach.

New 12S, COI Reference Sequences
Tissue requests are focused on regionally common species not,
or poorly, represented in GenBank for 12S rRNA gene eDNA
target segment. A total of 60 tissue specimens representing 31
species were generously donated by researchers at six institutions

(Table 1). DNA was extracted using DNeasy PowerSoil kit
(Qiagen) with modifications from the manufacturer’s protocol
(Supplementary File 1). For 12S amplification, different pairs
were used for bony and cartilaginous fishes (Li and Ortí, 2007;
Stoeckle et al., 2018). Amplifications were performed with Illustra
PuReTaq beads in 0.2-ml tubes (GE Healthcare), reaction volume
of 25 µl, 5 µl of specimen DNA, and 250 µM M13-tailed
primers (IDT). Thermal cycler protocol was 95◦C for 5 m, 35
cycles of 95◦C for 20 s, 57◦C for 20 s, and 72◦C for 20 s, and
72◦C for 1 m. COI barcode region was amplified with COI-3
primer cocktail, except that alternate primers were used for rays
(Ivanova et al., 2007; Zeng et al., 2016; Kirchoff et al., 2017).
Primer sequences and additional PCR parameters are given
in Supplementary Table 1. Amplifications were confirmed by
agarose gel electrophoresis, and PCR clean-up and bidirectional
sequencing were done at GENEWIZ. Consensus sequences were
assembled in MEGA, using 4Peaks to assess trace files (Kumar
et al., 2004; Griekspoor and Groothuis, 2019).

Water Collection, Filtration, DNA
Extraction
With authorization from New Jersey Department of
Environmental Protection, surface water samples were collected
within 2 m of shoreline by wading or with a dip bucket
in the ocean (39.741641, −74.112961) and bay (39.745287,
−74.117982) sites on a barrier island about 110 km south of
New York City (Figure 1). The locations are about 2.5 km south
of Barnegat Inlet, a large tidal channel connecting the ocean and
the bay (Seabergh et al., 2003); the distance between sites by water
is about 8 km. Samples were stored at 4◦C for 24–48 h before
filtration. The water was poured through a paper coffee filter
to exclude large particulate matter and into a glass filter holder
(Millipore) attached to wall suction with a 47-mm, 0.45-µM pore
size nylon filter (Millipore). Filters were folded to cover retained
material and stored in 15 ml tubes at −20◦C. If the water did
not completely filter after 4 h, the volume filtered was recorded,
and the remainder is discarded. As negative controls, 1 L samples
of laboratory tap water were filtered using the same equipment
and procedures as those of the environmental samples. DNA
was extracted with PowerSoil kit with modifications from
the manufacturer’s protocol (Supplementary File 1), eluted
with 100 µl of Buffer 6 and concentration measured by Qubit
(Thermo Fisher Scientific). Ocean water temperatures in
Atlantic City, NJ, about 50 km south of the study location, were
obtained from the NOAA website1. No animals were housed
or experimented upon as part of this study. No endangered or
protected species were collected.

Metabarcoding
Amplifications were performed with Illustra PuReTaq beads, 5
µl of DNA sample (1/20 of the total) or 5 µl of HyClone
water, molecular biology grade (GE Healthcare), and 200 µM
Illumina-tailed “ecoPrimers” (Riaz et al., 2011) that target an
approximately 106-bp segment of 12S V5 region (IDT). PCR
parameters were 95◦C for 5 m, 40 cycles of 95◦C for 20 s,

1https://www.nodc.noaa.gov/dsdt/cwtg/catl.html
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TABLE 1 | Fish tissue specimens analyzed in this report.

Bony (B) or
cartilaginous (C)

Common name Scientific name Source DNA
sample ID

COI match
ref seq (%)

COI ref seq
database

Compare 12S to AF
Primer (5′–3′)

ACTGGGATTAGATACCCC

Compare 12S to AR
Primer (5′-3′)

TAGAA-CAGGCTCCTCTAG

B Armored sea robin Peristedion miniatum NOAA MM23 100 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Armored sea robin Peristedion miniatum NOAA MM24 99.7 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Banded drum Larimus fasciatus NJ DEP RF60 99.7 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Banded drum Larimus fasciatus NJ DEP RF61 . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Blackbelly rosefish Helicolenus dactylopterus NOAA MM09 100 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Blackbelly rosefish Helicolenus dactylopterus NOAA MM10 100 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Buckler dory Zenopsis conchifer NOAA MM27 100 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Dwarf goatfish Upeneus parvus NOAA MM21 100 GB . . . . . . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . .

B Dwarf goatfish Upeneus parvus NOAA MM22 100 GB . . . . . . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . .

B Fawn cusk-eel Lepophidium profundorum NOAA MM11 99.7 GB . . . . . . . . . . . . . . . . . . . . . G . - . . . . . . . . . . . . .

B Fawn cusk-eel Lepophidium profundorum NOAA MM12 99.7 GB . . . . . . . . . . . . . . . . . . . . . G . - . . . . . . . . . . . . .

B Feather blenny Hypsoblennius hentz Stockton Univ MM38 99.9 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Gray angelfish Pomacanthus arcuatus Northeastern Univ OGL03 100 GB . . . . . . . . . . . . . . . . . . . . . G . - . . . . . . . . . . . . .

B Gray snapper Lutjanus griseus Northeastern Univ OGL01 100 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Gray snapper Lutjanus griseus Northeastern Univ OGL02 100 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Gulf kingfish Menticirrhus littoralis NMNH MM42 100 BOLD . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Gulf kingfish Menticirrhus littoralis NMNH MM43 100 BOLD . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Gulf Stream flounder Citharichthys arctifrons NOAA MM01 100 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Gulf Stream flounder Citharichthys arctifrons NOAA MM02 100 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Houndfish Tylosurus crocodilus Northeastern Univ OGL06 100 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Inshore lizardfish Synodus foetens NJ DEP RF62 100 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Inshore lizardfish Synodus foetens NJ DEP RF63 100 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B inshore lizardfish Synodus foetens NJ DEP RF64 100 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Longhorn sculpin Myoxocephalus
octodecemspinosus

NOAA MM17 99.7 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Longhorn sculpin Myoxocephalus
octodecemspinosus

NOAA MM18 100 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Northern sennet Sphyraena borealis NOAA MM07 100 GB . . . . . . . . . . . . . . . . . . . . . G . - . . . . . . . . . . . . .

B Northern sennet Sphyraena borealis NOAA MM08 100 GB . . . . . . . . . . . . . . . . . . . . . G . - . . . . . . . . . . . . .

B Ocean pout Zoarces americanus NOAA MM03 100 GB . . . . A . . . . . . . . . . . T . . . . . . - . . . . . . . . . . . . .

B Ocean pout Zoarces americanus NOAA MM04 100 GB . . . . A . . . . . . . . . . . T . . . . . . - . . . . . . . . . . . . .

B Offshore hake Merluccius albidus NOAA MM15 100 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Offshore hake Merluccius albidus NOAA MM16 99.7 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Rainwater killifish Lucania parva Stockton Univ MM33 100 BOLD . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

(Continued)
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TABLE 1 | Continued

Bony (B) or
cartilaginous (C)

Common name Scientific name Source DNA
sample ID

COI match
ref seq (%)

COI ref seq
database

Compare 12S to AF
Primer (5′–3′)

ACTGGGATTAGATACCCC

Compare 12S to AR
Primer (5′-3′)

TAGAA-CAGGCTCCTCTAG

B Rainwater killifish Lucania parva Stockton Univ MM34 . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Rough silverside Membras martinica NMNH MM50 100 BOLD . . . . . . . . . . . . . . . . . . . . . G . - . . . . . . . . . . . . .

B Rough silverside Membras martinica NMNH MM51 100 BOLD . . . . . . . . . . . . . . . . . . . . . G . - . . . . . . . . . . . . .

B Southern kingfish Menticirrhus americanus NJ DEP RF65 100 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Southern kingfish Menticirrhus americanus NJ DEP RF66 . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Southern kingfish Menticirrhus americanus NOAA MM13 100 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Southern kingfish Menticirrhus americanus NOAA MM14 100 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Spotfin killifish Fundulus luciae NMNH MM46 100 BOLD . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Spotfin killifish Fundulus luciae NMNH MM47 100 BOLD . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Striped blenny Chasmodes bosquianus Stockton Univ MM36 100 BOLD . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Striped blenny Chasmodes bosquianus Stockton Univ MM37 100 BOLD . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Witch flounder Glyptocephalus
cynoglossus

NOAA MM05 100 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Witch flounder Glyptocephalus
cynoglossus

NOAA MM06 100 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

B Yellow jack Carangoides bartholomaei Northeastern Univ OGL04 99.1 GB . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . .

C Atlantic sharpnose shark Rhizoprionodon
terraenovae

Texas A&M Univ MM29 100 GB . . . A . . . . . . . . . . . . . T . . . . . - . . . . . . . . . . . . .

C Atlantic sharpnose shark Rhizoprionodon
terraenovae

Texas A&M Univ MM30 100 GB . . . A . . . . . . . . . . . . . T . . . . . - . . . . . . . . . . . . .

C Atlantic sharpnose shark Rhizoprionodon
terraenovae

Texas A&M Univ MM40 100 GB . . . A . . . . . . . . . . . . . T . . . . . - . . . . . . . . . . . . .

C Atlantic sharpnose shark Rhizoprionodon
terraenovae

Texas A&M Univ MM41 100 GB . . . A . . . . . . . . . . . . . T . . . . . - . . . . . . . . . . . . .

C Atlantic stingray Dasyatis Sabina Northeastern Univ OGL05 100 GB . . . A . . . . . . . . . . . . . T . . . . . - . . . . . . . . . . . . .

C Blacktip shark Carcharhinus limbatus Texas A&M Univ MM28 100 GB . . . A . . . . . . . . . . . . . T . . . . . - . . . . . . . . . . . . .

C Bluntnose stingray Dasyatis say NJ DEP RF67 100 GB . . . A . . . . . . . . . . . . . T . . . . . - . . . . . . . . . . . . .

C Bluntnose stingray Dasyatis say NMNH MM48 99.9 GB . . . A . . . . . . . . . . . . . T . . . . . - . . . . . . . . . . . . .

C Bluntnose stingray Dasyatis say NMNH MM49 99.7 GB . . . A . . . . . . . . . . . . . T . . . . . - . . . . . . . . . . . . .

C Brazilian cownose ray Rhinoptera brasiliensis beach wrack MM44 99.7 GB . . . A . . . . . . . . . . . . . T . . . . . - . . . . . . . . . . . . .

C Brazilian cownose ray Rhinoptera brasiliensis Univ S Mississippi MM52 99.9 GB . . . A . . . . . . . . . . . . . T . . . . . - . . . . . . . . . . . . .

C Brazilian cownose ray Rhinoptera brasiliensis Univ S Mississippi MM53 99.9 GB . . . A . . . . . . . . . . . . . T . . . . . - . . . . . . . . . . . . .

C Chain dogfish Scyliohinus rotifer NOAA MM25 100 GB . . . A . . . . . . . . . . . . . T . . . . . - . . . . . . . . . . . . .

C Chain dogfish Scyliohinus rotifer NOAA MM26 100 GB . . . A . . . . . . . . . . . . . T . . . . . - . . . . . . . . . . . . .

C Southern stingray Dasyatis Americana Northeastern Univ OGL07 99.2 GB . . . A . . . . . . . . . . . . . T . . . . . - . . . . . . . . . . . . .

COI reference sequence databases were GenBank (GB) and Barcode of Life Data System (bold). Vouchered specimen identifiers are included in GenBank records.
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FIGURE 1 | Water collection sites in coastal New Jersey.

52◦C for 20 s, and 72◦C for 20 s, and 72◦C for 1 m. Each
sample was amplified once for bony fishes (primer set AF/AR)
and once for cartilaginous fishes (primer set AFS/AR). Negative
control reactions (tap water eDNA and reagent-grade water)
were included in all amplification sets. Primer sequences, with
Illumina tails in BOLD, were 1) forward primer AF: TCG TCG
GCA GCG TCA GAT GTG TAT AAG AGA CAG ACT GGG
ATT AGA TAC CCC; 2) reverse primer AR: GTC TCG TGG
GCT CGG AGA TGT GTA TAA GAG ACA G TAG AAC AGG
CTC CTC TAG; 3) forward primer AFS: TCG TCG GCA GCG
TCA GAT GTG TAT AAG AGA CAG ACT GGG ATT AGA
TAC CCT. Following amplification, 5 µl was run on a 2% agarose
gel to assess the products, and the remainder was diluted 1:20 in
Buffer EB (Qiagen) and stored at−20◦C. Indexing was done with
Illustra PuReTaq beads, 5 µl of diluted amplification product,
and 2.5 µl of left and right index primers (Nextera XT Index Kit
v2; Illumina). Thermal cycler parameters were 95◦C for 5 m, 12
cycles of 95◦C for 20 s, 55◦C for 20 s, and 72◦C for 20 s, and
72◦C for 1 m. Bony and cartilaginous fish amplifications were
indexed separately. Indexed PCR libraries were pooled, treated
with 1:1 AMPure XP, and the yield measured with Qbit. This
ratio of AMPure was utilized to help exclude a primer product
(size about 200 bp, compared to the desired product size of about
380 bp) that was generated from some samples and negative
controls. Sequencing was done at GENEWIZ on an Illumina
MiSeq (2× 150 bp). PhiX spike-in was not employed.

Bioinformatic analysis was performed using DADA2, which
identifies all unique sequences rather than lumping according
to threshold criteria (Callahan et al., 2016, 2017). Our DADA2
pipeline (Stoeckle et al., 2017) generated taxon assignments by
comparison to an internal library, which was updated when new
reference sequences became available. Because the identification
algorithm picked up some partial matches, DADA2 output

files were exported to Excel and IDs re-checked for exact
full-length matches using Excel MATCH function. Finally, all
unnamed ASVs were submitted manually to GenBank; those
with greater than 90% identity to any vertebrate were recorded.
At the completion of the study, fastq files were re-analyzed
in DADA2 pipeline with the fully updated library. All species-
level identifications were based on 100% matches. Detections
less than 1/1,000 of the total for that amplicon sequence variant
(ASV) in that MiSeq run were excluded to reduce mis-assignment
errors. To compile results from MiSeq runs, minor ASVs differing
by one or two nucleotides from the predominant sequence for
that taxon, which include sequencing errors and uncommon
haplotype variants, were not utilized (Stoeckle et al., 2017).

RESULTS

Regional Marine Fish Checklist, New
Reference Sequences
We compared the New Jersey Checklist of Saltwater Fishes to
GenBank, noting which had accessions for the 12S eDNA target
(Able, 1992; Riaz et al., 2011). Checklist species, 223 (65%)
of 341, had one or more records fully covering this region
(median 2, range 1–191), including 90 (84%) of 107 fishes ranked
abundant or common (Supplementary Table 2). Tissue requests
are focused on common species not, or poorly, represented. In
addition, neighbor-joining trees of ASVs generated from ongoing
time series helped guide requests toward taxa likely to match
unnamed ASVs. In some cases, this approach led to requests
for species not on the NJ Checklist (Supplementary Table 3).
As noted above, a total of 60 tissue specimens representing 31
“missing species” were obtained (Table 1). An approximately
690-bp 12S segment spanning the eDNA target region including
primer binding sites was recovered from all specimens. COI
barcodes, obtained from at least one representative of each
species, showed 99.7–100% identity to reference sequences in
GenBank or BOLD, confirming specimen IDs. New sequences
obtained in this study boosted GenBank coverage of NJ checklist
fishes for 12S V5 target locus to 74% overall, and to 95% of
species ranked abundant or common (Supplementary Table 2).
Additional 12S sequences for poorly represented fishes were exact
or near-exact matches for existing GenBank records. Among
near-exact matches, none of the polymorphisms fell within the
approximately 106-bp 12S metabarcoding target gene region.

Time Series Water Collection, Filtration,
DNA Extraction
From April 2017 to March 2019, 59 pairs of 1-L water samples
were collected approximately twice monthly at an ocean and a
bay site in coastal New Jersey (Figure 1). Ocean water tended to
clog filters less quickly than did bay water, resulting in average
filtered volume of 920 ml from ocean samples and 750 ml
from bay. Interval between filtration and extraction averaged
31 days (range 0–92 days), with no evidence of DNA loss during
filter storage (Supplementary Figure 1). DNA yield was lower
for ocean than bay samples (average per liter filtered, about
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3,800 and 5,000 ng, respectively; corresponding concentrations
of extracted DNA averaged 38 and 50 ng/µl, respectively), and
averaged 2-fold higher in spring and summer compared to fall
and winter (Supplementary Figure 2). All 20 tap water negative
controls contained DNA (average 200 ng/L filtered). Collection
dates, filtration, and DNA details for each sample are given in
Supplementary Table 4.

Primer Evaluation in Bony and
Cartilaginous Fishes
An alignment of 12S sequences showed that most elasmobranchs
have a T at the 3′ end of the forward primer site, compared
to a C in most osteichthyes (e.g., Table 1). Modifying forward
primer AF with a 3′ T (primer AFS) greatly improved detection
of elasmobranchs and moderately reduced that of osteichthyes
(Figure 2). In the following, we report bony fish results
with AF/AR primer pair and cartilaginous fish findings with
AFS/AR primer pair.

Library Preparation, MiSeq
Metabarcoding, DADA2 Pipeline
Libraries (236) were prepared from field samples (each sample
was amplified separately for bony and cartilaginous fishes), plus
77 libraries from tap water DNA and 79 from reagent-grade
water. The resulting 392 libraries, together with other samples
not reported here, were indexed and run on Illumina MiSeq,
2 × 150 bp, distributed over 10 runs with 82–96 libraries per
run (Supplementary Tables 5, 6). Average raw reads were 13.1
M per run, mean quality score 33, and on average, 75% of
bases had q-score greater than 30. Bioinformatic processing with
DADA2 produced an average of 6.2 M paired reads per run, with
an average of 85 K reads per library from field samples. After

filtering to reduce mis-assignment errors, all negative control
libraries (tap water DNA, reagent-grade water) were negative for
fish reads. Among the complete set of coastal water samples, 89
bony fish and 15 cartilaginous fish ASVs were detected. Eighty-
six matched a single species, eight matched two or more, and 10
had no exact matches (Supplementary Table 7).

Bony Fish eDNA
Libraries prepared from ocean and bay samples amplified
with AF/AR primer pair generated on average about 40,000
and 80,000 bony fish reads, respectively. Ocean reads were
distributed among 66 fish ASVs and bay reads among 63
ASVs. Species frequency differed strongly between the ocean and
the bay, consistent with known habitat preferences (Figure 3)
(complete results in Supplementary Tables 5, 8). The number
of species per sample roughly tracked water temperature,
and individual species exhibited consistent seasonal patterns
(Figure 4). At both sites, a small number of fishes accounted
for the great majority of reads, as commonly recovered taxa
tended to have higher average reads per detection (Figures 3, 5).
New reference sequences matched eight ASVs, including
that of Gulf kingfish (Menticirrhus littoralis), a southern
U.S. species (Figures 3, 4).

Cartilaginous Fish eDNA
The AFS/AR primer pair generated on average about 6,000
and 2,000 elasmobranch reads from ocean and bay libraries,
respectively (Supplementary Table 5). Detections were strongly
seasonal, with most species limited to warmer months, except
for little or winter skate (Leucoraja erinacea or L. ocellata) and
spiny dogfish (Squalus acanthias), which are known to move into
this region during cold water months (Figure 6). New reference

FIGURE 2 | Improved detection of cartilaginous fishes (sharks, rays, skates) with forward primer AFS.
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FIGURE 3 | Two-year time series of bony fish eDNA in coastal New Jersey. Fishes with new reference sequences reported in this study are highlighted in blue.

sequences ID’d three elasmobranch ASVs, including Brazilian
cownose ray (Rhinoptera brasiliensis), a semi-tropical species with
U.S. records limited to the Gulf of Mexico. Unlike congener
R. bonasus, R. brasiliensis eDNA was not found in the bay (0/59 vs.
7/59, p = 0.0129, Fisher’s exact test). A decayed individual found
near the ocean collection site in August 2017 was identified as
Brazilian cownose ray based on 12S and COI sequences (Table 1
and Supplementary Figure 3).

Other Fishes, Non-fish Vertebrate eDNA
Other non-checklist fish eDNAs included skilletfish (Gobiesox
strumosus) (seven samples), Pacific sand lance (Ammodytes
hexapterus) (4), capelin (Mallotus villosus) (1), and butterfly
kingfish (Gasterochisma melampus) (1). Human and domestic
animal DNAs were regularly amplified from field samples and
from negative controls (Supplementary Table 9), as commonly
observed with vertebrate primers (Leonard et al., 2007). Given
their presence in negative controls, all detections of human
and domestic animal DNA were considered as of unknown
origin. In addition, ASVs matching land and marine mammals,
birds, and turtles were recovered from field samples and not
from negative controls (Supplementary Table 9). The accuracy

and comprehensiveness of 12S reference library for non-fish
vertebrates were not assessed.

DISCUSSION

Here we evaluate the existing eDNA metabarcoding reference
library for U.S. mid-Atlantic coastal fishes, provide new reference
sequences for 31 species, and test the enhanced library against a
2-year time series of water samples from ocean and bay sites in
New Jersey. The new library enabled exact match identifications
for most all (90%) fish ASVs generated from time series samples,
revealing strong seasonal patterns and differences in species
distribution between ocean and bay. To our knowledge, this
is the most detailed multi-year time series of New York Bight
fishes by any methodology to date, highlighting eDNA’s potential
for relatively low-cost, low-impact mapping of marine life. Our
findings add evidence that aquatic eDNA is localized in space and
time consistent with fish distribution and abundance, supporting
expanded application in ocean monitoring and exploration
(Baker et al., 2018; Lafferty et al., 2018; Holman et al., 2019;
Yamahara et al., 2019).
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FIGURE 4 | Detection of selected bony fish species. Positive samples are
indicated in black. Blue highlights fishes with new reference sequences
reported in this study. Most seasonal species were restricted to warmer
months, except for winter or yellowtail flounder (Pseudopleuronectes
americanus or Limanda ferruginea), both cold water specialists.

eDNA revealed the Gulf kingfish (Menticirrhus littoralis)
as a common seasonal migrant, with similar occurrences as
congeneric northern kingfish (M. saxatilis) (NJ Checklist status,
common). In 1907, the Gulf kingfish was described as “rarely
if ever straying north of North Carolina” (Smith, 1907) and
subsequently found to be seasonally present in Chesapeake
Bay, about 350 km south of our study site (Hildebrand and
Schroeder, 1928; Murdy et al., 1997). A recreational fishing
website mentions a Gulf kingfish caught in Long Beach Island,
New Jersey (Delaware Surf Fishing, 2019), but we have not
found any scientific reports of M. littoralis north of Chesapeake
Bay, including the absence from NJ Trawl Surveys conducted
during the period of this study and from regional checklists
(Able, 1992; Briggs and Waldman, 2002; Collette and Klein-
MacPhee, 2002; Froese and Pauly, 2019). Our findings do not
help answer whether the Gulf kingfish recently extended its range
northward or whether the species has been present for some
time but overlooked, possibly due to a restricted distribution
or morphologic similarity to related species. In addition, the
possible limit of putative range extension is unknown. Among
other field samples analyzed in these MiSeq runs, the Gulf
kingfish eDNA was found in one of 17 samples from outer
New York harbor in spring and summer 2017, and none of
nine collected in Martha’s Vineyard in summer 2018. Given

FIGURE 5 | eDNA abundance (average reads/detection) vs. frequency
(number of detections) for bony fish species.

the absence of a physical specimen, it is possible that eDNA
matching Gulf kingfish was derived from a related species.
However, including the new sequences reported in this study,
all kingfish family (Sciaenidae) taxa on the NJ Checklist have
species-specific 12S sequences.

eDNA found both cownose ray (Rhinopterabonasus) and
Brazilian cownose ray (R. brasiliensis) as relatively common
warm season migrants. Seasonal appearance of cownose ray
eDNA fits the checklist status as occasional in summer as well
as recent New Jersey Trawl Survey results. Brazilian cownose
ray eDNA was a surprise, and this discovery was bolstered by
COI and 12S mtDNA testing of a beach wrack specimen. As
the specimen was not examined morphologically, we cannot
exclude possibility that this was a R. bonasus individual carrying
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FIGURE 6 | Sharks, rays, and skates found by eDNA metabarcoding in
coastal New Jersey. Positive samples are indicated in black. Fishes with new
reference sequences reported in this study are highlighted in blue.

introgressed R. brasiliensis mtDNA. R. brasiliensis was originally
described as limited to coastal Brazil and more recently found
to be widespread in the Gulf of Mexico from southern Mexico
to Alabama, but not in Chesapeake Bay (Vooren and Lamónaca,
2004; Jones et al., 2017; Palacios-Barreto et al., 2017). R. bonasus,
which abounds in Chesapeake Bay, was also detected in Barnegat
Bay by eDNA, where R. brasiliensis eDNA was absent. This
brings up the possibility that the two batoids have different
habitat preferences. The three Rhinoptera species found in U.S.
waters, namely, bonasus, brasiliensis, and steindachneri (Pacific
cownose ray), closely resemble one another, challenging even
expert morphologic discrimination (Naylor et al., 2012). It is
uncertain whether R. brasiliensis recently extended its range or
has been present but overlooked, perhaps due to morphologic
conservation or patchy distribution. Of note, single specimens of
Brazilian cownose ray are reported from Nantucket and North
Carolina, dating to 1881 and 1953, respectively (Bigelow and
Schroeder, 1953; Jones et al., 2017).

Regarding other non-checklist taxa, the range of skilletfish
extends to New Jersey (Murdy et al., 1997). A recent study found
eDNA matching Pacific sand lance in Long Island Sound, and it
is unknown whether this reflects species presence or an imperfect
database (Liu et al., 2019). Single detections of the other two
extra-limital fishes, butterfly kingfish and capelin, are also of
uncertain significance.

The limitations of this study include potential
misidentifications due to absent representation of relevant
species or unrecognized errors in the reference database. Some
unmatched ASVs may be unrecorded haplotypes of species
already in GenBank, particularly as 12S accessions for most

fishes are few (median two individuals/species). As with other
mtDNA genes, 12S IDs can be misled by hybridization, which
can result in mitochondrial introgression, i.e., mitochondrial
genomes shared between species. This caveat applies to all
species identifications based solely on mtDNA, including
those in this study. However, to our knowledge, mitochondrial
introgression in marine fishes is reported relatively uncommonly
(Hubbs, 1955; Gardner, 1997; Montanari et al., 2012), and
we are not aware of documentation for species in this study.
Other possible impediments common to metabarcoding studies
include distorted results due to primer bias, stochastic effects
of amplification leading to erratic detection, and unrecognized
cross-contamination (Deiner et al., 2017).

Alternate eDNA targets may yield different or additional
information. In particular, the MiFish segment of the 12S rRNA
gene, immediately adjacent to the ecoPrimer V5 region targeted
in this study, is longer (average 170 vs. 106 bp) and better resolves
some closely related species (Miya et al., 2015) compared to
the V5 region. We chose the V5 region due to concerns about
potential primer bias, as our preliminary analysis indicated that
MiFish-U primer set has more mismatches against bony fishes
than V5 AF/AR primers have. Whether these mismatches affect
amplification is not known. Given the wide interest in fish stock
assessment via eDNA, a systematic comparison of these primer
sets may be worthwhile.

Our results are consistent with a positive relationship between
fish abundance and eDNA detection, as the protocol commonly
found common fishes and rarely found rare ones. Most (70%)
time series species are ranked common or abundant including
all top 15 from the ocean and the bay, while most (70%)
checklist species are occasional or rare. Even when present,
rare fishes may be hard to discover by metabarcoding, as
scarce eDNAs amplify less consistently than more abundant
lineages (Ficetola et al., 2015; Furlan et al., 2016; Stoeckle
et al., 2017). Apprehension of uncommon fishes amidst a sea
of plentiful forms can challenge metabarcoding. In one report,
lineages representing less than 0.05% (i.e., 1/2,000) of the total
vertebrate DNA were not detected, even with 15 replicate
amplifications, which presumably reflects constraints inherent
in PCR (Sato et al., 2017; Kelly et al., 2019). In our study,
the least common species, i.e., those found only once, all had
more than 100 reads, whereas one might expect to recover
uncommon species with as few as a single read. This observation
may reflect absent amplification of rarer lineages. The apparent
dynamic range of our protocol – the difference between the
highest read number from common species and the lowest
read number from single-detection species – was about 2,000-
fold (Supplementary Figure 4). Non-amplification methods
may help extend the lower limit of metabarcoding detection
(Mariac et al., 2018).

In this study we provide a 2-year metabarcoding look at
ocean and bay fishes in coastal New Jersey. New reference
sequences combined with existing GenBank records demonstrate
strong differences by season and site consistent with fish biology,
and reveal two southern fishes, not recorded in traditional
surveys, as warm season migrants. Gaining new insights in
a well-studied ecosystem spotlights the added value of this

Frontiers in Marine Science | www.frontiersin.org 9 May 2020 | Volume 7 | Article 226

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


fmars-07-00226 May 1, 2020 Time: 12:38 # 10

Stoeckle et al. eDNA Detects Extralimital Marine Fishes

technology. Our findings of fish species north of their prior
ranges are consistent with long-term trends in U.S. Mid-Atlantic,
which show northward movement of multiple fish populations
over the past 40 years, attributed to ocean warming (Nye
et al., 2009; Cleary et al., 2017). Looking ahead, piggybacking
eDNA collection onto existing marine surveys will likely speed
understanding of how eDNA can augment established methods
for assessing diversity and abundance (e.g., Thomsen et al., 2016;
Watts and Miksis-Olds, 2018; Berry et al., 2019).
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