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1 | INTRODUCTION

Information gathered from biosurveillance efforts, such as the pres-
ence of species in a given area, population dynamics, and community

| CarlaR.Hurt? | Hayden T. Mattingly®

Abstract

Environmental DNA (eDNA) detection has been shown to be an effective biosurveil-
lance tool for freshwater fishes, but further research is needed to apply eDNA detec-
tion tools to small and rare fishes in large rivers. We developed an eDNA surveillance
assay and protocol for monitoring the presence of the pygmy madtom (Noturus stan-
auli), a federally protected freshwater fish endemic to the Clinch and Duck rivers in
Tennessee (United States, North America). Noturus stanauli is a diminutive fish that is
exceedingly rare throughout its range; it is currently known only from a 115-river-km
section of the Duck River and a 5-river-km section of the Clinch River. The aim of this
research was to develop an eDNA assay to detect the presence of N. stanauli in both
the Duck and Clinch rivers. We used this newly developed eDNA protocol to assess
detection as a function of water depth and to further delineate the distribution of
N. stanauli in both the Duck and Clinch rivers. Field sampling was performed to delin-
eate the extent of N. stanauli's range in both rivers. Our results indicated that samples
collected from three areas within the water column, as well as a sediment core sam-
ples, yielded equal detection rates. Our assay detected the presence of N. stanauli at
a previously unknown site outside the current distribution in the Clinch River, located
approximately 2.5-river-km downstream from the Tennessee-Virginia state line. We
demonstrated that eDNA detection is a promising tool for delineating the distribu-
tion of N. stanauli; however, further research is needed to assess environmental and
life history variables that influence eDNA detection probability of small fish in large

rivers.

KEYWORDS
biosurveillance, conservation genetics, endangered species, environmental DNA, freshwater
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structure helps resource managers discern current trends in biodiversity
and allows for effective management and conservation plans to be de-
veloped and implemented (Leathwick et al., 2016; Primmer, 2006). The
information obtained from biomonitoring, however, is only as reliable as
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the tools and techniques that are used and require tests of data assur-
ance. Traditional fish surveillance techniques, such as electrofishing and
seining, can be difficult to standardize and can cause unintentional harm
to both nontarget and target taxa in a system (Dwyer et al., 1993; Hayes
etal., 1996; Reynolds, 1996; Snyder, 2003). Within the last decade, new
molecular tools have been developed to survey rare and cryptic aquatic
taxa, offering less-invasive approaches to monitoring fishes.
Environmental DNA (eDNA) monitoring utilizes the discarded bio-
logical components in an organism's habitat to determine the presence
or absence of an individual in the area and has been especially useful
for the surveillance of aquatic organisms. The water in aquatic systems
contains genomic material derived from sloughed-off biological ma-
terial (e.g., skin cells, slime coat, feces) of resident organisms. Species
that otherwise can prove difficult to detect and capture using tradi-
tional methods can be identified in the local environment without any
physical, visual, or auditory contact. Environmental DNA sampling has
been shown to be more sensitive and reliable than traditional sampling
techniques for rare or secretive animals (Janosik & Johnston, 2015;
Pfleger et al., 2016) and for invasive species where early detection is
vital to help prevent further spread (Diaz-Ferguson et al., 2014; Jerde
et al., 2011). Environmental DNA is an easily optimized surveillance
tool, as demonstrated by the vast number of studies that have suc-
cessfully applied it to a wide range of taxa and systems. Each system
and taxa pose different challenges for eDNA amplification and detec-
tion. Further research is needed on the effectiveness of eDNA surveil-
lance for the detection of extremely rare species in large river systems.
Due to its diminutive size and reclusive behavior, N. stanauli has
presented a difficult challenge for conventional surveillance efforts.
Noturus stanauli is the smallest known member of the bullhead cat-
fish family Ictaluridae (maximum total length 36-44 mm SL) and one
of the smallest and rarest of fishes in North America; fewer than 50
specimens currently exist in collections (Bennett et al., 2009; Burr &
Stoeckel, 1999; Etnier & Starnes, 1993; Figure 1). While much of its life
history is still unknown, laboratory propagation has provided evidence
that N. stanauli is ecologically similar to other members of the Noturus

genus: nocturnal/crepuscular lifestyle, low annual fecundity, large

embryo and hatchling sizes, cavity nesting, egg guarding, and benthic

habitation (Burr & Stoeckel, 1999; Shute, 2001; Taylor, 1969; Wells
& Mattingly, 2019). The limited distribution of N. stanauli is a leading
factor contributing to its endangered status (USFWS, 2008). Historic
records report the presence of N. stanauli from single locales in both
the Clinch and Duck rivers, and several other sites of occurrence have
been reported throughout the Clinch and Duck Rivers over the last
few decades (Etnier & Jenkins, 1980; USFWS, 2008). Current infor-
mation suggests that the Clinch River population is confined to a 5-km
stretch, while the Duck River population appears to have a larger range
across a 115-km area (USFWS, 2008). Although the Clinch and Duck
river populations are separated by 1,055 river kilometers, no other oc-
currences are known from any other aquatic systems (USFWS, 2008).

Environmental DNA offers a less-invasive sampling approach
for detecting the presence of N. stanauli than traditional survey
techniques. Environmental DNA sampling eliminates capture- and
handling-induced stress and mortality, while helping to obtain cru-
cial distributional information needed for management agencies.
However, eDNA surveillance has not been thoroughly tested in large
river systems (> 6th order streams; Strahler, 1952) such as the Clinch
and Duck rivers with a diminutive fish like N. stanauli. Here, we devel-
oped an eDNA field protocol for the detection of N. stanauli. Our spe-
cific objectives were to (a) develop and optimize an eDNA monitoring
assay for N. stanauli using quantitative polymerase chain reaction
(gPCR), (b) empirically test water sampling protocols for eDNA detec-
tion, and (c) further delineate the current distribution of N. stanauli
in the Clinch and Duck river drainages. Results from this study pro-
vide insights into the design of eDNA assays for the detection of rare,
diminutive fishes and advance disciplinary knowledge regarding the

utility of molecular tools for biosurveillance in large riverine systems.

2 | MATERIALS AND METHODS
2.1 | Study area

The Clinch River originates in Virginia and runs southwest-
erly into eastern Tennessee. The Clinch River stretches 325 km

FIGURE 1 Pygmy Madtom, Noturus
stanauli. (a) Gravid female (41 mm TL),
collected in the Clinch River on 12

July 2017 (Wells, 2019). Photograph:
Jennifer Caudle. (b) Unknown sex (34 mm
TL), collected in the Duck River on 21
September 2016 (unpublished data, TVA).
Photograph: Robert T. R. Paine
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through Tennessee, spanning a number of different physiographic
provinces, before ultimately draining into the Tennessee River
(Figure 2b). Biodiversity within the Clinch River has been nega-
tively impacted over the last few decades by anthropogenic in-
fluences (e.g., land-use practices, fly ash spills, and coal mining
pollution) (USFWS, 2008).

The Duck River is the longest river entirely in Tennessee, orig-
inating in central Tennessee and spanning 457 km west-northwest
as a tributary to the Tennessee River (Figure 2c). Hosting more than
150 fish species and 66 freshwater mussel species, the Duck River
is not only the most biologically diverse river in North America, but
one of the greatest freshwater biodiversity hotspots in a temperate
region (Ahlstedt et al., 2017; Schilling & Williams, 2002). A majority
of this diversity has been adversely affected by human activities in-
cluding chemical run-off and sedimentation as a result of poor land-

use practices or by the construction of dams (USFWS, 2008).

2.2 | Primer and probe design
2.21 | Insilico

We designed a species-specific qPCR assay (e.g., primers and probe)
to target a small fragment of the mitochondrial cytochrome b (cyt
b) gene; this gene was targeted because of the successful amplifi-
cation of mitochondrial loci in other eDNA studies and because of
the availability of cyt b sequences for the genus Noturus. Eight se-
quences (1,036-1,137 bp), representing the cyt b region of N. stan-
auli from the Duck (n = 3; GQ153315-GQ153317) and Clinch
rivers (n = 5; GQ153318-GQ153319, DQ383660-DQ383662), were
downloaded from NCBI's genetic depository GenBank and were
aligned using ClustalW (Thompson et al., 1994) in Bioedit Sequence
Alignment Editor (Hall, 1999). A consensus sequence was gener-
ated from the eight N. stanauli cyt b sequences and imported into
PrimerQuest (Integrated DNA Technologies) to identify primer and
probe-binding sites. We used the default parameters in PrimerQuest
with the exception of amplicon length, which was altered to search
for amplicon lengths of 75-300 bp. A large portion of eDNA stud-
ies target DNA fragments ranging between 90 and 120 bp because
shorter DNA fragments persist longer in the environment to allow
species detection (Jo et al., 2017, 2019; Rees et al., 2014; Wei
et al., 2018); however, longer fragments may be required to differ-
entiate between closely related, sympatric species (Diaz-Ferguson
& Moyer, 2014). Candidate oligos were retained based on fragment
size and low homo- and heterodimerization potential (Bronnenhuber
& Wilson, 2013).

‘Open Access,
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Candidate oligos were compared with the GenBank nr data-
base using the Basic Local Alignment Search Tool for nucleotide
sequences (BLASTn) (Altschul et al., 1990) to assess similarity to
nontarget sequences. Three criteria from the GenBank database
were used to select candidate primers and probes for gPCR ampli-
fication including percent identity, e-value, and total score. Percent
identity quantifies the similarity between queried sequences to
other sequences in the database, where 100% is an identical match.
The e-value score is the number of expected hits with a similar iden-
tity to the queried sequence that could be found just by chance,
where a small value (e.g., 2e'°6) indicates a better match. Lastly,
the total score value is the sum of alignment scores of all segments
from the same database sequence that match the queried sequence,
where a higher value corresponds to a higher similarity to database
sequences. Candidate oligos were selected based on the highest
combination scores of the three criteria mentioned above. The re-
sulting candidate oligos were imported into BioEdit and aligned to
109 cyt b sequences representing 18 ictalurid species from GenBank
(Table 1; Table S1) for comparison to nontarget species. All 109 cyt
b sequences come from individuals in North America. We retained
primers with a minimum of two base pair mismatches and a probe
with a minimum of one base pair mismatch to other Ictaluridae spe-
cies (Wilcox et al., 2013).

2.2.2 | Invitro

Primer candidates were tested for amplification with N. stan-
auli genomic DNA extracted from 95% molecular-grade ethanol-
preserved tissues from fin-clips or whole specimens of 11 individuals
from the Clinch River. Tissues for other Ictaluridae species were col-
lected from the Duck and Clinch rivers, via seining, electrofishing, or
dip-netting. Primer candidates were all tested for cross-amplification
of other ictalurid species (Table 1) using 1-3 individuals for each spe-
cies (Bronnenhuber & Wilson, 2013). We did not test assay speci-
ficity against nonlctaluridae species, since our in silico results did
not indicate any close-related species with high similarity to our
oligos (see Results). All tissue-derived DNA was extracted using the
DNeasy Blood and Tissue Kit (Qiagen) following the manufacturer's
protocol. Annealing temperature was optimized for candidate prim-
ers using a gradient thermocycler in 20-pl reactions containing 4 ul
Flexi Buffer (5x), 2 ul MgCI?* (25 mM), 4 ul dNTPs (4 uM), 0.8 pl of
each primer (10 uM), 0.2 ul Taq polymerase (5 U/pl), 4.2 ul of sterile
PCR water, and 4 pl of template (15-50 ng/ul). Thermal cycling con-
ditions were 95°C for 10 min, 35 cycles of 95°C for 30 s, 59-65°C for
60 s, 72°C for 60 s, and a final elongation of 72°C for 5 min. Results

FIGURE 2 (a) Overview of the study area in Tennessee (TN) and Virginia (VA), United States of America. The Duck and Clinch rivers
are both tributaries of the Tennessee River. The study areas are highlighted with a red box. Maps of the Clinch River (b) and Duck River (c)
showing locations of all sampled sites for water column experiment in summer 2017, and field sampling in winter 2017-2018 and summer
2018. Circles denote sites that were sampled only once during winter 2017-2018 season, while triangles indicate sites that were sampled
twice, once during the winter 2017-2018 season and once during the summer 2018 season. Water column experiment sites were sampled
during the winter 2017-2018 season field sampling. Black arrows denote the direction of flow for each river
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were visualized in a 1.5% TBE agarose gel stained with GelRed under The candidate gPCR assay (i.e., primers and probe) was tested
a UV Gel imager. for specificity against N. stanauli and other sympatric ictalurid spe-

cies, using the same tissue samples mentioned above, on a Roche
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TABLE 1 List of sympatric ictalurid species with known

occupancy in the Clinch and Duck rivers that were used for assay

specificity optimization

Location

Genera and species Common Name Clinch Duck
Noturus

N. baileyi¢ Smoky Madtom

N. eleutherus Mountain Madtom ° °

N. exilis Slender Madtom °

N. fasciatus Saddled Madtom °

N. flavipinnis Yellowfin Madtom °

N. flavus Stonecat °

N. gyrinus Tadpole Madtom °

N. hildebrandi¢,* Least Madtom

N. miurus Brindled Madtom °

N. nocturnus Freckled Madtom °
Ictalurus

I. furcatus Blue Catfish ° °

I. punctatus Channel Catfish ° °
Ameiurus

A. melas Black Bullhead ° °

A. natalis Yellow Bullhead ° °

A. nebulosus Brown Bullhead °
Pylodictis

P. olivaris Flathead Catfish ° °

Note: Reference sequences were downloaded from GenBank for

in silico testing, and tissue samples were used for in vitro testing.
Diamonds indicate species that do not have overlapping distribution
with N. stanauli, but are closely related. Asterisks indicate that species
has not been tested for specificity using the NS-193 assay. Black dots
indicate if the species occurs in the Clinch or Duck River.

LightCycler 480 thermocycler, following methods similar to Diaz-
Ferguson et al., 2014. Tissue-derived DNA from all species was
standardized to a concentration of 20 ng/ul for assay specificity
testing. All reactions were performed in 10-ul reaction volumes con-
taining 5 ul of TagMan® Environmental MasterMix (2x), 0.4 ul of
each primer (10 uM), 0.2 ul ZEN double-quenched TagMan® probe
(10 uM), and 4 pl of template. All gPCRs were performed using the

TABLE 2 PCRand TagMan gPCR
primers/probe used to amplify a 253 bp
region of the mitochondrial cytochrome
oxidase b gene for Noturus stanauli

Oligo

NS-193-F (forward)
NS-193-R (reverse)
NS-193-P (probe)

NS-620-R (reverse
sequencing)

Open Access
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following optimized thermal profile: initial denaturation at 95°C for
10 min, followed by 50 cycles of 95°C for 30 s, 62°C for 60 s, and
72°C for 60 s.

A relative standard curve was developed to determine the limits
of detection and limits of quantification by extracting and purifying
DNA from N. stanauli tissue with an initial concentration of 28 ng/ul
(Hunter et al., 2015). A 1:10 serial dilution was used to create a 6-fold
serial dilution (2.8 x 10" to 2.8 x 10 ng/ul. The limits of quantifi-
cation were calculated as the average concentration of all replicates
for the smallest serial dilution. All reactions for assay specificity and
standard curve development were performed in triplicate. The re-
action efficiency and R? for the standard curve and cycle threshold
for unknown samples were calculated using the Second Derivative
Maximum method within the Roche LightCycler 480 software. The
assay (NS-193-F/R; Table 2) did not amplify in any of the nontarget
species in silico or in vivo using either end-point (epPCR) or gPCR
and was therefore determined to be specific to the amplification of
N. stanauli; this assay was used for all subsequent eDNA sampling.

Three quality controls were used and repeated for each gPCR
plate; these included two types of negative controls, a molecular-
grade water substitution for DNA and a no template (no DNA or
water) and positive control. The positive control, tissue-derived
N. stanauli DNA of a known concentration equal to the median con-
centration of the standard curve, was used as an external standard
on each gPCR plate to quantify amplified DNA in environmental
samples and confirmed that our assay was amplifying correctly and

efficiently during each run.

2.3 | Water column experimental design

A field study was performed in summer (July and August) 2017 to
determine the optimal location within the water column for eDNA
collection. We did not have permits to capture or harass this fed-
erally protected species and thus could not set up an experimental
design where a known quantity of individuals was positioned in the
river. We therefore conducted this field experiment under the prem-
ise that at least one individual N. stanauli was present at a chosen
site. We chose to conduct our experiment at two sites (Frost Ford
and Whirl Bar) that would have the greatest probability of occur-

rence based on past historic records and that we could easily access

Sequence (5’-3")

TTACTATGTCTTATTACACAAGTCCTAACA
GTAACAGTAGAATTACTCCGATG
56FAM-TTGCATCTA/ZEN/CCTACATATTGGACGAGGCC-3IABKFQ
GGGTTATTGGAGCCTGTCTCA

Note: The probe used a double quencher molecule (ZEN & 3iABkFQ). The reverse sequencing
oligo was used to confirm that our assay would amplify target fragments that contained a single
nucleotide polymorphism in the reverse primer binding site.
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(Figure 2b,c). Frost Ford has produced the highest catch rate of
N. stanauli throughout its known distribution in the Clinch River (un-
published data, Tennessee Valley Authority [TVA] and Conservation
Fisheries, Inc. [CFI]; Wells, 2019). Whirl Bar is the historic paratype
locality that has not been sampled in more than 30 years. However,
upstream sites have yielded specimens in the past three years
(R.T.R.P., personal observations; unpublished data, TVA). We col-
lected water samples at two sites: (a) Frost Ford (C1) in the Clinch
River (3 August 2017) and (b) Whirl Bar near Rex May Lane (D2) in
the Duck River (26 July 2017). We targeted four vertical strata: three
in the water column at surface (SURF), middle (MID), and epibenthic
(EPIB) locations, plus a sediment sample (CORE) (Figure 3).

Water sample collection protocols followed the procedure de-
scribed by Mahon et al. (2010). Our study area targeted four points at
each site in both rivers, where one 4-L water sample was collected at
each of the vertical strata (for both sites, n = 12; 4 per strata), in ad-
dition to sediment core samples (n = 4). All water samples were col-
lected in 4-L Nalgene bottles that were sterilized with a 20% bleach
solution, thoroughly rinsed with tap water, and then autoclaved be-
fore sampling. Sediment samples were collected in sterilized, 50-ml
conical tubes. Water samples were obtained at a river depth of ap-
proximately 100 cm at each point. Water samples for SURF, MID,
and EPIB strata were collected, in order, at approximately 1-10 cm,
40-50 cm, and 90-100 cm, respectively. Bottles were held in front
of the researcher collecting the water, and each sample bottle was
submerged and positioned at the appropriate stratum with the lid

FIGURE 3 Longitudinal cross section schematic for the water
column experiment part of the study showing the layout of the
river strata: surface (SURF), middle (MID), and epibenthic (EPIB),
where water samples were collected. A sediment sample was
collected from the benthic substrate (CORE)

securely attached. The lid was removed to allow water to enter to the
bottle and resecured while still positioned at the targeted stratum.
We chose to collect sediment core samples because madtoms
are known to live in the interstitial cavities of the epibenthic sub-
strate (Gibbs et al., 2014; Simonson & Neves, 1992). A sediment
core sample was taken at each point by driving a PVC pipe (2.5 cm
diameter) 30.5 cm into the sediment. The end of the pipe sticking
out of the water was then capped creating a vacuum to pull up the
core. The sediment at both sites can be characterized as a mix of
sand, small pebbles (1-10 mm) and small-medium gravel (2.5-15 cm
width) in areas of flowing water, and fine sediment with small peb-
bles (1-10 mm) in areas of slackwater (Bovee, 1982). We targeted
the portion of the substrate that was likely to come into contact
with the animal itself, or at least contained eDNA that represented
a contemporary signal. The top portion of the core (7.5 cm) was
discarded to help remove eDNA that might have originated from
the water that came in contact with the core. The bottom portion
of the core (7.5 cm) was removed because any eDNA recovered
from this part of the core likely represents eDNA from an individ-
ual that is no longer in the area or alive. The remaining portion of
the core was placed in a 50-mL conical tube. The PVC pipe was
sterilized with 20% bleach and thoroughly rinse with deionized
water between each sediment core sampling. Negative control
bottles containing deionized or ultra-pure water were collected
at each point to assess no cross-contamination occurred between
points within each river. The lid for each negative control bottle
was opened and exposed to the air for 10 s while standing in the
stream. The lid was resecured and the negative control bottle was
submerged approximately 10 cm. All bottles and tubes were dried
of excess water using disposable paper towels, sterilized by wip-
ing with a disposable paper towel soaked with 20% bleach, wiped
down with a disposable paper towel soaked in deionized water,
sealed with parafilm, and transported back to the laboratory on
ice for filtration. Any waste (paper towels, gloves, and excess para-
film) was placed in a zip-lock bag for disposal and kept separated
from samples and sampling supplies. All filters were previously ali-
quoted in a sterilized PCR hood for each field negative control and
sample before sampling occurred to reduce potential contamina-
tion of filters, including individual filters for each negative control.
All water samples were vacuum-filtered onto 1.0-um glass fiber fil-
ters (Whatman®) within 24 hr and stored in 50-mL conical tubes at
-20°C until DNA extraction. Field negative controls were filtered
before each set of water samples to reduce potential contamina-
tion. All sediment samples were also stored at -20°C until DNA
extraction. All filtration equipment was decontaminated with a
20% bleach solution for 10 min and thoroughly rinsed with deion-

ized water after processing the water from each sample.

2.4 | Field sampling and water filtration protocol

All field sampling followed the protocols similar to Mahon

et al. (2010). Surface water samples (depth range: 5-15 cm) were
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collected at 14 sites in the Duck River (n = 14) from 21 to 28
November 2017 (winter 2017), 10 sites in the Clinch River (n = 10)
from 26 to 31 January 2018 (winter 2018), and 5 sites in the Clinch
River (n = 5) on 14 July 2018 (summer 2018). Water samples col-
lected in the Clinch River (summer 2018) were from the same sites
in the Clinch River (winter 2018) sampling. All bottles were steri-
lized with a 20% bleach solution for 10 min, thoroughly rinsed with
tap water, and then autoclaved before sampling. In-stream con-
ditions in both rivers varied among sites, for example, depth and
discharge, and therefore, water samples were collected as close to
the thalweg (lowest point in the river) as wadable conditions per-
mitted (Pilliod et al., 2013; Erickson et al., 2016). A total of 16 L
(four 4-L subsamples) of water was collected in Nalgene bottles at
each site along a 100-m reach, along with one 4-L negative control
in a downstream to upstream direction. Negative control bottles
containing deionized water were treated as sample bottles to as-
sess no cross-contamination occurred between sites in the field
and were always collected first at the most downstream end of the
reach for each site. The lid for the negative control was removed for
10 s while standing in the water, securely reattached, and the bottle
was submerged as described above in the Water Column Experiment
Design section. All bottles were dried of excess water, sterilized,
sealed with parafilm, and transported back to the laboratory on ice
for filtration as mentioned above in the water column experimental
design section.

All 16-L samples from each site were vacuum-filtered onto 1.0-
um glass fiber filters (Whatman®) within 24 hr and stored in 50-mL
conical tubes at -20°C until DNA extraction. All filtration equipment
was decontaminated with a 20% bleach solution for 10 min and thor-
oughly rinsed with deionized water after processing the water from
each site.

2.5 | eDNA extraction and gPCR amplification
2.5.1 | Water samples

Due to clogging from riverine debris, water samples from each site
required multiple filters to process (Table $2,53). To collect a rep-
resentative eDNA sample from each site, we extracted eDNA from
one-quarter of each filter from each sample and pooled the result-
ing extracts. For example, if a site required 12 filters to process the
water from that site, then we performed 12 extractions and then
pooled all 12 extracts (Table S2). The QlAamp Powerfecal DNA Kit
(Qiagen®) was used to extract and purify eDNA from filters per the
manufacturer's protocol, with two exceptions: (a) a FastPrep tissue
homogenizer (Thermo Savant) was used at 6 m/s for 60 s for the lysis
step and (b) DNA was eluted in 20 ul (instead of the recommended
100 pl) of the provided buffer solution. The full, eluted 20 pl, was
placed back in the spin column and eluted a second time to increase
eDNA yield. An extraction blank was performed during each round
of eDNA extractions to assess potential cross-contamination. The

extraction blank was performed by conducting the extraction
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process with all kit materials and chemicals, but no filter is placed
in the spin column to assess extraction reagent contamination
(Dougherty et al., 2016). The pooled, purified eDNA from each site
resulted in different volumes for each sample. We accounted and
standardized for this difference in volume, that is, different dilutions
of eDNA, by diluting all samples with the QlAamp Powerfecal DNA
kit elution buffer to an average of 15 ng/ul (range: 14.8-15.2 ng/ul)
before amplification with gPCR. All samples were quantified using a

Nanodrop Spectrophotometer.

2.5.2 | Sediment samples

The conical tubes containing our sediment samples were placed on
a bench-top vortexer, and the sediment samples were homogenized
by vortexing for 30 s. Individual spatulas were used to place 0.5 ml
of sediment material from each conical tube into an extraction tube.
All spatulas were sterilized with 20% bleach, rinsed with tap water,
and autoclaved before use. We performed eDNA extractions from
sediment samples using the same QlAamp Powerfecal kit and proto-
col mentioned above. To provide more comparable results between
water and sediment samples, we extracted an equal number of sub-
samples from each sediment core sample equal to the average num-
ber of filters for water samples at each point in each river (Table S3).
For example, if the average number of filters used to filter water
samples at Point 1 in the Clinch River was 4, then we extracted 4
subsamples from the sediment core from Point 1.

All samples were tested for proper PCR inhibition removal be-
fore any PCR analyses were performed. An aliquot (18 pl) from
each pooled sample from both rivers was spiked with 2 ul (1 ng/
ul) of N. stanauli DNA, for a total of 20 ul. The concentration of
our DNA used to spike the aliquots was quantified with the
Qubit Fluorometer 2.0 (Thermo Fisher Scientific) using the High
Sensitivity, dsDNA BR Assay kit (Qubit™), and diluted with the AE
buffer provide in the Qiagen DNeasy Blood and Tissue Extraction
kit. We performed epPCR and qPCR amplification, in triplicate, on
all samples using the chemistry and thermal profiles mentioned
above. The final DNA template concentration in epPCR and qPCR
for the samples spiked with 2 ul (1 ng/ul) of N. stanauli DNA was
0.02 ng/ul. All replicates for all samples yielded positive amplifica-
tion for epPCR (i.e., target fragment with equal brightness in gel
among all replicates for all samples) and gPCR (i.e., all replicates
for all samples were within 1 cycle threshold of each other and
cross the set C, threshold) indicating that all samples have been
properly purified during DNA extraction.

Presence of N. stanauli eDNA was assessed using gPCR with the
same chemistry and thermal profile as detailed in the in vitro section.
All samples, including all field negative controls, extraction blanks,
and PCR negative controls, were independently amplified two times
with eight technical PCR replicates each (Ficetola et al., 2015; Jerde
et al., 2011; Mahon et al., 2013). Results for epPCR were visualized
on a 1.5% TBE agarose gel stained with GelRed, while standard

curve analysis and cycle threshold values were used to determine
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positive detection in gPCRs. A sample was determined to be positive
for detection if > 2 technical replicates for both independent rounds
of PCR yielded positive amplification (sensu Ficetola et al., 2015).
If one or both independent rounds exhibited positive amplification
in < 1 technical replicate, then a third independent round of PCR
was conducted.

We validated all positive reactions with Sanger sequencing to
confirm that the correct target fragment was amplified (Barnes &
Turner, 2016; Jerde et al., 2011; Mahon et al., 2010). Reactions with
a positive signal were cleaned using exonuclease | and shrimp al-
kaline phosphatase (New England Biolabs) for bidirectional Sanger
sequencing on an ABI 3730-automated sequencer (MCLab). All re-
sulting sequences were aligned and ends trimmed using Sequencher
version 5.2 (Gene Codes Corp.). We verified the identity of our pos-
itive eDNA sequences by comparing them to published reference
sequences in the GenBank nr database using the BLASTn (Altschul
et al., 1990) and to our Noturus spp. cyt b reference alignment to

visually confirm similarity to N. stanauli.

2.6 | Statistical analyses

To assess statistical significance for eDNA detection probability
between molecular methods and sampled strata, our water column
experiment dataset was formatted to a 2 x 2 x 104 contingency
table for statistical analyses. We used three nominal variables: (a)
“METHOD,” which includes epPCR and gPCR, (b) “DETECTION,”
which includes detection (i.e., samples that met our 2 technical
replicate minimum criteria) and nondetection (i.e., samples that
did not meet our 2 technical replicate minimum criteria), and (c)
“STRATUM,” which includes our four strata in the water column
and sediment (i.e., SURF, MID, EPIB, and CORE). A Woolf test was
performed to test for the homogeneity of the data and is appropri-
ate for 2 x 2 x k contingency tables with small replication (Mehta
et al., 1985; Paul & Donner, 1992). The Cochran-Mantel-Haenszel
test is a type of chi-square test that is optimal for datasets with
a small replication size and was performed to assess whether
the data exhibited independence (Zhang & Boos, 1997). Lastly, a
Fisher's exact test was performed on the water column samples to
test for statistical differences in detection probability among the
different vertical strata (SURF, MID, and EPIB) and core samples
within each river, as well as differences between detection rates
using epPCR and gPCR. All statistical analyses were conducted
with a = 0.05 in program R version 3.5.1 (R Development Core
Team, 2017).

3 | RESULTS
3.1 | Primer and probe design and assay specificity

From eight aligned sequences of N. stanauli, cyt b-specific primers

were developed that amplify a 253 bp length fragment. The forward

primer (NS-253-F) showed high specificity to N. stanauli in silico

"% and total score = 60)

(percent identity = 100%, e-value = 2e
with a minimum of three mismatches between N. stanauli and all
other ictalurid species. The reverse primer (NS-253-R) had a com-
parable specificity (percent identity = 100%, e-value = 0.010, and
total score = 46.1) with a minimum of two mismatches between
N. stanauli and other ictalurid species in silico, except for N. fasciatus
which was an exact match. The probe-binding region (NS-253-P)
also had high similarity (percent identity = 100%, e-value = 7%,
total score = 58) with at least one mismatch between N. stanauli and
other ictalurid species.

The BLASTn alignment of our primer and probe oligos to se-
quences in the GenBank database did indicate similarity to other
fishes (e.g., Eigenmannia macrops, Atractosteus tristoechus, and
Characiformes) and reptiles (e.g., Iguana delicatissima, Scelarcis per-
spicillata). All fishes that showed similarity have never been reported
to occur in any Tennessee river system, nor have any of the exotic
reptiles been found in Tennessee. Additionally, these fish and reptile
species are unlikely to occur in Tennessee due to suboptimal envi-
ronmental conditions conducive to survival and thus pose no risk of
cross-amplification with our gPCR assay.

The candidate reverse primer was designed over a polymorphic
site (A/G) that is present in some of the Clinch River individuals
(nh = 3) (MT622529-MT622539) (Figure S1). Individuals in our study
from the Duck River do not contain the single nucleotide polymor-
phism (SNP). To assess whether our assay could detect both alleles,
we performed gPCR amplification using the same chemistry and
thermal profile mentioned above, on 11 individuals from the Clinch
River. Bidirectional sequencing was performed using our candidate
forward primer and another reverse primer (NS-620-R) that flanks
our candidate reverse primer. For the 11 N. stanauli individuals that
we used, (n = 3) contained the polymorphism; however, all 11 in-
dividuals produced efficient amplification via epPCR and gPCR.
Additionally, Sanger sequencing confirmed both alleles were de-
tected in samples from the water column and field sampling parts

of our experiment.

3.2 | gPCR limits of detection

The target DNA concentration and cycle threshold (C;) values for
all replicates of all serial dilutions were correlated (r? = 0.997; ef-
ficiency = 99%,; slope = -3.45; intercept = 29.152). Based on our
serial dilutions, the lower limit of eDNA detection for N. stanauli was
2.8x107* ng/ul with a C; value of 40.7-42.3 required for the mini-
mum DNA detection. The limit of quantification was calculated as
3.83 x 107 ng/ul. Amplification that results late in the reaction (=
45) can be indicative of a false-positive signal; thus, our standard
curve dilutions and reported positive signals fall within acceptable
gPCR parameters (Burns & Valdivia, 2008; Caraguel et al., 2011,
Laramie et al., 2015). Additionally, any positive signal that falls out-
side of the limits of quantification were not considered as reliable

detection.
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3.3 | Water column experiment
3.3.1 | Duck River

Noturus stanauli eDNA was detected with only epPCR in the Duck
River for our water column experiment. A single positive replicate
was observed among the majority of all strata from all four points
(Table 3); however, only one of the CORE samples yielded positive
detection for N. stanauli eDNA using the criteria of = 2 technical rep-
licate amplifications for positive detection. A total of 13 reactions
containing our target fragment were bidirectionally sequenced, and
all 13 reactions produced sequence reads with a 2 99% match to
N. stanauli reference sequences in GenBank. Additionally, among
all water strata samples, we observed a nontarget fragment (75 bp).
We randomly selected 10 reactions that contained this nontarget
fragment and also bidirectionally sequenced these reactions. All
reactions containing the nontarget fragment produced small length
(<75 bp) and poor-quality sequences and were likely the result of

occasional primer dimerization. Furthermore, while no amplification
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was observed in the Duck River water strata samples with gPCR, our
positive control did exhibit efficient amplification, which indicated
there was no inhibition or reaction-efficiency problems associated

with the assay.

3.3.2 | Clinch River

Noturus stanauli eDNA was detected in the Clinch Rivert with both
epPCR and gPCR, in all water column strata samples, with the
exception of one MID, one EPIB, and two CORE samples (Table 3).
A total of 28 epPCRs containing our target fragment were bidirec-
tionally sequenced, and all 28 reactions produced sequence reads
with a 2 99% match to N. stanauli reference sequences in GenBank.
Like the Duck River samples, a nontarget fragment (75 bp) was
observed in several reactions across all water strata samples. We
randomly selected 28 reactions with the nontarget fragment for se-
quencing, and all reactions produced small length (<75 bp) and poor-
quality sequences, as was seen in the Duck River samples.

TABLE 3 Water column detection results for end-point PCR (epPCR) and quantitative PCR (qPCR) analysis

C1 (Clinch River)

D2 (Duck River)

epPCR qPCR

epPCR qPCR

R1 R2 R3 D R1 R2 R3

Point 1

SURF 4 4 + 3 7

MID 5 5 + 6 7

EPIB 2 3 + 3 4

CORE 4 4 + 3 5

Point 2

SURF 6 7 W 8 7

MID 4 B + 3 5

EPIB 4 4 + 5 5

CORE 8 8 i 7 7

Point 3

SURF 5 4 + 2 3

MID 8 6 6 6

EPIB 1 3 1 - 2 3

CORE 2 3 + 0 4 1
Point 4

SURF 5 4 & 5

MID 2 4 1 B 1
EPIB 3 3 4 2

CORE 1 B 1 = 2 2

+ o+ o+ o+ + o+ o+ o+

+

R1 R2 R3 D R1 R2 R3 D

1 3 1 - 0 0 -
1 2 1 - 0 0 -
0 0 - 0 0 -
0 0 - 0 0 -
0 1 0 - 0 0 -
1 1 1 = 0 0 =
0 1 0 - 0 0 -
0 0 = 0 0 =
0 2 1 - 0 0 -
0 3 - 0 0 -
0 3 - 0 0 -
2 2 + 0 0 -
1 0 0 - 0 0 -
1 0 0 = 0 0 =
0 1 0 - 0 0 -
1 0 0 = 0 0 =

Note: Water samples (4-L) were collected from four strata (surface (SURF), middle (MID), epibenthic (EPIB), and sediment core (CORE)) at four
different points (Point 1, 2, 3, and 4) at site C1 (Clinch River) and site D2 (Duck River). Results are reported as the number of eight total technical
replicates that yielded positive amplification during each amplification round (R1, R2, R3) and the decision (D) as to if the sample was classified as
positive detection (+) or negative detection (-). A third round (R3) of amplification was only necessary for the decision if <2 technical replicates failed
to amplify our target fragment in either R1 or R2. Number for negative controls are not shown since all negative controls yielded no amplification,

indicating no cross-contamination occurred.
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For the Clinch River water strata samples, a total of 31 qPCRs
that contained positive amplification for N. stanauli eDNA were
selected for sequencing. The majority (27 of 31) of the reactions
produced sequence reads that had a > 99% match to N. stanauli
reference sequences in GenBank. The remaining four reactions
either contained poor-quality raw sequences or did not match
any reference sequence in GenBank. The amplification curves for
these reactions demonstrated efficient amplification similar to re-
actions that did produce a sequence read and GenBank match,
but due to a limited amount of PCR product we were unable to
have these four samples resequenced to confirm. All negative
controls, that is, field, extraction, and PCR, failed to amplify for
both rivers, indicating no cross-contamination occurred during

the experiment.

3.4 | Statistical results

A Woolf test and a Cochran-Mantel-Haenszel test confirmed our
data exhibited both homogeneity and independence, respectively
(Woolf Test: X2 =0, p = 1; Cochran-Mantel-Haenszel test: M2 =3,
p =.3916). A Fisher's exact test was used to test for differences be-
tween epPCR and gPCR at each stratum within each river and indi-
cated no significant differences (p = 1.00).

3.5 | Field sampling

In the winter 2017-2018, we did not detect N. stanauli eDNA at any
of the 10 sites in the Clinch River or any of the 14 sites in the Duck

TABLE 4 Field sampling data for Noturus stanauli eDNA surveillance in the Clinch and Duck Rivers

No. Positive gPCRs

Observed Sanger
Site distribution Season Volume (L) eDNA detected 1st Round 2nd Round sequence % ldentity
C1 Y %\ 16 N 0/8 0/8
c2 N w 16 N 0/8 0/8
C3 N %\ 16 N 0/8 0/8
c4 N w 16 N 0/8 0/8
C5 N W\ 16 N 0/8 0/8
c8 N w 16 N 0/8 0/8
N S 16 N 0/8 0/8
c7 N w 16 N 0/8 0/8
N S 16 N 0/8 0/8
Cé6 N w 16 N 0/8 0/8
N S 16 Y 3/8 5/8 6 99%-100%
c9 N w 16 N 0/8 0/8
N S 16 N 0/8 0/8
C10 N W 16 N 0/8 0/8
N S 16 N 0/8 0/8
D1 N w 16 N 0/8 0/8
D2 Y W 16 N 0/8 0/8
D3 Y w 16 N 0/8 0/8
D4 Y W 16 N 0/8 0/8
D5 Y W 16 N 0/8 0/8
Dé Y W 16 N 0/8 0/8
D7 N w 16 N 0/8 0/8
D8 N W 16 N 0/8 0/8
D9 N w 16 N 0/8 0/8
D10 N W 16 N 0/8 0/8
D11 N w 16 N 0/8 0/8
D12 N W 16 N 0/8 0/8
D13 N w 16 N 0/8 0/8
D14 N W 16 N 0/8 0/8

Note: Site abbreviations correspond to sites in Figure 2 and are listed in a downstream to upstream orientation for each river. The observed
distribution column denotes if a sampled site was in the known distribution of N. stanauli (Y = Yes, N = No). The season column indicates the time of
year when samples were collected (W = Winter, S = Summer). Sanger sequencing was performed on three replicates from each qPCR round.
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River, with either epPCR or qPCR (Table 4). However, resampling of
the Clinch River in summer 2018 yielded positive detection at a new
site outside the historic range, C8 (Figure 2c; Table 4) located approx-
imately 2.5 km downstream from the Tennessee-Virginia state line.

We confirmed the eDNA signal detected at site C8 with epPCR
where 8 of 8 technical replicates yielded positive amplification of
our target fragment and all negative controls were clean indicating
no cross-contamination. Our qPCR assay produced amplification
products in multiple replicates in both independent rounds (Table 4).
Three randomly selected reactions from both qPCR rounds (n = 6)
were bidirectionally sequenced. All six reaction generated se-
quences that resulted in a 99%-100% identity match to N. stanauli
in the GenBank database (Table 4).

4 | DISCUSSION

Noturus stanauli presents a challenging species for monitoring given
its small size and rarity in two large river systems. In this study, a
species-specific assay was developed and tested for detection of
this rare and diminutive fish throughout two rivers. Despite the chal-
lenging dynamics of this system, our assay was able to detect a signal
from N. stanauli at the type locality in the Clinch River (Figure 2c,
Table 3), at a paratype locality in the Duck River (Figure 2b, Table 3),
and at a new site outside of its historic distribution in the Clinch
River (Figure 2c, Table 4). Although the primary focus of our study
was to provide delineation of N. stanauli, we were also able to test
and provide insight to mechanistic underpinnings of eDNA detection
of small, cryptic fish in large rivers through the context of life history
traits and environmental variability.

While many eDNA studies have focused their sampling efforts
on collecting surface water samples, few studies have adapted
their sampling methods to fit the life history of the target species
(Eichmiller et al., 2014; Moyer et al., 2014). We initially hypoth-
esized that water collections at the epibenthic strata within the
water column would be more effective at detection of N. stanauli
based on the benthic life history of this species. One study using
three fish species that exhibit different spatial distributions in the
water column (e.g., pelagic, benthopelagic, and benthic) found that
sampling location had no significant effect on DNA concentration or
detection probability (Hinlo et al., 2017). Our findings match those
in Hinlo et al. (2017) and indicate that eDNA may be more homog-
enized in a riverine (lotic) system compared with lentic systems, like
those in Moyer et al., 2014. We also detected an eDNA signal in sed-
iment samples from the Duck and Clinch Rivers, similar to Turner
et al. (2015), indicating that eDNA concentration may be greater
in sediment compared with the water column overhead. Genomic
molecules bound to sediment particles have demonstrated reduced
rates of degradation; thus while these signals can represent true
positives from the target organism, the spatiotemporal inferences
drawn from sediment samples may be limited (Cai et al., 2006).

Our field sampling efforts suggested a broader distribution

of N. stanauli in the Clinch River than previously known based on
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traditional sampling methods (Figure 2c). Based on streamside ob-
servation, site C8 does not display typical habitat characteristics
reported from other sites with known N. stanauli occurrences (e.g.,
Etnier & Jenkins, 1980). The section of the river where this positive
detection occurred appears to contain mostly low-gradient, run-
pool habitat with relatively slow local water velocities. The substrate
is characterized as having a large amount of fine sediment with
medium gravel to small cobble (2.5-15.0-cm width) (Bovee, 1982),
sparsely dispersed throughout. Traditional surveillance is needed to
confirm the origin of the detected eDNA because the signal could
have originated from further upstream and from feces deposited
by an animal that consumed N. stanauli (Jane et al., 2015; Merkes
et al., 2014). The probability of a live individual is high in this stretch
of the river, however, according to recent MaxEnt habitat modeling
(Wells, 2019). Incorporation of eDNA detection probability models,
as well as production, transportation, and decay models, would im-
prove our ability to estimate the movement of eDNA in large riv-
ers and help to refine eDNA surveillance techniques, especially for
small, cryptic fish.

It is known that environmental variability and biotic factors can
influence eDNA detection, although the exact relationship can differ
from system to system. Detection probability was greater in both
rivers in summer than in winter months. Warmer temperatures in-
crease the metabolic activity of fishes leading to an increased pro-
duction of biological matter that is shed into the water, and thereby
increase eDNA production in the water (Gillooly et al.,, 2001;
Takahara et al., 2012). Furthermore, historic and new records indi-
cate that N. stanauli has a prolonged summertime spawning period,
ranging from late May to early September (USFWS, 2008; Wells &
Mattingly, 2019). Our greater detection rate in summer in the Clinch
River is likely a result of congregating and nesting individuals associ-
ated with reproductive activity, which would lead to a greater abun-
dance of individuals, increased eDNA concentration, and greater
detection probability in a local area (Janosik & Johnston, 2015;
Takahara et al., 2012; Wells, 2019). Reproductive and population-
level information of N. stanauli is limited, but this species appears to
be a nest-guarder like other Noturus species and many more individ-
uals have been collected in the Clinch River than in the Duck River
(Shute, 2001; USFWS, 2008; Wells & Mattingly, 2019). With limited
breeding habitat, several individuals could be forced into occupying
a localized area, like site C1 (Figure 2c), for spawning, which would
increase eDNA concentration in the localized area.

We were unable to collect samples in a framework that would
allow us to develop modeling for detection probability or occurrence
estimates. A species’ detection probability with eDNA is directly re-
lated to the abundance of individuals and the distance from the indi-
viduals at the point where water is collected (Boothroyd et al., 2016;
Pilliod et al., 2013). Our study was conducted with the intention of
delimitation, not occupancy estimation, hence collecting (and pool-
ing) a large amount of water (16-L) at each field site. Even with tra-
ditional sampling methods, estimating abundance for N. stanauli at
a site is difficult at best; thus, we cannot accurately quantify the

abundance of individuals at a given site. As suggested by Jerde
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et al. (2011), repeated sampling trips to the same sites may be a bet-
ter option to develop eDNA occurrence estimates for N. stanauli and
further deduce environmental variables that affect detection proba-
bility and help reduce false-negative results.

In our study, false-negative results were likely to occur from three
factors: (a) the two-replicate minimum criterion, (b) the length of the
target amplicon, and (c) our limit of detection. First, several of the
water column samples yielded positive amplification in <2 replicates
for one or more independent rounds of PCR amplification (Table 3).
These reactions likely represent amplified N. stanauli eDNA (as con-
firmed by Sanger sequencing); however, our two-replicate minimum
rule meant that the samples were still classified as negative. While
contamination of samples would also correctly sequence, all of our
negative controls failed to amplify our target fragment indicating
that contamination is not likely in this case. Due to the random dis-
persion of DNA in the system, it is possible that only a few target
DNA molecules were collected in the sample, which would then
limit the number of target DNA molecules in each PCR (see Furlan
et al., 2016). Some studies justify designation of positive samples
based on one technical replicate in the cases of rare species (Carim
et al., 2019; Janosik & Johnston, 2015). We justified using a two-
replicate minimum because detection probability and occurrence es-
timates for N. stanauli were unknown due to limited information, but
this criterion may have been too conservative in our study (Ficetola
et al., 2015). Second, shorter fragments are known to persist in the
environment for longer periods of time (Jo et al., 2017). It is possible
we did not detect our target fragment at some sites where it was
truly present because there is theoretically a smaller abundance of
longer fragments present. In instances where multiple closely re-
lated species occupy the same habitat, like Noturus, a longer frag-
ment is required to differentiate between all sympatric species. The
use of multiple markers can be more beneficial for true-positive de-
tection of the target species when longer fragments are used for
surveillance of a single species (Farrington et al., 2015). Lastly, our
detection of N. stanauli could be limited by the lower limit of our
standard curve. The lowest concentration on our standard curve
was 2.8 x 107 ng/ul (or ~100,00 DNA copy number), compared with
contemporary eDNA studies that can detect lower orders of mag-
nitude of eDNA concentrations (1.0 x 1078 or 1 DNA copy number)
(Carim et al., 2019). It is plausible that we did not detect an eDNA
signal that might have been present at a lower concentration; how-
ever, we only report results that fall within the parameters of our
relative standard curve which provides validation for the signals that
we did detect. Absolute standard curves developed with synthetic
DNA, for example, gBlocks, can be used to accurately quantify the
lower limits of detection and lower limits of quantification compared
with our relative standard curve where the specific copy number is
unknown (Carim et al., 2019; Klymus et al., 2019).

While gPCR is cited as being the more sensitive compared with
epPCR (Jerde et al., 2013; Turner et al., 2014), we unexpectedly de-
tected N. stanauli eDNA in the Duck River with epPCR and not with
gPCR. One explanation for these results could be that the primer

oligos are not species specific and may co-amplify DNA from an

unknown and related Noturus species, while the addition of the
probe in the gPCR amplification makes this assay species specific.
Phylogenetic relationships between species in Noturus are still un-
resolved and indicate more undescribed species may be present
than are currently described and recognized (Bennett et al., 2009;
Hardman, 2004; Near & Hardman, 2006). At the time our primers
were designed and field tested, N. fasciatus was a newly described
species that occurs in the Duck River with N. stanauli. It was not until
after the submission of this manuscript that sequences were made
available through GenBank for N. fasciatus and we discovered that
the reverse primer was an exact match. However, all positive reac-
tions were sequenced and identified as N. stanauli with the GenBank
database, indicating that our eDNA signals are true and our results
are sound. This issue denotes the need for further life history and
morphometric studies that can help resolve phylogenetic relation-
ships between species in this cryptic genus to increase effective
assay design and the reliability of eDNA surveillance. Contamination
is also another plausible explanation for positive eDNA amplifica-
tion; however, all of our field, extraction, and PCR-negative controls
were negative for amplification of our target fragment.

Our study highlights the potential application of eDNA sur-
veillance to the detection of rare and cryptic fishes in large rivers
and identifies environmental variables that may influence eDNA
detection in these systems. Noturus stanauli is a unique fish among
the fauna in Tennessee river systems, being the smallest ictalurid
species in the world and habitating two of the state's largest riv-
ers. Biosurveillance of N. stanauli is inherently challenging for both
traditional and molecular methods. While there can be unforeseen
environmental variables that should be considered in experimental
design, eDNA monitoring offers a more efficient sampling protocol
compared with traditional aquatic sampling methods for N. stanauli.
In particular, the ability to collect surface samples reduces and po-
tentially eliminates the need to enter the water, reducing contami-
nation risk and harm to animals and associated habitat. In order to
fully incorporate eDNA surveillance into routine management and
conservation plans, both the biological and environmental factors
that directly contribute to eDNA ecology (i.e., origin, transport, per-
sistence, and fate) must be well understood. Future eDNA surveys in
the Clinch River are of special interest to state agencies due to the
undefined distribution of N. stanauli. More surveillance is needed to
confirm the potential presence in the Virginia reaches of the Clinch
River, which would require new or revised conservation strategies

for both Tennessee and Virginia if found.
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