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1 | INTRODUCTION

Effective management of lands, waters, mineral wealth and natural
resources, and protection of biodiversity and ecological produc-
tivity in a changing climate requires thorough knowledge of the
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Abstract

Considerable promise and excitement exist in the application of environmental DNA
(eDNA) methods to environmental monitoring and species inventories as eDNA can
provide cost-effective and accurate biodiversity information. However, consider-
able variation in data quality, rigor, and reliability has eroded confidence in eDNA
application and is limiting regulatory and policy uptake. Substantial effort has gone
into promoting transparency in reporting and deriving standardized frameworks and
methods for eDNA field workflow components, but surprisingly little scrutiny has
been given to the design and performance elements of targeted eDNA detection as-
says which, by far, have been most used in the scientific literature. There are several
methods used for eDNA detection. The most accessible, cost-effective, and condu-
cive to standards development is targeted real-time or quantitative real-time poly-
merase chain reaction (abbreviated as gPCR) eDNA analysis. The present perspective
is meant to assist in the development and evaluation of gPCR-based eDNA assays.
It evaluates six steps in the qPCR-based eDNA assay development and validation
workflow identifying and addressing concerns pertaining to poor qPCR assay design
and implementation; identifies the need for more fulsome mitochondrial genome se-
quence information for a broader range of species; and brings solutions toward best
practices in forthcoming large-scale and worldwide eDNA applications, such as at-

risk or invasive species assessments and site remediation monitoring.

KEYWORDS
eDNA assay improvement, mitochondrial genome, quantitative real time polymerase chain

reaction, robust assay design, targeted eDNA assay, test development and validation

distribution and relative abundance of at-risk, sentinel, invasive, and
pathogenic taxa. Advances in molecular technologies have greatly
improved our ability to survey planet Earth's biodiversity in natural
ecosystems and anthropogenically impacted areas. There are many
examples in the scientific literature of the detection of environmen-

tal DNA—genetic material isolated from environmental samples
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without obvious signs of biological source material—providing more
sensitive and cost-effective species detection of low-density, cryp-
tic species than conventional ecological survey methods (Deiner
et al., 2017; Goldberg et al., 2016; Jerde et al., 2011; Thomsen &
Willerslev, 2015). High-throughput sequencing and targeted qPCR
analyses have empowered us to detect eDNA molecules in water,
soil, sediment, and air (Barnes & Turner, 2016).

There is tremendous potential for the application of eDNA meth-
odology for environmental impact assessments, species inventories,
monitoring, and biosurveillance worldwide. When conducted dili-
gently, eDNA-based monitoring could substantially increase cost-ef-
fectiveness and robustness of at-risk or invasive species detection
to inform environmental risk assessments (ERAs) and environmental
surveying. For example, ERAs are required for permitting natural
resource development projects such as mining, pipelines, or hy-
droelectric dams. Environmental surveying is required during such
operations and following project completion to evaluate operation
impacts or site remediation effectiveness. Indeed, eDNA methods
are actively used in many locations internationally (Africa, Elberri
etal.,2020; Asia, Lee et al., 2020; Europe, Brys et al., 2020). However,
considerable variation in data quality, rigor, and reliability has eroded
confidence in eDNA application and is limiting regulatory and policy
uptake (Nicholson et al., 2020). Specifically, there is a need to effec-
tively mitigate false positives and negatives from field and analytical
sources (Goldberg et al., 2016; Helbing & Hobbs, 2019; Nicholson
et al., 2020; Thalinger et al., 2020). Considerable effort has gone
into promoting transparency in reporting and deriving standardized
frameworks and methods for eDNA workflows (Baillie et al., 2019;
Goldberg & Strickler, 2017; Hobbs et al., 2017; Laramie et al., 2015;
The eDNA Society, 2019; US Fish & Wildlife Service, 2018).

Of the many methods used for eDNA detection, including
metabarcoding and polymerase chain reaction (PCR), the most

accessible, cost-effective, and conducive to standards develop-
ment is targeted quantitative real-time polymerase chain reaction
(abbreviated as qPCR) analysis (Tsuji et al., 2019). As this method
forms the heart of eDNA analysis, it deserves particular attention in
forming a robust eDNA workflow (Figure 1), especially with respect
to the design and implementation of novel assays (Loeza-Quintana
et al., 2020; Nicholson et al., 2020). Some vital issues remain to be
addressed regarding qPCR-based assays that impact specificity,
sensitivity, and reliability. Robust eDNA assays include abiding by
fundamental principles of qPCR best practices (e.g., MIQE; Bustin
et al., 2010), while also requiring special considerations in their
relationship within the eDNA survey workflow and application to
often highly dilute and complex environmental samples. In the pres-
ent perspectives, we aim to critically examine qPCR assay compo-
nents and how they affect validation of novel assays and variation
within eDNA data. We also identify critical limitations for eDNA
assay design that can be addressed to enhance confidence in eDNA

techniques.

2 | THE HEART OF EDNA DETECTION-—
THE ISSUE OF RELIANCE ON PUBLISHED
EDNA ASSAYS

There is a wide range in quality of qPCR-based assays among the
published literature and in practice. An example of a thorough qual-
ity assurance/quality control (QA/QC) validation pipeline that we
have employed while developing over 30 successful qPCR-based
eDNA detection assays is depicted in Figure 2, yet remarkably few
eDNA assays have addressed all elements of this pipeline. A typical
gPCR requires the isolated DNA sample containing the target taxon
DNA, a thermostable Taqg DNA polymerase, a DNA primer pair, a
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FIGURE 2 Anexample of a multistep gPCR-based assay design and validation workflow. The present perspective examines each step
leading to a fully validated eDNA assay in sections 2.1-2.6. The numbered steps correspond to these sections [Colour figure can be viewed
at wileyonlinelibrary.com]
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FIGURE 3 Limitations for eDNA assay design and implications for assay quality. (a) This schematic represents a generalized mitochondrial
DNA gene structure. A circular mitochondrial genome is depicted in linear fashion to scale with all genes indicated (blue boxes) except the
numerous tRNA-encoding genes. Typical animal mitochondrial genomes are ~16 Kb in size. The gene names are shown above the schematic
along with a bp scale. Many taxa have no mitochondrial DNA sequence available. Very few have full mitochondrial sequences. Most common
are partial gene sequences from the COX1 or CYB genes (bold). (b) A portion of the 650 bp COXI gene is detailed to demonstrate the design
challenges, including satisfying the requirements for good primer/probe set performance, while using a region that effectively discriminates
the target taxon from other species. The regions with good assay design potential may or may not be able to discriminate between taxa
[Colour figure can be viewed at wileyonlinelibrary.com]

DNA hydrolysis probe with a fluorophore and quencher, deoxynu- 2.1 | Identification of target and confounding taxa
cleotide 5'-triphosphates (or dNTPs), MgCl,, other salts, and abuffer ~ phylogenies

(for more details, see Helbing & Hobbs, 2019). Careful consideration

of reaction components and how they interact with each other in the First, the phylogenies of the target taxon along with a search of
context of an environmental sample is key, but provides particular potential confounding taxa should be established. These include
challenges when assessing eDNA. closely related sympatric taxa and hybrids. In addition to the more
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obvious related and co-occurring taxa, special attention should be
given to any other DNA that is likely to be introduced to the sam-
ples during the workflow. In particular, human, dog, and any other
taxa DNA that may be found in the laboratory setting should be
considered as possible confounding DNA and therefore included
in the design and validation phases of assay development. Also,
taxa that co-occur in high abundance compared with the target
taxon should also be identified. This step is critical to ensure the
downstream workflow targets only the desired taxon. As we will
see below, the limited sequence information available for target
and sympatric taxa presents a particular problem in the design of

robust eDNA assays.

2.2 | Sequence collection and alignment

The robustness of eDNA detection heavily relies on the design qual-
ity of the primers and probe. The choice of appropriate genes and
sequence quality is crucial. The most common genes used to date for
eDNA analysis are mitochondrial genes. These gene fragments are
preferred over nuclear gene fragments since there are more copies
per cell and portions of mitochondrial genes, particularly cytochrome
¢ oxidase | (known as MT-CO1, COI, or COX1) and cytochrome b (CYB)
are used extensively for DNA barcoding and DNA metabarcoding
(Deiner et al., 2017; Thalinger et al., 2020) (Figure 3a).

By far, the most frequently used sequence is the 650 bp COXI se-
quence (Elbrecht et al., 2019), as this has been embraced as a useful
barcode for taxon identification using DNA sequencing techniques
(Deiner et al., 2017; Hebert et al., 2003). It is worth noting that some
groups have obtained better eDNA metabarcoding coverage by using
12S and 16S mitochondrial rRNA genes rather than COX1 (Clarke
et al., 2014; Deagle et al., 2014). The extensive Barcode of Life Data
Systems (https://www.boldsystems.org/) and International Barcode
of Life (https://ibol.org/) databases have been truly transformative
in our ability to identify and classify our planet's organisms. Despite
these valuable DNA sequence resources available in publicly avail-
able databases, such as Genbank (National Center for Biotechnology
Information https://www.ncbi.nlm.nih.gov/) and BOLD (https://
www.boldsystems.org/), the sequences are often too short and lim-
ited in appropriate DNA sequence uniqueness to generate robust
gPCR primer/probe sets capable of discriminating between taxa for
use in eDNA detection (Figure 3b).

Typical eDNA assays amplify gene fragments (amplicons) that
range between 50 and 400 bp in length (Freeland, 2017; Hernandez
et al., 2020; Klymus et al., 2019; Thalinger et al., 2020). The forward
and reverse primers are usually between 18 and 30 nucleotides
(nt) long, and the probe is usually between 20 and 30 nt depend-
ing on dye chemistry (Hernandez et al., 2020; IDT, 2020; Klymus
et al.,, 2019). The size of available sequences therefore has signif-
icant impacts on assay design potential. Unless the sequence is
highly amenable to reasonable quality primer pair and probe designs,
and all sympatric taxa exhibit low sequence identity to the target

taxon at regions coinciding with the primer/probe designs, using

sequences shorter than 1 kb to design selective assays which sat-
isfy all of the demands of good qPCR can be very limiting and often
result in a compromise of either selectivity or reaction efficiency
(Wilcox et al., 2013). In addition to issues related to sequence length,
careful scrutiny is required of each publicly available sequence to
ensure it is not classified incorrectly. Several cases of mislabeled
published sequences have been identified, particularly relating to
poorly designed and utilized universal mitochondrial primer sets
(Mioduchowska et al., 2018).

When designing a novel gPCR assay, all available mitochondrial
gene sequences for the target, sympatric, and other confounding
taxa should be compiled and aligned. The choice of sequence to
use for assay design should consider the number of confounding
taxa with corresponding sequence available, the level of sequence
conservation, and how well-suited the sequence is for high-quality
primers and probe. If a target taxon has closely related sympatric
taxa, the assay design should be limited to those gene regions for
which both taxa have sequences available. Once aligned, the se-
quences should be appraised for sequence differences between the
target and confounding taxa. If possible, it is advisable to include
multiple independent sequences of the target taxa to ensure this
region is adequately conserved between target specimens and not
a region subject to allelic variation (Wilcox et al., 2015). After the
gene sequences have been narrowed down based on availability and
sequence divergence, primer design software can be employed to
assess their suitability for robust assay creation. If insufficient target
and confounding taxa sequences are available to aid in assay design,
then extensive qPCR testing must be done with DNA from multi-
ple voucher specimens from target and possible confounding taxa
to ensure that the assay candidates are selective for the target taxa
(Thalinger et al., 2020).

2.3 | Primer and probe design

There are fundamental rules regarding good qPCR assay design
that need to be considered. Superimposed on this are additional
demands that eDNA application places on the gPCR assay given
the complex matrices of environmental samples and the often
low amount of target DNA within the sample. Several PCR-based
methods exist (semiquantitative PCR, gPCR, and a variant of
gPCR—droplet digital PCR). Of these, qPCR-based assays have
the best combination of being the most accessible, cost-effective,
and reliable (reviewed in Helbing & Hobbs, 2019). In addition, the
primer pair and hydrolysis probe combination has proven to pro-
vide the most specific chemistry to increase the QA/QC of eDNA
detection asitis far superior to primer-only-based methods relying
on end-point (gel-based) amplicon evaluation or sequence-inde-
pendent fluorescence (Wilcox et al., 2013). In contrast to nonspe-
cific detection performed by double-stranded DNA-binding dyes
(e.g., SYBR green; Ponchel et al., 2003), the primer pair/hydrolysis
probe combination provides necessary additional sequence dis-

crimination capability and specificity (Wilcox et al., 2013). The
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best types of hydrolysis probes use a combination of fluorophore/
quencher chemistry to reduce background fluorescence. Intact
probes do not emit fluorescence at the wavelength of the liber-
ated fluorophore, so no fluorescence should be observed when
their emission wavelength is measured. Probes should be specific
to their complementary sequences within a correctly synthesized
amplicon to which they will selectively hybridize. During elonga-
tion, the 5° = 3’ exonuclease activity of the DNA polymerase
hydrolyzes (degrades) the probe only when the probe is bound
with its complimentary sequence, releasing the quencher from
the fluorophore and enabling fluorescence emission and detection
(IDT, 2020). The use of the primer pair/hydrolysis probe strategy
also reduces the interference of unwanted primer dimers as the
mode of detection will ignore their presence, despite their still
being created and impacting assay efficiency.

Despite the substantial body of literature that informs good
assay design practices, many researchers still use and publish non-
specific and nonsensitive primer sets that cross-react with off-target
organisms or else fail to reliably amplify target DNA. This is often
due to the researchers using limited available sequence data to de-
sign primers, the running conditions are not stringent enough, and/
or because they do not fully validate their simplex gPCRs, which is
costly and time consuming. There are plenty of examples of this in
the literature, but for courtesy reasons, none of these papers will be
named within the present perspective paper. Rather, we will provide
hypothetical examples that depict issues observed in the scientific
literature.

When designing primer pair/hydrolysis probe sets, several QA/
QC steps are needed in order to maximize qPCR efficiency and ro-
bustness. Using primer design software (e.g., Primer3, NCBI/Primer-
BLAST, Primer Premier), selected primers need to be tested in silico
to prevent primer dimer and hairpin formation, which could result in
reduced reaction efficiency and detection artifacts. These issues are
more likely to surface with sequences containing runs of 3+ nucle-
otides (nt) and guanine-cysteine (GC) content >60% (Dieffenbach
et al., 1993). Primer design software will identify these character-
istics and provide a free energy score (AG) for detected primer di-
mers and hairpins. A negative AG is to be avoided as this indicates
that there is a high likelihood of formation. Runs of four or more
consecutive Gs should be avoided. Thus, the general design bench-
mark is avoiding runs and choosing a GC content range of 40%-60%
(Lorenz, 2012). Base-pair mismatches between target and nontar-
get sequences should be maximized to avoid cross-reaction, and
particular attention should be given to the 3’ ends of primers and
the 5’ ends of probes, as these regions are most critical for reducing
off-target amplification (Freeland, 2017; Wilcox et al., 2013).

Other features, such as melting temperature (T_) must be con-
sidered in choosing an appropriate primer set/probe combination.
This has a direct bearing on the choice of annealing temperature
(T,) which, along with magnesium chloride (MgCl,) concentration,
influences reaction stringency (Lorenz, 2012). Stringency describes
the set of conditions under which the gPCR occurs. Conditions of

high stringency (high T, with low MgCl, concentration) make it more
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difficult for the primers and probe to bind to the target DNA se-
quence and amplify it. Low stringency conditions make it more likely
that primers/probes bind imperfectly to DNA and are more likely to
result in spurious, nonspecific amplification and detection.

The primers/probe T _, annealing and elongation temperatures,
cycle duration, and concentrations of reaction components, in-
cluding primers/probe, deoxynucleotide 5'-triphosphates (dNTPs),
MgCl,, and DNA polymerase can also influence the qPCR’s strin-
gency (IDT, 2020; reviewed in Lorenz, 2012). Briefly, optimal T, ap-
proximated as T, = 4(G-C) + 2(A-T) should range between 52 and
58°C for primers, but a higher T_ will improve stringency and both
primers’ optimal temperature should not differ by more than 2-5°C
(Lorenz, 2012). The T for probes should be about 6-8°C higher than
the primers. Generally, the T, should be no more than 5°C below the
T,, of the lower primer T_ (Bustin & Huggett, 2017; Freeland, 2017).

In published eDNA papers, the most commonly used tempera-
ture regime is a two-step cycle (95°C denature, 60°C annealing/
elongation) rather than a three-step (denature, annealing, elon-
gation) cycle to save overall run time (Bustin, 2017). However, Taq
DNA polymerase has an optimal elongation temperature of 70-
80°C (Lorenz, 2012) and a three-step cycling regime (e.g., 95°C de-
nature, 60-64°C annealing, 72°C elongation) may provide greater
reaction specificity by providing optimal primer/probe annealing
followed by optimal polymerase activity conditions. The three-step
cycle approach can be considered if the two-step cycle approach is
suboptimal (Jin et al., 2014). The dNTPs need to be added in equal
concentrations; otherwise, this will affect the PCR efficiency. DNA
polymerases require Mg?* as a cofactor for activity, but too high
Mg?* concentrations will decrease the specificity of the reaction
process. In general, a final reaction concentration of 0.5 to 5.0 mM
Mg2+ is recommended (Lorenz, 2012). Most commercially available
reaction mixes use 3.0 mM Mg2+. It is important to choose the ap-
propriate DNA polymerase from the variety that are available, as
they are not all equal in their processivity and performance charac-
teristics (Miura et al., 2013). Tag polymerase is the gold standard in
gPCR analysis and comes with its optimal buffer and Mgz* concen-
trations (Ricardo et al., 2020. These are excellent starting points for
assay optimization.

Primer dimers can also occur if the primers and DNA polymerase
function at room temperature (e.g., on the bench while preparing
the samples); therefore, it is recommended to use DNA polymerases
designed to work at high temperature only or to use a solution of
MgCl, that is only released from its chemical matrix at high tempera-
ture (IDT, 2020).

2.4 | Primer pair and probe validation

Once a novel eDNA assay has been designed in silico according
to the stipulations stated above, it must be empirically validated
(Figure 2). Since environmental samples often contain substantially
higher concentrations of nontarget DNA relative to target which is

often at exceedingly low concentrations, the assay must have high
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specificity and sensitivity to avoid type | and type Il errors. A thor-
ough validation program provides confidence in assay function and
results and is a powerful tool in assay selection, application, and data
interpretation by end users.

A panel of target and confounding taxa total DNA should be
prepared from voucher specimens for assay validation. Multiple
individuals of the target taxa should be surveyed to assess the
effect of individual genetic variation on assay performance. DNA
from individuals representing close genetic relatives and potential
sympatric taxa should also be obtained to further assess assay
specificity. Note that members of isolated subpopulations of the
target taxon and novel confounding taxa present in unique eco-
systems should be assessed in vitro before application of assays
to new regions in order to confirm assay performance in highly
localized populations. In addition, DNA from taxa that represent
contamination risks should be included (e.g., human and dog). No
template controls are included throughout the assay validation to
ensure that no nonspecific amplification occurs (Freeland, 2017;
Veldhoen et al., 2016).

Initial specificity testing of the forward and reverse primers is
assessed for the taxa panel using nonspecific DNA intercalating
dyes, such as SYBR Green and high total DNA concentration (e.g.,
0.5-5x 107° ng/ul) ideally using DNA from multiple voucher spec-
imens and few technical replicates (e.g., Carim et al., 2016; Currier
et al., 2018; Hobbs et al., 2020). The use of higher DNA concen-
trations at this stage provides a good assessment framework from
which to evaluate assay specificity as tissue samples contain mito-
chondrial and nuclear DNA.

Reactions containing target DNA should demonstrate strong,
exponential amplification within 40-50 cycles and a single strong
peak in the melt curve at the predicted T, for the amplicon (D’'Haene
et al.,, 2010; Dieffenbach et al., 1993; Wilcox et al., 2013). When re-
action products are run on an agarose gel, a single band should be
observed corresponding to the predicted amplicon length in reac-
tions containing target template DNA. Nontarget reactions should
not show amplification within 40-50 cycles, and not have visible
bands when reaction products are run on an agarose gel. Limited
off-target amplification and primer dimer products can be tolerated
at this stage due to additional discrimination introduced when using
a sequence-specific hydrolysis probe. When using a probe, off-target
amplification will not result in fluorescence, but substantial produc-
tion of by-products can greatly reduce reaction efficiency reducing
overall assay sensitivity. Amplicon identity can be further confirmed
via sequencing for increased confidence.

Once assay specificity has been preliminarily confirmed, the
primer/probe combination can be assessed. Reactions containing
target template must consistently show fluorescence above a stan-
dardized threshold. If these results confirm assay specificity, then
additional technical replicates for target and possible confounder
taxa can be run using multiple voucher specimens. This can pro-
vide further information regarding the possibility of low probability,
off-target detection, and the ability of the assay to correctly identify

a broad range of target taxa individuals.

Analytical assay sensitivity could be preliminarily assessed using
a dilution series of target total DNA (e.g., 107 to 10 ng/ul Hobbs
et al., 2020; Tréguier et al., 2014). Due to high degrees of variation
in mitochondrial DNA concentration relative to total DNA in tissue
samples, using total DNA as a basis for describing assay sensitivity
is fraught with considerable variation between tissue and species
types. Purified amplicons (e.g., Currier et al., 2018) and synthetic
DNA have been used to address this issue. Of the two, synthetic
DNA is the most standardizable across laboratories (discussed in
Section 2.5).

When characterizing a novel assay design, sufficient technical
replicates are required to provide a reliable degree of interpretive
power. This is especially important at low concentrations and when
observing off-target detection probabilities. These data provide
the basis for deriving assay confidence intervals and inform rec-
ommended cycle threshold cut-off values and technical replicates
required for high confidence data interpretation. For this reason, a
high number of technical replicates is recommended during valida-
tion (e.g., up to 12-30 have been reported in Currier et al., 2018;
Hobbs et al., 2020; Tréguier et al., 2014). Though more costly than
running fewer technical replicates, an effective validation program
can lead to significant cost savings and provides a reliable basis for

eDNA development and expansion.

2.5 | Synthetic DNA validation

Due to variability in the proportion of mitochondrial and nuclear
DNA, it is challenging to estimate template concentration in total
DNA preparations derived from tissues. This variation also pre-
cludes interlaboratory comparison of assay performance. A solution
to this problem is the use of readily available double-stranded syn-
thetic amplicon, such as gBlocks™ (Klymus et al., 2017). Using a syn-
thetic DNA fragment that exactly matches the theoretical amplicon
produced by a given assay reacting with its target DNA sequence
provides an objective measure of assay efficiency, which relates
the qPCR cycle threshold (Ct or Cq) values to starting DNA copy
numbers. As such, a synthetic amplicon approach is advantageous
to determine an assay's sensitivity. This allows for the creation of a
standard curve, from which one may determine the limit of detection
(LOD) and limit of quantification (LOQ) for the assay (e.g., Hobbs
et al., 2019, 2020; Klymus et al., 2019; Lesperance et al., 2020 and
references therein). These metrics provide statistical error margins
that may be translated to field samples to improve the robustness of

project data interpretation.

2.6 | Field validation

Several studies have demonstrated the usefulness of qPCR-based
eDNA assays; however, like any other technique, there are also limi-
tations associated with type | and type Il errors. False positives can

occur when the assay does not succeed in detecting the targeted
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taxon, but instead detects other taxa present in the collected sam-
ples. Similarly, false negatives result in not detecting the target taxon
present in the ecosystem. Both types of errors can originate from
poor gPCR assay design. To minimize these errors, it is of paramount
importance to conduct preliminary robust primer/probe set optimi-
zation, but once a qPCR assay is determined to be both specific and
sensitive in vitro for a given taxon, it should be tested in situ against
well-characterized environmental samples. In addition, eDNA sam-
ples from real-world sites where the targeted taxon is known to be
present and active should be tested to assess the false-negative
rates. Likewise, sites where the targeted DNA presence is extremely
unlikely should be scrutinize to establish associated false-positive
rates. Field validation provides a basis for establishing specific
scoring schema and setting a decision threshold for recommend-
ing detection/nondetection of a given taxon. This robust validation
process provides detailed information about assay performance to
future users, a basis for interlaboratory proficiency and reliability,
and valuable insight into assay selection, study design, and trouble-
shooting. One initiative that is beginning to address these issues is
the introduction of a “validation scale” (DNAqua-net, 2020, https://
edna-validation.com/) that is being developed as a standardized way
to communicate the extent to which a targeted eDNA assay has

been validated.

3 | CONCLUSIONS

End users representing provincial and federal governments, First
Nations, environmental consultancies, natural resource opera-
tors, and environmental not-for-profit organizations are pushing
for investment in addressing and mitigating eDNA application
components that are currently preventing acceptance of eDNA
as a rigorous and defensible method for species inventories and
monitoring. The present perspective is meant to assist in their de-
velopment and evaluation. In the next years, the eDNA research
community should concentrate their efforts to develop the re-
quired resources and approaches for creating robust and accessi-
ble validated eDNA assays and break the barriers to acceptance of
eDNA methods. The reduced cost and the simplified data analysis
of gPCR-based eDNA testing will democratize the gPCR approach
to several groups of interest. The final perspective's recommenda-
tions are that the eDNA research community includes best prac-
tices (or standards) for minimal required information when using
gPCR-based assays and work together in increasing the full mito-
chondrial genome sequencing for many more taxa to allow robust

primer/probe test designs.
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