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ABSTRACT
Timely and accurate assessment of the presence of at- risk or invasive species is critical for effective responses to climate change 
and human impacts. For example, at- risk species are often difficult to find, while invasive species are often well established 
before their infiltration is detected using conventional surveying methods. However, all organisms release genetic material such 
as DNA into their surroundings, leaving traces of themselves that can be detected using environmental DNA (eDNA) meth-
ods. These approaches are powerful tools in the conservation toolbox, as they are transforming how risk assessments and the 
evaluation of mitigation and remediation effectiveness are done. Despite this, poorly performing tools hinder broad adoption of 
eDNA- based detection methods, due in part to their associated high false negatives and false positives that can impair effective 
management decision- making. iTrackDNA is a multi- year, large- scale applied research project that is addressing these concerns 
with researchers and end users from various sectors across North America. It is building end- user capacity through innovative, 
accessible, socially responsible genomics- based analytical eDNA tools for effective decision- making by publishing 125 quantita-
tive real- time polymerase chain reaction (qPCR) primer/probe sets designed to detect key invertebrates, fish, amphibians, birds, 
reptiles, and mammals in coastal and inland ecosystems important to North America, with an emphasis on Canada. These 125 
assays were designed to meet or exceed the new Canadian Standards Association (CSA) consensus- based and multi- stakeholder 
national standards for eDNA (CSA W214:21 and CSA W219:23). Herein, we describe how we applied eDNA assay design and 
validation approaches across a wide range of animal taxa to achieve compliance.
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1   |   Introduction

Natural resource decisions require reliable information on 
animal taxa to assess, monitor, and mitigate the deleterious 
impacts on biodiversity and water quality (Ulicsni et al. 2019). 
The use of environmental DNA (eDNA), that is, the genetic 
material released by organisms into their surroundings, 
for environmental monitoring and risk assessments can 
provide non- destructive, cost- effective, and accurate in-
formation on species biodiversity. Moreover, certain conven-
tional methods are being replaced by eDNA standardized 
protocols. For example, this has already been established 
in some mandatory protocols to inventory key species re-
quested by governments (e.g., great crested newt (Buxton 
et al. 2022), turtles (Gouvernement du Québec 2022), endan-
gered fish (Gouvernement du Québec  2023), at- risk snakes 
(Gouvernement Du Québec 2024a), and some salamander spe-
cies (Gouvernement Du Québec 2024b, 2024c)). These eDNA- 
based protocols will continue to gain popularity as they are 
robust and cost- effective for conservation biology.

Advances in molecular technologies have greatly improved 
our ability to survey global biodiversity in natural ecosystems 
and impacted areas. Rising societal pressure to balance envi-
ronmental protection with natural resource extraction and in-
creasingly stringent regulatory requirements necessitate that 
countries support various stakeholders (i.e., regulators, indus-
try, Indigenous Peoples, and non- governmental organizations 
(NGOs)) with new tools to monitor the biosphere, build overlap-
ping datasets to monitor entire ecosystems, and decrease time 
to action (Fitzgerald et al. 2021). In addition, ecological effects 
assessment and trend monitoring systems need overhauling to 
increase effectiveness, resolution, and efficiency. Reliable, so-
cially responsible, and timely monitoring techniques of targeted 
taxa population status in coastal and inland ecosystems are not 
readily accessible (Van Der Heyde et al. 2020).

Several large international- based research projects, such as 
GEN- FISH (https:// gen-  fish. ca/ fr/ ), BIOSCAN (https:// ibol. org/ 
biosc an/ ), and iTrackDNA (https:// itrac kdna. ca/ ) are contrib-
uting to eDNA methods development to improve biodiversity 
survey results with reduced invasiveness. GEN- FISH is working 
on toolkits for the identification of freshwater fish species and 
the expression of stress- related genes in parts of Canada and the 
USA. For over a decade, BIOSCAN has built DNA barcode refer-
ence libraries to assess global biodiversity. iTrackDNA provides 
international leadership in genomics and the social sciences 
to ensure rigor and reliability with transformative, socially re-
sponsible eDNA methods. iTrackDNA also builds capacity by 
bringing innovative tools to support the standardization of en-
vironmental data that can be fed into industry operational and 
risk assessment models to de- risk decisions while decreasing 
time to action. Indeed, all these large- scale genomic projects aim 
to overcome the current barriers to eDNA uptake by end- users, 
such as inconsistent practices, poor- quality eDNA detection 
tools, and unacceptably high false negatives and false positives 
that can compromise effective management decision- making 
(Ruppert et al. 2019; Langlois et al. 2021).

The most widely used method for detecting eDNA of targeted 
species or taxonomic groups is quantitative real- time polymerase 

chain reaction (qPCR). qPCR equipment is widely available and 
relatively accessible in comparison with other eDNA methods. 
While targeted species assay results are the most directly trans-
latable for regulatory purposes, genus-  or family- level assays can 
act as general screens for rapid, cost- effective analyses in sce-
narios such as determining if fish inhabit an impacted area, if 
mouse- eared bats inhabit abandoned mines, or if a parasite host 
(deer for brainworm) or invasive mussels are present (all these 
examples have been covered by eFish1, eMyotis1, eOdocoileus2, 
and eDrspp7 assays, respectively, described below).

However, there is a wide range in the quality of qPCR- based 
assays within the published literature and in practice (Taylor 
et al. 2019). That is why most research projects are attempting 
to address important quality assurance/quality control (QA/
QC) aspects that are required for confident uptake of targeted 
eDNA detection assays, namely standardization and assay vali-
dation within the context of qPCR kits. The iTrackDNA project 
received feedback from 50+ project participants representing 
provincial and federal regulators, industry, First Nations, and 
NGOs on priority species for which eDNA assays were desired. 
As a result of this consultation, a list of over 100 species was 
generated. From this priority list, 125 qPCR- based eDNA assays 
were designed and validated using a workflow described previ-
ously (Langlois et al. 2021). These assays cover the detection of 
59 distinct fish, 25 mammals, 21 herptiles (amphibians and rep-
tiles), 18 invertebrates, and two bird taxa, including at- risk, in-
dicator, invasive, and socio- economically important organisms.

The eDNA assays reported herein were designed to meet two 
Canadian national eDNA standards. These two documents, 
published by the Canadian Standards Association (CSA), pres-
ent consensus- based, multi- stakeholder national standards to 
define minimum criteria that need to be met to have confidence 
in eDNA data (Gagné et al. 2021; Abbott et al. 2023). The first 
standard applies to the reporting of information regarding the 
conducting of eDNA biological surveys or assessments, while 
the second defines the performance criteria of targeted qPCR 
assays used in eDNA surveys. According to the CSA standard, 
those qPCR assays must be comprised of primers and a probe 
rather than primers combined with an intercalating agent, as 
the latter assay configuration does not have the desired level of 
performance (Abbott et al. 2023).

The degree of inclusion of eDNA in regulatory protocols de-
pends on the availability of appropriate and quality tools, 
standards, and regulatory approvals (Langlois et  al.  2021). 
This critical need to develop standards- compliant eDNA as-
says will help fill knowledge gaps in eDNA research so that 
the use of eDNA can be included in regulatory decisions to im-
prove biodiversity monitoring and conservation management 
efforts worldwide. The aim of the present paper is to provide 
an example of the approach taken by the iTrackDNA project 
to generate 125 robust eDNA assays that are compliant with 
the CSA standards and generally meet the highest validation 
level as previously described (Langlois et al. 2021; Thalinger 
et al. 2021). While we continually strive to ensure robust as-
says and validation activities are ongoing, it is important to 
note that some assays herein are presented with limited val-
idation due to constraints in mitochondrial sequence infor-
mation, access to voucher specimens, and/or field samples. 
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For example, we were not yet able to establish that the yellow 
perch (Perca flavescens) ePEFL1 assay does not detect other 
Percidae species that could be confounders in vitro due to lack 
of access to appropriate voucher specimens (File S2). As with 
any eDNA assay, it is imperative that users ensure that appro-
priate checks are incorporated within the specific contexts in 
which the assay is to be used and that appropriate detection of 
target species within the survey area is established.

2   |   eDNA Assay Design and Validation

Robust assays for detecting eDNA are a keystone for envi-
ronmental surveys and risk assessments. There is an inher-
ent expectation that the results of targeted assays provide a 
high level of performance and reliability. To attain this, val-
idation of a targeted eDNA assay requires clarity on what 
constitutes acceptance criteria of key factors defining assay 
specificity, sensitivity, and quantitative assay performance 
(Klymus et al. 2020; Lesperance et al. 2021). At a fundamental 
level, these factors need to be defined in a way that facilitates 
comparisons between studies and laboratories (Sivaganesan 
et al. 2022).

To accomplish qPCR- based assay design and validation, a gen-
eral workflow includes identifying phylogenies of target and 
confounding taxa, sequencing and alignment of mitochondrial 
DNA sequences, primer and probe design, systematic specificity 
validation using voucher specimens, sensitivity determination 
with synthetic DNA, and field validation of sites with known 
target species' occupation and negative controls (Langlois 
et al. 2021). Herein, we feature the use of whole mitochondrial 
genome (mitogenome) sequences within this workflow and put 
out a call for the augmentation of these valuable resources. To 
facilitate ease of use, our design approach features having the 
same stringent amplification conditions (where possible) to 
allow assay runs targeting different species on the same plate 
(thus, using the same PCR conditions) to accommodate broad 
stakeholder needs.

2.1   |   Specificity

The development and validation of a targeted eDNA assay re-
quires steps for determining and reporting assay specificity 
(Thalinger et al. 2021). These steps serve to establish the assay's 
ability to distinguish target DNA sequences from confounding 
non- target (e.g., sympatric/allopatric) organism sequences to en-
sure that there is a reasonable expectation of the assay to detect 
target taxon DNA to the exclusion of non- target taxa within an 
eDNA survey. Gathering natural history information of target 
and possible confounder populations was accomplished through 
early communication between field and lab practitioners in-
volved in specific surveys. To effectively accomplish this, access 
to appropriate DNA sequences from target and non- target taxa 
is critical. Ideally, this is in the form of complete mitogenome 
sequences from multiple individuals per taxon from diverse geo-
graphic locations to provide the maximal amount of sequence 
from which to select the best DNA sequences that satisfy the 
requirements for specificity and sensitivity of eDNA assays 
(Langlois et  al.  2021). Public databases such as the National 

Center for Biotechnology Information (NCBI) GenBank are 
invaluable resources for obtaining the required sequence in-
formation. In preparation for multi- mitogenome alignments as 
described below, we downloaded and utilized thousands of se-
quences from the NCBI database. For example, for the eFish1 
assay, we used 4442 mitogenomes—4211 fish and 231 non- fish.

Despite the apparent high number of mitogenomes that were 
used, there are still substantial gaps in mitogenome sequence 
resources. Throughout the iTrackDNA project, we success-
fully sequenced and assembled the complete mitochondrial 
genomes (mitogenomes) of several species of interest using 
mtGrasp (Lopez et al. 2025). This significantly enhanced flex-
ibility in identifying target regions for assay design, moving be-
yond the constraints of limited metabarcoding regions. Despite 
an increase in full mitogenome sequences, there are still many 
species that are not directly represented, and intraspecies or re-
gional variation is still not yet adequately captured, as access to 
appropriate voucher specimen DNA is a limiting factor.

To address this, cost- effective whole genome shotgun sequencing 
of genomic DNA (gDNA) from voucher specimens and mitoge-
nome assembly are facilitated through genome skimming using 
150 bp paired- end Illumina NovaSeq 6000 reads, e.g., (Hoban 
et al. 2022; Lopez et al. 2025). Curated collections from muse-
ums and institutions are invaluable sources of material, and the 
application of whole genome amplification techniques, such as 
through GoEnrich (Lopez et  al.  2024), can faithfully augment 
sparse gDNA resources for sequencing and subsequent eDNA 
validation. Using GoEnrich and mtGrasp, we assembled ~400 
mitogenome sequences from voucher specimens representing 
~120 species. These sequences have been deposited in GenBank 
(BioProject PRJNA1139757) to fill gaps in sequence database 
knowledge. An example of the impact of this new knowledge is 
in iterative field use and further gDNA validation of the eFish1 
assay that was designed to broadly detect bony fish. Initial de-
signs with available mitogenomes revealed a broad fish assay, 
but novel mitogenome alignments and voucher specimen gDNA 
validation indicated that DNA from some amphibian species 
(Ascaphus, some Ambystoma and Spea) could also be detected 
(Files S1 and S2). This should be considered when performing 
field surveys.

2.1.1   |   In Silico Screening Against Target 
and Confounding Non- Target Taxa

The first step in our workflow involves creating alignments of 
mitogenome DNA sequences of the target species to available 
confounding non- target taxa using MAFFT (Katoh et al. 2019) 
with default settings and visualized using Geneious Prime 
(Biomatters Ltd., Aukland, New Zealand) as described previ-
ously (Allison et  al.  2023). Consistent with the CSA standard 
(Abbott et  al.  2023), we paid particular attention to taxa that 
are closely related to the target taxa that may confound the re-
sults. Additionally, as human, domestic dog, and domestic cat 
DNA ubiquitously contaminate environmental samples (Clare 
et al. 2022), we routinely included these species in DNA sequence 
alignments. Moreover, we considered additional non- target or-
ganisms' DNA that the practitioner has significant contact with 
(e.g., mice, hamsters, goldfish, cattle, etc.), when relevant, as a 
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possible cofounder to ensure that the chosen sequences are un-
likely to generate a false positive signal.

We found that querying complete mitogenome sequences with 
unikseq (Allison et al. 2023) was beneficial in identifying DNA 
regions possessing unique characteristics in an unbiased way 
from which primers and probes may be selected for testing. In 
contrast to the propensity for eDNA assay design to historically 
be based on the cytochrome oxidase 1 (co1) gene, we found that 
mt- co1 was not a commonly chosen gene from which to derive 
fully validated eDNA assays (Figure  1). Rather, the mitoge-
nome regions that supported successful eDNA assay designs 
spanned 18 genes overall (n = 125; Figure 1A). The most repre-
sented genic regions were mt- cyb, mt- nd1, mt- nd2, and mt- nd4 
(n = 125; Figure 1A). The most represented genic regions by an-
imal group were: mt- nd1 and mt- nd2 (n = 59; fish), mt- cyb and 
mt- nd5 (n = 25; mammal), mt- co1 (n = 18; invertebrates), and 
mt- cyb (n = 21; herptile) (Figure 1B–E). The number of bird as-
says designed was too low to make a general statement (n = 2; 
Figure 1F).

Once unique DNA regions were identified by unikseq, we used 
the Beacon Designer (PREMIER Biosoft, California, USA) 
primer/probe design software on those regions to identify the 
best forward/reverse primer- probe combination for in  vitro 
screening based upon the guiding principles for primer/probe 
selection defined by the software (Table 1). The primers/probe 
candidates that have desirable characteristics were then exam-
ined in Geneious Prime with respect to the alignments to en-
sure that they were sufficiently different from DNA sequences 
of non- target taxa (Figure 2 and File S1). Any overlapping se-
quence identity to non- target taxa was identified, and assay 
designs were iteratively evaluated to obtain the most favorable 
assay performance characteristics.

To aid in determining assay component specificity in silico, 
we also used NCBI's Basic Local Alignment Search Tool 
(BLAST) for short sequences against the non- redundant (nr) 
nucleotide database. While this was a powerful tool, we real-
ized the output only shows the first 100 results according to 
the level of different proxies (e.g., coverage, percent identity, 
E value). If the values of these proxies are equal, then the re-
sults are presented in random order. If the percent sequence 
identity remains high in those results, there are likely other 
sequences with high sequence identity that did not make 
the list and, hence, may be missed in the specificity evalua-
tion. For species- specific and animal group (e.g., Cervus spp., 
Odocoileus spp., Salmonids, or bony fish) assays, this is par-
ticularly important when evaluating cross- hybridization from 
common contaminating DNA such as human, cat, and dog, or 
other relevant confounders. When this occurred, we queried 
each primer and probe candidate sequence against narrower 
categories (e.g., human, bony fish, etc.) rather than the whole 
NR database.

2.1.2   |   In Vitro Screening Against Target 
and Confounding Non- Target Taxa

While the final eDNA assay will always be comprised of a 
primer pair and hydrolysis probe, both SYBR and Taqman 

chemistry are used at this empirical validation stage; the for-
mer for initially testing the primer sets, and the latter for test-
ing promising primer sets in combination with a hydrolysis 
probe containing a fluorescence dye such as FAM at the 5′ 
end and a quencher (e.g., ZEN/Iowa Black FQ) at the 3′ end. 
This two- phase approach is cost- effective to evaluate different 
designed assays as primers are much cheaper than hydrolysis 
probes and allows for more powerful troubleshooting during 
assay design.

We generally first test at least four technical replicates for each 
gDNA sample from target and non- target taxa voucher spec-
imens and, once we establish that the desired amplification 
was achieved (see below), then we expanded the evaluation to 
between 12 and 25 technical replicates. This approach is more 
stringent than the minimum of four required by the CSA stan-
dard (Abbott et al. 2023). We adopted this approach to more ef-
fectively determine off- target detections.

We routinely normalize the gDNA samples to a low concen-
tration (e.g., 10 pg/reaction). A typical 15 μL reaction contains 
2 μL (10 pg) gDNA that is expected to reliably produce a detec-
tion in all technical replicates (e.g., a cycle threshold (Cq) value 
< 30) using the run conditions indicated in Table 2 on a Bio- Rad 
CFX96 Real- Time PCR Detection System (Bio- Rad Laboratories 
(Canada) Ltd., Mississauga, Ontario). While not presented 
herein, other thermocyclers have been used and assays tested in 
multiple labs with similar results. While a number of enzymes 
and reaction mixes could be used, we used the QIAcuity EG PCR 
[Cat. 250111, Qiagen, Hilden, Germany] or SensiFAST SYBR 
[Cat. BIO- 98020, FroggaBio Scientific Solutions, Buffalo, New 
York, USA] kits for the SYBR reactions and the QIAcuity Probe 
PCR [Cat. 250101, QIAgen, Hilden, Germany] or Immolase 
[Cat. BIO- 21048, FroggaBio] for the Taqman probe- containing 
reactions. Further information on the enzymes and reaction 
conditions has been published in detail previously (Acharya- 
Patel, Groenwold, Allison, and Helbing  2024b; Acharya- Patel, 
Groenwold, Lemay, et al. 2024a).

As intraspecies sequence variation can exist (Bernatchez 
et al. 2024), we attempted to evaluate at least five different indi-
viduals from the target taxon, preferably from different relevant 
geographic locations. However, this often was not possible due 
to limited availability of voucher specimen material. For non- 
target taxa, at least one individual of available confounding taxa 
was included when possible. There should not be any amplifica-
tion of non- target taxa DNA observed within 50 cycles. In some 
cases, non- target taxon gDNA did produce hits, and these were 
recorded, and the assays were assessed to determine if those 
assay performance caveats were appropriate for the intended 
use. We routinely used eight technical replicates for the no tem-
plate controls (NTCs), and all assays returned no observed de-
tection within 50 cycles. The taxa tested and the results of the 
specificity testing were recorded in a technical bulletin for each 
assay (Figure 3 and File S2) to ensure that relevant performance 
criteria are consistently recorded and communicated between 
eDNA practitioners and end- users. The technical bulletin pro-
vides an accessible way for practitioners to provide information 
regarding the extent of validation of a given assay, irrespective 
of its origin, that can be provided in reports while supporting the 
ongoing process of assay validation. When some relevant species 
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FIGURE 1    |    Pie charts illustrating the identity and proportion of mitochondrial genes chosen for eDNA assay design for (A) all assays in the pres-
ent work (n = 125), and by animal grouping (B) fish (n = 59), (C) mammal (n = 25), (D) invertebrate (n = 18), (E) herptile (n = 21), and (F) bird (n = 2). A 
major contributing factor to genic region choice was unbiased selection of unique sequences from whole mitogenome assemblies using unikseq. Gene 
name abbreviations: Cl- 23S, chloroplast 23S ribosomal subunit; mt- atp6, mitochondrial ATP synthase membrane subunit 6; mt- co1, mitochondrial 
cytochrome c oxygenase 1; mt- co2, mitochondrial cytochrome c oxygenase 2; mt- co3, mitochondrial cytochrome c oxygenase 3; mt- cyb, mitochondri-
al cytochrome b; mt- d- loop, mitochondrial displacement loop; mt- nd1, NADH–ubiquinone oxidoreductase chain 1; mt- nd2, NADH–ubiquinone ox-
idoreductase chain 2; mt- nd2- tw- (ta), NADH–ubiquinone oxidoreductase chain 2, tRNA- tryptophan, and tRNA- alanine; mt- nd3, NADH–ubiquinone 
oxidoreductase chain 3; mt- nd4, NADH–ubiquinone oxidoreductase chain 4; mt- nd5, NADH–ubiquinone oxidoreductase chain 5; mt- nd6, NADH–
ubiquinone oxidoreductase chain 6; mt- rnr1, mitochondrial 12S ribosomal RNA; mt- rnr2, mitochondrial 16S ribosomal RNA; mt- tl1, mitochondrial 
tRNA- leucine 1; mt- tiqm, mitochondrial tRNA- isoleucine, tRNA- glutamine, and tRNA- methionine; mt- tm, mitochondrial tRNA- methionine.
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are absent from the bulletin, this should prompt the user to en-
sure that the assay is tested on voucher specimens of the missing 
species.

While the use of a hydrolysis probe provides an essential assay 
component to ensure specificity of a robust eDNA assay (Abbott 
et al. 2023), further verification of the detection of the correct 
DNA template can be accomplished through multiple means. In 

some cases, if the amplicon was large enough (e.g., ~> 200 bp), 
we confirmed the amplicon sequence through Sanger sequenc-
ing. Additionally, we routinely performed melting curve analy-
sis to establish that primer dimerization was not occurring, and 
agarose gel electrophoresis provided an indication regarding the 
number and sizes of bands generated during amplification. The 
checklists that we routinely used for phase 1 (SYBR) and phase 2 
(Taqman) validation performance are provided in Table 3.

TABLE 1    |    Criteria and Beacon designer settings used for primer and probe design in the present study.

Primer design

• Each primer should be between 18 and 23 nt long

• Amplicon length between 80 and 400 bp with preference to < 200 bp

• 3′ ends of primers should be selective for the species of interest

• 3′ end of primer should contain a C or G preferably in the two end positions to make a GC clamp

• Tm target should be 59°C ± 5°C

• Maximum primer pair Tm mismatch 3°C

• GC content target is 50%

• No/minimal primer dimer of hairpin (max default cross dimer ∆G = 9 kcal/mol)

• Beacon Designer pair rating should be “Good” or higher

Probe design

• Probe areas are within the confines of the selected primer sequences

• Probes should be between 25 and 30 nt long

• 5′ ends of probes should be selective for the species of interest

• Probes CANNOT start with a “G” at the 5′ end due to fluorophore dye chemistry constraints

• The 5′ end should start with a C then preferably followed by a C or G to create a GC clamp

• Ta target should be ~55°C

• GC content target should be ~50%

• No/minimal hairpin [max default cross dimer ∆G = −6 (internal) kcal/mol]

• Beacon Designer pair rating should be “Good” or higher

Advanced design settings (primer set and probe combination)

• Hairpin maximum ΔG: −6.0 kcal/mol

• Self- dimer maximum ΔG: −10.0 kcal/mol

• Run/Repeat maximum length: 4 bp

• Multiplexing maximum ΔG: −8.0 kcal/mol

• Maximum bases between primer and probe: 20

• GC%: 30–80

• Probe should not have more G than C bases

• Avoid G base at the 5′ end of probe

• 3′ end maximum ΔG: −12.0 kcal/mol

• G/C clamp – Consecutive G/Cs at the 3′ end: 1

• Maximum ambiguous bases in amplicon: 0

• Maximum primer pair Tm mismatch: 3°C

• Cross dimer maximum ΔG: −9.0 kcal/mol
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Given the complex and varied nature of environmental sam-
ples, we have elected to apply a high level of stringency to 
mitigate false positives. Stringency refers to the strictness 
with which Watson- Crick- Franklin base pairing is required 
for annealing to their complementary target DNA sequence. 
Stringency can be most easily influenced by annealing tem-
perature and magnesium concentration, with lower anneal-
ing temperatures or higher magnesium concentrations each 
reducing stringency. We chose to routinely utilize a higher 
stringency annealing temperature of 64°C rather than the less 
stringent 60°C that is often the default recommendation and 

keep the magnesium concentration constant (3 mM MgCl2 
(Table  2)), as temperature manipulation is easier to accom-
plish and the assays demonstrated strong performance at the 
higher annealing temperature (Acharya- Patel, Groenwold, 
Allison, and Helbing  2024b; Acharya- Patel, Groenwold, 
Lemay, et  al.  2024a). We also chose to avoid using minor 
groove binder (MGB) probes in preference to maximizing se-
quence selectivity within the assay, as MGB probes require 
shorter probe designs to maintain a Tm similar to regular 
probes (Kutyavin et al. 2000). This approach was successful 
for this research project (Table 4).

FIGURE 2    |    Examples of forward primer, reverse primer, and probe alignments for the (A) eDRPO5 eDNA assay designed to detect Dreissena poly-
morpha DNA and (B) eOdocoileus2 eDNA assay designed to detect Odocoileus deer (e.g., mule and white- tailed deer) using Geneious. For these as-
says, the primers and probes are indicated below one target species' sequences (light yellow rectangle) and nucleotides that differ from this sequence 
are highlighted in color. For alignments of additional assays, refer to File S1.

TABLE 2    |    Run parameters for each thermocycle for the described eDNA assays in the present work.

Thermocycle temperature sequence 
(°C) Time sequence (s) Cycles MgCl2 (mM) Reaction volume

95, 64a, 72 15, 15, 30 50 3 2 μL input in 15 μL reaction
aFive eDNA assays require a modified annealing temperature of 62°C. See Table 4 for details.
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Despite this, we noticed that a few assays had consistency issues 
in amplifying 20 copies/reaction of the appropriate synthetic 
double- stranded synthetic DNA (e.g., gBlocks: IDT, Iowa, USA; 
Strings DNA fragments: ThermoFisher Scientific, Mississauga, 
Ontario, Canada). Twenty copies/reaction of double- stranded 
synthetic DNA were routinely used as a positive plate control 
(see Section 4 below). We performed an eight- point thermal gra-
dient for annealing temperatures between 60°C and 64°C (spe-
cifically 60°C, 60.3°C, 60.8°C, 61.6°C, 62.6°C, 63.4°C, 63.8°C, 
and 64°C) on a Bio- Rad CFX96 Real- Time PCR Detection 
System to determine the role of annealing temperature on the 
inconsistent performance. To do this, we compared the perfor-
mance of assays with consistency issues with a typically robust 
assay (e.g., eONMY5; Figure  4). For the robust assay, amplifi-
cation success remained consistent across the eight tested an-
nealing temperatures between 60°C and 64°C. However, it is 

evident that the assays with inconsistent performance have 
difficulty producing amplicons at the 64°C annealing tempera-
ture despite the same template input amount (three examples 
are in Figure 4). Gradually reducing the annealing temperature 
reveals a common point of inflection at 62°C, under which lower 
annealing temperatures maintain the same strong amplification 
signal. Therefore, for those assays with inconsistent amplifica-
tion at 64°C annealing temperature, reduction of the annealing 
temperature to 62°C enhanced assay performance (Table 4).

However, a reduction in stringency by decreasing the annealing 
temperature bears the increased risk of non- target DNA ampli-
fication. Thus, it is best that specificity is tested at the desired 
annealing temperature to identify any instances where a non- 
target taxon begins to show some hits. Generally, specificity was 
not compromised for the affected assays when the annealing 

FIGURE 3    |    Example of the eDNA assay sensitivity test details using synthetic double stranded DNA shown on a technical bulletin for the eSA-
SA2 eDNA assay designed to detect Salmo salar DNA. Technical bulletins for additional assays in Table 4 are available in the File S2. CI, confidence 
interval; Cq, cycle threshold; LOB, limit of blank; LOD, limit of detection; LOQ, limit of quantification; ML, maximum likelihood; MT- ND1, mito-
chondrial NADH dehydrogenase subunit 1; rxn, reaction.

TABLE 3    |    Checklist for the phase 1 validation performance for primer pair candidates using SYBR chemistry and phase 2 validation performance 
for primer pair and probe candidates using Taqman chemistry.

Phase 1 Phase 2

• Produces signal before 30 cycles for the target voucher specimen 
gDNA

• 100% hits for target taxon gDNA across multiple 
individuals

• Single tight melt peak

• Single band on agarose gel of expected amplicon size

• NTCs are negative

• Human, dog, and cat gDNA are negative

• Sympatric/confounder taxa gDNA are negative

Note: Each reaction contained 10 pg voucher specimen gDNA.
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temperature was reduced to 62°C. However, there was a notable 
exception—the eOdocoileus2 assay, which was designed to de-
tect Odocoileus deer (e.g., mule and white- tailed deer) but exclude 
Cervus deer (e.g., elk and red deer). This was a challenging assay 
to design due to the high sequence identity of the mitogenomes 
between groups. The best DNA sequence regions were selected 
through unikseq and primer/probe designs were created to best 
satisfy the criteria of a high- performing qPCR assay. However, 
there was a compromise, and examination of primers and probe 
alignments indicates that the 3′ ends of the forward and reverse 
primers have sequence identity of seven and five nucleotides with 
Cervus sequences, respectively (Figure  2). While its amplifica-
tion efficiency using a synthetic double- stranded DNA template 
increases from 81% to 85% to 97% for annealing temperatures of 
64°C, 63°C, and 62°C, respectively, the propensity to hit closely 
related non- target sequences also increases at the lower anneal-
ing temperatures compared to 64°C (Figure 5). Thus, in this case, 
a trade- off between these performance parameters needs to be 
made to enhance the confidence in the use of the eDNA assay, 
taking into consideration the intended study location. Therefore, 
balancing off- target amplification with amplification efficiency, 
the recommended annealing temperature is 62°C for the eOdo-
coileus2 assay if elk are not abundant in the study region.

Despite the extensive efforts to generate/use full mitogenome 
sequences for assay design and empirically validate assay 

specificity performance in vitro with voucher specimens, there 
are still gaps in these important resources. In a few cases, we 
were unable to distinguish between closely related co- occurring 
species through sequence alignment and/or validation with 
voucher specimen DNA. These assays are marked in Table  4. 
This was the case for the white sturgeon (eACTR4), Western 
tiger salamander (eAMMV4), American eel (eANRO1), wolf 
(eCALU1), red rock crab (eCAPR4), chain pickerel (eESNI3), 
spot- tailed lizards (eHolbrookia2), graceful rock crab (eMEGR3), 
cutthroat trout (eONCL4), mountain goat (eORAM2), chorus 
frogs (ePSspp2), umatilla dace (eRHUM4), Arctic char (eSAAL1), 
wild boar (eSUSC1), and Oregon spotted frog (eRAPR2). In 
those cases, the user should determine if the assay is appropriate 
within their desired survey context.

In some cases, the use of a combination of assays can provide 
valuable insight. For example, assays to detect DNA from the at- 
risk Oregon spotted frog (eRAPR2) had to be designed with very 
limited sequence resources. While the assay had many strong 
characteristics, we were unable to differentiate between DNA 
from the Oregon spotted frog and the least concern Columbia 
spotted frog. Fortunately, the Columbia spotted frog assay 
(eRALU2) only detects its desired target and not Oregon spotted 
frog DNA, so a combination of the two assays' results still en-
ables inference on whether Oregon spotted frog occupancy has 
occurred.

One surprise was discovering that the eFish1 assay can detect 
some but not all amphibians (e.g., tailed frogs, some salaman-
ders, and toads; see Files  S1 and S2). This may reveal some 
interesting evolutionary relationships that were not apparent 

FIGURE 4    |    Example of the impact of annealing temperature on 
eDNA assay amplification performance. Twenty copies/reaction of dou-
ble stranded synthetic DNA appropriate for the indicated assays were 
used as a template. Eight annealing temperatures were simultaneously 
tested between 60°C and 64°C on an example of a robust assay (eON-
MY5, Oncorhynchus mykiss, n = 4 technical replicates) and three assays 
that performed inconsistently at 64°C: EACTR2 (Acipenser transmonta-
nus; old eDNA assay design), eACTR4 (Acipenser transmontanus), and 
eOdocoileus2 (Odocoileus spp. deer) assays (n = 4 technical replicates). 
The robust assay performs equally well at all annealing temperatures 
(purple horizontal arrow). Gradually reducing the annealing tempera-
ture reveals a point of inflection at 62°C (black vertical arrow) where 
lower annealing temperatures maintain a consistent strong signal. The 
circles depict the mean relative abundance expressed as 50 minus the 
measured Cq value (“50 − Cq”) where a higher value indicates higher 
abundance. The whiskers depict the standard error of the mean.

FIGURE 5    |    Impact of annealing temperature on assay specificity. 
The eOdocoileus2 eDNA assay was run with the indicated annealing 
temperatures (62°C, 63°C, and 64°C) using 10 pg/reaction gDNA from 
white- tailed deer (Odocoileus virginianus; “Target”; n = 6 technical rep-
licates) or elk (Cervus canadensis; “Related non- target”; n = 16 technical 
replicates). The mean relative abundance is depicted as 50- Cq where a 
higher value indicates higher abundance. The whiskers depict the stan-
dard error of the mean.
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before. Extensive attempts at assay redesigns have not yielded a 
better- performing assay. As full mitogenome resources increase, 
especially for amphibians, it may be possible to identify another 
suitable region that can distinguish bony fish DNA from other 
animal groups. Despite the shortcomings of the eFish1 assay, it 
remains a powerful tool for eDNA surveys. In many cases, grad-
ually filling in the gaps for missing mitogenome sequences and 
better access to voucher specimens will enable effective assay 
redesign efforts to address these issues. However, in some cases, 
even full mitogenome sequences may not be sufficient to cre-
ate an assay that is sufficiently robust, specific, and sensitive. 
In these situations, assay designs using nuclear genomes may 
provide a possible solution.

2.2   |   Sensitivity and Quantitative Assay 
Performance

Sensitivity refers to the minimum number of copies in a sam-
ple that can be measured accurately in the assay (Bustin 
et al. 2009). It is expressed as a limit of detection (LOD; Klymus 
et al. 2020; Lesperance et al. 2021), the concentration that can 
be detected with reasonable certainty (a 95% confidence inter-
val is usually used; (Burns and Valdivia 2008)). Standard curves 
generated with synthetic double- stranded DNA can reveal the 
assay's sensitivity, allow the calculation of the LOD and limit of 
quantification (LOQ), and allow for the estimation of DNA copy 
numbers within a sample. These measures and associated 95% 
confidence intervals for an eDNA assay based on targeted qPCR 
are expressed in the number of copies per reaction. To generate 
standard curves, the CSA performance criteria require a serial 
dilution “of at least eight concentrations of a defined template, 
of which five concentrations have a detection rate of ≥ 95% and 
three have a detection rate of < 95%” (Abbott et  al.  2023). We 
routinely perform a 10- point serial dilution of synthetic double 
stranded DNA template ranging from 62,000 to 0.032 copies/
reaction, exceeding the CSA standard, as we found that this 
approach aptly provided the desired data coverage needed de-
pending upon assay performance. Technical replication differed 
depending upon the number of copies, with higher technical 
replication at the lower concentrations (n = 8 for 62,000–500 
copies/reaction; n = 24 for 100–0.032 copies/reaction) to ensure 
greater confidence in the estimation of assay performance char-
acteristics. Consistent with the CSA standard, we also had 24 

NTC technical replicates that all showed no detection (limit of 
blank (LOB) = 0).

While the LODs can be calculated by multiple approaches with 
similar results (Klymus et al. 2020; Lesperance et al. 2021), one 
of the robust methods for calculating the LOQ, eLowQuant, 
utilizes an adapted binomial- Poisson distribution (Lesperance 
et  al.  2021). We therefore used eLowQuant to calculate both 
LOD and LOQ as assay performance indicators using synthetic 
double- stranded DNA that contains the amplicon sequence 
(Table S1) (Klymus et al. 2017). We chose synthetic DNA over 
plasmid or PCR amplicons that are also permissible according to 
the CSA standard, as reproducibility between batches and labs 
tends to be better. It should be noted that gDNA is not desirable 
for generating standard curves, as mitogenome copy number 
can vary widely between tissue types, physiological states, and 
individuals (Garrido- Sanz et al. 2022).

With the generated data set, two standard curves are produced: 
a log linear curve with continuous data for the higher DNA con-
centrations and a maximum likelihood curve derived from the bi-
nomial data for low DNA concentrations (Lesperance et al. 2021) 
(Figure  3). A LOQcontinuous defines the transition point between 
the two standard curve types. These, along with the LOD and 
LOQ, were determined and recorded along with 95% confidence 
intervals in the technical bulletins (File S2), satisfying the report-
ing criteria of the CSA standard (Gagné et al. 2021). We generated 
separate technical bulletins for the same assay when different 
enzymes (Qiacuity or Immolase) were tested. We generally found 
highly comparable results for these sensitivity parameters (File S2) 
(Acharya- Patel, Groenwold, Allison, and Helbing 2024b; Acharya- 
Patel, Groenwold, Lemay, et  al.  2024a). Overall, for the 125 as-
says presented herein, the median LOD was 0.4 copies/reaction, 
LOQ = 1.7 copies/reaction, and the LOQcontinuous was 4 copies/re-
action (n = 125) (Table 5). All CSA performance criteria were met 
or exceeded apart from five assays that were slightly below the 80% 
efficiency cut- off for continuous data (Table 5).

3   |   Reporting Data

Specific considerations are required when determining the perfor-
mance of assays used to detect or quantify eDNA contained within 
complex matrices. eDNA assay data may be reported as “detected” 

TABLE 5    |    Performance summary of the 125 eDNA assays.

Category LODa LOQb LOQcontinuous
c Efficiencyd R2 valuee

Median 0.4 (0.3–0.8) 1.7 (1.2–2.9) 4 93% 0.9987

Maximum 5.1 19.4 100 110% 1.0000

Minimum 0 0.09 0.8 71% 0.9827

Note: The 95% confidence intervals for the LOD and LOQ are shown in brackets. Individual details are recorded in the technical bulletin for each assay (File S2).
Abbreviations: LOD, limit of detection; LOQ, limit of quantification; LOQcontinuous, limit of quantification for continuous data.
aAll 125 assays exceed the CSA requirement of having a LOD ≤ 10 copies/reaction.
bAll 125 assays exceed the CSA requirement of having a LOQ ≤ 20 copies/reaction.
cAll 125 assays met or exceeded the CSA requirement of having a LOQcontinuous ≤ 100 copies/reaction.
dEfficiency is calculated for continuous data only and is required to be between 80% and 110% to meet the CSA standard. All but five assays satisfied this requirement. 
eCAAU5, eEMBL4, eSalmo2, eSANA1, and eSERU5 assays, while meeting or exceeding all other performance criteria, had amplification efficiencies < 80%. See 
technical bulletins in File S2 for details.
eAll 125 assays exceeded the required R2 of the continuous data standard of ≥ 0.95.
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or “not detected” to generate qualitative results. For quantitative 
results, we calculated copy number from Cq values when the fre-
quency of detection was ≥ 95% of the technical replicates using 
the linear regression equation of the continuous standard curve 
(Figure  3 and File  S2). For samples with < 95% detections in a 
given number of technical replicates (e.g., n = 8, see rationale in 
Section 4), we calculated a copy number estimate with eLowQuant 
(Lesperance et al. 2021) along with an estimated standard error 
(Figure 3 and File S2). Functional examples of applying these esti-
mation approaches on field samples can be found in the references 
presented in Table  4. The higher the number of technical repli-
cates, the smaller the 95% confidence intervals and standard error 
estimates and the higher the chances of detection (Lesperance 
et al. 2021). This becomes very important to end- users if they wish 
to have a high confidence that an at- risk or invasive species may 
not be present at a given site. There are different ways to express 
the sample analysis results depending upon the matrix used [e.g., 
copies/L (water), copies/g (sediment or soil), or copies per sample 
(surface swabs)]. Individual assay results from field sample repli-
cates are reported to facilitate data interpretation.

4   |   Routine Testing of Environmental Samples

As indicated by Thalinger et al. 2021 and in the CSA standard 
(Abbott et al. 2023), the highest validation level includes testing 
on field samples. We note that the procedure can be done in situ 
against well- characterized environmental samples. Moreover, 
eDNA samples from actual field sites known to host the target 
species with great abundance were tested to assess the false neg-
ative rates for many assays presented herein. Field validation 
is an iterative process that may require expansion depending 
upon survey needs, and, in some cases, finding an appropri-
ate site may be difficult. In the same vein, field sites where the 
targeted taxon is known to be absent should also be harvested 
to establish associated false positive rates. This field validation 
completes the robustness of the targeted qPCR- based assay by 
demonstrating that it is possible to detect the target taxon DNA 
from field samples (Abbott et al. 2023). Ideally, field validation 

is incorporated within an eDNA study, wherever possible, to ac-
count for variable environmental sample and population effects. 
We have reported those instances where the assays have been 
field validated in the technical bulletins (Figure 3 and File S2), 
and field validation is ongoing.

Finally, the CSA standards address approaches to take to iden-
tify false negatives and positives (Gagné et  al.  2021; Abbott 
et al. 2023). False negatives can come from failure to detect tar-
geted species that are present on the site or because of the poor 
quality of the samples. False positives can come from contami-
nation or incorrect analytical detection of non- targeted species 
(Rees et al. 2015; Evans et al. 2017). To avoid false positive (type 
1) errors, we include field blanks in the sampling sets (e.g., one 
per sampling day) that are randomized along with other sam-
ples prior to sample processing (Figure 6). The number of tech-
nical replicates used for field surveys can vary from lab to lab as 
there may be different needs and capacities, but the minimum 
number of technical replicates required by the CSA standard is 
n = 3 (Abbott et al. 2023). However, it is important to note that 
the number of technical replicates chosen impacts the LOD and 
LOQ and their confidence intervals (Lesperance et  al.  2021). 
We routinely use eight technical replicates (Figure 6) as there 
is a marked improvement on LOD and LOQ from n = 3 to 
n = 8, and it is a good compromise between sensitivity and cost 
(Lesperance et al. 2021). This decision is further supported by 
the eLowQuant- generated estimates of the impact of technical 
replicate number on LOD and LOQ shown on all technical bul-
letins (Figure  3 and File  S2) and in previous publications ap-
pearing in Table 4.

As plate negative controls, NTCs must show no fluorescence. 
We routinely run n = 8 on every plate and situate the NTCs at the 
end of the plate immediately beside the positive plate controls 
(Figure 6). This is logistically easiest to set up while expecting 
the highest level of pipetting prowess to identify plate contam-
ination issues. To avoid false negative (type 2) errors (Thomsen 
and Willerslev 2015; Evans et al. 2017), we include the required 
two replicates of positive controls on every 96- well qPCR plate 

FIGURE 6    |    Examples of sample plate set- ups for eDNA detection of (A) single species from multiple environmental samples or (B) multiple spe-
cies from a single sample. The different colors in the plate wells represent different eDNA assays used on a plate. Eight technical replicates are run 
in each column per sample in A or per target species in B. A minimum of two NTCs per assay per plate (“−”) and a minimum of two replicates of 20 
copies/reaction of positive controls (synthetic DNA, gDNA or PCR amplicon; “+”) are run on each plate. Animal images created with Biorender with 
permission.
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(Figure  6). These positive controls are at a concentration ex-
pected to produce 100% detection. As suggested by the standard, 
we use a low copy number per reaction of the positive controls 
that produces reliable detection (e.g., 20 copies/reaction) to re-
duce the risk of contamination.

Samples can contain material that affects the DNA integrity, or 
the DNA may be damaged by bleach or ultraviolet light. Thus, 
to evaluate the probability and reduce the likelihood of a type 
2 error, extracted DNA is routinely evaluated for quality and 
integrity (Abbott et  al.  2023). The CSA standard recommends 
using an endogenous sample positive control (ESPC) or an inter-
nal positive control (IPC) (Abbott et al. 2023). The former is “a 
nucleic acid fragment that is not derived from the target taxon 
and expected to be ubiquitously present within an eDNA sam-
ple,” whereas the latter is “an exogenous synthetic nucleic acid 
fragment added to an eDNA sample either during extraction or 
to the extracted DNA prior to qPCR setup” (Abbott et al. 2023). 
Examples of published ESPC use are detection of chloroplast 16S 
or 23S ribosomal RNA gene sequences or using a general fish 
assay (Veldhoen et  al.  2016; Furlan and Gleeson  2017; Hobbs 
et  al.  2019; Zhu et  al.  2024). We have elected to use a chloro-
plast gene- based assay as an ESPC for routine use in the context 
of animal taxon eDNA assays. The IntegritE- DNA assay, also 
known as ePlant5 (refer to Table 4; for open access details see 
Veldhoen et al. 2016; Hobbs et al. 2019), has been extremely use-
ful in determining if the DNA sample is too degraded, inhib-
ited, or otherwise compromised to affect the interpretation of 
the results. If a sample fails the integrity test, then we routinely 
subject the affected sample to an inhibitor clean- up step using 
a OneStep PCR Inhibitor Removal Kit (Zymo Research, Irvine, 
CA, USA). Often this resolves the issue if the reason for detec-
tion failure was inhibition, and the cleaned- up sample is then 
tested for the target DNA of interest. If the clean- up step does not 
result in an improved chloroplast DNA signal, then the sample is 
deemed poor quality, and caution is exercised in interpreting the 
target DNA detection result. The reader is encouraged to refer to 
the references in Table 4 for examples of the application of the 
IntegritE- DNA assay. While unable to detect sample degrada-
tion, an IPC is particularly useful for specifically determining 
enzyme inhibition and we refer the reader to excellent resources 
on this topic in the literature (Hartman et  al.  2005; Goldberg 
et al. 2016; Hunter et al. 2019).

Another important consideration in interpreting eDNA surveys 
is the deposition of DNA by the target species. It is well known 
that organisms can vary greatly in their rate of DNA release into 
the environment (Allan et al. 2021). Previous studies and work 
herein have found that some high- quality assays developed to 
detect reptilian eDNA have trouble detecting their targets in 
environmental samples apparently for this reason (Matthias 
et  al.  2021; Samuels et  al.  2025) (e.g., spot- tailed lizard (eHol-
brookia2), Northern Pacific (western) rattlesnake (eCROR1); see 
File S2).

5   |   Conclusions

Herein, we present 125 eDNA assays particularly relevant 
to North American species that were generated through the 
iTrackDNA research project that meet or exceed the recent CSA 

W214:21 and CSA W219:23 standards to detect target taxa by 
qPCR (Gagné et al. 2021; Abbott et al. 2023). These standards are 
increasing confidence in the use of eDNA methods, and federal 
and provincial regulators are incorporating them into operations 
and assessments. In developing the assays, we incorporated use-
ful tools and best practices, including full mitogenome sequence 
evaluation where possible to maximize the likelihood of design-
ing high- performance eDNA assays that meet reliability stan-
dards. While these assays perform well in certain contexts, it is 
important that users validate each individual assay on voucher 
specimens and field samples that are relevant to their survey 
needs. Recognizing that full validations of assays and high 
levels of technical replication may be unfeasible for resource- 
limited laboratories, we emphasize that our workflow seeks to 
fulfill best practices, and modifications can be made to priori-
tize the most crucial elements of assay validation prior to use. 
Regardless, these new eDNA tools will aid stakeholders, which 
include regulators, Indigenous peoples, non- governmental or-
ganizations, and those in academia and industry, to monitor 
biodiversity, protect ecosystems, improve environmental assess-
ments, and ameliorate biosphere conservation.
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