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Abstract

DNA metabarcoding is an important tool for molecular ecology. However, metabarcoding effectiveness hinges on the quality

of reference databases for taxa and loci of interest. This limitation is true for metabarcoding of marine fishes in the California

Current Large Marine Ecosystem where there is a paucity of reference 12S barcodes. Here we present FishCARD, a California

Current-specific fish 12S-specific reference barcode database. We barcoded 612 species using the MiFish metabarcoding primers;

an addition of 258 species to the 459 California Current fish species with existing 12S barcodes from GenBank. The resulting

FishCARD database covers 82.7% of California Current fishes, and it includes virtually all fishes sampled by large marine

monitoring programs such as the Partnership for Interdisciplinary Studies of Coastal Oceans and California Cooperative Oceanic

Fisheries Investigation. To demonstrate the importance of complete reference databases for eDNA metabarcoding, we compared

species and reads identified from three 1L seawater samples collected off Santa Cruz Island, CA using GenBank sequences with

and without our generated barcodes, as well as the FishCARD database curated here. The inclusion of our generated barcodes

allowed the additional identification of 15 native taxa and 21.8% of total reads from eDNA samples. However, we found that half

of all amplicon sequence variants (ASVs) generated by MiFish 12S primers were of non-vertebrate 16S origin, demonstrating a

clear limitation of a widely employed fish metabarcoding primers. Despite these limitations, FishCARD provides an important

genetic resource to enhance the effectiveness of marine metabarcoding efforts in the California Current Large Marine Ecosystem.

Introduction

Next generation DNA sequencing provides advanced tools for marine ecology and ecosystem monitoring
(Closek et al., 2019; Kelly, Port, Yamahara, Martone, et al., 2014; Yamahara et al., 2019). The ability to
sequence tens to hundreds of millions of reads in a single sequencing run allows for the development of novel
genomic applications to a suite of research questions including species mapping, biomonitoring, gut content
analyses, and population genomics, all of which aid our understanding of the ecology of marine ecosystems
(Baetscher et al., 2019; Guo, 2017; Sanders et al., 2015; Thompson, Chen, Guo, Hyde, & Watson, 2017).

Key to these advances is next-generation sequencing metabarcoding. Metabarcoding is a process in which
multiple species are identified from bulk DNA (e.g., homogenized gut contents or settlement tile scrapings) or
environmental DNA (eDNA) samples (e.g., water and soil) typically by PCR amplification and sequencing of
a target gene, and then comparing the resulting DNA sequences to a database of known reference sequences
(Taberlet, Coissac, Hajibabaei, & Rieseberg, 2012). In particular, the application of eDNA metabarcoding
allows researchers to detect a broad range of marine diversity from a single liter of seawater and has the
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potential to dramatically improve marine biomonitoring efforts (Kelly, Port, Yamahara, Martone, et al.,
2014).

The success of metabarcoding approaches relies on the quality of reference databases, specifically their
completeness and accuracy (Boyer et al., 2016; Machida, Leray, Ho, & Knowlton, 2017). The absence
of reference barcodes for a given species for a target locus makes it impossible to accurately classify all
sequences generated through metabarcoding with current bioinformatic technology (Deiner et al., 2017).
Inadequate reference databases are an acute problem for barcoding, metabarcoding, and eDNA studies that
limit the accuracy of taxonomic identification and have the potential to bias the interpretation of results
(Andruszkiewicz et al., 2017; Djurhuus et al., 2020; Klymus, Marshall, & Stepien, 2017). Thus building
complete and accurate reference databases is paramount to the success of molecular ecology monitoring
efforts (Schenekar, Schletterer, Lecaudey, & Weiss, 2020). To address the need for accurate and complete
reference databases, previous efforts were made to barcode California Current Large Marine Ecosystem fishes
focused on the mitochondrial Cytochrome Oxidase I (COI ) locus (Ardura, Planes, & Garcia-Vazquez, 2013;
Elena M Duke & Burton, 2020; Hastings & Burton, 2008; Ward, Hanner, & Hebert, 2009).

However, recent metabarcoding studies of marine fishes have focused instead on a short segment of the mito-
chondrial 12S RNA gene because it provides species-level resolution for many fishes while being vertebrate-
specific (Miya et al., 2015; Valsecchi et al., 2019). The smaller 12S locus is also thought to be advantageous
for eDNA studies because of DNA isolated from the environment tends to be degraded and commonly used
sequencing technologies target relatively small loci (Collins et al., 2019; Jo et al., 2017; Miya et al., 2015).
Given the success of this metabarcoding primer set, the MiFish Universal Teleost primer set is the most
commonly used 12S barcode region because of its utility across a diverse assemblage of marine fishes (Bista
et al., 2017; Closek et al., 2019; Thomsen et al., 2016; Valsecchi et al., 2019; Yamamoto et al., 2017).

Thus while there is a near complete CO1 barcode database of California Current fishes (Hastings & Burton,
2008), there is a relative lack of 12S barcodes for California Current fishes in existing reference databases;
GenBank has MiFish 12S barcodes for 459 of the 864 California fish species (NCBI download October
2019). This paucity of barcodes severely limits the utility of 12Smetabarcoding approaches in California
Current coastal waters (Andruszkiewicz et al., 2017; Djurhuus et al., 2020; Port et al., 2015), where relatively
recently established marine protected areas (Gleason et al., 2013; Pondella et al., 2015; Thompson, Watson,
McClatchie, & Weber, 2012) have created an urgent need for effective and economical monitoring (Elena
Maria Duke, Harada, & Burton, 2018; Harada et al., 2015).

Metabarcoding has the ability to help marine resource managers address critical questions, ranging from
shifting species distributions, effectiveness of marine protected areas, and seasonal patterns of larval fish
recruitment, among others (Closek et al., 2019; Djurhuus et al., 2020; Elena M Duke & Burton, 2020;
Kelly, Port, Yamahara, Martone, et al., 2014). However, the success of metabarcoding efforts to enhance
fishery management in the California Current Large Marine Ecosystem depends on the development of
an improved 12S barcode reference database. Towards this end, we developed the FishCARD reference
database. This regionally-specific database is curated for marine fishes found in the California Current
Large Marine Ecosystem, comprised of12S sequences previously available in GenBank supplemented by
hundreds of additional 12S sequences generated during this study.

Methods

Reference Barcode Generation

To generate a more complete 12S barcode reference database for fish found in the California Current Large
Marine Ecosystem, we assembled a list of native marine teleost and elasmobranchs, comprising a total of
864 species (Allen & Horn, 2006; Froese & Pauly, 2010; Hastings & Burton, 2008; Love, & Passarelli, 2020)
(Supplemental Table 1). From this list, we acquired as many ethanol-preserved specimens as possible from
the Scripps Institution of Oceanography Marine Vertebrates Collection at University of California San Diego
(SIO). We obtained a total of 757 samples, representing 612 species (Supplemental Table 2) or 70.8% of
all described species of California Current marine fishes. Of these 757 samples, 258 had no previous 12S
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barcodes.

For each sample, we extracted DNA from ˜0.25 mg of tissue in 300 μL of a 10% Chelex slurry (Walsh,
Metzger, & Higuchi, 1991). Given the high volume of samples to process, we initially froze sample slurries at
-20@C. Subsequently, samples were thawed, vortexed for 10 seconds, and then centrifuged at high speed for
15 seconds prior to incubating at 95@C for 20 minutes. Samples were then vortexed and centrifuged again
at high speed and stored at 4@C until use.

We amplified all DNA extracts using the MiFish Universal Teleost Primers and additionally amplified all
elasmobranch samples using the MiFish Elasmobranch Primers (Miya et al., 2015). PCR amplification
was conducted following the thermocycler profile of Curd et al.(2019b). PCR reactions had 25 μL reaction
volume containing 12.5 μL QIAGEN Multiplex Taq PCR 2x Master Mix (Qiagen Inc., Valencia, CA, USA),
6.5 μL of molecular grade water, 2.5 μL of each primer (2 μmol/L), and 1 μL DNA extraction. PCR
thermocycling employed a touchdown profile with an initial denaturation at 95°C for 15 min to activate the
DNA polymerase, followed by 13 cycles of a 30s denaturation at 94°C, a 30s annealing that started at 69.5°C
and then decreased by 1.5°C for each subsequent cycle (last cycle was 50°C), finishing with a 1 min extension
at 72°C. This initial touchdown profile was followed by 35 additional cycles using identical parameters except
a constant annealing temperature of 50°C and ending with a final extension at 72°C for 10 min. All PCRs
included a negative control, where molecular grade water replaced the DNA extraction. All PCR products
were visualized via electrophoresis on 2% agarose gels to ensure amplification success and correct product
size.

PCR products were purified using ExoSAP-IT (Affymetrix, Cleveland, OH, USA) and sequenced in both
directions using BigDye chemistry (Applied Biosystems Inc, Foster City, CA, USA) at Laragen Inc., (Cul-
ver City, CA, USA). We trimmed and aligned forward and reverse sequences in Sequencher version 5.4.6
(Nishimura, 2000). All taxonomic names between GenBank and vouchered specimens were synonymized to
NCBI taxonomy using the Rpackage taxize (Chamberlain & Szöcs, 2013). The resulting12S sequences were
deposited into GenBank (XXXXXX–XXXXXX; Supplemental Table 2).

eDNA Metabarcoding

To test the utility of the FishCARD database, we metabarcoded fish eDNA from 3 sites off Eastern Santa
Cruz Island, CA in 2017. We collected seawater samples from 10m depth using a 4 L Niskin bottle. From
this sample, we gravity filtered 1 L through a 0.2 μm Sterivex (Millipore Sigma, Burlington, MA, USA) filter
in the field and preserved on ice before being transported to a -20@C freezer. We then extracted eDNA
from the filters using the modified Qiagen DNeasy Blood and Tissue Kit extraction protocol of Spens et al.
(2017), and then amplified it via PCR using the MiFish Teleost primers and thermocycler profile above. We
prepared libraries following the methods of Curd et al. (2019) and sequenced these samples on an Illumina
MiSeq PE 2x300 at UCLA Technology Center for Genomics and Bioinformatics (see Supplemental Methods
for detailed library preparation protocol).

Bioinformatics and Taxonomic Assignment

We processed DNA sequences using the Anacapa Toolkit (Curd et al., 2019) following default parameters
with a Bayesian cutoff score of 60. We then assigned taxonomy to each generated amplicon sequence vari-
ant (ASV), unique sequence generated through metabarcoding, using three different reference databases.
First, we created a 12S reference database using CRUX (Curd et al., 2019), which compiled all publicly
available matching 12S barcode sequences from the NCBI GenBank database targeted by the MiFish Uni-
versal Teleost primers, employing standard CRUX parameters (Benson et al., 2018; Curd et al., 2019).
This set of sequences is herein referred to as the “CRUX -12S database” and included any GenBank
reference barcode that in silico amplified to the MiFish 12S primers (sequences downloaded in October
2019; https://github.com/zjgold/FishCARD & datadryad.org link provided upon acceptance). Second, to
evaluate how increasing database coverage improves taxonomic assignments, we supplemented the CRUX-
12Sdatabase with the 757 additional California Current fish 12Sbarcodes generated for this study, herein
referred to as the “combined database”. Third, to test the value of a database curated for the region, we cre-
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ated a reference database comprised of only 12Sbarcodes of fishes native to California Current Large Marine
Ecosystem. These sequences included those obtained from GenBank via CRUX and the 757 newly generated
reference sequences. This regionally specific reference database is subsequently referred to as “FishCARD”.

Reference Database Comparisons

To compare the effectiveness of the three reference databases, we examined the total number of ASVs and
taxonomic ranks identified using each database. We also investigated differences in taxonomic assignment
between single direction ASVs (comprised of forward- and reverse-only sequence reads) and merged ASVs
(merged paired-end sequence reads). Specifically, we compared the CRUX-12S database to the combined
database to determine how the inclusion of additional region-specific reference barcodes improved taxo-
nomic assignment of California Current fish species from eDNA samples. Next, we compared taxonomic
assignments between the FishCARD California Current-specific 12S reference database and the combined
reference database to determine whether a curated metabarcoding reference database specific to a regional
fauna performs better than a database that uses all available 12S reference barcodes.

Results

Reference Barcode Generation

We generated 757 12S MiFish barcodes for 612 California Current fishes, 557 teleosts, 51 elasmobranchs, and
4 cyclostomatan (Supplemental Table 2). Of these, 56 barcodes were duplicates of the same elasmobranch
taxa amplified with both the MiFish Elasmobranch and MiFish Universal 12S primer sets. In total, we
generated an additional 258 novel 12S barcodes for California Current fishes compared to what was available
in GenBank at the time of publication. Combining these barcodes with existing reference sequences deposited
on GenBank (October 2019) provides reference 12S barcodes for 715 out of 864 (82.8%) California Current
fish species.

eDNA Metabarcoding

We generated a combined 330,877 sequence reads from 3 eDNA samples, resulting in a total of 2,152 ASVs
including singletons; this total dropped to 341 ASVs excluding singletons. Of these 341 ASVs, 211 ASVs
were merged paired-reads, 123 ASVs were forward-only reads, and 7 ASVs were reverse only reads. All
comparisons below excluded singletons (ASVs that occurred only once across the three samples).

Unassigned MiFish 12S ASVs

The Anacapa Toolkit failed to assign taxonomy to 49.6% (169/341) of ASVs representing 24.5%
(81,002/330,877) of all reads using all three reference databases investigated in this study (Supplemental
Table 4). Of the 169 unassigned ASVs, 16 were forward-only reads, and 153 were merged reads. To explore
the origins of these unassigned reads, we used BLAST to query all Genbank sequences, revealing that 94.7%
(160/169) of these ASVs aligned to marine prokaryotic and eukaryotic 16S sequences (Max Alignment Scores
87.9-475). Of these aligned ASVs, 85% (136/160) matched to uncultured sequences generated from marine
metagenomic studies. 80.0% (128/160) of successfully aligned ASVs matched to bacterial barcodes including
those from Psychromonassp., Photococcus caeruleum , Loktanella sp.,Leucothrix sp., and Gimesia sp., and
cyanobacteria. A smaller fraction of assigned ASVs (18.8%; 30/160) best aligned to eukaryotic sequences
including those from diatoms (e.g. Nitzschia alba and Eucampia antarctica ) and other marine microalgae
(e.g. Picobiliphytes, Heterosigma akashiwo , Mesopedinella arctica , and Phacus warszewiczii ). Given that
these 169 unassigned sequences were non-vertebrate, we excluded these ASVs from all subsequent compar-
isons. All remaining 172 ASVs were assigned to a Class of vertebrates by at least one of the three reference
databases used. Of these vertebrate ASVs, 58 were merged, 107 were forward-only, and 7 were reverse only
reads.

Reference Database Comparisons

Samples processed using the CRUX-12S reference database assigned 89.5% (154/172) of vertebrate ASVs to
Family-level and 84.3% (145/172) of vertebrate ASVs to species-level (Supplemental Table 5). Examining
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merged reads only, the CRUX-12S reference database assigned 94.8% (55/58) of all vertebrate ASVs to
Family-level and 87.9% (51/58) of all vertebrate ASVs to species-level (Supplemental Table 6). Examining
only forward-reads, the CRUX-12S database assigned 87.9% (94/107) of all vertebrate ASVs to Family-
level and 83.2% (89/107) of all vertebrate ASVs to species-level. Across all vertebrate ASVs, the CRUX-
12S database produced 31 unique Family-level assignments, 39 unique genus-level assignments, and 38
unique species-level assignments of which only 25 were species native to the California Current Large Marine
Ecosystem. Across all vertebrate ASVs, the CRUX-12S database failed to resolve 1.7% (3/172) of vertebrate
ASVs to a vertebrate Class, 7% (12/172) of vertebrate ASVs below Class-level, and 1.7% (3/172) of vertebrate
ASVs below Order-level.

We then conducted taxonomic assignments using the combined database comprised of both CRUX -12S
reference barcodes supplemented with the additional 757 barcodes generated in this study. Samples processed
using the combined reference database assigned 100% (172/172) of vertebrate ASVs to Family-level and 88.4%
(152/172) of vertebrate ASVs to species-level. For merged reads only, the combined database assigned 100%
(58/58) of all vertebrate ASVs to Family -level and 93.1% (54/58) of all vertebrate ASVs to species-level.
For forward-only reads, the combined database assigned 100% (107/107) of all vertebrate ASVs to Family-
level and 87.9% (94/107) of all vertebrate ASVs to species-level. Across all vertebrate ASVs, the combined
database produced 28 unique Family-level assignments, 38 unique genus-level assignments, and 37 unique
species-level assignments of which 36 were species native to the California Current Large Marine Ecosystem.
No ASVs were assigned to only the Class- or Order-level.

Lastly, we assigned taxonomy using the curated FishCARD reference database comprised of only California
Current fish 12S reference barcodes. Samples processed using the curated FishCARD reference database
resulted in 99.4% (171/172) of all ASVs assigned to Family -level and 90.7% (156/172) of all ASVs assigned
to species-level. For merged reads only, the FishCARD database assigned 100% (58/58) of all vertebrate
ASVs to Family-level and 95% (55/58) of all vertebrate ASVs to species-level. For forward-only reads, the
FishCARD database assigned 100% (107/107) of all vertebrate ASVs to Family-level and 86.0% (92/107) of
all vertebrate ASVs to species-level.

Across all vertebrate ASVs, the FishCARD database produced 27 Family-level assignments, 39 genus-level
assignments, and 37 species-level assignments of which all were native CA species. The FishCARD database
failed to assign one vertebrate ASV which was assigned to the Family Delphinidae by both the CRUX-12S
and combined databases.

Reference Database Comparisons

CRUX-12S Database vs. Combined Database

Comparing the CRUX-12S and combined database results demonstrated that the inclusion of novel voucher
sequences allowed for species-level identification for 11 additional California Current taxa including Kelp
bass (Paralabrax clathratus ), California moray (Gymnothorax mordax ), Opaleye (Girella nigricans ), Giant
kelpfish (Heterostichus rostratus ), Ocean whitefish (Caulolatilus princeps ), and California halibut (Par-
alichthys californicus ) (Supplemental Table 3). The use of the FishCARD reference database also resulted
in improved taxonomic classification for 4 species previously missing barcodes that were assigned to other
native California Current fish species using the combined database (Supplemental Table 3).

Surprisingly, the inclusion of additional California Current-specific fish 12S barcodes also led to 10 ASVs
receiving a less specific taxonomic classification compared to the CRUX-12S database alone. Ten ASVs
assigned to the California native Señorita (Oxyjulis californica ) by the CRUX-12S database were only
identified to the Family Labridae using FishCARD.

Combined Database vs. Curated Database

The curated California-specific FishCARD database and the combinedCRUX-12S reference database sup-
plemented with the additional California-specific 12S barcodes differed for three taxonomic assignments.
First, the curated FishCARD database assigned an ASV to the Black croaker (Cheilotrema saturnum )
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that was previously only assigned to the family Sciaenidae by the combined database. Second, the curated
FishCARD database identified one ASV as native Bat ray (Myliobatis californica ) whereas the combined
database assigned this ASV to the non-native common Eagle ray (Myliobatis aquila ). Third, FishCARD re-
ference database failed to resolve one ASV previously assigned to the family of Delphinidae by the combined
database.

Discussion

Whether used alone or in combination with existing reference databases, FishCARD reference barcodes
dramatically improve the accuracy of eDNA metabarcoding assignments from California Current coastal
waters, including species for recreational and commercial fishing and marine ecosystem assessments (Allen
& Horn, 2006; Pondella et al., 2015; Sprague et al., 2013). In a test eDNA dataset from 3 sites on Santa Cruz
Island, FishCARD performed better, identifying ASVs to species for an additional 15 California Current fishes
that were not identified by theCRUX-12S database. This increase in accuracy greatly improves the utility of
eDNA for monitoring California Current coastal ecosystems, echoing previous research on the importance of
complete reference databases in metabarcoding (Leray, Boehm, Mills, & Meyer, 2012; Machida et al., 2017).

Unexpectedly, almost half of the ASVs and a quarter of all sequences generated in our eDNA test datasets
could not be assigned to species. While other metabarcoding studies report similar results (Leray & Knowlton,
2017) (Supplemental Table 1), further investigation showed that the vast majority of unassigned ASVs were
not fish. Instead, they mapped to uncultured bacteria 16S loci derived from marine shotgun sequencing
metagenomic studies (Bork et al., 2015). This unexpected result highlights that the MiFish Teleost 12S
primer set, while extremely useful for targeting vertebrate 12S loci, can also amplify non-target 16S genes,
potentially inflating the number of ASVs unassigned to species using this primer set.

Importance of Complete Reference Databases

Previous eDNA metabarcoding efforts in the California Current reported poor species-level identification
and frequent taxonomic assignment to non-native sister taxa (Closek et al., 2019; Kelly, Port, Yamahara,
& Crowder, 2014; Port et al., 2015), results that are likely due to the lack of adequate reference sequences
for these species. For example, an eDNA metabarcoding study in Southern California (Curd et al., 2019)
assigned multiple 12S ASVs to Girella simplicidens , the Gulf opaleye, a fish native to the Gulf of California
that does not occur in California coastal waters (Froese & Pauly, 2010; Love & Passarelli, 2020). This
incorrect assignment occurred because there were no corresponding 12S reference sequences for the local
native Opaleye, G. nigricans . By maximizing the number of reference barcodes from local species, FishCARD
allows the vast majority of reads to be correctly assigned to ecologically and geographically relevant species.

Compared to the CRUX database generated from 12S fish sequences in CRUX-12S , FishCARD improved
species-level assignments, identifying an additional 21.8% of the vertebrate reads in our eDNA samples. Much
of this improvement was due to the inclusion of reference barcodes for Kelp bass (Paralabrax clathratus ),
one of the most abundant marine species in Southern California kelp forest ecosystems and an important
sport fishery species (Pondella et al., 2015). By including this species, FishCARD assigned 2 previously
unidentified ASVs to P. clathratus, which accounted for 16.4% of our total sequence reads.

Importance of regional reference databases

Given that increasing reference database completeness increased the ability to assign ASV’s to species, it is
logical to assume that databases with more taxonomic coverage are better. However, our results suggest an
unexpected trade-off between greater diversity of barcodes and regionally/ecologically informed taxonomic
assignment. For example, using only the FishCARD database, which is specific to California Current marine
fishes, we identified important native taxa like Black croaker (Cheilotrema saturnum ) and Bat ray (Myliobatis
californica ) in eDNA samples. However, when FishCard and theCRUX -12S databases were combined to
yield a database with the largest total number of barcodes, black croaker was not identified and bat ray
inconsistently identified across multiple ASVs. The combined database failed to identify black croaker due to
the high similarity of12S barcode sequences within the Family Sciaenidae, specifically within the clade that
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includes Cheilotrema, a genus native to California, as well as Equetus and Pareques, non-native coral reef
associated genera; Supplemental Table 3). Similarity of barcode sequences also explains the loss of taxonomic
resolution inMyliobatis .

By excluding highly similar non-native barcodes, the curated FishCARD database provided more accurate
species-level assignments, suggesting that a database comprised of only local taxa is preferred to maximize
identification of local species. However, this improvement was not universal. For example, FishCARD failed
to classify an ASV belonging to the family Delphinidae that was identified by both the CRUX and combined
databases. This result stems from FishCARD being specific to California Current fishes and does not include
marine mammals. This shortcoming could be easily overcome, however, by appending FishCARD with
barcodes for other marine-associated vertebrate taxa of local management interests (Valsecchi et al., 2019).

These results highlight the tradeoff between identifying local species from clades with little genetic variation
and providing taxonomic coverage across a broad range of vertebrate species. As such, researchers need to
identify their research priorities when deciding on which reference databases to use, with a particular focus
on defining the scope of the target taxa. Future work could alleviate this tradeoff by building bioinformatic
pipelines that prioritize assignments to a reference set of native species, perhaps by including information on
species ranges and sample locations in the assignment algorithm. Alternatively, a regional database could be
appended to address specific questions, such as testing for the presence of specific invasive species or range
shifts associated with climate change.

Importance of full-length amplicons

Although FishCARD typically increased taxonomic resolution of ASVs from our eDNA samples, in one spe-
cific case the inclusion of additional California Current-specific 12S barcodes led to substantially reduced
taxonomic resolution, with 10 ASVs initially assigned toOxyjulis californica subsequently assigned only to
family, Labridae. This result appears to suggest that inclusion of barcodes from local fauna decreases assi-
gnment accuracy. However, all 10 of these ASVs were forward sequences only. The Señorita (Oxyjulis califor-
nica ) and Rock wrasse (Halichoeres semicinctus ), both native to the California Current share a high degree
of similarity in the forward12S sequence fragment, and the diagnostic SNPs occur in the reverse sequence
fragment. This issue is resolved when using the full-length merged reads which capture diagnostic SNPs
between these two species. Given genetic similarities between these two species, a recent phylogenetic study
of new world Halichoeres wrasses has even argued for synonymizing Oxyjulis into Halichoeres(Wainwright
et al., 2018).

Despite the above, single direction reads can provide accurate taxonomic assignment for many California
Current fishes. For example, within Labridae, the same family as Señorita and Rock wrasse, forward-reads
provided species-level resolution for the California sheephead,Semicossyphus pulcher . Such variation in
taxonomic assignment based on single-direction sequences highlights the importance of full-length merged
reads. To ensure the most accurate taxonomic classifications, researchers should maximize the generation of
merged reads by choosing the appropriate sequencing platform (e.g. paired end 300 bp vs. paired end 75 bp).

Although we conducted 300 bp paired-end high throughput sequencing for a 176 bp amplicon, we still
obtained a substantial number of orphaned single end reads. This result is largely due to the generation of
low quality reverse sequence reads, a persistent issue found across Illumina sequencing platforms (Callahan
et al., 2016; Kwon, Park, Lee, & Yoon, 2013). As such, it is important to think carefully about whether
or not to include single end reads on a case-by-case and potentially species-by-species basis. In the present
study, we were only able to make this determination because of the relative completeness of the FishCARD
database, which included all labrids native to the California Current.

Limitations of FishCARD

The FishCARD database did not include barcodes for all California Current marine fishes due to a combi-
nation of limited resources, difficulties amplifying vouchered tissue samples, and a lack of some vouchered
reference material within the Marine Vertebrates Collection of the Scripps Institution of Oceanography. Of
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the 149 (17.2%) California Current fishes absent from FishCARD, 44.0% (n=66) are rare in the California
Current, 14.7% (n=22) are common but not coastal species, and 2.0% (n=3) were introduced estuarine
species; only, 18.0% (n=27) were common coastal species (Supplemental Table 7). As such, FishCARD pro-
vides coverage for the vast majority of California Current marine fishes, making it an important tool for
metabarcoding studies, despite these missing taxa.

The one major shortcoming of FishCARD is that 20.8% (n=31) of the missing taxa are in the Genus Sebastes,
and rockfish are ecologically important (Hyde & Vetter, 2007), form the basis of many commercial and
recreational fisheries (Lea, McAllister, & VenTresca, 1999; Williams, Levin, & Palsson, 2010), and declines
in rockfish stocks led to the establishment of the largest marine protected areas in southern California,
the Cowcod Conservation Areas (Thompson et al., 2017). Unfortunately, this shortcoming cannot be easily
overcome through additional 12S barcoding. This is because rockfish are a recent and diverse radiation
comprised of 110 species (Ingram & Kai, 2014) and12S fails to resolve most Sebastes to species-level (Hyde
& Vetter, 2007; Yamamoto et al., 2017). Thus effective metabarcoding ofSebastes will require designing novel
Sebastes- specific metabarcoding primers that target a more rapidly evolving region of the mitochondrial
genome (e.g. CytB ) (Thompson et al., 2017).

However, FishCARD includes 100% of all non-Sebastes nearshore species monitored by the Channel Islands
National Kelp Forest Monitoring Program (n=80, Sprague et al., 2013), as well as by PISCO, the Part-
nership for Interdisciplinary Studies of Coastal Oceans (n=76; (Caselle, Rassweiler, Hamilton, & Warner,
2015; Pondella et al., 2015). Further, there is now 12S reference sequence for 98 of the 100 most abundant
ichthyoplankton species collected by the California Cooperative Oceanic Fisheries Investigation (CalCOFI)
from the California Current between 1951-2019 (only Showy bristlemouthCyclothone signata and Spotted
barracudina Arctozenus risso ) (Moser, 1993). Moreover, in real world application, this reference barcode
database assigned taxonomy to over 90% of vertebrate ASVs detecting a broad range of ecologically and com-
mercially important nearshore rocky reef species (Pondella II et al., 2019). As such, FishCARD represents
an important genetic resource for coastal California marine metabarcoding monitoring efforts.

Limitations of MiFish primers

High numbers of unidentified ASVs are a common feature of barcoding and metabarcoding studies (e.g. Leray
& Knowlton, 2017). These unidentified ASVs are typically attributed to incomplete reference databases (Curd
et al., 2019; Ransome et al., 2017; Schenekar et al., 2020) and/or novel biodiversity (Barber & Boyce, 2006;
Boussarie et al., 2018). However, given that FishCARD includes 82.8% of all California Current fishes, and
the remaining 15.6% are mostly rare species unlikely to be found in a kelp forest, it was extremely surprising
that half of all ASVs and a quarter of all sequences generated in our eDNA test datasets could not be
assigned.

The vast majority of these sequences and ASVs did not belong to vertebrates, but instead uncultured marine
bacteria, specifically matching to 16S , rather than 12S loci. Since mitochondria represent the capture of
microbial endosymbionts by ancient eukaryotes (Roger, Muñoz-Gómez, & Kamikawa, 2017) and that this
capture occurred in the sea, it perhaps is not surprising that primers designed to target vertebrate 12S
might also capture marine prokaryotes. Similarly, the homology between vertebrate 12S and prokaryotic
and bacterial16S genes is well known (Crews & Attardi, 1980) suggesting capturing microbial 16S with
vertebrate 12S primers is also not surprising. However, this particular feature of the MiFish primer set was
previously unreported, potentially impacting the interpretation of unidentified ASVs in fish metabarcoding
studies.

These findings highlight the importance of accurate universal metabarcoding primer design, especially in
outlining both target and non-target sequences. In the design of the MiFish Teleost 12Sprimers, uncultured
marine microbe 16S sequences were not considered as potential alternative targets for the primer set, resulting
in the selection of a metabarcoding locus with a high degree of non-target amplification (Miya et al., 2015).
This is an important finding for the marine vertebrate eDNA community which has recently converged
on the MiFish 12S primers (Closek et al., 2019; O’Donnell et al., 2017; Valsecchi et al., 2019; Yamahara
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et al., 2019) as these results suggest that the MiFish 12S primer set will generate substantial quantities
of non-target eDNA reads. At best, this non-target amplification will lead wasted sequencing effort, as
every microbial sequence generated reduces the number of vertebrate sequences. At worst, it could result in
incorrect interpretation of unidentified ASVs. This problem is of particular concern in environments with
high relative abundance of marine bacterial communities and low relative abundance of vertebrate biomass
such as in some pelagic midwater and deep sea habitats where recent eDNA sample collection efforts have
struggled to detect vertebrate sequences (K. Pitz personal communication).

Towards improved metabarcoding

FishCARD was designed to improve effectiveness of metabarcoding of California Current marine fishes. To
further improve and expand the taxonomic coverage of the database, we generated a website that identifies
species needing 12S reference barcodes and provides the research community targets for additional barcoding
efforts (https://github.com/zjgold/FishCARD). The ability to update and expand FishCARD will be especi-
ally important as climate change leads to range expansions of sub-tropical species that may become resident
within the California Current Large Marine Ecosystem (Gentemann, Fewings, & Garćıa-Reyes, 2017; Harvell
et al., 2019; Sanford, Sones, Garcia-Reyes, Goddard, & Largier, 2019). The importance of expanding the
database is highlighted by our detection of Finescale triggerfish, Balistes polylepis, in the eDNA samples, a
species that has only recently become more common off Santa Cruz Island and La Jolla since the 2014-2016
marine heatwave (B. Frable & S. McMillan, personal communication).

Additionally while the MiFish Teleost and Elasmobranch 12S loci are important targets for current marine
metabarcoding studies, future efforts and different applications of marine metabarcoding will likely rely on
additional barcoding targets. Recent efforts have found success multiplexing CO1 and 16S loci simultane-
ously, providing more species-level identifications than either marker alone and demonstrating complimentary
genetic loci can improve metabarcoding assignments (Duke & Burton, 2020). Future efforts to develop rapid
and affordable multi-loci barcoding and mitogenomic tools will provide greater resources for marine metabar-
coding and population genomic efforts (Coissac, Hollingsworth, Lavergne, & Taberlet, 2016). As these new
barcode loci are developed (e.g. Sebastes -specific barcodes), FishCARD can be expanded to include these
loci. Additionally, resources like the SIO Marine Vertebrates Collection will continue to provide important
voucher specimens for advancing marine molecular ecology resources as they accession new material.

Here we demonstrate that FishCARD provides an important genetic resource for California Current marine
metabarcoding efforts, improving the accuracy and effectiveness of this important and growing research
tool. The development of robust and complete reference databases dramatically improves the accuracy
of species-level taxonomic assignments, in turn enhancing the efficacy and applicability of these tools for
marine biomonitoring. This tool dramatically improves fish eDNA metabarcoding efforts in the California
Current Large Marine Ecosystem and provides marine resource managers and researchers an important tool
for surveying and monitoring marine fish communities using eDNA.
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