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Introduction

Landscape-scale modifications caused by anthropogenic effects have reshaped global

biodiversity and species distributions (Svenning et al., 2015; Boivin et al., 2016; Pecl et al.,

2017). For ecologists and environmental managers working to conserve ecosystems, a

greater understanding of species’ distributions and community structure is needed to

establish conservation priorities that mitigate biodiversity loss (Fordham et al., 2016;

Pollock et al., 2020; Harper et al., 2021). Traditional monitoring methods for quantifying

biodiversity have typically relied on field observations through visual, physical, or acoustic

surveys. Yet, these techniques can be invasive, destructive, prone to bias, or ineffective at

detecting rare, elusive, or cryptic species (Thomsen and Willerslev, 2015; Ruppert et al.,

2019; Gilbey et al., 2021). While there are limitations, environmental DNA (eDNA)

sampling is a powerful tool for monitoring biodiversity and evaluating the impacts of

human actions on species and ecosystems that can circumvent many of the aforementioned

limitations (Carroll et al., 2018; Beng and Corlett, 2020).

Organisms shed cells containing genetic material as they move through their

environments. This extra-organismal DNA can persist in water, soil, or sediment for

extended periods of time, and can be collected, extracted, and then amplified to infer

detection or non-detection of species without needing to handle any individuals (Freeland,

2017; Garlapati et al., 2019; Beng and Corlett, 2020). The relative ease of collecting

environmental samples coupled with the sensitivity of polymerase chain reaction (PCR) has

made eDNA instrumental for early detection of biological invasions (Jerde et al., 2013;
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Nathan et al., 2014; Jo et al., 2021a), non-invasive sampling of

imperiled species (Olson et al., 2012; Maruyama et al., 2018;

Strickland and Roberts, 2019), and for monitoring community

changes and/or ecosystem health (Lee et al., 2020; Wang et al.,

2021; Banerjee et al., 2022). However, like any technique, critical

considerations for study design are essential, with much attention

given to field methods (e.g., contamination prevention, sample

collection), benchtop practices (e.g., extraction, PCR inhibition),

and assay validation (e.g., sensitivity, specificity; Goldberg

et al., 2016).

The efficacy of eDNA applications ultimately hinges on assay

design (Freeland, 2017; Schroeter et al., 2020). For targeted

detection via end-point PCR, droplet digital PCR (ddPCR), or

quantitative PCR (qPCR), species-specific primers and probes are

typically designed (Goldberg et al., 2016; Ardura, 2019), whereas for

metabarcoding, universal primers are designed to target specific

taxonomic groups (Deagle et al., 2014; Miya et al., 2015; Kumar

et al., 2022). Regardless of the method used, eDNA assay design

begins with sequence alignments of target and sympatric species.

This in silico approach allows researchers to identify sequence

similarities among taxa for universal primer design or base pair

differences across species so that species-specific primers and

probes can be developed (Freeland, 2017; Schroeter et al., 2020;

Kumar et al., 2022). Whereas additional benchtop (i.e., in vitro) and

field (i.e., in situ) testing is required, in silico design remains

dependent on in-house sequencing or reference sequences

obtained through genomic databases such as National Center for

Biotechnology Information (NCBI) or Barcode of Life Data System

(BOLD; Ratnasingham and Hebert, 2007). Mitochondrial genes are

most frequently targeted for eDNA detections of animals because of

their increased coverage in genomic databases relative to nuclear

DNA, relatively high copy number per cell, and lower degradation

rates that increase detection probability (Taberlet et al., 2012;

Bylemans et al., 2018; Jo et al., 2021b). Cytochrome c oxidase

subunit I (COI) generally exhibits greater species-level phylogenetic

resolution relative to other mitochondrial genes (Hebert et al., 2003;

Rach et al., 2017). Consequently, it has become the gene of choice

for DNA barcoding, with millions of taxonomically verified

sequences available for eDNA assay design (Hebert et al., 2003;

Deagle et al., 2014). However, primer design is not always possible

within this region, and the COI gene is often too variable to develop

universal metabarcoding primers that reliably amplify a broad

taxonomic range (Deagle et al., 2014; Kumar et al., 2022). Instead,

ribosomal subunits such as 12S and 16S ribosomal RNA (rRNA) are

preferred for metabarcoding because they contain both highly

conserved regions suitable for universal primer design and

variable regions that are taxonomically discriminative (Yang

et al., 2014).

While assay design for eDNA monitoring will ultimately be

study-specific, access to sequence data that covers multiple gene

regions within the mitochondrial genome (herein, mitogenome) is

universally needed. Sequence databases that contain mitogenomes

are far from complete, with many species lacking publicly available

sequence data. For example, of the 34,200 described species of fish

(FishBase; Froese and Pauly, 2017), BOLD contains COI sequences

for 24,654 species whereas MitoFish, a database of complete and
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partial fish mitogenomes (Iwasaki et al., 2013), contains only 3,563

complete mitogenomes (accessed March 2023). For common

species, access to tissue for sequencing may simply require

additional field sampling; however, obtaining tissues from

threatened and endangered animals can be difficult due to their

rarity and, within the United Sates, the need to obtain handling

permits (United States, 1983). Thus, the purpose of this work was to

1) provide complete mitogenomes for many western North

American endangered fishes and 2) improve community coverage

for the native fishes of New Mexico, USA.
Methods

All specimens used for mitogenome sequencing were collected

from wild or hatchery populations (Table 1). Caudal fin tissue was

collected from 4-10 individuals per species, preserved in 95%

ethanol and frozen at -80°C post-sampling. Wild collections were

identified by regional experts and confirmed post-sequencing by

comparing protein-coding fragments (i.e., COI, ND4) to

accessioned sequence data within NCBI or BOLD (Ratnasingham

and Hebert, 2007).

Genomic DNA was extracted using a DNeasy® Blood and

Tissue Kit (Qiagen, Inc., Germantown, MD, USA). Long-range

PCR was performed using family-specific primers designed by

Schroeter et al. (2020). Reactions of 25 µl were conducted using

Q5 Hot Start High-Fidelity Master Mix (New England Biolabs,

Ipswich, MA, USA) under the following conditions: enzyme

activation for 2 min at 98°C, followed by 35 cycles of 20 s

denaturing at 98°C, 20 s at primer annealing temperature

(Supplementary Table 1; Schroeter et al., 2020) and 3 min at 72°

C, followed by a final 7 min elongation at 72°C. Amplification

success was confirmed through visualization on a 1.5% agarose gel.

Priming regions that failed to amplify in certain families during

the initial PCR screening were redesigned as necessary

(Supplementary Table 1). Novel primers were also designed and

optimized when primer sequences were unavailable for examined

families. Primer design for all families and failed regions followed

the methods of Schroeter et al. (2020). Briefly, this included

identifying highly conserved regions among NCBI RefSeq

(O'Leary et al., 2016) within family groups and designing primers

in these regions using the Primer3 tool (Koressaar and Remm, 2007;

Untergasser et al., 2012) in Geneious R11.1 software (Biomatters

Ltd, Newark, NJ, USA). Three primer pairs in each region were

designed, and optimization for each priming region was conducted

by running temperature gradients for each primer pair, which were

evaluated through visualization on a 1.5% agarose gels. One primer

set per region was retained for sequencing.

Amplicons were quantified using a Qubit™ 3.0 fluorometer

(Life Technologies, Carlsbad, CA, USA). Only individuals with

successful amplification across all four regions were selected for

sequencing. PCR products were pooled in equimolar ratios to

provide even sequencing coverage. Pooled PCR amplicons were

bead purified and diluted to a standard concentration of 0.2 ng/µl.

DNA libraries were prepared using the Nextera XT Library Prep Kit

following the manufacturer’s instructions (Illumina, Inc., San
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TABLE 1 Species, with both scientific and common name, with mitochondrial genomes sequenced for this study categorized by Family.

Species Source NCBI Accession Number Genome Size % Sequence Divergence

Salmonidae

Oncorhynchus gilae apache (E) Hatchery MW300342 16,659 –

Apache Trout* unknown

Oncorhynchus gilae (T) Hatchery
NC_056957,
MW300335, MW300336

16,654 0.012

Gila Trout* Gila River, New Mexico

Oncorhynchus clarkii virginalis Hatchery MW300343, MW300344 16,659 0.000

Rio Grande Cutthroat Trout* Rio Grande lineage

Percidae

Etheostoma fonticola (E) Hatchery NC_056654, MW300325 16,662 0.090

Fountain Darter* unknown

Cyprinodontidae

Cyprinodon macularius (E) Hatchery NC_056955, MW300331 16,500 0.061

Desert Pupfish* unknown

Cyprinodon elegans (E) Hatchery NC_056655, MW300327 16,499 0.006

Comanche Springs Pupfish* Comanche Springs, Texas

Cyprinodon bovinus (E) Hatchery NC_056956, MW300333 16,500 0.042

Leon Springs Pupfish* Leon Springs, Texas

Cyprinodon pecosensis Wild NC_056959, MW300338 16,501 0.045

Pecos Pupfish* Pecos River, New Mexico

Cyprinodon rubrofluviatilis Wild MW300339 16,500 –

Red River Pupfish Canadian River, Oklahoma

Fundulidae

Fundulus zebrinus Wild NC_056698, MW300329 16,676 0.466

Plains Killifish* Pecos River, New Mexico

Ictaluridae

Ictalurus pricei (E) Wild MT501379, MT501380 16,502 0.000

Yaqui Catfish
San Bernardino
NWR, Arizona

Leuciscidae

Rhinichthys osculus Wild MT501390, MT501391 16,658 0.225

Speckled Dace San Juan River, New Mexico

Rhinichthys cataractae Wild OR034097, OR031098 16,655 0.090

Longnose Dace Rio Grande, New Mexico

Dionda diaboli (T) Hatchery NC_054261 16,799 –

Devils River Minnow* unknown

Macrhybopsis tetranema (E) Wild OR031101 16,709 –

Peppered Chub* Canadian River, New Mexico

Notropis girardi (T) Wild NC_080895, OR031100 16,711 0.802

(Continued)
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TABLE 1 Continued

Species Source NCBI Accession Number Genome Size % Sequence Divergence

Leuciscidae

Arkansas River Shiner* Pecos River, New Mexico

Notropis jemezanus Wild NC_054262, MT501385 16,710 0.622

Rio Grande Shiner* Pecos River, New Mexico

Cyprinella formosa formosa (T) Hatchery MW300323 16,706 –

Guzman Beautiful Shiner* Rio Casas Grande, Mexico

Cyprinella lutrensis Wild MT501382, MT501383 16,710 0.108

Red Shiner Pecos River, New Mexico

Notropis simus pecosensis (T) Wild MT501369 16,706 –

Pecos Bluntnose Shiner* Pecos River, New Mexico

Hybognathus amarus (E) Hatchery NC_054260, MT501378 16,714 0.287

Rio Grande Silvery Minnow* Rio Grande, New Mexico

Hybognathus placitus Wild NC_056959, MW300341 16,709 0.543

Plains Minnow* Pecos River, New Mexico

Ptychocheilus lucius (E) Hatchery NC_054086, OR031095, OR031096 16,588 0.054

Colorado Pikeminnow* Upper Colorado River Basin

Gila nigrescens (T) Hatchery NC_054259 16,585 –

Chihuahua Chub* Mimbres River, New Mexico

Gila elegans (E) Hatchery NC_054140, MT501366 16,588 0.006

Bonytail* Lake Mohave, Arizona

Gila cypha (E) Hatchery NC_054257, MT501368 16,591 0.084

Humpback Chub* Little Colorado River, Arizona

Gila robusta jordani (E) Hatchery OR031102 16,591 –

Pahranagat Roundtail Chub* unknown

Catostomidae

Chasmistes brevirostris (E) Hatchery OR031103, OR031104 16,624 0.006

Shortnose Sucker* Lost River watershed

Deltistes luxatus (E) Hatchery NC_054258, MT501374, MT501375 16,623 0.000

Lost River Sucker* Lost River watershed

Catostomus latipinnis Wild NC_054263, MT501387 16,624 0.138

Flannelmouth Sucker* San Juan River, New Mexico

Xyrauchen texanus (E) Hatchery MT501362, MT501363, MT501364 16,626 0.114

Razorback Sucker Lake Mohave, Arizona

Catostomus discobolus Wild NC_054264, MT501389 16,623 0.174

Bluehead Sucker* San Juan River, New Mexico

Catostomus discobolus
yarrowi (E)

Hatchery MT501370, MT501371, MT501372 16,623 0.000

Zuni Bluehead Sucker* Zuni River, New Mexico
F
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frontiersin.org

https://doi.org/10.3389/fcosc.2024.1294358
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org


Diver et al. 10.3389/fcosc.2024.1294358
Diego, CA, USA). Resulting dual-indexed mitogenome libraries

were bead purified, sized using a 2100 Bioanalyzer (Agilent

Technologies, Santa Clara, CA), and pooled in equimolar ratios

for sequencing using the MiSeq Reagent Nano V2 Kit (2×250

paired-end reads). Sequences were demultiplexed into FASTQ

files and trimmed using the Illumina FASTQ workflow to remove

adaptor and index sequences. Subsequent mitogenome assembly

followed Schroeter et al. (2020). This included trimming low quality

bases (Q < 20), discarding short reads (< 25 base pairs), and

merging overlapping paired reads (merge rate = normal) prior to

error correction and normalization (BBNorm v37.25; error

correction, default settings; normalization, target coverage 60 and

minimum depth = 6). De novo assembly was then conducted

allowing a maximum mismatch of 5% (Schroeter et al., 2020).

Annotated consensus sequences for complete mitogenomes were

submitted to GenBank under BioProject PRJNA633136 (Table 1;

Supplementary Table 2).

Thirty-eight complete mitogenomes representing all available

native fishes of New Mexico (Supplementary Figure 1; Sublette

et al., 1990; Propst, 1999) sequenced outside this study were

obtained from the NCBI RefSeq database (O'Leary et al., 2016).

These sequences were included with one representative from each

species sequenced in this study regardless of geographical origin.

Duplicate individuals of a species were only included when RefSeq

samples were available (e.g., Razorback Sucker Xyrauchen texanus,

Yaqui Catfish Ictalurus pricei); this duplication included the original

RefSeq and one individual sequenced here. Multiple sequence

alignment of all mitogenomes was conducted in MAFFT v.7.487

using default settings (Katoh and Standley, 2013). A phylogenetic

tree was constructed using the maximum likelihood method

implemented in IQ-Tree (Nguyen et al., 2015). IQ-Tree used

ModelFinder (Kalyaanamoorthy et al., 2017) to find the best-fit

model assessed using Bayesian Information Criterion (BIC).

Additional run parameters included 100,000 ultrafast bootstraps

(Hoang et al., 2017), 1,000,000 maximum iterations, and 100,000

Shimodaira-Hasegawa-like approximate likelihood ratio test (SH-

aLRT) replicates. The ape (Paradis and Schliep, 2019), tidytree (Yu,

2022), and ggtree (Yu et al., 2017) packages were used in the R

statistical language (R 4.1.2; R Core Team 2022) to visualize

the phylogeny.
Data summary

The combination of novel primers presented here

(Supplementary Table 1) along with those previously published

by Schroeter et al. (2020) allowed for successful amplification and

sequencing of 63 complete mitogenomes representing 7 families

and 33 species/subspecies (Table 1). Primer development for

Cyprinodontidae and Fundulidae were unique to this study and

built upon those previously developed (Schroeter et al., 2020).

Additional primer design was required for fishes we sequenced

within the families Leuciscidae, Salmonidae, and Percidae, which

were used in combination with published primers to obtain

complete mitogenome coverage (Schroeter et al., 2020).
Frontiers in Conservation Science 05
Twenty-seven of the species we sequenced were novel to NCBI,

with 19 of those established as the RefSeq (O'Leary et al., 2016). The

remaining eight taxa included the following species/subspecies:

Apache Trout (Oncorhynchus apache), Red River Pupfish

(Cyprinodon rubrofluviatilis), Peppered Chub (Macrohybopsis

tetranema), Pahranagat Roundtail Chub (Gila robusta jordani),

Zuni Bluehead Sucker (Catostomus discobolus yarrowi), Rio

Grande Cutthroat Trout (Oncorhynchus clarkii virginalis), Pecos

Bluntnose Shiner (Notropis simus pecosensis), and Guzmán

Beautiful Shiner (Cyprinella formosa formosa). Percent pairwise

identity among all mitogenomes was high (range = 99.8 – 100%),

with only 11 having less than 100%.

Mitogenome length varied among species and ranged between

16,499 to 16,799 base pairs (Table 1). All mitogenomes contained 13

protein coding genes, 22 tRNAs, two rRNAs, and the control region.

With the exception of ND6, all protein coding and rRNA genes

were coded on the heavy strand. Eight tRNA genes (tRNA-Ala,

tRNA-Asn, tRNA-Cys, tRNA-Gln, tRNA-Glu, tRUNA-Pro, tRNA-

Ser, tRNA-Tyr) were coded on the light strand; the remaining 14

were coded on the heavy strand. The GC content varied among

mitogenomes and ranged from 40.8 – 46.1%, with Peppered Chub

and Pecos Bluntnose Shiner having the lowest highest GC

content respectively.

We sequenced multiple mitogenomes for most species (N = 25),

allowing coarse insight into intraspecific genetic variation.

Intraspecific base pair composition varied from 0.000 - 0.802%

(Table 1). In general, endangered species had lower sequence

variability (mean = 0.104%; range 0.000 - 0.802%) relative to

non-listed species (mean = 0.241%; range 0.000 – 0.622%). For

Zuni Bluehead Sucker (N = 3), Lost River Sucker (Deltistes luxatus;

N = 3), Rio Grande Cutthroat Trout (N = 2), and Yaqui Catfish (N =

2) all individuals sequenced within each species had

identical mitogenomes.

A phylogenetic tree was inferred by maximum likelihood using

IQ-Tree (Nguyen et al., 2015). ModelFinder (Kalyaanamoorthy

et al., 2017) selected GTR+F+R5 as the best-fit model according

to BIC. The resultant tree was consistent with previous research

(Supplementary Figure 1; Broughton et al., 2013; Schönhuth

et al., 2018).
Implications

Our work greatly improves mitogenome accessibility for many

threatened and endangered North American freshwater fishes and

highlights an information gap for species whose management could

benefit from non-invasive eDNA monitoring. Of the 33 species/

subspecies we sequenced, 22 are currently protected under the

Endangered Species Act (ESA) of 1973, as amended (United

States, 1983). This represents over 30% of ESA-listed freshwater

fishes within the American West (i.e., drainages west of the

Mississippi River) and nearly 18% of those listed within the

United States (www.ecos.fws.gov, accessed March 2023). Only

one-third (N = 41) of all ESA-listed fishes have publicly available

mitogenomes (NCBI accessed March 2023), of which our

sequencing effort represents nearly 54%.
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Community-level mitogenome sampling is an important factor

in eDNA monitoring of ESA-listed fishes. Our work greatly

improves mitogenome availability for New Mexico, which has five

major watersheds (Figure 1) that historically harbored a diverse

native fish fauna relative to other arid states in the American West

(72 species representing 16 families; Supplementary Table 3). Fish

species are frequently listed following declines in population size

and range (Mace et al., 2008; Neel et al., 2012), and this is especially

true for New Mexico where few fishes occupy all or even large

portions of their historic range (Propst, 1999). Additionally, the

historical presence of a few species (e.g., Bonytail Gila elegans)

remains unclear due to rapid population declines that occurred at

the time of their description (Sublette et al., 1990; Propst, 1999).

Two additional species, Phantom Shiner (Notropis orca) and Rio

Grande Bluntnose Shiner (Notropis simus simus), are now extinct,

and seven others are extirpated from the state. An additional fifteen

species are currently listed as threatened or endangered

(www.ecos.fws.gov), of which seven are limited to New Mexico

(Propst, 1999). We sequenced nearly 30% of the extant native

community of fishes in New Mexico, of which 16 were novel to

NCBI. This effort, in combination with previously published

sequences, provides near full coverage of mitogenomes for New

Mexico’s native fishes.
Frontiers in Conservation Science 06
Increasing human demand for water in combination with

aridification of the American West will likely contribute to

further declines of native fishes. The use of eDNA to monitor the

effects of these impacts along with management actions may prove

useful in maintaining western North American fish diversity. For

example, Gila Trout (Oncorhynchus gilae) faces numerous

extinction threats including hybridization with nonnative species,

limited adaptive potential under current rates of global warming,

and population extirpation caused by increases in scale and severity

of wildfires (Brown et al., 2001; Kennedy et al., 2009; Propst et al.,

2021; U.S. Fish and Wildlife Service, 2021). Management actions

that combat these effects include nonnative species removal, fish

rescue in response to wildfire threats, hatchery augmentation and

reintroduction, and genetic management of distinct lineages (U.S.

Fish and Wildlife Service, 2021). Monitoring for environmental

impacts and management responses, however, can be difficult due

to their remote distributions within the montane region of

southwestern New Mexico and southeastern Arizona. Sampling

for eDNA offers a comparatively easy alternative to monitoring

presence or absence of populations in response to environmental

factors and management actions.

While the sequencing efforts presented here will undoubtedly

help with future eDNA assay design, phylogeographic
FIGURE 1

Map of New Mexico, USA, and its major drainages. Illustration of novel species sequenced for this study within the state are shown with copy right
permission from © Joseph R. Tomelleri.
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considerations are warranted as geographical representation within

our sampling is limited. For example, we provide mitogenomes for

the native fishes of the San Juan River, with the individuals

sequenced here sampled from that community. However, species

such as Bluehead Sucker (Catostomus discobolus) and

Flannelmouth Sucker (Catostomus latipinnis) are widely

distributed throughout the Colorado River Basin, with

phylogenetic analyses supporting distinct geographic clades

(Unmack et al., 2014; Bangs et al., 2020). Indeed, sequence

alignment of our Bluehead Sucker mitogenomes with all available

cytb sequences for this species on GenBank revealed up to 6.8%

sequence divergence. Thus, while this work can guide locus

selection during eDNA assay design, targeted sequencing efforts

(i.e., cytb, COI) should be conducted for phylogeographically

distinct populations to confirm assay specificity across space.

Similarly, absence of sequence variation (e.g., Zuni Bluehead

Sucker) identified within this study does not preclude

phylogeographic variation, since these samples were obtained

from hatchery populations that have likely undergone population

bottlenecks (Meffe, 1986; Fordham et al., 2016; Lemopoulos et al.,

2019). Checking for primer specificity in situ through genomic

resources and/or in silico sequencing of geographically diverse

populations should maximize assay utility by identifying and

removing potential issues of co-amplification or PCR failure

among populations (Thalinger et al., 2021).

Highly biodiverse ecosystems can also challenge eDNA

methods. For example, metabarcoding is a preferred approach for

biodiversity assessments within speciose congeneric communities

since developing numerous species-specific assays can be

prohibitively challenging and expensive (e.g., Etheostoma,

Notropis; Smart et al., 2016; Kumar et al., 2022). Similarly, there

may be greater interest in broader taxonomic coverage with diverse

communities to increase understanding of processes that affect

community change and species composition. Universal primer

design targeting loci such as 12S or 16S rRNA may be possible

with a few representatives from each family, but to determine

species presence a complete reference database is required for

taxonomic assignment of sequences obtained from the

environment. Databases such as BOLD, which only contain COI

barcodes, are useful for species-specific marker design, but are

insufficient for metabarcoding approaches that target highly

conserved priming regions, which is often necessary for

biomonitoring of highly diverse communities.

Overall, our mitogenome sequencing efforts provide a critical

first step towards monitoring species distribution changes while

limiting impacts on populations and habitats (Olson et al., 2012;

Maruyama et al., 2018; Strickland and Roberts, 2019). We think

federal agencies tasked with recovering these species, and whom

have greater access to individuals, should lead efforts in providing

these resources to the broader scientific community, as access to

genomic resources is critical for eDNA assay design. Future

development of the mitogenomic resources described in this

study through broader geographic and taxonomic sampling will

benefit eDNA assessments and conservation actions by providing

logistical and financial relief to researchers interested in

contributing to conservation actions, minimizing direct handling
Frontiers in Conservation Science 07
of ESA-listed populations, and reducing the need for extensive in-

house sequencing.
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(2016). Predicting and mitigating future biodiversity loss using long-term ecological
proxies. Nat. Climate Change 6, 909–916. doi: 10.1038/nclimate3086

Freeland, J. R. (2017). The importance of molecular markers and primer design when
characterizing biodiversity from environmental DNA. Genome 60, 358–374.
doi: 10.1139/gen-2016-0100

Froese, R., and Pauly, D. (2017). Fish Base (World Wide Web Electronic
Publication). Available at: www.fishbase.org.

Garlapati, D., Charankumar, B., Ramu, K., Madeswaran, P., and Murthy, R. (2019). A
review on the applications and recent advances in environmental DNA (eDNA)
metagenomics. Rev. Environ. Sci. Bio/Technol. 18, 389–411. doi: 10.1007/s11157-019-
09501-4

Gilbey, J., Carvalho, G., Castilho, R., Coscia, I., Coulson, M. W., Dahle, G., et al.
(2021). Life in a drop: Sampling environmental DNA for marine fishery management
and ecosystem monitoring. Mar. Pol icy 124, 104331. doi : 10.1016/
j.marpol.2020.104331
Goldberg, C. S., Turner, C. R., Deiner, K., Klymus, K. E., Thomsen, P. F., Murphy, M.
A., et al. (2016). Critical considerations for the application of environmental DNA
methods to detect aquatic species.Methods Ecol. Evol. 7, 1299–1307. doi: 10.1111/2041-
210X.12595

Harper, M., Mejbel, H. S., Longert, D., Abell, R., Beard, T. D., Bennett, J. R., et al.
(2021). Twenty-five essential research questions to inform the protection and
restoration of freshwater biodiversity. Aquat. Conserv.: Mar. Freshw. Ecosyst. 31,
2632–2653. doi: 10.1002/aqc.3634

Hebert, P. D., Ratnasingham, S., and de Waard, J. R. (2003). Barcoding animal life:
cytochrome c oxidase subunit 1 divergences among closely related species. Proc. R. Soc.
London. Ser. B: Biol. Sci. 270, S96–S99. doi: 10.1098/rsbl.2003.0025

Hoang, D. T., Chernomor, O., von Haeseler, A., Minh, B. Q., and Vinh, L. E. (2017).
UFBoot2: Improving the ultrafast bootstrap approximation. Mol. Biol. Evol. 35, 518–
522. doi: 10.1093/molbev/msx281

Iwasaki, W., Fukunaga, T., Isagozawa, R., Yamada, K., Maeda, Y., Satoh, T. P., et al.
(2013). MitoFish and MitoAnnotator: a mitochondrial genome database of fish with an
accurate and automatic annotation pipeline. Mol. Biol. Evol. 30, 2531–2540.
doi: 10.1093/molbev/mst141

Jerde, C. L., Chadderton, W. L., Mahon, A. R., Renshaw, M. A., Corush, J., Budny, M.
L., et al. (2013). Detection of Asian carp DNA as part of a Great Lakes basin-wide
surveillance program. Can. J. Fish. Aquat. Sci. 70, 522–526. doi: 10.1139/cjfas-2012-
0478

Jo, T., Ikeda, S., Fukuoka, A., Inagawa, T., Okitsu, J., Katano, I., et al. (2021a). Utility
of environmental DNA analysis for effective monitoring of invasive fish species in
reservoirs. Ecosphere 12, e03643. doi: 10.1002/ecs2.3643

Jo, T., Takao, K., and Minamoto, T. (2021b). Linking the state of environmental
DNA to its application for biomonitoring and stock assessment: Targeting
mitochondrial/nuclear genes, and different DNA fragment lengths and particle sizes.
Environ. DNA 4, 271–283. doi: 10.1002/edn3.253

Kalyaanamoorthy, S., Minh, B. Q., Wong, T. K. F., von Haeseler, A., and Jermiin, L. S.
(2017). ModelFinder: fast model selection for accurate phylogenetic estimates. Nat.
Methods 14, 587–589. doi: 10.1038/nmeth.4285

Katoh, K., and Standley, D. M. (2013). MAFFTmultiple sequence alignment software
version 7: improvements in performance and usability. Mol. Biol. Evol. 30, 772–780.
doi: 10.1093/molbev/mst010

Kennedy, T. L., Gutzler, D. S., and Leung, R. L. (2009). Predicting future threats to
the long-term survival of Gila trout using a high-resolution simulation of climate
change. Climatic Change 94, 503–515. doi: 10.1007/s10584-008-9503-0

Koressaar, T., and Remm, M. (2007). Enhancements and modifications of primer
design program Primer3. Bioinformatics 23, 1289–1291. doi: 10.1093/bioinformatics/
btm091

Kumar, G., Reaume, A. M., Farrell, E., and Gaither, M. R. (2022). Comparing eDNA
metabarcoding primers for assessing fish communities in a biodiverse estuary. PloS One
17, e0266720. doi: 10.1371/journal.pone.0266720

Lee, A. H., Lee, J., Noh, J., Lee, C., Hong, S., Kwon,, et al. (2020). Characteristics of
long-term changes in microbial communities from contaminated sediments along the
west coast of South Korea: Ecological assessment with eDNA and physicochemical
analyses. Mar. pollut. Bull. 160, 111592. doi: 10.1016/j.marpolbul.2020.111592

Lemopoulos, A., Prokkola, J. M., Uusi-Heikkilä, S., Vasemägi, A., Huusko, A.,
Hyvärinen, P., et al. (2019). Comparing RADseq and microsatellites for estimating
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fcosc.2024.1294358/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcosc.2024.1294358/full#supplementary-material
https://doi.org/10.1016/j.jnc.2018.11.005
https://doi.org/10.1002/edn3.308
https://doi.org/10.1002/ece3.6384
https://doi.org/10.1007/s10531-020-01980-0
https://doi.org/10.1073/pnas.152520011
https://doi.org/10.1371/currents.tol.2ca8041495ffafd0c92756e75247483e
https://doi.org/10.1021/acs.est.8b01071
https://doi.org/10.1021/acs.est.8b01071
https://doi.org/10.1111/eva.12600
https://doi.org/10.1098/rsbl.2014.0562
https://doi.org/10.1038/nclimate3086
https://doi.org/10.1139/gen-2016-0100
www.fishbase.org
https://doi.org/10.1007/s11157-019-09501-4
https://doi.org/10.1007/s11157-019-09501-4
https://doi.org/10.1016/j.marpol.2020.104331
https://doi.org/10.1016/j.marpol.2020.104331
https://doi.org/10.1111/2041-210X.12595
https://doi.org/10.1111/2041-210X.12595
https://doi.org/10.1002/aqc.3634
https://doi.org/10.1098/rsbl.2003.0025
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1093/molbev/mst141
https://doi.org/10.1139/cjfas-2012-0478
https://doi.org/10.1139/cjfas-2012-0478
https://doi.org/10.1002/ecs2.3643
https://doi.org/10.1002/edn3.253
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1007/s10584-008-9503-0
https://doi.org/10.1093/bioinformatics/btm091
https://doi.org/10.1093/bioinformatics/btm091
https://doi.org/10.1371/journal.pone.0266720
https://doi.org/10.1016/j.marpolbul.2020.111592
https://doi.org/10.3389/fcosc.2024.1294358
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org


Diver et al. 10.3389/fcosc.2024.1294358
genetic diversity and relatedness—Implications for brown trout conservation. Ecol.
Evol. 9, 2106–2120. doi: 10.1002/ece3.4905

Mace, G. M., Collar, N. J., Gaston, K. J., Hilton-Taylor, C., Akçakaya, H. R., Leader-
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