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ABSTRACT 
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Dr. Robert Hanner 

Dr. Chris Wilson 

Environmental DNA (eDNA) sampling is an established tool for biodiversity studies. The 

design of assays to detect species’ DNA in samples underpins this tool. Although much 

progress has been made to develop validation frameworks for assay performance, an in 

silico validation framework is sorely missing. A conceptual framework was developed to 

incorporate the elements of assay design and likely outcomes of assay performance 

through a step-by-step decision tree evaluating in silico sensitivity and specificity. Using 

an in silico PCR tool, the sensitivity and specificity of published assays were evaluated 

to determine the potential ability of an assay to amplify and detect known target and 

non-target species sequences and place them within the conceptual framework. Results 

showed that most published assays tested exhibited the potential for Type I and/or Type 

II errors, with very few assays showing unique species specificity. Results also 

demonstrate that in silico validation can predict potential problematic non-target species 

co-amplification. The developed conceptual framework demonstrates the ability to 

provide a robust and reproducible in silico validation step highlighting key components



 

 

 of the design stage that need to be published to improve transparency, repeatability, 

reproducibility, and confidence in eDNA sampling.  
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1 Chapter 1: Introduction 

 

 

Biodiversity Crisis 

The biodiversity crisis is resulting in species extinction rates that exceed 

background levels many times over (Ceballos et al., 2015), with some estimates as 

much as 1,000 times higher (de Vos et al., 2015). These irreversible losses have 

caused substantial changes in the taxonomic profile of communities, fundamentally 

altering their structures within habitats (Sperandii et al., 2021). Greater understanding of 

biodiversity and anthropogenic impacts is needed to model the full effects of the crisis 

more accurately (Dullinger et al., 2021) and to prioritize and identify the most effective 

way to protect habitats and species (Johnson et al., 2017; Mokany et al., 2020), 

including through appropriate governmental legislation (Ray et al., 2021). 

This rate of biodiversity loss underscores the need to quickly detect and identify 

species occurrences for conservation (Blackwell & Vega, 2018; Deiner et al., 2021; 

Leduc et al., 2019). Some taxa, such as cryptic species, can be hard to detect but are 

important for biodiversity estimates (Cook et al., 2008) and conventional methods for 

detection can be insufficient (Lopes et al., 2021). Identification of species requires 

taxonomic expertise that is currently struggling to keep pace with global identification 

needs (Paknia et al., 2015; Wägele et al., 2011). However, technological advancements 

are helping with automated detection and identification of organisms (Wäldchen et al., 
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2018), alongside improvements in genetic sequencing and phylogenomic 

methodologies (Steele & Pires, 2011). 

These needs have given rise to the detection of environmental DNA (eDNA) as a 

tool for biomonitoring (Deiner et al., 2017; Ruppert et al., 2019; Schwartz et al., 2018). 

eDNA assessment is a method in which genetic material shed from an organism is 

extracted from an environmental sample and tested for the presence of DNA from 

species of interest. The growing suite of techniques that has been developed for eDNA 

detection has broad applicability and has been used for sampling soil, water, air, scat, 

and stomach contents (Clare et al., 2021; Currier et al., 2018; Foucher et al., 2020; 

Siegenthaler et al., 2019; Staley et al., 2018). Additionally, eDNA can be used to detect 

multiple organisms across various taxa (Cannon et al., 2016). Conventional biodiversity 

techniques rely on the physical identification of a species, requiring specialized 

taxonomic knowledge which is in decline (Hopkins and Freckleton, 2002). eDNA has an 

advantage of not needing this specialized taxonomic knowledge whilst also being a non-

invasive method of sampling (Akrim et al., 20118; Berry et al., 2021; McColl-Gausden et 

al., 2021; Piggott et al., 2021). With these benefits, eDNA has the potential to be used 

across many study types, from targeted detections of single species to large-scale 

biomonitoring and whole population dynamics studies. 

Targeted detection of species from eDNA shows great promise for biodiversity 

monitoring (Ruppert et al., 2019) and the utility of this tool has been shown to work 

across a variety of taxa and environments (Hernandez et al., 2020). Using quantitative 

PCR (qPCR) of eDNA for target detection and quantification has great potential to help 
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combat the biodiversity crisis we are facing through detecting and estimating species 

presence and abundance (Schwartz et al., 2018). Several factors influence the reliability 

of a qPCR assay, and these factors must be considered with any potential consequence 

mitigated as best as possible.  

 

Molecular Methods 

The development of polymerase chain reaction (PCR) techniques was a 

revolutionary advancement on previous molecular techniques (Mullis et al., 1986), 

enabling the synthesis of target genes and DNA regions of interest (Zhu et al., 2020). 

PCR follows three steps, using a cycle of thermal denaturation, primer annealing, and 

extension multiple times to create over a billion of copies of DNA from small initial 

quantities (Saiki et al., 1985; Kralik & Ricchi., 2017) (Fig 1). During the denaturing step 

a sample is heated to a temperature high enough to separate the double stranded DNA 

in the sample into single strands. After this, the temperature of the sample is reduced to 

allow the designed primers added to the sample to anneal to the target sequences. The 

temperature is then once again raised to the appropriate working temperature for the 

polymerase used to allow for extension of the primer and synthesis of new strands of 

DNA (Rahman et al., 2013) (Fig 1). PCR products are used in studies aiming to 

sequence single or multiple species of a taxa present by utilizing high-throughput 

sequencing (HTS). These advancements have given rise to techniques using PCR, 

such as DNA barcoding for identifying species and haplotype variation through genetic 
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sequencing and mutation detection (Hebert et al., 2003), qPCR for real time 

quantification of DNA copy numbers and targeted detection (Postollec et al., 2011), and 

Next Generation Sequencing (NGS) for genotyping and sequencing large amounts of 

genetic information (Voelkerding et al., 2009). 

DNA barcoding is a system using sequences of DNA to identify a species (Hebert 

et al., 2003). For most animal species, it was proposed that a segment of the 

cytochrome oxidase subunit 1 (COX1) gene region in mitochondrial DNA (mtDNA) 

would provide sufficient diversity in nucleotide sequences to allow species identification 

(Hebert et al., 2003). DNA barcoding utilizes sequence data that can allow for 

identification of species through a single sample and can potentially help identify 

species that conventional identification methods cannot (Elbrecht et al., 2017). This 

technique has given rise to further methods such as metabarcoding and targeted 

detection through PCR and qPCR (Wang et al., 2021).  

qPCR is a similar process to conventional PCR, using primer pairs to amplify 

target DNA to create many copies from low levels of starting DNA, but this technique is 

used for targeted detection of one or a few species of interest in eDNA studies 

(Hernandez et al., 2020). Where qPCR differs is that the amount of synthesized DNA is  

quantified in real time to assess if the target DNA sequence from the species of interest, 

is present in the sample and in what initial quantity (Veldhoen et al., 2016). This is 

generally done with the inclusion of a fluorescence resonance energy transfer (FRET) 

dye (such as SYBR green) or a hydrolysis probe (such as TaqMan). When the dye is 

bound to both strands of the target DNA, the interaction between the fluorescence dye 
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donor and acceptor emits a light wavelength that can be read each cycle by the 

thermocycler (Didenko et al., 2001). A hydrolysis probe allows for additional specificity 

by introducing a further sequence that must bind with the target sequence in addition to 

and between the primer pair. The probe contains a fluorescent reporter, which is 

released and becomes detectable after the probe anneals to the target sequence 

(Valasek & Repa, 2005) (Fig 2). The qPCR thermal cycler reads this fluorescence every 

cycle, and once a threshold is reached it can be reliably confirmed the target sequence 

is present in the sample. This allows detection of a specific taxon as the primer/probe 

combination should anneal and amplify only to the target DNA sequence. Many factors 

can influence the cycle in which the threshold of detection is reached, such as 

environmental conditions, cycling conditions, organism of study, and base pair 

mismatches between assay and sample DNA which come from single nucleotide 

polymorphisms (SNP). 

Base pair mismatches between primer and probe sequences and template DNA 

play an important role in sequence amplification due to their negative effect on 

PCR/qPCR reactions (Stadhouders et al., 2010). Sequence mismatches between 

primers or probes and a non-target sequence in a sample reduces or prevents the 

replication of the non-target sequences and are used to preferentially amplify the DNA 

of the species of interest. The number of mismatches there can be between the primer 

or probe and the target sequence without preventing amplification varies. However, the 

consensus in assay design is that a primer or probe can have no more than three 

mismatches to the target sequence before amplification is prevented (Lefever et al., 
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2013; Ye et al., 2012 but see Kronenberger et al., 2022). This is currently a key factor in 

evaluating the likely specificity of a designed assay. 

Environmental DNA 

Advancements in PCR methods such as qPCR have given rise to the detection of 

eDNA as a tool for biomonitoring (Deiner et al., 2017; Ruppert et al., 2019; Schwartz et 

al., 2018). eDNA biomonitoring techniques have grown in popularity due to the benefits 

they provide compared with conventional sampling techniques. Firstly, eDNA sampling 

and detection can be a non-intrusive and non-destructive way to sample compared to 

conventional methods such as backpack electrofishing or netting (Mauvisseau et al., 

2020; McColl-Gausden et al., 2021). Electrofishing can cause stress and damage to the 

specimens being sampled and often requires the users to walk through the body of 

water being sampled, resulting in disturbance, potential destruction of habitats, and 

harm to organisms (Murray et al., 2016). Secondly, eDNA studies can be a cost-

effective alternative to sampling an environment as lab techniques and molecular 

technologies become more efficient, cheaper and less labor intensive (Evans et al., 

2017; Bálint et al., 2018; de Kerdrel et al., 2020; Milián-García et al., 2021). Thirdly, 

community eDNA sampling can provide a more complete and accurate profile of an 

area sampled compared to conventional sampling that relies on traditional survey types, 

public end-user sightings, or historical survey data (Sousa et al., 2019; Valentini et al., 

2016). 
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Targeted detection of a single species has many applications in eDNA, such as 

cryptic or species at risk (SAR) biomonitoring, invasive species detection, and habitat 

monitoring through bioindicator species (Abbott et al., 2021; Blattner et al., 2021; 

Sepulveda et al., 2020). eDNA sampling is a useful tool for cryptic species monitoring 

due to the difficulty conventional methods may have in assessing these organisms as 

distribution and nesting site can be hard to find or may be protected (Brys et al., 2021). 

Additionally, the less invasive nature of eDNA sampling compared to conventional 

methods can be beneficial for surveying SAR, detecting species at low abundance,  

keeping habitat disturbance to a minimum, and avoiding handling individuals of at-risk 

species (Lamothe et al., 2019).By contrast, invasive species are an increasingly global 

problem (Dueñas et al., 2021; Mack et al., 2000; Poos et al., 2010), and early detection 

when population numbers may be too low for conventional detection can help prevent a 

species from becoming established (Leblanc et al., 2020). Finally, bioindicator species 

are often used as barometers of the fragile health of the ecosystem they reside in, and 

rapid and less invasive methods such as eDNA sampling can be of great benefit 

(Townsend & Driscoll, 2013).  

The quantity of DNA found in the environment is influenced by multiple biological 

and abiotic factors such as pH and ultraviolet radiation (Strickler et al., 2015). The 

biomass and activity level of the species of interest influences the potential amount of 

DNA cast into the environment, and can vary (Jo et al., 2019), which in turn can 

influence eDNA shedding rates. The amount of DNA shed can be affected by such 

variables as metabolic rate and life cycle stage (such as spawning) (Lacoursière-
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Roussel et al., 2016). In addition, environmental factors play an important role in both 

the DNA shedding rate of an organism and the persistence of DNA in an environment. 

Higher temperatures are shown to have a strong negative effect on eDNA 

concentrations (Saito & Doi, 2021). pH levels above and below 7 and high UV can also 

cause an increase in the rate of DNA degradation (Seymour et al., 2018; Strickler et al., 

2015). Due to this, DNA has a very short life span in the environment, typically lasting 

from days to weeks (Collins et al., 2018; Moushomi et al., 2019; Murakami et al., 2019; 

Williams et al., 2018) and can vary seasonally (Salter, 2018). eDNA is generally found 

in low concentrations, and the lengths of the sequences in the environment are typically 

short as it is broken down by chemical hydrolysis (Strickler et al., 2015). The distance 

from the source of eDNA can also have a large effect on the quantity of DNA collected 

(Harrison et al., 2019). eDNA has been shown to travel over large distances in rivers, 

exceeding several kilometers (Deiner & Altermatt, 2014). However, depending on the 

system and organism of study, the possibility of DNA transport from anthropogenic 

sources such as boat hulls and equipment from one site to another, along with excreted 

DNA of prey species from droppings and predator scat must be considered (Carim et al. 

2015; Goldberg et al., 2016). Additionally, in certain sampled systems such as lakes, 

benthic sediment may contain historical DNA that can persist for thousands of years 

(Stager et al., 2015; Willerslev & Cooper, 2005). 

Assay design 

Rigorous development and testing of primer and probe assays is essential for 

targeted eDNA detection. Without a robustly designed and validated assay, results from 
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an eDNA study can be unreliable and provide misleading results (Helbing & Hobbs, 

2019; Klymus et al., 2020; Langlois et al., 2021; Mathieu et al., 2020). In spite of this, in 

silico design and validation standardization is largely lacking (Thalinger et al., 2021). 

This has major implications for the effects of downstream analysis and management 

policies, such as a response to an invasive species or monitoring of species at risk 

(Giakoumi et al., 2019; Mize et al., 2019; Taylor & Pinkus., 2013). 

In silico design and in vitro validation of a targeted assay broadly follows four steps 

(Klymus et al., 2020). First, a target species and genetic marker is identified along with 

closely related species (family level) and co-occurring species (Langlois et al., 2021). 

Second, sequences of the marker gene for each species are retrieved and aligned 

using bioinformatics software to create a multiple sequence alignment (MSA) in silico 

(Langlois et al., 2021). Further software primer design software such as Primer3, 

PrimerBLAST, or PelPrimer (Marshall, 2004; Untergasser et al., 2012; Ye et al., 2012), 

is used to design potential assays. The candidate assays are then tested against 

closely related and co-occurring species sequences for specificity in silico. An additional 

specificity test takes place using online database searching (such as PrimerBlast) for 

mass specificity testing of the primers and probe for possible non-target detection (So et 

al., 2020). Third, an assay is then tested in vitro for optimization. This step requires 

optimization of assay annealing temperature and concentration, along with creating a 

standard curve for amplification efficiency testing and to estimate the limits of detection 

and quantification (LOD and LOQ respectively) to establish sensitivity levels (Bustin et 

al., 2009). Specificity is tested using tissue material from co-occurring and closely 
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related species to determine potential non-target amplification. The final step is 

validation of the developed assay in situ. This requires testing the assays on an eDNA 

sample taken from the field or a mesocosm containing the target species DNA and from 

other organisms found naturally in the environment (Thalinger et al., 2021). The LOD 

and LOQ values are important for interpretation of qPCR results. The LOD is the 

threshold that must be met to confidently interpret that the target sequence has been 

detected (Bustin et al., 2009). If the LOD is met or exceeded, then detection level of the 

target is considered higher than what could be considered as background noise 

(Klymus et al., 2020). A LOQ value determines the lowest possible concentration that 

would allow quantification of the DNA in the sample with confidence (Klymus et al., 

2020). These two values play a valuable role in interpreting the sensitivity of the assay 

to amplify the target species sequences. 

An important part of in silico assay design is online genetic databases, such as the 

Barcode of Life Database (BOLD) (Ratnasingham & Hebert, 2007) and GenBank 

(Benson et al., 2013). These databases house many DNA sequences for a multitude of 

genomic markers, across many different taxa and play a crucial role for the cataloging 

and identification of species and biodiversity (Mayer et al., 2019; Shehata et al., 2018). 

The specific molecular marker used in a study varies across taxa and study type (Baker 

et al., 2018; Bedwell & Goldberg, 2020; Estensmo et al., 2021; Mioduchowska et al., 

2018; Shinzato et al., 2018) and the number of sequences available for a marker can 

vary depending on the database of choice. In a systematic review by Thalinger et al 

(2021) validating published assays, of a total 220 papers focusing on fish reported 
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assays developed over 18 different gene regions, 88 assays targeting the COX1 

barcoding region and 77 targeted the mitochondrial Cytochrome b (CytB) gene, 

reflecting the availability of sequence data and taxonomic focus. COX1 is the most 

sequenced mtDNA gene for bony fishes available in the BOLD and GenBank 

databases. Although nuclear DNA (nuDNA) markers can be used, studies focusing on 

species detection and biodiversity predominantly use mtDNA as more copies are 

present in cells, and due to the popularity of using segments of the CytB and COX1 

genes in DNA barcoding (Deiner et al., 2017). Sequence quality, accuracy, and 

availability can vary between databases, requiring careful consideration for the genetic 

marker of focus, which can have a significant impact on the sensitivity and specificity of 

an assay (Langlois et al., 2021) 

Using the availability and quantity of genetic sequence made available from online 

genetic databases, MSAs have become a key aspect of many methods for biological 

modelling. Such modeling methods include Hidden Markov modeling and phylogenetic 

tree reconstruction, and MSAs play an important role in primer design and validation in 

silico (Kemena and Notredame, 2009). MSAs are constructed using algorithms to align 

sequences based on evolutionary divergence through mutations, insertions, and 

deletions in the genetic sequences (Chatzou et al., 2016). MSA are a widely used 

modelling method in biology, using algorithmic approaches and programs such as 

ClustalW and MAFFT to create the alignment of sequences (Katoh et al., 2002; Sievers 

and Higgins, 2018; Thompson et al., 1994). MSAs are an important tool for assay 

design through highlighting common genetic sequences and intraspecific haplotype 
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variation within a species and using interspecific variation through SNPs to delineate 

species (Langlois et al., 2021). If MSAs used in assay design are included with the 

published paper, it can allow for increased scrutiny and reproducibility of a designed 

assay. 

Genetic variation within species is widely distributed geographically (Cortez et al., 

2021) and studies have shown a diverse spatial distribution of haplotypes across the 

geographical distribution of many species (Guo et al., 2018; Zaccara et al., 2019). This 

highlights the importance of study design and validation for eDNA sampling to ensure 

assay design encompasses all known intraspecific variation for complete target 

detection. In order to discriminate against non-target taxa and provide full coverage of 

the target species, all known haplotypes need to be incorporated to ensure reliability of 

an assay to detect target species and prevent non-target detection across all 

geographical regions (Phillips et al., 2019). However, this does not mean that there is a 

clear delineation of haplotypes spread among conspecific populations (Karamon et al., 

2017). Assays that have been designed in silico overlooking intraspecific haplotype 

variation could fail to detect target species sequences and failing to take account of 

interspecific variation could lead to non-target amplification and false positive detection. 

 

Scope of study 

eDNA sampling is rapidly developing and is being widely promoted as a leading 

tool in biomonitoring. Whilst the standardization of targeted detection assay validation of 
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in vitro and in situ testing has received much focus (Klymus et al., 2020; Langlois et al., 

2021 Sepulveda et al., 2020; Thalinger et al., 2021), the need for standardization during 

the in silico design and testing phase requires refinement. This in silico design step 

requires further scrutiny and development as the consequences from this impact the 

entire outcome of the assay in development. Commonly, data from few closely related 

and co-occurring species are used for specificity testing in silico, or a BLAST search is 

used for mass specificity testing. Additionally, as relatively few studies publish 

sequences used in design of assays, it is rarely known if all available sequences for 

target and non-target species are included during this stage. This may lead to 

potentially missing intraspecific variation and underestimating interspecific variation. 

Species sequence data underpins the entire design process, both the availability of 

sequences for all species for sufficient non-target specificity testing and number of 

unique haplotype sequences for species coverage. If intraspecific variation is too great, 

then species specific assays covering all haplotypes may be unmanageable. However, 

the reverse could also be true. With insufficient interspecific variation, such as recently 

diverged or diverging species ‘flocks’, then a targeted assay that excludes non-target 

DNA may be not feasible. 

Valuable work has been done around developing validation frameworks for 

assessing assay performance (Thalinger et al., 2021), however, further work is required 

to provide robust and reproducible validation of assays designed during the in silico 

stage. A gap is currently present when providing validation of in silico assay 

performance and how they would theoretically work when applied in vitro and in situ. 
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This calls for the development of a process in which to test potential assay performance 

and provide users with invaluable information around how potentially reliable the results 

from a qPCR could be. 

The aim of this study is to evaluate the specificity and sensitivity of published 

assays in silico, using assays designed for Canadian freshwater fish, encompassing 

native, introduced, and invasive species as a case study. This study will examine the in 

silico design and validation of assays for targeted detection in eDNA in two parts. 

Chapter two will establish a framework to approach these analyses through developing 

a conceptual framework for assay design and in silico evaluation of designed assays. 

Chapter three will consist of three parts evaluating the in silico performance of published 

assays by 1) creating a comprehensive alignment of all Canadian freshwater fish 

species, including confamilial relatives and known invasive species, 2) evaluating in 

silico specificity and sensitivity of targeted assays designed for Canadian freshwater fish 

species published in the literature, and 3) validating these published assays in silico 

within the developed conceptual framework. 

 

2 Chapter 2: Conceptual Framework 

 

2.1 Introduction 
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qPCR has been employed in numerous eDNA studies, such as those detecting 

cryptic, rare, or invasive species or estimating species abundance and habitat 

monitoring (Abbott et al., 2021; Blattner et al., 2021; Sepulveda et al., 2020). Several 

studies have examined the methodology and validation of qPCR outcomes within eDNA 

studies (Furlan et al., 2016; Langlois et al., 2021). The results of a qPCR study are only 

robust and reproducible if the underlying assays used have been rigorously validated, 

but consensus on in silico assay design is lacking. Although there are general steps 

used across studies, a lack of in silico standardization has become apparent (Abbott et 

al., 2021; CSA, 2019; Loeza-Quintana et al., 2020; Sepulveda et al., 2020). Some 

studies have provided detailed steps around the application of a qPCR assay, including 

cycling conditions, reporting, and interpreting LOD and LOQ, melt curves, primer dimer 

formations, and field testing (Bustin & Wittwer, 2017; Bustin & Huggett, 2017; Klymus et 

al., 2020; Langlois et al., 2021). Nevertheless, there appears to be a lack validation of 

assays and reporting of parameters during the in silico design stage (So et al., 2020) 

and this can give rise to both Type I and Type II errors. Given the minimal focus on in 

silico design standards for eDNA, it is difficult to know the full impact these errors have 

had and may continue to have. 

Type I and Type II errors 

A Type I error (false positive) arises when a detection of the species sequence of 

interest is reported when it is not actually present in the sample (or is introduced 

through contamination from another source). During the design stage of an assay, the 

levels of interspecific variation in the target site must be adequately tested. If too little 
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interspecific variation exists, then an assay may have the ability to amplify and detect a 

species sequence other than the intended target (Ficetola et al., 2014). This potential 

concern can be mitigated with robust validation of the designed assay during the in 

silico and in vitro stage through appropriate genetic marker choice and incorporation of 

all available target and potentially problematic non-target sequences (Langlois et al., 

2021; Thalinger et al., 2021).  

A Type II error (false negative) in a qPCR test is a result that returns no detection 

of the target species sequence in the sample, even though it is present in the sample. 

During the design stage of a targeted assays, if the assay is designed using too few 

target species sequences, particularly for species with diverse phylogenetic ancestry, 

haplotypes may be overlooked and underrepresented (Elbrecht et al., 2018). Although 

the assay would likely be reported to detect the target species sequences on which it 

was developed, if enough intraspecific variation occurs within the assay target site 

across haplotypes, a false negative result could occur as the primers would be unable 

to bind to the target sequence.  

Elements of assay design 

In the context of eDNA detection specificity is defined as “Correct amplification of 

the targeted species and no positive results from closely related species” (Mauvisseau 

et al., 2019). However, the use of the term species specific is commonly used to 

describe an assay but has no threshold or minimum requirements that need to be met 

(Langlois et al., 2021). This gives rise to key issues in the field that can be tackled at the 
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in silico stage. Key components of assay design such as target and non-target genetic 

sequences used in sensitivity and specificity are often unreported (Cristescu & Hebert, 

2018). In addition, the software and the parameters used to design an assay can have a 

significant impact on the design process. Without a full understanding of the analytical 

tools and the setting used within them, results can be unreproducible (Cristescu & 

Hebert, 2018). To address the validation problem, the design and evaluation of assays 

during the in silico stage must be considered under the following elements: 1) the 

availability, accuracy, and completeness of reference sequence databases, 2) 

molecular marker and haplotype variation, 3) species distribution, and 4) assay to 

template mismatch position and type (Table 1). The impacts of the knowledge gaps in 

these four elements on assay design will be discussed in this chapter and incorporated 

into a conceptual framework to allow for robust assay design and validation during the 

in silico stage. 

The availability, quality, and diversity, of sequence data underpins the design 

stage of an assay. However, this relies on the genetic databases used having sufficient 

and accurate genetic information for the marker of choice to allow for reliable sensitivity 

and specificity validation. Sequence coverage can vary greatly between individual 

species and across genetic markers and can depend on the database used (Phillips et 

al., 2019). Understanding the effects these factors potentially have on the outcome of a 

qPCR reactions is crucial so the performance of a designed assay can be assessed in 

silico and the likely outcome can be predicted (Kralik and Ricchi, 2017). As in silico 

validation of an assay depends on the sequences available, care must be taken to 
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choose appropriate genetic databases and ensure steps are taken to incorporate all 

possible genetic sequences during design by incorporating multiple databases if 

available (Macher et al., 2017; Porter and Hajibabaei, 2020). Available target species 

sequences must also be numerous enough to avoid potential underrepresentation of 

target intraspecific variation (Phillips et al., 2019). Sequence availability in databases 

has increased over time as new data are added (Porter and Hajibabaei, 2018) with 

taxonomic coverage and resolution increasing year on year (Madden et al., 2019). Care 

must therefore be taken to incorporate all relevant sequence data during assay design 

to ensure any newly sequenced haplotypes are incorporated along with sequences from 

previously non-sequenced species. Careful validation through a barcode gap analysis 

should also be taken when dealing with the quality of available sequences, as previous 

research found that genetic markers on GenBank show sequences misidentification 

ranging from 10-25% (Bouadjenek et al., 2017; Nilsson et al., 2006). 

Molecular marker choice is also an important factor to consider in assay design 

as molecular variation can vary among target DNA regions and taxonomic groups 

(Hutama et al., 2017; May et al., 2020). mtDNA is often used in animals due to the high 

copy number compared to nuDNA, as well as a higher rate of evolution (Naaum & 

Hanner, 2016). This is preferable for target detection and use in eDNA sampling where 

only trace amounts of DNA may be present in a sample due to dispersal in the 

environment or through degradation (Jo et al., 2019a, 2019b). Furthermore, the 

molecular marker of choice should show high enough interspecific genetic variation to 

enable discrimination between species, but also show low enough intraspecific variation 
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to allow assay design to account for all target haplotypes (Brown et al., 2015; Estensmo 

et al., 2021). Known genetic variation relies on sequencing effort per species and target 

genes, and taxonomic blind spots are problematic. This is highlighted by the estimated 

number of unique samples that would need to be collected to ensure known sufficient 

haplotype coverage in a species (Phillips et al., 2020). For example, in the Lake 

Whitefish (Coregonus clupeaformis) it is estimated that only 74% of the expected 15 

haplotypes for the COX1 region of this species have been discovered from analyzing 

235 specimens (Phillips et al., 2020). It is predicted that to sequence over 95% of the 

likely haplotypes in this species, 604 specimens would need to be sequenced in just the 

main basin of Lake Huron alone (Phillips et al., 2020). This generates a concern about 

the lack of sequence data and therefore confidence in the specificity and sensitivity of 

assays, along with the geographical area in which they would be expected to work. 

Conversely, only one COX1 sequence of the related species Coregonus pravdinellus is 

available in the BOLD database, and there are no COX1 sequences in the GenBank 

database (as of 31st January 2022). This would be insufficient data to estimate 

intraspecific variation and confidently predict the likelihood of only detecting Coregonus 

clupeaformis, therefore care must be taken when reporting specificity of assays when 

there is little sequence data for potentially problematic non-target species. 

Without sufficient knowledge about the extent of genetic variation, increased 

intraspecific variation in the annealing site of an assay to the target sequence could 

potentially reduce the sensitivity of an assay, and reduced interspecific variation may 

increase the likelihood for non-target amplification (Daher et al., 2015; Kibegwa et al., 
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2016). To account for all these variables, the MSA used for assay design should ensure 

that all known target and non-target haplotype variation is included to provide rigorous 

validation (Bustin & Huggett, 2017). Haplotype variation can occur within a continuous 

population and can be seen between fragmented or distinct populations (Kibegwa et al., 

2016). This can have profound effects on target assay design if intraspecific variation is 

overlooked or underrepresented during design. Haplotypes may show too much genetic 

variation within the primer and probe binding sites, so that the target DNA within a 

sample is not amplified (Estensmo et al., 2021). Additionally, this may be problematic 

when examining non-target species. If haplotype variation within non-target species is 

also overlooked, potential false positive detection could occur if interspecific variation is 

too low (Brown et al., 2015). 

Due to the varying geographical ranges of species, careful consideration of this 

must be taken during specificity testing of an assay. Known species distributions can 

vary in both resolution and confidence, depending on what species is examined. Target 

species distribution can be impactful due to haplotype variation and dissemination within 

species populations, as discussed previously. Validating specificity against co-occurring 

species within a study area is an important first step in determining an assay’s 

specificity (Langlois et al., 2021), but can be insufficient. For an assay to be species 

specific, it must only detect target species across its entire distribution range. For some 

species that have large geographical distributions, field validation may not be feasible, 

however in silico analyses can highlight potential problematic species that should be 

prioritized for further specificity validation. The publicly available online tool Primer-
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BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) is commonly used in this 

capacity for mass in silico specificity testing. However, primer specificity in this tool 

relies on the number of mismatches between candidate primers and unintended targets, 

which has been shown to be insufficient in determining specificity (Wright et al., 2014; 

So et al., 2020). 

The consequence of species distributions is further highlighted through the 

proliferation of invasive species worldwide. Due to climate change and increased 

globalization, new environments become suitable habitats for non-native species to 

colonize and become established (Sung et al., 2018). As there can be multiple 

haplotypes within an invasive population, it is important for assay design to cover all 

possible haplotypes. Additionally, sufficient sequencing effort to discover as much 

haplotype diversity as possible, as well as sequencing amplicons from positive 

detections for confirmation, is important as previous studies have found new haplotypes 

among recent invasive populations (Cesari et al., 2018). Moreover, invasive species 

distribution and haplotype diversity can have further confounding effects as they may 

have undergone multiple invasion events (Yee et al., 2019). Specificity testing restricted 

to closely related and co-occurring species can potentially be problematic as species 

geographical distributions can change. Additionally, target haplotype variation can 

change across species distributions and an assay may not detect a target species 

outside the study area for which it was designed. 

Base pair mismatches between template DNA and assay primers and probes are 

used to determine the performance of a designed assay. Although it is standard to use 
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the number of nucleotide mismatches in an assay to a template to determine the likely 

specificity and sensitivity of an assay, it is more accurate and appropriate to consider 

the type and position of a mismatch. Conventional design of assays does not 

incorporate more than three mismatches in a primer or probe to the target sequences 

and there is evidence in the literature for this cutoff point (O’Dell et al., 1996). However, 

mismatch effects vary, and several studies have demonstrated that mismatches closer 

to the 3’ of a primer/probe will have increased negative effects on primer annealing than 

a similar mismatch found closer to the 5’ end of the sequence (Ayyadevara et al., 2000; 

Kim, 2019; Kwok et al., 1994). A 3’ terminal mismatch in the primer/probe sequences 

has long been known (Ayyadevara et al., 2000; Kwok et al., 1990) to have a deleterious 

effect on hybridizing ability. However, studies have shown that mismatches up to 5bp 

from the 3’ terminal position (Stadhouders et al., 2010) can have detrimental effects on 

annealing, and some studies suggest this could expand beyond these positions 

(Lefever et al., 2013). Additional research has shown the increased effects mismatches 

have in the last four base pairs of the primer (Wu et al., 2009), but further study is 

required to investigate the positional effects beyond these positions.  

Due to the underlying chemical nature of the bonds in base pairs (Johnson & 

Beese, 2004), mismatches can be separated into two categories of influence on a 

reaction; critical mismatches (CM) and non-critical mismatches (NCM) (Sharma et al., 

2013; So et al., 2020). As the presence of mismatch lowers the thermal stability of the 

primer-template duplex, the difference in the number of bonds between purines and 

pyrimidines can cause differing reductions in amplification efficiency. A-A, A-G, G-A, 
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and C-C mismatches can be regarded as CM due to their increased effect on 

amplification efficiency over other types of mismatches (Sharma et al., 2013; So et al., 

2020). Other mismatches can be regarded as NCM (C-T, T-C, T-G, G-T, G-G, T-T, A-C) 

due to a reduced negative effect on amplification efficiency compared to CM (So et al., 

2020)  

Validation of in silico methods 

The importance of in silico design and the effects it has on assay validation are 

often briefly touched upon in the literature but are lacking in detail (Abbott et al., 2021; 

CSA, 2019; Langlois et al., 2020; Loeza-Quintana et al., 2020; Sepulveda et al., 2020). 

Although best practices and guidelines are provided, there is no framework in which to 

attempt validation of an assay at the in silico stage. Detail is given to other areas of 

assay validation, such as the parameters around optimal values for PCR conditions 

(annealing temp, primer/dimer formations, GC content), however comprehensive 

validation throughout the assay design and validation process is lacking. Thalinger et al 

(2021) provided a much-needed validation scale for targeted eDNA assay validation. 

They provided a multi-level performance evaluation of an assay, ranging from level 1 

(incomplete) to level 5 (operational). To progress from one level to the next a minimum 

set of requirements needs to be met and if a metric is missing, the assay cannot 

progress to the next level no matter how many of the requirements are met at the next 

stage. This has provided a useful tool to interpret the reliability of a result from a 

designed assay. However, the in silico minimum requirements are lacking, and need to 

be expanded further as the only minimum requirement for a level 1 assay from the in 
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silico stage of assay design is that the “primers specifically match target”. Thalinger et al  

(2021) found >75% of published assays evaluated were reported to be “specific”, but 

<50% of the assays had reported number of mismatches between primers and non-

targets, <25% reported location of mismatches and lists of non-targets that may be 

amplified, and <37.5% reported the parameters used to determine the assay specificity. 

As such, the level of specificity is unreliable, unreproducible, and is insufficient to 

evaluate an assay. 

As the use of eDNA sampling as a biodiversity monitoring tool for targeted 

detection becomes more widespread, confidence in this tool can only be assured if the 

underlying steps for design and validation of a targeted assay are robust and 

reproducible. This study has identified areas of concern that can introduce uncertainty 

into the design and validation of targeted assays and has also identified a need for a 

framework in which to place the potential performance of an assay during the in silico 

stage. Furthermore, a conceptual framework is introduced to provide evaluation and 

validation of targeted assays in the in silico stage 

 

2.2 Framework 

 

Previous work has provided frameworks, validation scales, and methodological 

workflows to provide standardization for designed qPCR assays (Bustin et al., 2009; 

Klymus et al., 2020; Langlois et al., 2021; Thalinger et al., 2021). However, in most 

cases the in silico validation step is lacking, and its importance is underappreciated. 
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Failure to consider interspecific variation can introduce Type I errors, which can have 

serious consequences such as management decisions controlling spread of invasive 

species. Additionally, underestimating intraspecific variation can lead to Type II errors, 

potentially negatively impacting rare and at-risk species. Without standardization, the 

reliability and reproducibility of published assays are in question (Bustin and Nolan., 

2017). A further framework is required to fully assess not only the potential specificity of 

an assay, but also its sensitivity to all target species sequences as without this an assay 

cannot be said to be truly species specific and therefor reliable. This study puts forward 

a conceptual framework to highlight the key elements to consider in qPCR in silico 

design and the steps necessary to evaluate the impact on an assay’s outcome and the 

steps required to mitigate potential pitfalls. Incorporating the elements of assay design, 

a decision tree was designed for a step-by-step approach to evaluating the performance 

of the assay as it pertains to the questions asked at each decision node. First, the 

primers’ level of sensitivity is established, and any non-target amplification is 

established, secondly the performance of the probe (where applicable) can be taken 

into consideration to establish the likely potential specificity of the assay. The final 

consideration to establish the reliability of the assay is to assess if the known 

distribution of the non-target species and target species overlap. This allows a user to 

place the assay within a scale to identify the likely performance of the assay and the 

potential errors it may produce. The scale can be broken down into four broad levels, 1) 

assays that do not amplify all known target species sequences, 2) assay that do amplify 

all known target species sequences but also amplify known non-target species 
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sequences, 3) assay that do amplify all known target species sequences and known 

amplified non-target species sequences do not co-occur, and 4) assay that amplify all 

known target species sequences and do not amplify any known non-target species 

sequences (Fig 3).  

Decision Tree 

To assess the likely outcome of an assay, a step-by-step decision tree was 

developed to provide a robust, reliable, and repeatable process in which to assess in 

silico performance of an assay. The first step is the minimum requirement for an assay, 

that the primers amplify the target species sequences (Fig 4). Without this basic level of 

performance, an assay cannot perform its lowest expected outcome, to detect the target 

species (Bustin and Huggett., 2017). The next step to consider is if the assay has the 

potential to amplify all the known target species sequence. Although this would be 

required to reach full validation, it may not be possible due to intraspecific variation to 

achieve this (Brown et al., 2015; Phillips et al., 2019). However, this does not mean an 

assay could not be of use under certain conditions. To determine the potential 

specificity of an assay that does not amplify all known target sequences, the next 

consideration is the presence of a hydrolysis probe. For an assay without a hydrolysis 

probe, the final determination of the assay’s reliability resides in the known distribution 

overlap of the potential non-target species amplified by the primers. For an assay with a 

hydrolysis probe the next step is to determine the efficacy of the probe to anneal to all 

target sequences that were also amplified by the primers. Once this is established, then 

the potential for the probe to anneal to non-target species sequences amplified by the 
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primers is assessed and then the distribution overlap to the target species is 

ascertained. For an assay that shows the potential to amplify all known target 

sequences, the next step is to determine the potential of the primers to amplify non-

target species. Only an assay that demonstrates unique amplification of target 

sequences (or unique hydrolysis probe annealing to target sequences) can be truly 

classified as uniquely species specific (Wilcox et al., 2015). As previously mentioned, 

too little interspecific or too great intraspecific variation may exist in a target species to 

design a specific assay covering all known intraspecific haplotypes whilst excluding 

non-target species. A further decision tree evaluating the amplification efficiency and 

annealing potential of an assay primer and probe to target species haplotypes was 

developed (Supp Info 1).  

Outcomes and associated errors 

The outcomes for the assessment of the reliability of an assay fall into four broad 

categories (Fig 3): 1) assays that require the re-design of the primers and/or probe, 2) 

non-specific assays that could potentially be reliable in a certain localized geographic 

region, 3) assays that would be specific across a target species’ known distribution, and 

4) uniquely species-specific assays.  

A level 1 assay that falls under the need for a re-design of a primer or probe 

represents feedback on the first step in the in silico stage in assay design. This error 

would likely be the result of design on species with low quality or insufficiently available 

target sequences, or species that may be susceptible to inclusion of mislabeled 
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sequences within the reference databases. This potential outcome can be mitigated 

during the design stage by selecting and validating target sequences and using multiple 

databases to gather target sequences (MacDonald and Sarre, 2017). Additionally, 

evaluation of target sequences used must be conducted to ensure all known target 

species sequences have been included to cover haplotype variation within species 

(Wilcox et al., 2015). This outcome would likely fail to show detection in a qPCR 

reaction due to the inability of the primers and probe to amplify variable haplotype 

sequences if present in the sample. 

The potential errors for a level 1 assay could include both Type I & II errors due to 

insufficient sensitivity or specificity testing (Type II and Type I error respectively). A 

Type II error will occur when the primers do not amplify all known target species 

sequences, or if the probe does not anneal to all amplified target sequences (Bustin and 

Huggett, 2017). These errors arise from failing to incorporate all known haplotype 

variation and available genetic sequences during the design stage (MacDonald and 

Sarre, 2017). Furthermore, consideration should be made for type and position of 

mismatches if any were included to provide specificity (Stadhouders et al., 2010; Wu et 

al., 2009). To prevent this, robust target sequence selection during the in silico design 

stage is required and if the assay is designed with mismatches to target sequences, the 

effect on the PCR reaction needs to be evaluated (Boyle et al., 2009). If intraspecific 

variation is too great and mismatches between the assay and target species sequences 

are needed to cover all known haplotype diversity, then those haplotypes with 

mismatches to the assay will need to be individually validated for sensitivity to ensure all 



 

 

29 

 

unique haplotypes show the potential to be detected (Yee et al., 2019). Failure to detect 

the target species from the qPCR reaction can have consequences for biomonitoring of 

the target species (Coble et al., 2019; Goldberg et al., 2016; Tucker et al., 2016). 

A Type I error outcome signifies an insufficient level of specificity testing in an 

assay. This can be caused through a narrow scope of validation against only a few 

closely related or co-occurring species, as well as relying on the number of mismatches, 

rather that the type and position, in the assay against non-target sequences providing 

sufficient specificity (Bustin and Huggett, 2017). Assay design should utilize reference 

sequence libraries to encompass an exhaustive range of closely related species to the 

target and those with known overlapping geographical distribution (MacDonald and 

Sarre, 2017; Schenekar et al., 2020). Genetic variation must also be considered in non-

target species to ensure that interspecific variation is sufficient to provide specificity 

within the assays binding region (Brown et al., 2015). Care must be taken to evaluate 

the effect that each type and position of a mismatch will have on a qPCR reaction and 

to not rely on number of mismatches alone to presume specificity (Lefever et al., 2013; 

Wright et al., 2014). This can be averted by validating an assay against a 

comprehensive alignment constituted of all known closely related species and those 

species known to co-occur across the target species distribution (Langlois et al., 2021), 

and by taking advantage of the increased effects of a qPCR reaction that CM and 

mismatches within the 3’ of the primer (Clanton-Arrowood et al., 2008; So et al., 2020). 

A level 2 assay (Fig 3) is one that would detect all know target species haplotypes 

and potentially also non-target species. As an assay placed at this level within the 
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framework may also amplify non-target DNA and therefor detect non-target species 

which share a known distribution overlap with target taxa. This could only be a Potential 

Regional Specific assay if the non-target taxa that could potentially amplify do not co-

occur across the entire distribution range of the target taxa. An assay at this level would 

be subject to potential Type I errors and this outcome can be the result of failure to 

adhere to any (or all) elements of primer design. Lack of available sequence data for 

certain molecular markers may require assays to be developed for markers that do not 

have enough interspecific variation to allow for only the target species to be detected by 

a single assay (Wilcox et al., 2015). For example, an assay may be developed for an 

invasive species, covering haplotypes for the geographical region it is invasive to, but 

may not detect those in its native region. Likewise, an assay with potential to detect a 

species that does not co-occur may present problems in the future in the target species 

becomes invasive within the non-target species geographical distribution, or vice versa 

(Fuhrmann and Kaiser, 2021; Jakubčinová et al., 2018; Yee et al., 2019). Care would 

need to be taken when using such an assay in a study as detection (or lack thereof) 

would need further steps to validate the result of the qPCR reaction, such as amplicon 

sequencing. 

A level 3 (Fig 3) assay is one that amplifies all known target haplotypes and no 

non-target species within the target species known distribution. An assay at this level 

may show the potential to detect non-target species but as they share no known 

overlapping distribution with the target species, the assay may be used as a Regional 

Specific one. Although no errors are associated with an assay at this level, a Type I 
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error may be possible as an assay may also be susceptible to the effects of habitat and 

species distribution changes discussed previously (Sung et al., 2018; Vences et al., 

2017; Wilcox et al., 2018).  

A level 4 (Fig 3) assay is a specific assay that has been robustly and 

comprehensively validated. Assays that fall into this level demonstrate that all known 

target sequences have been closely considered and incorporated in the design of the 

assay and all haplotypes can potentially to be detected by the assay (Bustin and 

Huggett, 2017). Interspecific variation and base pair mismatches from non-target 

sequences have been utilized to prevent detection of non-target species (Langlois et al., 

2021). Additionally, extensive, and exhaustive validation against non-target species has 

been carried out to show no potential for cross amplification (Thalnger et al., 2021) and 

to avoid Type I & II errors. However, caution is needed as these assays have been 

validated on all currently known target and non-target species sequences. With 

increased sampling and sequencing efforts this may change in the future (Phillips et al., 

2019; Porter and Hajibabaei, 2018), therefore raising an important consideration if 

published assays need periodical re-evaluation to confirm their validity for current 

needs. 

 

 

2.3 Discussion 
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For science to be robust and reproducible, a systematic evaluation and validation is 

required. Previous work (Thalinger et al., 2021) has shown the utility and need for a 

systematic way to evaluate and interpret assay performance and results. However, the 

importance of the in silico stage is often overlooked. Minimal in silico requirements are 

often required to provide validation for an assay, and even those requirements rely on 

self-reporting from published papers with few providing the necessary information to 

scrutinize and reproduce the results.  

This study has provided a framework in which to allow for a robust and reproducible 

in silico evaluation of an assay’s reliability. By taking a step-by-step process of assay 

design against target and non-target species, many of the potential pitfalls during the in 

vitro and in situ optimization and validation stages can be mitigated. With prior 

knowledge of an assays potential PCR performance in silico, optimization steps during 

the in vitro stage can be more focused, cost efficient, and less time consuming 

(Henriques et al., 2012). Potential problematic species that may be overlooked with 

current methodology can now be identified and tested against for cross-amplification 

(Ficetola et al., 2010). This allows for further in situ validation to ensure assay 

performance and reliability across the target species entire range. A standardized way 

to validate assay performance in silico shows potential to provide confidence in the 

applicability of published assays, and their reliability to perform out-with the study area 

in which it was designed and validated in (Cannon et al., 2016; Kronenberger et al., 

2022; MacDonald and Sarre, 2017; Thalinger et al., 2021). 
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Although it should be expected that a published assay at a minimum should 

amplify and anneal to some target species sequences when examined, unfortunately 

mistakes such as data transcription errors do happen (Arahal et al., 2004). Additionally, 

as sequence availability and quality vary amongst species, assays may fall foul to 

databases with low numbers of publicly available sequences or mislabeled sequences 

in online genetic databases (Mioduchowska et al., 2018; Phillips et al., 2016). If the 

limitations and scope of an assay’s reliability is sufficiently established, then a user can 

make their own determinations as to the applicability of the assay for their study and the 

further validation or optimization required as long as these limitations are reported 

(Langlois et al., 2021). There are five important recommendations for in silico design 

and validation through the development of this conceptual framework. 

1) Publish alignments used for assay design and validation. The reliability and 

reproducibility of a study can only be established if the underlying data can be 

scrutinized and repeated (Bustin & Nolan., 2017). BLAST searches are 

commonly used for in silico assay validation, but the results are inconsistent 

and unreliable (So et al., 2020). For an assay to be successfully used outside 

the scope of an original study, the data used in the original study need to be 

known so that an informed decision can be made regarding the suitability of the 

assay to perform in different applications (Thalinger et al., 2021). To ensure 

this, target and non-target sequences used should be published alongside 

papers with sequence IDs for user to properly scrutinize the applicability of an 

assay 
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2) Include all available target and relevant non-target sequences. The number of 

sequences and species representation can vary between databases, as well as 

sequence quality and reliability (Nilsson et al., 2006). Incorporating multiple 

databases (where possible) can increase target sequence coverage as well as 

avoid taxonomic blind spots that may be present in a single database (Porter & 

Hajibabaei., 2020). All known target haplotype sequences should be 

incorporated into the design of an assay to account for intraspecific variation 

and prevent Type II errors. This would also increase non-target species 

coverage to reduce the likelihood of Type I errors. 

3) Incorporate as many non-target species as feasible. Reliance on a single 

study’s definition of co-occurring and closely related species is insufficient to 

label an assay as species specific (Langlois et al., 2021). Problematic species 

occurring within the area of study design and validation may not be 

representative of problematic species occurring across the whole distribution of 

the target species (Thalinger et al., 2021). Furthermore, boundaries of target 

and non-target species distributions is not exact so caution should be 

exercised to include as many potentially co-occurring and related species as 

possible. The process to include increased numbers of species and sequences 

in de novo alignments have benefited from improved informatic pipelines and 

increased access to genetic information (Kemena & Notredame., 2009). 

4) Incorporate mismatch type and position in lieu of numbers of mismatches. 

Studies have been published showing the effects that the type and position of 
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mismatches have on qPCR reactions (Stadhouders et al., 2010; Wright et al., 

2014). Reliance on the number of mismatches alone to predict assay specificity 

is unreliable. Studies have shown a wide variance in number of mismatch 

effect, with general consensus of no more than 3 mismatches in either primer 

or probe, to a single 3’ terminal mismatch completely preventing replication, all 

the way to detection with up to 10 mismatches in an assay (Kronenberger et 

al., 2022). Mismatches up to five basepairs from the 3’ of a primer sequence 

have been shown to cause a more pronounced reduction of amplification (Kim 

et al., 2019). Furthermore, the type of mismatch can have varying effects on 

amplification target and non-target sequences (So et al., 2020). Understanding 

and incorporating mismatch type and position can reduce optimization costs 

and time during in vitro validation steps. 

5) Re-evaluate and validate assays periodically. Assay design relies on the 

availability and accuracy of target and non-target sequences (Mathieu et al., 

2020). There is an ever-increasing number of genetic sequences incorporated 

into the online genetic databases every year (Porter & Hajibabaei, 2018). This 

has the potential to alter the known intra- and inter-specific variation between 

the date in which the assay was designed to when an end user may apply it. 

An assay may have been developed to be species specific to the best available 

knowledge when originally designed, but the increase in sequencing effort may 

show target haplotype coverage is not complete or interspecific variation to 
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non-targets is too little. A regular re-validation of published assays may be 

necessary to ensure the level of specificity and sensitivity of the assay. 

Further standardization is required in assay design to improve confidence in results 

obtained from use of published assays (Bustin and Wittwer, 2017; Loeza-Quintana et 

al., 2020; Mauvisseau et al., 2019; Nicholson et al., 2020). The utility of eDNA sampling 

for targeted detection studies is only possible with reliable assays for detection of 

species of interest (Langlois et al., 2021). This proposed framework gives a much-

needed process to evaluate and validate an assay performance during the in silico 

stage and presents an important addition towards an all-encompassing validation 

framework for assays designed for targeted detection. This has provided a standardized 

method for qPCR assay evaluations that will prevent or reduce the likelihood of 

published assays that could potentially cause false positive and negative results, help 

end-users evaluate the efficacy of published assays for use in their studies, and provide 

a robust and reproducible process to report targeted assay efficacy.  

 

3 Chapter 3: Published Assay Performance 

 

3.1 Introduction 

 

Biodiversity monitoring through targeted detection of eDNA is becoming an 

increasing popular technique (Ruppert et al., 2019). Through this, species such as 
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invasives and species at risk (SAR) can be monitored, alongside the health of habitats 

via bioindicator species (Abbott et al., 2021; Blattner et al., 2021; Sepulveda et al., 

2020). Underpinning the success of targeted detection is assay design, and previous 

studies have provided guidelines around how to design an assay in silico, in vitro steps, 

and field validation (Bustin & Wittwer, 2017; Bustin & Huggett, 2017; Klymus et al., 

2020; Langlois et al., 2021). However, the in silico evaluation of assays for targeted 

detection is overlooked, oversimplified, and varies among studies (Bustin & Huggett, 

2017; Klymus et al., 2020; Langlois et al., 2021). To ensure robust assay design and 

validation in silico a user must consider appropriate genetic marker choice, sequence 

selection, non-target species to include for specificity testing, and informatic tools used 

to evaluate primers and probes ((Bustin and Huggett, 2017; Klymus et al., 2020; 

Langlois et al., 2021; Thalinger et al., 2021). 

Cytochrome c oxidase I (COX1) is the most common genetic marker used in fish 

eDNA primer design (Thalinger et al., 2021). The barcoding region of this gene (Hebert 

et al., 2003) was proposed as an area of the mtDNA that could provide unique species 

identification due to low observed intraspecific variation and high interspecific variation. 

As a result of this, COX1 is the most represented mtDNA marker in the online 

databases BOLD and GenBank (Porter & Hajibabaei, 2020). This makes it a useful 

choice for designing primers and probes to provide the most comprehensive coverage 

for specificity and sensitivity. Although GenBank holds more sequences than BOLD, 

using a combination of genetic databases for sequence collection can increase 

taxonomic coverage (Porter & Hajibabaei, 2020). However, care must be taken to take 
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steps to validate available sequences in public databases. Mislabeling of sequences 

can be a cause of concern and the quality of sequences submitted can be variable 

(Mioduchowska et al., 2018; Pentinsaari et al., 2020). Furthermore, sequence selection 

is an important step during the design stage to ensure all known target haplotype 

variations are incorporated into the assay design, and problematic non-target species 

for specificity testing are incorporated (Langlois et al., 2021; Wilcox et al., 2015). This 

allows for testing assays in silico to ensure sensitivity of amplifying all known target 

species sequences to ensure as complete haplotype coverage as possible. 

Subsequently sequence selection also allows for including non-target species 

sequences to utilize and integrate interspecific variation between target and non-target 

species to maximize assay specificity. 

The selection of non-target species for specificity testing is of critical importance to 

designing a robust qPCR assay (Thalinger et al., 2021). If too few non-target species 

are used for specificity testing, then the reliability of an assay to only provide detection 

of the target sequence is questionable. Often non-target specificity testing is restricted 

to closely related species and those known to occur within the study area (Langlois et 

al., 2021). Other recommendations expand the scope of species included to those 

distantly related, hybrids, and those that co-occur across the target species distribution 

(Goldberg et al., 2016). This is of critical importance for validating assays as species 

can have large distributions and a species-specific assay should be reliable across the 

entire range of the target (Cannon et al., 2016; Kronenberger et al., 2022; MacDonald 

and Sarre, 2017; Thalinger et al., 2021). Additionally, levels of interspecific species 
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variation can vary within taxonomic families and genera, causing uncertainty on what 

could be considered closely or distantly related (Brown et al., 2015; Conti et al., 2021; 

Wilcox et al., 2015). Furthermore, with climate change and its exacerbation on the 

proliferation of invasive species worldwide, relying on incomplete knowledge of known 

species distributions could potentially overlooking areas of concern for assay specificity 

(Sung et al., 2018; Vences et al., 2017; Wilcox et al., 2018). 

Assay optimization, generating the highest PCR efficiency for an assay, is an 

important step in primer and probe design (Bustin et al., 2009). Typically, this step is 

performed during the in vitro stage and involves establishing a standard curve, limit of 

detection (LOD) and limit of quantification (LOQ) (Bustin et al., 2009; Nutz et al., 2011). 

Standard curves are calibrated using serial dilutions of samples of known starting DNA 

concentrations. Detection of the fluorescence from each sample allows for calculation of 

the likely concentration of DNA at a cycle given the level of fluorescence recorded 

(Klymus et al., 2020a). This allows for establishing the LOD and the LOQ. The LOD is 

the minimum level of DNA concentration in a sample that would allow for a detection of 

95% of replicates in the qPCR reaction (Bustin et al., 2009). The LOQ is the lowest 

concentration of DNA in a sample that can be quantified from detection in a qPCR 

reaction (Bustin et al., 2009). These metrics allow for the establishment of a Cq value, 

which is the point that the fluorescence from the sample tested exceeds what is 

considered background fluorescence and can be confidently interpreted as detection of 

the target DNA sequence in the sample tested (Kralik and Ricchi, 2017). 
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Due to the exponential nature of a (q)PCR reaction, a single mismatch that effects 

amplification efficiency can have the potential to greatly affect the final number of copies 

created, or the cycle of detection of a target sequence. A terminal mismatch, the last 

base pair at the 3’ of a primer or probe sequence, has been shown to have the largest 

effect on a (q)PCR reaction. This is due to its proximity to the polymerase site (Daher et 

al., 2015). After the primers have hybridized to the DNA strand, the polymerases of the 

reaction begin to bind individual base pairs to the DNA strand and build a copy of the 

rest of the target sequence. A mismatch adjacent to this area disrupts the function of the 

polymerase and can reduce amplification efficiency or prevent a copy of the target 

sequence from being constructed. However, this does not mean that all other 

mismatches have equal effect, and many studies and design methods fail to take this 

into account. The types of mismatches can have differing effects. A purine to purine (G-

A, A-A) mismatch can have the largest effect, with a pyrimidine to pyrimidine (i.e., C-C) 

mismatch having the weakest effect (Sharma et al., 2013). The annealing temperature 

of a qPCR reaction can have a significant effect on the sensitivity and specificity of an 

assay and the effects of mismatches. If the annealing temperature, the temperature 

present when primers bind to template DNA, is too low it could allow for primers and 

probes to anneal to DNA sequences other than the target, reducing the specificity of the 

assay. If the annealing temperature is too high, it could reduce the efficiency of the 

primers and probes from annealing to the target DNA sequences in the sample, 

reducing the sensitivity of the assay. 



 

 

41 

 

Although there are numerous tools available for in silico evaluation of primers and 

probes, they are often overlooked and underutilized (Thanlinger et al., 2021). To 

examine an assay for specificity during in silico, it is often recommended to use a 

Primer-BLAST search (Bustin et al., 2009; Klymus et al., 2020) and incorporate multiple 

base pair mismatches (Goldberg et al., 2016). However, this method is inadequate, as 

this relies on the number of mismatches between the assay and non-target species to 

determine specificity (Wright et al., 2014; So et al 2020). Another drawback to a Primer-

BLAST search is the reliance on a single database, GenBank (So et al., 2020). 

Although this database is extensive in taxonomic coverage and number of available 

sequences, there are concerns about the validity of sequence names (Mioduchowska et 

al., 2018). Furthermore, taxonomic coverage can be increased when utilizing sequence 

data from multiple databases (Macher et al., 2017; Porter and Hajibabaei, 2020). 

PrimerTree (Cannon et al., 2016) is another in silico primer evaluation tool used in 

studies to validate primer ability. This tool also suffers from the same constraint as a 

BLAST search, as it utilizes the GenBank Database to evaluate primer specificity. Also, 

PrimerTree falls foul to the same problem of determining mismatch effect on primer 

amplification as it utilizes the primer search function in Primer-BLAST (So et al., 2020; 

Stadhouders et al., 2010; Wright et al., 2014).  ecoPCR is an alternative in silico tool 

used to evaluate primer performance (Ficetola et al., 2010; Bellemain, 2016). This 

benefits from not using a current online genetic database to examine user designed 

assays but querying these primers against a user provided alignment. However, once 

again, this relies on the number of mismatches from assay to template DNA for 
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determining likely amplification potential of a primer pair. Additionally, all these tools 

assessed do not allow for a separate examination of the probe in a qPCR assay.  

The R package DECIPHER (Wright, 2016) is another in silico bioinformatics tool 

that evaluates assay primer and probe amplification efficiency, using the functions 

AmplifyDNA and CalculateEfficiencyPCR to evaluate primer pairs and probes 

respectively. PCR efficiency is calculated using a mathematical modeling of the product 

of hybridization efficiency and elongation efficiency (Wright et al., 2014). Firstly, Gibbs 

free energies are calculated using the free energies of primer and template hybridization 

as well as those of primer-dimers, and free energies of the primer and target folding at 

the target sequence site. This value is then used along with the ideal gas law constant 

to calculate the equilibrium constant for every reaction. Next, the equilibrium constant of 

primer-template duplex formation, side-reactions, and molar concentration of primers 

are used to calculate the effective equilibrium constant. Lastly, the hybridization 

efficiency is calculated from the primer and template concentration in the PCR reaction 

with the effective equilibrium constant. Elongation efficiency was measured by Wright et 

al (2014) through the qPCR experiments at 50°C with perfectly matched primers and 

those with one mismatch to the template with a >99.9% hybridization efficiency and the 

threshold cycle delay of a single mismatch in the primer compared to a perfect match. 

The relationship between the amplification efficiency (AmplifyDNA) of a primer pair and 

the annealing efficiency (CalculateEfficiencyPCR) of the probe to the effect on a PCR 

reaction are outlined in Table 2. 
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Using this information, this study will analyze published assays to determine the 

potential amplification efficiency of the primer pair, and (where applicable) the annealing 

potential of the probe to all target and non-target sequences with the alignment. The 

assays will be assessed for their potential sensitivity and specificity and evaluated 

against the conceptual framework developed by this study (Chapter 2) to predict the 

likely outcome of the assays used in situ. Furthermore, combinations of annealing 

temperature and primer and probe concentrations will be examined to determine if 

optimization for specificity and sensitivity can be evaluated in silico. 

 

3.2 Methods 

 

3.2.1 Alignment Building 

A Canadian freshwater fish species reference list that includes all fish species 

that may occur in Canadian freshwaters was compiled using multiple resources (Supp 

Info 2). Data were initially sourced from publicly accessible global fish sample 

occurrence data from the Royal Ontario Museum. Each species was cross-referenced 

on the FishBase database (www.fishbase.org) to identify and consolidate any synonyms 

and to verify that there existed at least one recorded occurrence in Canadian 

freshwaters. When multiple synonyms existed, the most recently accepted species 

name was selected. Additionally, known federal and provincial invasive freshwater fish 

species were acquired from the Aquatic Invasive Species Regulations (SOR/2015-121*) 
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of the Fisheries Act (R.S.C., 1985, c. F-14), and additional fish species found on 

FishBase that occur in Canadian freshwaters. 

For building the alignment, publicly available mtDNA sequence for the COX1 

DNA barcoding region were collected from GenBank and BOLD online databases for 

identified species on February 12th, 2022. The R package MACER (Young et al 2021) 

was used to download, clean, and align all sequences. This R package scrapes both 

databases for mtDNA sequences, including all species in the genus-level taxa of the 

native Canadian freshwater fish species. Target marker (COX1) records were placed 

into a Fasta file for each Genus. A verified Canadian freshwater fish species sequence 

covering the 597 nucleotides of the barcoding region of COX1 was used to align all 

sequences against using MAFFT (Katoh et al., 2002) as implemented through the 

aling_to_ref() function of the MACER 1.0 package. A resulting 597 nucleotide multiple 

sequence alignment was obtained which contained only records with full length 

sequence data. This multiple sequence alignment was then cleaned using the MACER 

barcode_clean() function. The script removes outliers and sequences with stop codons 

and non-IUPAC codes from the alignment using the following settings;  

align_to_ref 

pigl=0.95, op=10 

Barcode_clean 
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AA_code="vert", AGCT_only = TRUE, data_folder = NULL, dist_model = "raw", 

replicates = 0, replacement = FALSE,conf_level = 1, 

The alignment was successfully built, including 22,522 curated COX1 sequences 

from the BOLD and GenBank databases (Supp Info 3). This alignment includes 1,125 

species with an average of 20.02 sequences per species and includes 40 families. Of 

the 282 species that were deemed to be found presently or historically in Canadian 

freshwater systems, 255 (90.43%) were found to meet the criteria for inclusion in the 

alignment with 27 (9.57%) target species not included due to either no sequences 

available or no sequences meeting the required length. The number of sequences per 

species ranged from a low of 1 (115 species) to a high of 477 sequences (Cyprinus 

carpio). Within the alignment, there were ≤10 sequences available for 723 species and 

≥100 sequences for 47 species. 

3.2.2 Assays Evaluated 

Assay publications were obtained and reviewed from the Google Scholar and 

Web of Science search engines. Between December 2020 and August 2021, papers 

containing assays were found from Google Scholar using the keywords “qPCR”, 

“eDNA”, “fish*”, “COX1”, “freshwater”, “assay”, and “detection”. In the same period, 

papers from Web of Science were found using the keywords “fish”, “freshwater”, AND 

“qPCR”. Papers were included based on the elements of 1) describing COX1 PCR 

assays with primer and probe (where applicable) sequences, and 2) the assays were 

described as species-specific or genus-specific for a freshwater fish species found in 

Canada. 
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A total of 23 papers were deemed to fit the criteria of the study, providing 122 

testable assays (Supp Info 4). A further 8 assays were found during the literature search 

but were not included in the analysis due to the primer or probe sequence containing an 

IUPAC code or designed to detect multiple species. Of the 122 assays, 28 were not 

further analyzed because they did not align to the built alignment. This could have been 

due to various reason, such as being designed over a region in the COX1 gene that 

was not included in the alignment, an error in either the published 5-3’ direction of a 

primer or probe, the forward primer sequence reported as the reverse primer (and vice 

versa), or a primer/probe sequence not aligning within the area of the genome indicated 

in the publication. This resulted in 94 assays covering 50 species from 18 families 

analyzed through the DECIPHER package and the study designed decision tree. 

3.2.3 DECIPHER Analysis 

To evaluate the specificity and sensitivity of each assay, the functions 

“AmplifyDNA” and “CalculateEfficiencyPCR” from the DECIPHER package were used to 

analyze the primer pair and probe respectively (Wright., 2016). Default parameters for 

each function were used along with the annealing temperature and primer/probe 

concentrations reported in each assays study. Each assay is individually aligned against 

the alignment, and this is trimmed to the area of the sequences in which it is aligned. 

The function “AmplifyDNA” provides a percentage value of the annealing ability of the 

provided primers to anneal to a target sequence. The function “CalculateEfficiencyPCR” 

provides the same output but gives a value out of 1 for the efficiency of the probe to 

anneal to the sequence. The code developed for these analyses automates the process 
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of calling both functions with the chosen assays against every trimmed sequence in the 

alignment. The data were then collated to provide information on the number of unique 

haplotypes for each species within the alignment, the performance of each primer/probe 

on the target species, separately and for those both amplified and annealed. The names 

of each species either annealing to the primers, annealed by the probe, or both, was 

also reported. 

Using the previous functions AmplifyDNA() and CalculateEfficiencyPCR() to 

evaluate the performance of the published assays, the potential utility of the package for 

optimization of assays was tested. Using a range of primer/probe concentrations at 

various annealing temps, the published assays were tested for the efficacy to provide 

theoretically optimized cycling conditions with greater PCR efficiency and specificity 

compared to the published parameters. With the upper and lower limits for primer/probe 

concentrations and annealing temperature set by the highest and lowest ranges from 

the published assays PCR cycling information, a series of stepwise increments (primer 

and probe concentration - 1e-7M to 1e-5M, 1e-6M increments; annealing temperature - 

55°C to 70°C, 0.5°C increments) were tested on all published assays to determine the 

potential for a standardized in silico design and optimization step for the publication of 

assays. 

3.2.4 Conceptual framework 

To provide a robust and reproducible way to analyze the results from the 

DECIPHER package, a decision tree within a conceptual framework was developed. 

Using a series of questions relating to the outcome provided in the results, a set of 
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Yes/No questions allow for each assay to be evaluated and a likely performance 

outcome to be concluded. Based on an assay’s performance, the ability for assays to 

detect all or some target species sequences, the potential for non-target species 

amplification, if those non-target species are known to co-occur with the target species, 

and if the inclusion of a probe (where applicable) and its ability to discern target species 

are adequate to provide specificity. This systematic process allows reproducibility in the 

evaluation of assays tested to be either species specific, regionally specific assays, or 

those that may give rise to potential Type I and II errors. Outcomes that result in a re-

design of either the primer or probe indicate assays that may not amplify or anneal to a 

target species sequences. A Type I and/or Type II error outcome suggests assays have 

the potential to either detect non-target species or fail to detect target species 

haplotypes respectively. An outcome of potential regional (q)PCR assay results from 

assays that has the potential to amplify non-target species, but none of those species 

share a known distribution overlap. A specific (q)PCR assay is a result that indicated the 

assays tested are uniquely specific and does not show any potential to detect a non-

target species. This process was developed to provide a systematic way to analyze the 

data output that does not rely on interpretation of the results. 
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3.3 Results 

 

3.3.1 Assays 

Metadata reporting among the tested assays varied greatly (Table 3). Of the 94 

assays included in the analysis, only 41 (43.6%) reported the BOLD or GenBank 

accession numbers or full sequences (for those studies that created de-novo target 

sequence from tissue samples specifically for the study) of the target sequences used 

during the in silico stage of the assays design. Only 14 assays (14.9%) reported the 

sequence accession numbers for the non-target species used during in silico specificity 

testing and only 13 assays (13.8%) reported both. Five assays (5.3%) did not report or 

specify the length of the target amplicon in the publication, or did not define the length 

(i.e., <150 bp). For in silico specificity testing, 65 assays (69.1%) relied on a BLAST 

search, with 13 assays (13.8%) conducting a study specific in silico test, and 16 assays 

(17.0%) did not report any testing. Seventy assays (74.5%) reported the scientific or 

common name of the non-target species used for in vitro specificity checks, with 24 

assays (25.5%) failing to report the non-target species used or not reporting any in vitro 

specificity testing at all. 37 assays (39.4%) did not report which computer program was 

used to design the assay for the study. For those that did there was a total of 7 different 

programs used across these papers. Overall, 81 assays tested were designed for eDNA 

studies (86.2%) and 10 assay were designed specifically for tissue (10.6%). Three 

assays (3.2%) did not specify the specific purpose the assay was designed for. 
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3.3.2 Specificity and Sensitivity 

 

3.3.2.1 FRET-Probe Assays 

Target sensitivity DECIPHER analyses 

Results were collected for 37 FRET-probe assays (Table 4). The average target 

sequence amplification coverage was 99.3%. Only 2 of the 37 assays (5.4%) did not 

amplify all available target species sequences from the alignment (Fa_Lep_pl_2018 

(Farley et al., 2018), 75%, 3/4 sequences; BrWi2_Cyp_er_2013 (Bronnenhuber and 

Wilson, 2013), 98.8%, 79/80 sequences).  

Four of the 37 assays (10.8%) had a mean primer amplification efficiency of 

>99% (fig 5), with 33 of the 37 assays (89.2%) having a mean primer efficiency >10%. 

Four of the 37 assays (10.8%) had a mean amplification efficiency between 1% and 

10%. The results of the minimum amplification efficiency for all 37 assays remained 

within the same ranges as their mean amplification efficiency. The lowest minimum 

target amplification efficiency was BrWi2_Cyp_mo_2013 (Bronnenhuber and Wilson, 

2013) with 1.30% over 138 sequencies (100% amplified). The assay Gi_Let_ap_2016 

(Gingera et al., 2016) showed the highest efficiency, with 99.9% efficiency over 22 

sequencies (100% amplified).  

 

Non-target specificity DECIPHER analyses 

The results show that 33 of the 37 assays (89.2%) show potential for non-target 

species amplification by the primer pairs (fig 6). Nineteen of the 37 assays (51.4%) 
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showed non-target amplification potential for between 1 and 10 species. Twelve of the 

37 assays (32.4%) showed amplification potential for between 10 and 100 non-target 

species, with 2 of the 37 assays (5.4%) showing potential amplification of >100 non-

target species. Of the 33 assays with non-target amplification, 27 (81.8%) had the 

potential to amplify a non-target congener, and 29 of the 33 assays (87.9%) showed the 

potential to amplify non-target species with geographical ranges that overlapped the 

target species. Twenty five of the 33 assays (75.8%) showed the potential for both 

genus and co-occurring non-target species amplification. 

Sixteen of the 37 assays (43.2%) tested showed mean and minimum non-target 

amplification efficiency between 1% and 10% (fig 7) with the number of non-target 

species ranging from 1-106 species (fig 6). Fifteen of the 37 assays (40.5 %) showed a 

mean amplification efficiency >10% and a minimum between 1 and 10%, with the 

number of non-targets amplified ranging from 2-120 species. 2 of the 37 assays (5.4%) 

showed mean and minimum amplification efficiencies >10%. The assay 

By_b_Car_au_2018 (Bylemans et al., 2018) showed minimum amplification of 44.3% 

for 1 non-target species that did not co-occur but was within the same genus as the 

target species. The assay Gi_Let_ap_2016 showed a minimum amplification efficiency 

of 99.9% over three non-target species, also not co-occurring but amplifying a species 

within the same genus as the target. 

 

3.3.2.2 Hydrolysis-Probe Assays 

Target sensitivity DECIPHER analyses 



 

 

52 

 

Results were collected for 57 hydrolysis-probe assays (Table 5). Of these 

assays, results showed that the average coverage of an assay’s primer pair 

amplification to specified target species sequences in the alignment was 95.6%, with 52 

of the 57 assays (91.2%) showing amplification of more target sequences and 5 of the 

57 assays (8.8%) amplification of less target sequences. The assay Hu_Osm_mo_2018 

(Hulley et al., 2019) had the lowest coverage of target sequences amplified by the 

designed primers (23.39%, 29/124 sequences). Forty-nine of the 57 assays (86.0%) 

showed amplification of the primer pair to all available target sequences in the 

alignment. The average coverage of assay probes annealing to target sequences was 

95.1%. Eighteen of the 57 assays (31.6%) showed a lower number of probe annealing 

potential of target sequences than the average, with 39 of the 57 assays (68.4%) 

showing higher number of probe annealing. The assay Hu_Osm_mo_2018 once again 

showed the lowest sequence coverage with the assays probe annealing to only 23.4% 

of available target assays. Forty two of the 57 assays (73.7%) showed full coverage of 

probe annealing to target sequences. Eight of the 57 assays (14.0%) had fewer target 

sequences annealed by the probe than amplified by the primers. 

For target sequences amplified by assay primers and annealed by assay probe, 

six of the 57 assays (10.5%) showed a minimum amplification efficiency of 100% (Fig 

8). All assays (100%) had a minimum amplification efficiency >10%, with the assay 

Ca_Thy_ar_2016 (Carim et al., 2016) having the lowest average amplification efficiency 

(43.7%) across 28 available sequences. Fifteen of the 57 assays (26.3%) had a 

minimum annealing potential of >0.99  (fig 9) and 47 of the 57 assays (82.5%) had a 
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minimum annealing potential >0.10. Eight of the 57 assays (14.0%) showed a minimum 

annealing potential between 0.01 and 0.10. The assay He_Onc_ne_2010 (Rasmussen 

Hellberg et al., 2010) showed a minimum probe annealing potential <0.01 and a mean 

and maximum annealing potential between 0.01 and 0.10. The assays 

He_Sal_sa_2010 (Rasmussen Hellberg et al., 2010) and Wo_Sal_tr_2020 (Wood et al., 

2020) had a minimum annealing potential <0.01 with a mean and maximum annealing 

potential >0.10. 

 

Non-target specificity DECIPHER analyses 

Of the 57 assays, 56 (98.25%) showed potential for non-target species 

amplification by the primer pairs, with one assay (1.75%, He_Clu_ha_2020 (Hernandez 

et al., 2020) showing no non-target amplification (Table 7). The average number of 

potential non-target species amplified by assays primers was 28 species, with 33 of the 

57 assays (57.9%) showing potential of amplifying between 10 and 100 non-target 

species and 5 of the 57 assays (8.8%) potentially amplifying >100 non-target species. 

The average number of non-target species amplified by the assay primers and 

annealed by the assay probe was 14 species. Forty seven of the 57 assays (82.5%) still 

showed potential for non-target species detection, with 21 assays (36.8%) showing the 

potential to amplify between 1 and 10 non-target species and 26 assays (45.6%) 

potentially amplifying >10 non-target species.  
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Four of the 57 assays (7.0%) showed a mean non-target sequence amplification 

efficiency between 1 and 10 (fig 10) with a mean annealing potential between 0.01 and 

0.10 (fig 11). All four of these assays detected non-target species that geographically 

overlap with the target species. Seven of the 57 assays (12.3%) showed a mean non-

target amplification efficiency of >10 and a mean annealing potential of between 0.01 

and 0.10, with 6 of these 7 assay’s target species overlapping geographically with a 

detected non-target species. Eight of the 57 assays (14.0%) had a mean amplification 

efficiency between 1 and 10 with a mean annealing potential of >0.10. Six of these eight 

assays detected non-target species that overlap geographical with the target species. 

Twenty of the 57 assays (35.1%) showed a mean amplification efficiency of >10 and a 

mean annealing potential >0.1. Of these 20 assays, 18 detected non-target species that 

overlap geographically with the target. 

Ten of the 57 assays (17.5%) show a minimum non-target amplification efficiency 

between 1 and 10, and an annealing potential between 0.01 and 0.10. Of these assays, 

the number of non-target species detected ranges from 2-35 species with 8 of the 10 

assays detecting non-target species with geographic ranges that overlapped with the 

target species. Four of the 57 assays (7.0%) show a minimum amplification efficiency 

>10 and an annealing potential >0.10, with the number of non-target species detected 

ranging from 1-11 species and all 4 assays detecting non-targets with a geographical 

overlap. The assay He_Per_fl_2020 (Hernandez et al., 2020) also had a minimum 

amplification efficiency >10 however the minimum annealing potential is <0.01. 
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In silico v in vitro 

 Results of non-target detection from DECIPHER were cross-referenced with non-

target species tested in vitro from the published assays evaluated. Five assays were 

found to potentially detect non-target species through the DECIPHER in silico analyses 

that were also used for in vitro specificity testing (Table 8). One of the five assays, 

Hu_Sal_fo_2018 (Hulley et al., 2019), showed potential detection of three species used 

for in vitro specificity testing. Six of the seven potential non-target detections (85.7%) 

predicted through the DECIPHER results were also reported as detections through the 

in vitro testing. Four of the 7 (57.1%) non-target detections had mean amplification 

efficiencies and annealing potentials >10% and >0.1 respectively, with all non-target 

sequences detected. Two of the seven (28.6%) non-target detections had mean 

amplification efficiencies between 1% and 10% and annealing potentials of >0.1 with all 

non-target sequences detected (Hu_Sal_fo_2018, non-target species Salvelinus alpinus 

and Salvelinus malma). The assay He_Sal_al_2020 (Hernandez et al., 2020) showed 

no amplification in vitro of the non-target Oncorhynchus mykiss with in silico 

amplification efficiency of 2.6% and annealing potential of <0.01. 

 

 

3.3.3 Optimization 

Results for 12 assays were collected for optimization analysis: 9 hydrolysis-probe 

assays and 3 FRET-probe assays. Overall, 7 of the 12 assays (58.33%) had 
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combinations of annealing temperature, primer, and probe concentrations that provided 

higher potential sensitivity (Table 9) than the published PCR conditions. Additionally, 9 

of the 12 assays (75%) tested showed improvements in potential assay sensitivity (Fig 

12; Fig 13) whilst at minimum maintaining published levels of assay specificity. 

Furthermore, these 9 assays also maintained levels of published specificity or improved 

potential specificity (Fig 14; Fig 15) whilst maintaining sensitivity or keeping target 

sensitivity at >10% amplification efficiency. Two of the 12 assays (16.67%) had the 

highest potential sensitivity under published conditions. One of the 12 assays (8.33%) 

showed lower potential target sensitivity as amplification efficiency and probe annealing 

potential were lower than published conditions. However, under optimized conditions all 

target sequences showed potential for amplification in silico unlike the results using 

published parameters. Additionally, 1 of the 12 assays (8.33%) resulted in a potential 

level of sensitivity equal to the published parameters but showed increased potential 

specificity. Eight of the 12 assays (66.67%) had combinations of primer/probe 

concentrations and annealing temperatures that provided increased potential specificity 

(Table 10), with 3 of the 12 assays (25%) having no non-target amplification with 

published conditions and 1 of the 12 assays (8.33%) with the highest potential level of 

specificity from published conditions. Of those assays found to have PCR conditions 

providing higher potential sensitivity, on average 59 combinations were found per 

assay, with the lowest 2 and the highest 200. For assays with higher potential 

specificity, on average 1231 PCR conditions were found, with 25 and 2418 the lowest 

and highest respectively. For 2 of the 3 FRET-probe assays tested, conditions were 
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found to increase potential target amplification efficiency from between 1-10% (Cq value 

increase 3.3-6.6) to >10% (Cq value increase <3.3). Results showed an average 

decrease of 6 potential non-target species detected in assays that showed potential for 

specificity optimization, with the highest decrease of 24 species potentially detected. 

One assay, Ro_Car_ca_2017 (Roy et al., 2018) showed conditions that would maintain 

published levels of sensitivity whilst reducing potentially detected of target species from 

2 to 0. 

3.3.4 Conceptual framework  

 In total, 94 assays met the criteria for analysis and were evaluated through the 

decision tree (fig 4). Overall 9 of the 94 assays (9.6%) were determined to require a re-

design of the assay due to failure of the primer pair and/or the probe to detect all 

available target sequences within the alignment (Fig 16). Sixty two of the 94 assays 

(66.0%) showed potential for Type I errors due to primer amplification and (where 

applicable) probe annealing to non-target species sequences that co-occurred with the 

target species. Two of the 94 assays (2.1%) showed potential for a Type II error as all 

target sequences were amplified by the assay primers but not all target sequences were 

annealed by the probe. Regional specificity was determined for 11 of the 94 assays 

(11.7%) with non-target detection by the assay primers and (where applicable) probe 

but not co-occurring with the target species. Ten of the 94 assays (10.6%) were 

deemed species specific as the assays showed full coverage of all target sequences 

and no potential to amplify any non-target species. For the 37 FRET-probe assays 

(Table 12), 2 of the 37 assays ( %) required a re-design with 27 of the 37 assays 



 

 

58 

 

showing potential for a Type I error. Four of the 37 assays (5.4%) met the requirements 

for a regionally specific assay, and 4 of the 37 assays (10.8%) could be described as 

species specific. Of the 57 hydrolysis-probe assays (Table 13), 7 assays (12.3%) would 

require a re-design. Thirty seven assays showed potential for errors, with 35 of the 57 

assays (61.4%) showing potential for Type I errors and 2 of the 57 assays (3.5%) 

having potential Type II errors. Seven of the 57 assays (12.3%) showed regional 

specificity and 6 of the 57 assays (10.5 %) showed species specificity. 

 The 94 assays were also evaluated against the conceptual framework assay 

scale (fig 3). Eleven (9 hydrolysis-probe, 2 FRET-probe) of the 94 assays (11.7%) 

reached Level 1, 62 (34 hydrolysis-probe, 28 FRET-probe) assays (66.0%) reached 

Level 2, 11 (7 hydrolysis-probe, 4 FRET-probe) assays (11.7%) reached Level 3, and 

10 (6 hydrolysis-probe, 4 FRET-probe) assays (10.6 %) reached Level 4 (fig 17).  

 

3.4 Discussion 

 

For targeted eDNA detection, the term ‘species specific’ can have a wide range of 

meanings when used to describe an assay (Langlois et al., 2021). Although all 94 

assays tested in this study were peer reviewed published papers, they exhibited varying 

degrees of target specificity. This study found that almost all of the published assays 

tested had the potential to amplify non-target species (Type I error). This can have 

major implications for management agencies that us targeted eDNA detection to inform 
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management response, such the apparent but incorrect detection of an invasive species 

triggering costly management actions (Reaser et al., 2020; Vander et al., 2010). This 

highlights the importance of reporting metadata and the need for a comprehensive 

framework in which to validate assays. With a standardized reporting structure, end-

users can use the information in silico PCR tools can provide to make an informed 

decision on the likely performance of an assay outside of the study area the assay was 

designed and tested in. With full knowledge of the strengths and weakness of the 

performance of a published assay, study design, further validation, and laboratory 

methodology can be optimized to ensure confidence in the results from a study 

(Thalinger et al., 2021). 

The ability of an assay to provide specificity depends on the design and validation 

steps taken (Evans & Lamberti., 2018). This was reflected in the overall results of the 

assays tested, showing an abundance of assays potentially detecting species in the 

same genus and at least one co-occurring species. As this study demonstrated, in silico 

PCR cycling optimization could help provide an increase in specificity. This study shows 

that optimization of the primer/probe concentrations and annealing temperature can 

play an important role in increasing specificity and sensitivity during the in silico stage. 

Given the low concentration of DNA typically found in eDNA samples (Pilliod et al., 

2014) this could be a low enough value to provide specificity. This would also be 

reflected in those assays that showed a low probe annealing potential.  

Of the FRET-probe assays, relatively few showed levels of amplification efficiency 

that could potentially cause target detection issues and would require careful 
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methodological considerations to prevent lack of detection, such as the presence of 

PCR inhibitors. However, as only one of these assays shows potential to amplify a non-

target species, and as this assay has minimal non-target amplification efficiency and 

only amplifies species that do not co-occur with the target, it is likely that sensitivity may 

need to be sacrificed to provide specificity. A reduction in target amplification efficiency 

could potentially allow design of assays for species with low interspecific variation, but 

due to the low concentration of DNA in an environmental sample this could cause 

problems with detection of target species, and lead to Type II errors. Careful 

consideration needs to be taken when balancing target sensitivity and non-target 

specificity in the design and application of a targeted eDNA assay (Veldhoen et al., 

2016).  

For hydrolysis-probe assays, the specificity of the primer pairs can be lowered to 

increase amplification efficiency of target sequences if the hydrolysis probe is specific to 

the target species. Counter-intuitively, however, all assays amplifying and annealing 

<98% of target sequences with primers also contained probes. This further underscores 

the need to report sequences used as well as their retrieval dates, as the amount of 

new DNA sequences grows each year (Porter & Hajibabaei, 2018). Of the assays 

evaluated in this study that showed <98% of target sequence amplification, 60% (3 of 

the 5 assays) were published on or before 2018. This information can be useful to users 

of a published assay to determine if the assay likely has adequate target haplotype 

coverage or if further validation is required. With the recommendations developed within 

the conceptual framework of this study, the impact of this potential problem can be 
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mitigated. The standardized, reproducible, and reusable framework developed will allow 

for the periodical revaluation of assay performance with the introduction of more data. 

This is highlighted by the results for two assays designed for Osmerus mordax (Hulley 

et al., 2019; Hernandez et al., 2020). These two assays are from studies published in 

2017 and 2018 and only amplify 23.49% (29/124 sequences) of the target sequences 

available in the alignment, however neither study reported the target sequences used 

for in silico design. GenBank currently (as of 15/09/22) has 127 COX1 records for 

Osmerus mordax with 106 records uploaded in or before 2016, and 21 records from 

2017 onwards. Without knowing which sequences were used during the in silico design 

stage it is difficult to evaluate the source of error, such as including mislabeled or 

misidentified sequences, or not incorporating all known haplotype diversity. 

The sensitivity and specificity results of assays raise concern about the potential 

unreported problems from some of the evaluated published assays. However, results 

for assay optimization show potential for mitigation of some of these concerns. In silico 

assay PCR performance was not reported in any of the published assays evaluated in 

this study. This study demonstrated the ability to test up to 6,975 different combinations 

of annealing temperature and primer and probe concentrations. This study has 

demonstrated there is room for improvement in both the design of assays and 

optimization of their performance. Although many factors can influence a PCR reaction 

(Bustin et al., 2009), such as reagent type or PCR cycling machine, these results 

demonstrate that the in silico stage of assay testing for performance can be approached 

in a systematic and reproducible way. Researchers can be provided with a starting point 
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of potential annealing temperature and primer/probe concentrations to validate an assay 

for optimal performance. 

Published assays should demonstrate that all reasonable steps have been taken 

to validate and optimize assay sensitivity and specificity, especially if using the term 

species specific. This study has demonstrated the potential to provide an important 

process to allow for increased standardization in reporting metrics to show that a 

published assay has been rigorously validated during the in silico process. This would 

provide an important validation that the conditions in which the assay was tested in the 

in vitro stage tested for the highest potential outcomes regarding sensitivity and 

specificity. 

As previously discussed, the term ‘species specific’ to describe an assay can have 

a wide definition. This problem can be compounded when the assay in question is 

evaluated beyond the scope of the study for which it was designed and in which it was 

validated. As this study’s results show, the majority of tested published assays have the 

potential for Type I and/or Type II errors. Although assays that could provide potential 

false negative results are less common than those that could potentially give false 

positives (and those assays also include the potential for false positive results), they are 

almost twice as prevalent in this study than assays that were found to be truly unique. 

Although most assays with or without probes had the potential for Type II and/or Type I 

errors, or required the redesign of a primer or probe, assays with a probe had a higher 

rate of “specific” assays than those without a probe. However, there were four times as 

many uniquely specific assays with no probe compared to those with a probe. As has 
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been previously discussed, this could be a result of assay optimization by lowering 

target sensitivity to provide specificity. As this is not intrinsically needed in an assay with 

a probe, and a well-designed probe should provide the assay with the required 

specificity, lowering target amplification efficiency to increase specificty may be a useful 

tool that is often overlooked as an overreliance is placed on a probe.  

Although assays have been found to potentially amplify non-target species, 

amplification and annealing efficiencies can vary among potential non-target species. 

Detection was recorded for non-target species with amplification efficiency at high 

(>10%) and low (1-10%) levels (Table 12), with the only study not recording a non-

target-detection found in this studies results, showing a very low annealing efficiency 

(<0.01). Interestingly, the assay He_Sal_na_2020 (Hernandez et al., 2020) detected 

non-target primer amplification of all available Salvelinus alpinus sequences, although 

only 2 of the 37 sequences in the alignment annealed to the probe. These results once 

again highlight the importance for standardization and minimum reporting levels such as 

target, and non-target genetic sequences used so adequate evaluation of assay efficacy 

can be done. 

One of the key findings of this study is to categorize the potential outcomes of 

assays based on their in silico performance. Assays can be broadly grouped into four 

outcomes of Redesign, Type I or II errors, Regional Assay, Specific Assay, based on in 

silico analyses (Fig 4). Redesign is an outcome expected only during the in silico design 

stage, however, as the results show this is not the case. Published assays may contain 

a data transcription error of the sequence into written publication (Arahal et al., 2004). 
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Additionally, if an assay is designed on a species with only a few target sequences 

available in a database, misidentified or mislabeled sequences could cause the assay to 

fail to detect target DNA. Furthermore, not taking care to search for and incorporate as 

many sequences as are available may cause genetic variation to be overlooked 

(Mathieu et al., 2020). Type I and/or II errors indicate to a potential that there may be 

performance issues in detection when an assay is used out-with the study area in which 

it was validated. As results have shown, there is wide variation in assay target and/or 

non-target performance, as well as levels of in silico and in vitro validation. This 

Redesign category can highlight to a user that further evaluation of the published assay 

is required and additional validation steps may be needed. 

The Regionally Specific category is one that is becoming increasingly more 

relevant. As sequencing rates are increasing, and as previous studies have shown than 

not all species haplotypes have likely been discovered, it may be that designing a 

species-specific assay is not always feasible. If this is the case, assays that are 

validated to be specific only for certain regions of the target species’ distribution may 

become necessary. This study defined a regionally specific assay as one that showed 

the potential to detect or amplify non-target species that had no known geographical 

distribution overlap. However, this may be difficult due to the effort required to 

adequately sequence and map haplotype diversity and distribution. 

Despite many assays claiming to be species specific, few tested assays reached 

this level. The Species Specific category may only be a label that is given to an assay 

until such a time that adequate sequencing effort shows that it is not. As the results 
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show, designing species-specific assays may be too difficult due to too much 

intraspecific variation (sensitivity) and/or too little interspecific variation (specificity), or a 

lack of available sequence data. Given the breadth and depth of sequence information 

across the species contained in this study alone, it may be irresponsible to allow such 

labels to be attached to published assays. 

 

4 Chapter 4: General Conclusion 

 

The conceptual framework presented here will enhance the value of eDNA data 

by increasing the rigor and development reporting for future eDNA assays. Although 

most of the published assays included in this study amplified or detected all intraspecific 

sequences of target species in silico, not all did. Additionally, very few published assays 

showed no potential to detect non-target species. Even when non-target species 

distribution overlap to target species was considered, over two thirds of the tested 

published assay showed potential for false positives or false negatives. 

This study has shown that methods and techniques used in published papers for 

designing and validating species specific assays fall short of the expected outcome. 

Standardization around minimum levels of validation at both in silico and in vitro stages 

is required (Klymus et al., 2020; Langlois et al., 2021 Sepulveda et al., 2020; Thalinger 

et al., 2021). This requirement takes on even more significance as results from this 

study show that not every assay reported an in silico specificity test, along with 

published assays not reporting (or not reporting the results of) non-target specificity 
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testing. With inadequate reporting of key information, it become difficult to reproduce the 

steps taken in a study or evaluate if there are areas or methods that could be improved 

(Thalinger et al., 2021).  Additionally, the preferred method of in silico evaluation 

appears to be insufficient as highlighted by the widespread use of a BLAST search of 

the GenBank nucleotide database (So et al., 2020). As this database encompasses a 

wide breadth of taxonomic coverage and quantity of genetic sequences, it could be 

anticipated that some potential non-target detections seen in this study would have 

been reflected in the reporting from the publications of the assays. However, as none of 

the publications report the results of their Primer-BLAST search, reproducibility of their 

in silico specificity testing is impossible and it is difficult to evaluate what level or depth 

of in silico validation had taken place. Additionally, although some papers reported the 

sequences used for design and validation, no paper made mention of the variation in 

target or non-target sequences used. This calls into question if current studies are 

ensuring all known haplotypes are represented in the design and validation process 

(Nilsson et al., 2006; Porter & Hajibabaei., 2020). This further supports the need for a 

more robust and reproducible standard of in silico validation procedures. 

The results from this study highlight the need for standardization and minimum 

reporting levels from published assays. Of the published assays evaluated, less than 

half included the sequences used in assay design, and even fewer included sequences 

used for non-target specificity testing. As shown here, this level of reporting is woefully 

inadequate to provide reliable and robust results for specificity testing. Publication of 

alignments and target sequences used in the design of an assay is strongly 
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recommended to enable users to properly evaluate an assay (Bustin et al., 2009). 

Additionally, reliance on the number of mismatches between an assay and template 

DNA as a measure of performance is inadequate (Stadhouders et al., 2010; Wright et 

al., 2014). Position and type of mismatch has been shown to vary at the level of 

amplification (Wu et al., 2009), and this study has highlighted the effects on assay 

evaluation when compared to treating the effects of all mismatches as equal. 

As this study shows, a breakdown of assays into regional specificity might be 

required in the near future. The understanding of detection limitations through potential 

high levels of intraspecific variation and low levels of interspecific variation in some 

species should provide pause when allowing the labelling of assays as species specific. 

Furthermore, climate change altering habitats and allowing species to expand current 

ranges, alongside anthropogenic introduction of invasive species, has the potential to 

create new overlapping geographical distributions among species, potentially rendering 

an assay obsolete (Sung et al., 2018; Vences et al., 2017; Wilcox et al., 2018). As more 

sampling occurs there is potential for previously undiscovered haplotypes to be 

sequenced (Phillips et al., 2019). Published assay should therefore be regularly re-

validated to ensure levels of specificity and sensitivity are consistent. 

Targeted detection in eDNA samples shows great promise for biodiversity studies. 

As shown here, however, the use of eDNA requires further guidelines around 

standardization and validation to provide robust and reproducible results (CSA., 2019; 

Helbing & Hobbs., 2019). There is clearly a need for further focus on the in silico design 

and validation stage and several recommendations can be made (Thalinger et al., 
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2021). The alignments and/or target and non-target genetic sequences used for in silico 

design and validation need to be reported. This a key metric for the reproducibility of a 

study and allows end users to make an informed decision about the potential 

performance of an assay in their own study design.  Furthermore, multiple genetic 

databases should be used to ensure all known intra and inter-specific variation is 

accounted for (Porter & Hajibabaei., 2020) to establish comprehensive sensitivity and 

specificity levels of an assay. Additionally, the evaluation of primer or probe 

amplification of a sequence should not rely solely on the number of base pair 

mismatches, as this has been shown to be an unreliable measure of potential 

amplification (So et al., 2020), and the type and position of a mismatch is a much more 

robust measure (Wright et al., 2014). To mitigate potential Type I errors, all relevant 

non-target species should be included for in silico validation, including, all species 

known to share a geographical distribution of the target species, and closely related 

species. The in silico results can then inform which non-target species will need to be 

validated against in vitro and in situ. Given the changing nature of species distributions, 

increase in sequencing effort and accuracy, along with improvements in qPCR science 

and simulation, there will likely be a need to revalidate assays after a set number of 

years. These combined recommendations would greatly improve the reliability and 

reproducibility of eDNA assays, enhancing their value for multiple applications and 

empowering this technology to help address multiple biodiversity information needs.   
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TABLES 

 

 

Table 1. Elements of eDNA assay design showing the main elements for consideration when designing 
an assay for targeted detection, their effects on assay performance, and potential errors. 

 

 
   

Element 
Assay Design 

Considerations 
Effects on Assay 

Performance 
Potential Errors 

Availability & 
completeness of 

reference sequence 
databases 

Availability of target 
sequence data 

All known available 
target sequences should 

be examined and 
incorporated within the 
MSA to ensure designed 
assays cover all known 

target haplotypes 

Type I - if the number of 
sequences for 

problematic non-target 
species is too low for a 
particular marker then 

target specificity cannot 
be ensured and 

potential false positive 
detections can occur. 

incorporation of a mis-
labelled non-target 

species sequence within 
assay design could 

potentially cause an 
assay to detect an non-

target species.                       

Availability of non-target 
sequence data 

All potential co-
occurring non-target 

species should be 
examined within the 

publicly available 
databases to evaluate 
number of available 
sequences to ensure 

sufficient levels of 
specificity testing can be 

conducted. 

Quality of sequences 
Mis-labelled sequences 
should be identified and 

removed 

Type II - Mis-labelled 
sequences can cause an 
assay to potentially fail 
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Molecular Marker of 
Choice 

Molecular marker 
chosen should provide 
large enough barcode 

gap to allow for species 
identification. 

to cover all haplotype 
variation. Failure to 

detect all known target 
haplotypes could 

prevent an assay from 
detecting the target 

species across its entire 
range.                           

Haplotype Variation 

Intraspecific Variation 

Intraspecific variation is 
required to be low 

enough to allow for an 
assay to be designed to 
cover all available target 

haplotypes 

Type I - Low interspecific 
variation could cause an 

assay to be unable to 
distinguish between 

target and non-target 
species, causing false 
positive detections.                 

Type II - High 
intraspecific variation 

can cause false 
negatives through 
failure to detect all 
target haplotypes.  

Interspecific Variation 

Interspecific variation 
needs to be high enough 

to allow for 
discrimination between 

species 

Species Distribution 

Co-occurring non-target 
species 

Minimum specificity 
testing requires all 

known co-occurring 
non-target species to be 
incorporated into a MSA 

to ensure an assay is 
species specific 

Type II - If all known co-
occurring species are 

not included in 
specificity testing, then 
results of an assay are 

unreliable. Invasive 
species introductions 

and spread are difficult 
to track and report and 

could potentially 
unknowingly already co-

occur with target 
species, causing false 
positive detections 

Invasive Species 

Invasives species can 
potentially introduce 

specificity problems as 
they spread into new 

environments inhabited 
by target species 

Assay Template 
mismatch position and 

type 
  

Mismatch position in 
primer/probe 

Position of basepair 
mismatches have 

varying effects on a PCR 
reaction 

Type I & II - Reliance on 
number of mismatches 

in a primer or probe can 
over- or underestimate 
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Mismatch basepair type 

Type of basepair 
mismatch also have 

varying effects on a PCR 
reaction 

outcomes of a PCR 
reaction, erroneously 
excluding potentially 
problematic species 

from further specificity 
testing 
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Table 2. Package DECIPHER (Wright., 2014) and functions used in analyses of published assays against 
the multiple sequence alignment and their effects on qPCR outcomes 

 

DECIPHER function Target Output Range Cq Value increase 

AmplifyDNA() Primer <0.1 >6.6 

1-10 3.3-6.6 

>10 <3.3 

Calculate 
EfficiencyPCR() 

Primer <0.01 >6.6 

0.01-0.1 3.3-6.6 

>0.1 <3.3 

 

  



 

 

95 

 

Table 3. Number of assays (N) and percentage of total assays (%) reporting key metadata of all assays 
found to meet the requirements for inclusion within the study (Total = 94). 

 

Published Assays Metadata No. of Assays (N) Percentage of Total Assays(%) 

In silico target species sequences reported 41 43.6 

In silico non-target species sequences reported 14 14.9 

Target and non-target species reported 13 13.8 

In silico BLAST specificity test 65 69.1 

In silico other specificity test 13 13.8 

In silico specificity test not reported 16 17.0 

In vitro specificity test reported 70 74.5 

In vitro specificity test not reported 24 25.5 

eDNA study 81 86.2 

Tissue study 10 10.6 

Study not specified 3 3.2 

Design tool not reported 37 39.4 
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Table 4. The number of target sequences in the study created alignment for 37 FRET-assays and the 
number of those sequences amplified by the assay primer. 

 

Assay ID Target Records (N) Amplified Records (N) 

BrWi_Aci_fu_2013 21 21 

BrWi_Ang_ro_2013 79 79 

BrWi_Cha_ar_2013 48 48 

BrWi_Leu_el_2013 14 14 

BrWi_Cyp_id_2013 86 86 

BrWi_Cyp_mo_2013 138 138 

BrWi_Cyp_no_2013 88 88 

BrWi_Lep_oc_2013 25 25 

BrWi_Gob_me_2013 110 110 

BrWi_Cyp_er_2013 80 80 

BrWi2_Aci_fu_2013 21 21 

BrWi2_Ang_ro_2013 79 79 

BrWi2_Cha_ar_2013 48 48 

BrWi2_Leu_el_2013 14 14 
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BrWi2_Cyp_id_2013 86 86 

BrWi2_Cyp_mo_2013 138 138 

BrWi2_Cyp_no_2013 88 88 

BrWi2_Cyp_er_2013 80 79 

BrWi3_Aci_fu_2013 21 21 

BrWi3_Ang_ro_2013 79 79 

BrWi3_Leu_el_2013 14 14 

BrWi3_Cyp_id_2013 86 86 

BrWi3_Lep_oc_2013 25 25 

BrWi3_Gob_me_2013 110 110 

By_a_Car_au_2018 183 183 

By_b_Car_au_2018 183 183 

By_c_Car_au_2018 183 183 

Da_Lep_gi_2016 85 85 

Da_Pim_pr_2016 303 303 

Fa_Lep_os_2018 18 18 

Fa_Lep_pl_2018 4 3 
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Gi_Ich_ca_2016 16 16 

Gi_Let_ap_2016 22 22 

Ke_Car_gi_2014 152 152 

Pa_Sil_gl_2018 64 64 

St_Neo_me_2017 110 110 

Tu_gym_ce_2016 54 54 
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Table 5. The number of target sequences in the study created alignment for each hydrolysis-assay and 
the number of those sequences amplified by the primer and annealed by the probe of the assay (N=57). 

 

Assay ID Target Records (N) Amplified Records (N) Annealed Records (N) 

At_Sal_sa_2018 189 189 189 

Bo_Lep_oc_2016 25 19 19 

Br_Aci_me_2014 21 21 21 

Br_Mic_do_2015 61 61 61 

Br_Onc_my_2015 349 349 344 

Ca_Thy_ar_2016 28 28 28 

Ca_Ent_tr_2017 18 18 18 

Ga_Onc_go_2019 116 116 116 

Gu_Pet_ma_2015 54 54 54 

Gu_Sal_tr_2015 191 191 189 

He_Onc_my_2010 349 349 344 

He_Onc_ne_2010 189 188 186 

He_Sal_sa_2010 189 189 189 

He_Aci_fu_2020 21 21 21 
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He_Alo_sa_2020 35 35 35 

He_Amm_pe_2020 12 12 12 

He_Ang_ro_2020 79 78 78 

He_Clu_ha_2020 162 162 162 

He_Cyp_ca_2020 477 477 477 

He_Eso_ma_2020 15 15 15 

He_Hyb_ha_2020 16 16 16 

He_Hyb_re_2020 16 16 16 

He_Hyp_mo_2020 138 138 138 

He_Hyp_no_2020 88 88 88 

He_Mor_sa_2020 25 25 25 

He_Mox_ca_2020 9 9 9 

He_Myo_th_2020 10 10 10 

He_Not_ru_2020 21 13 13 

He_Osm_mo_2020 124 29 29 

He_Per_fl_2020 69 69 69 

He_Per_co_2020 19 13 13 
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He_Sal_sa_2020 189 189 188 

He_Sal_al_2020 37 37 37 

He_Sal_na_2020 21 21 21 

Hu_Cor_cl_2018 246 246 246 

Hu_Mic_do_2018 61 61 61 

Hu_Myo_th_2018 10 10 10 

Hu_Not_hu_2018 67 66 66 

Hu_Osm_mo_2018 124 29 29 

Hu_Per_fl_2018 69 69 69 

Hu_Sal_fo_2018 55 55 55 

La_Sal_na_2015 21 21 21 

Re_Amm_pe_2020 12 12 12 

Ro_Thy_ar_2017 28 28 22 

Ro_Car_ca_2017 31 31 31 

Ro_Cha_ar_2017 48 48 48 

Ro_Sil_gl_2017 64 64 62 

Se_Cli_el_2016 14 14 14 
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Wi_Cte_id_2014 86 86 86 

Wi_Hyp_mo_2014 138 138 138 

Wi_Hyp_no_2014 88 88 88 

Wo_Cor_cl_2020 246 246 246 

Wo_Onc_my_2020 349 349 344 

Wo_Sal_tr_2020 191 191 191 

Wo_Sal_al_2020 37 37 37 

Wo_Sal_na_2020 21 21 21 

Yu_Aci_fu_2018 21 21 21 
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Table 6. The number of non-target species with sequences within the study created alignment amplified 
by the primer or amplified and annealed by the assay primer and probe for 57 hydrolysis-assays. 

 

Assay ID Non-target Species 
Amplified (N) 

Non-target Species 
Annealed (N) 

Non-target Species 
Detected (N) 

At_Sal_sa_2018 22 438 15 

Bo_Lep_oc_2016 1 425 1 

Br_Aci_me_2014 35 479 18 

Br_Mic_do_2015 53 923 35 

Br_Onc_my_2015 76 412 24 

Ca_Thy_ar_2016 41 182 13 

Ca_Ent_tr_2017 21 212 5 

Ga_Onc_go_2019 108 345 80 

Gu_Pet_ma_2015 48 736 34 

Gu_Sal_tr_2015 29 176 26 

He_Onc_my_2010 10 363 2 

He_Onc_ne_2010 1 447 0 

He_Sal_sa_2010 6 401 0 

He_Aci_fu_2020 16 253 6 
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He_Alo_sa_2020 6 259 4 

He_Amm_pe_2020 7 485 0 

He_Ang_ro_2020 8 609 7 

He_Clu_ha_2020 0 304 0 

He_Cyp_ca_2020 36 148 9 

He_Eso_ma_2020 4 162 1 

He_Hyb_ha_2020 8 195 0 

He_Hyb_re_2020 43 196 11 

He_Hyp_mo_2020 4 189 2 

He_Hyp_no_2020 24 267 15 

He_Mor_sa_2020 31 406 19 

He_Mox_ca_2020 5 208 2 

He_Myo_th_2020 1 326 0 

He_Not_ru_2020 3 177 1 

He_Osm_mo_2020 13 510 0 

He_Per_fl_2020 2 395 1 

He_Per_co_2020 4 342 4 
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He_Sal_sa_2020 31 135 0 

He_Sal_al_2020 25 146 12 

He_Sal_na_2020 23 490 14 

Hu_Cor_cl_2018 37 527 26 

Hu_Mic_do_2018 10 357 7 

Hu_Myo_th_2018 3 539 3 

Hu_Not_hu_2018 35 432 12 

Hu_Osm_mo_2018 19 309 10 

Hu_Per_fl_2018 24 476 11 

Hu_Sal_fo_2018 17 613 13 

La_Sal_na_2015 101 428 35 

Re_Amm_pe_2020 2 449 1 

Ro_Thy_ar_2017 14 197 5 

Ro_Car_ca_2017 15 441 2 

Ro_Cha_ar_2017 5 646 0 

Ro_Sil_gl_2017 37 407 9 

Se_Cli_el_2016 101 470 40 
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Wi_Cte_id_2014 66 225 25 

Wi_Hyp_mo_2014 103 529 62 

Wi_Hyp_no_2014 103 432 41 

Wo_Cor_cl_2020 66 539 61 

Wo_Onc_my_2020 7 479 6 

Wo_Sal_tr_2020 56 502 51 

Wo_Sal_al_2020 41 448 38 

Wo_Sal_na_2020 11 427 11 

Yu_Aci_fu_2018 19 669 9 
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Table 7. Assays found to have potential non-target detection through DECIPHER results that were also reported tested in vitro in their publication. 

 

Assay ID Detected non-target 
species tested in 
publication 

Non-target 
sequences 
(N) 

Non-target 
sequences 
detected 
(N) 

Non-target  
amplification 
mean 
efficiency 

Non-target probe 
annealing mean 
potential 

Detection 
reported in paper 

Ca_Ent_tr_2017 Entosphenus 
lethophagus  

2 2 99.6 0.63 Yes 

Ga_Onc_go_2019 Oncorhynchus keta 174 174 93.6 0.93 Yes 

He_Sal_al_2020 Oncorhynchus mykiss 349 349 2.6 <0.01 No 

He_Sal_na_2020 Salvelinus alpinus 37 37 93.5 0.19 Yes 

Hu_Sal_fo_2018 Salvelinus alpinus 37 37 7.7 0.94 Yes 

Hu_Sal_fo_2018 Salvelinus malma 20 20 7.7 0.99 Yes 

Hu_Sal_fo_2018 Salvelinus confluentus 9 9 15.9 0.94 Yes 
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Table 8. Assay published PCR cycling information and optimized cycling information for target sequence 
sensitivity. Assays optimized for sensitivity have no increase in potential detection of non-target species 
and are required to amplify all target sequences with a higher minimum amplification efficiency that 
published results. 

 

Assay ID Published Or 
Optimized 

Annealing 
Temperature (°C) 

Primer Conc (M) Probe Conc (M) 

Br_Mic_do_2015 Published 60 9.00E-07 2.00E-07 

Br_Mic_do_2015 Sensitivity 57 2.00E-07 1.00E-06 

Br_Onc_my_2015 Published 60 9.00E-07 2.00E-07 

Br_Onc_my_2015* Sensitivity 59 2.00E-07 1.00E-05 

BrWi2_Cyp_mo_20
13 

Published 70 2.00E-07 N/A 

BrWi2_Cyp_mo_20
13 

Sensitivity 64.5 2.00E-07 N/A 

BrWi3_Cyp_id_201
3 

Published 68 2.00E-07 N/A 

BrWi3_Cyp_id_201
3 

Sensitivity 65.5 3.00E-07 N/A 

Ca_Thy_ar_2016 Published 60 6.00E-07 2.50E-07 

Ca_Thy_ar_2016 Sensitivity 63.5 6.00E-06 7.00E-06 

Ga_Onc_go_2019 Published 60 2.00E-06 2.00E-06 
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Ga_Onc_go_2019 Sensitivity 60 2.00E-06 2.00E-06 

He_Hyb_re_2020 Published 60 1.00E-05 1.00E-05 

He_Hyb_re_2020 Sensitivity 59 5.00E-06 6.00E-06 

He_Sal_al_2020 Published 60 1.00E-05 1.00E-05 

He_Sal_al_2020 Sensitivity 60 1.00E-05 1.00E-05 

He_Sal_na_2020 Published 60 1.00E-05 1.00E-05 

He_Sal_na_2020 Sensitivity 55 4.00E-07 1.00E-05 

Pa_Sil_gl_2018 Published 68 2.00E-07 N/A 

Pa_Sil_gl_2018 Sensitivity 65 2.00E-07 N/A 

Ro_Thy_ar_2017 Published 60 6.00E-07 2.50E-07 

Ro_Thy_ar_2017* Sensitivity 67.5 1.00E-05 7.00E-06 

Ro_Car_ca_2017 Published 58 4.80E-07 2.00E-07 

Ro_Car_ca_2017 Sensitivity 55.5 1.00E-06 5.00E-06 
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Table 9. Assay published PCR cycling information and optimized cycling information for not target 
species sequence specificity. Assays optimized for specificity have no decrease in potential detection of 
target species and are required to amplify fewer non-target species with no increase in maximum non-
target amplification. 

 

Assay ID Published Or 
Optimised 

Anneal 
Temperature (°C) 

Primer Conc (M) Probe Conc (M) 

Br_Mic_do_2015 Published 60 9.00E-07 2.00E-07 

Br_Mic_do_2015 Specificity 66 8.00E-07 2.00E-07 

Br_Onc_my_2015 Published 60 9.00E-07 2.00E-07 

Br_Onc_my_2015 Specificity 58.5 2.00E-07 3.00E-07 

BrWi2_Cyp_mo_20
13 

Published 70 2.00E-07 N/A 

BrWi2_Cyp_mo_20
13 

Specificity 70 2.00E-07 N/A 

BrWi3_Cyp_id_201
3 

Published 68 2.00E-07 N/A 

BrWi3_Cyp_id_201
3 

Specificity 68 2.00E-07 N/A 

Ca_Thy_ar_2016 Published 60 6.00E-07 2.50E-07 

Ca_Thy_ar_2016 Specificity 61.5 1.00E-06 6.00E-07 

Ga_Onc_go_2019 Published 60 2.00E-06 2.00E-06 
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Ga_Onc_go_2019 Specificity 69 2.00E-07 7.00E-07 

He_Hyb_re_2020 Published 60 1.00E-05 1.00E-05 

He_Hyb_re_2020 Specificity 66.5 2.00E-07 9.00E-06 

He_Sal_al_2020 Published 60 1.00E-05 1.00E-05 

He_Sal_al_2020 Specificity 65 2.00E-07 9.00E-06 

He_Sal_na_2020 Published 60 1.00E-05 1.00E-05 

He_Sal_na_2020 Specificity 61.5 4.00E-07 2.00E-07 

Pa_Sil_gl_2018 Published 68 2.00E-07 N/A 

Pa_Sil_gl_2018 Specificity 68 2.00E-07 N/A 

Ro_Thy_ar_2017 Published 60 6.00E-07 2.50E-07 

Ro_Thy_ar_2017 Specificity 60 6.00E-07 2.50E-07 

Ro_Car_ca_2017 Published 58 4.80E-07 2.00E-07 

Ro_Car_ca_2017 Specificity 55.5 1.00E-06 5.00E-06 
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Table 10. Number of PCR cycling combinations for each assay with increased specificity or sensitivity 
when compared to published cycling conditions results. Primer and or Probe concentration range = 1e-7M 
to 1e-5M, annealing temperature range = 55 – 70 (°C). 

 

Assay ID Type Total Iteration (N) 

Br_Mic_do_2015 Sensitivity 2 

Br_Mic_do_2015 Specificity 870 

Br_Onc_my_2015 Sensitivity 222 

Br_Onc_my_2015 Specificity 718 

BrWi2_Cyp_mo_2013 Sensitivity 61 

BrWi2_Cyp_mo_2013 Specificity 0 

BrWi3_Cyp_id_2013 Sensitivity 52 

BrWi3_Cyp_id_2013 Specificity 0 

Ca_Thy_ar_2016 Sensitivity 48 

Ca_Thy_ar_2016 Specificity 25 

Ga_Onc_go_2019 Sensitivity 0 

Ga_Onc_go_2019 Specificity 1505 

He_Hyb_re_2020 Sensitivity 5 

He_Hyb_re_2020 Specificity 1239 
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He_Sal_al_2020 Sensitivity 0 

He_Sal_al_2020 Specificity 1309 

He_Sal_na_2020 Sensitivity 200 

He_Sal_na_2020 Specificity 2418 

Pa_Sil_gl_2018 Sensitivity 49 

Pa_Sil_gl_2018 Specificity 0 

Ro_Thy_ar_2017 Sensitivity 1 

Ro_Thy_ar_2017 Specificity 0 

Ro_Car_ca_2017 Sensitivity 0 

Ro_Car_ca_2017 Specificity 1767 

 

  



 

 

114 

 

Table 11. The outcomes for each FRET-assay when tested through the decision Tree. 

 

Assay ID Decision Tree Outcome 

BrWi_Aci_fu_2013 Potential Type I Error 

BrWi_Ang_ro_2013 Potential Type I Error 

BrWi_Cha_ar_2013 Potential Type I Error 

BrWi_Leu_el_2013 Potential Type I Error 

BrWi_Cyp_id_2013 Potential Type I Error 

BrWi_Cyp_mo_2013 Regional PCR Assay 

BrWi_Cyp_no_2013 Specific PCR Assay 

BrWi_Lep_oc_2013 Potential Type I Error 

BrWi_Gob_me_2013 Potential Type I Error 

BrWi_Cyp_er_2013 Potential Type I Error 

BrWi2_Aci_fu_2013 Potential Type I Error 

BrWi2_Ang_ro_2013 Potential Type I Error 

BrWi2_Cha_ar_2013 Potential Type I Error 

BrWi2_Leu_el_2013 Potential Type I Error 
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BrWi2_Cyp_id_2013 Potential Type I Error 

BrWi2_Cyp_mo_2013 Specific PCR Assay 

BrWi2_Cyp_no_2013 Regional PCR Assay 

BrWi2_Cyp_er_2013 Re-design assay 

BrWi3_Aci_fu_2013 Potential Type I Error 

BrWi3_Ang_ro_2013 Potential Type I Error 

BrWi3_Leu_el_2013 Potential Type I Error 

BrWi3_Cyp_id_2013 Specific PCR Assay 

BrWi3_Lep_oc_2013 Potential Type I Error 

BrWi3_Gob_me_2013 Potential Type I Error 

By_a_Car_au_2018 Potential Type I Error 

By_b_Car_au_2018 Regional PCR Assay 

By_c_Car_au_2018 Potential Type I Error 

Da_Lep_gi_2016 Potential Type I Error 

Da_Pim_pr_2016 Potential Type I Error 

Fa_Lep_os_2018 Potential Type I Error 

Fa_Lep_pl_2018 Re-design assay 
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Gi_Ich_ca_2016 Potential Type I Error 

Gi_Let_ap_2016 Regional PCR Assay 

Ke_Car_gi_2014 Potential Type I Error 

Pa_Sil_gl_2018 Specific PCR Assay 

St_Neo_me_2017 Potential Type I Error 

Tu_gym_ce_2016 Potential Type I Error 
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12. The outcomes hydrolysis-assay when tested through the decision tree. 

 

Assay ID Decision Tree Outcome 

At_Sal_sa_2018 Potential Type I Error 

Bo_Lep_oc_2016 Re-design assay 

Br_Aci_me_2014 Potential Type I Error 

Br_Mic_do_2015 Potential Type I Error 

Br_Onc_my_2015 Potential Type I Error 

Ca_Thy_ar_2016 Potential Type I Error 

Ca_Ent_tr_2017 Potential Type I Error 

Ga_Onc_go_2019 Potential Type I Error 

Gu_Pet_ma_2015 Potential Type I Error 

Gu_Sal_tr_2015 Potential Type I Error 

He_Onc_my_2010 Potential Type I Error 

He_Onc_ne_2010 Re-design assay 

He_Sal_sa_2010 Specific qPCR assay 

He_Aci_fu_2020 Potential Type I Error 
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He_Alo_sa_2020 Regional qPCR Assay 

He_Amm_pe_2020 Specific qPCR assay 

He_Ang_ro_2020 Re-design assay 

He_Clu_ha_2020 Specific qPCR assay 

He_Cyp_ca_2020 Potential Type I Error 

He_Eso_ma_2020 Regional qPCR Assay 

He_Hyb_ha_2020 Specific qPCR assay 

He_Hyb_re_2020 Regional qPCR Assay 

He_Hyp_mo_2020 Potential Type I Error 

He_Hyp_no_2020 Regional qPCR Assay 

He_Mor_sa_2020 Potential Type I Error 

He_Mox_ca_2020 Potential Type I Error 

He_Myo_th_2020 Specific qPCR assay 

He_Not_ru_2020 Re-design assay 

He_Osm_mo_2020 Re-design assay 

He_Per_fl_2020 Regional qPCR Assay 

He_Per_co_2020 Potential Type II Error 
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He_Sal_sa_2020 Potential Type II Error 

He_Sal_al_2020 Potential Type I Error 

He_Sal_na_2020 Potential Type I Error 

Hu_Cor_cl_2018 Potential Type I Error 

Hu_Mic_do_2018 Potential Type I Error 

Hu_Myo_th_2018 Potential Type I Error 

Hu_Not_hu_2018 Re-design assay 

Hu_Osm_mo_2018 Re-design assay 

Hu_Per_fl_2018 Potential Type I Error 

Hu_Sal_fo_2018 Potential Type I Error 

La_Sal_na_2015 Potential Type I Error 

Re_Amm_pe_2020 Regional qPCR Assay 

Ro_Thy_ar_2017 Potential Type I Error 

Ro_Car_ca_2017 Regional qPCR Assay 

Ro_Cha_ar_2017 Specific qPCR assay 

Ro_Sil_gl_2017 Potential Type I Error 

Se_Cli_el_2016 Potential Type I Error 
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Wi_Cte_id_2014 Potential Type I Error 

Wi_Hyp_mo_2014 Potential Type I Error 

Wi_Hyp_no_2014 Potential Type I Error 

Wo_Cor_cl_2020 Potential Type I Error 

Wo_Onc_my_2020 Potential Type I Error 

Wo_Sal_tr_2020 Potential Type I Error 

Wo_Sal_al_2020 Potential Type I Error 

Wo_Sal_na_2020 Potential Type I Error 

Yu_Aci_fu_2018 Potential Type I Error 
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FIGURES 

 

 

Figure 1. Steps of a PCR reaction in a single cycle. A DNA fragment is first separated through a 
denaturing cycle by increasing the temperature of the sample to break base pair bonds. The temperature 
is lowered to the annealing temperature of the designed assay added to the sample. The primers of the 
assay then bind to the separated target sequence strands. The temperature is then changed to the 
optimal working temperature of the polymerase to allow for extension of the primer and building of the 
complementary strand. The process is then repeated to create many times more copies of the target 
DNA. 
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Figure 2. Steps of a qPCR reaction in a single cycle. The first step follows the same denaturing process 
as a PCR reaction. Similar again to a PCR reaction, the temperature is lowered to the annealing 
temperature of the designed assay added to the sample. In a qPCR reaction, a primer pair and probe 
containing a reporter and quencher then bind to the separated target sequence strands. The proximity of 
the reporter and quencher in the probe prevent the detection of fluorescence so no signal is recorded. 
The temperature is again changed to the optimal working temperature of the polymerase, but during the 
extension of the primer and building of the complementary strand the reporter and quencher are cleaved 
and separated. Once separated, the fluorescence from the reported can be detected and a signal can be 
recorded. 
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Figure 3. Conceptual framework outcomes from assay design. Results show the progression of levels an assay moves through sensitivity and 
specificity testing. Potential errors show the type errors that may results from using an assay from each level. The potential outcomes represent 
the best outcome that may come from an assay that reaches each level. Variable to consider show at which level the elements of assay design 
have the greatest effect on an assay result.  
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Figure 4. Decision tree of design outcomes for evaluating an eDNA assay based on the number of target and non-target sequences amplified by 
the assay primer (and probe where applicable) and the likely outcome of the assay when validated in vitro and in situ. Each node represents a 
Yes/No question based on in silico analysis of a designed assay.  
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Figure 5.  Primer maximum, mean, and minimum amplification efficiency of target sequences amplified by primers for 37 FRET-assays in the 
study created alignment. Red circle = maximum amplification efficiency, green triangle = mean amplification efficiency, blue square = minimum 
amplification efficiency. Lower dashed line represents a 6.6 Cq value increase in a qPCR reaction, upper dashed line represents a 3.3 Cq value 
increase respectively when compared to a perfectly matched template. 
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Figure 6. Number of non-target species with sequences amplified by the primers from 37 FRET-assays. * = non-target species sequence 
amplified in the same genus as target species. ** = non-target species sequence amplified shares distribution overlap with target species. 
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Figure 7. The maximum, mean, and minimum primer amplification efficiency 37 FRET-assay averaged over all non-target species sequences in 
the study created alignment. Red circle = maximum efficiency, green circle = mean amplification efficiency, blue circle = minimum amplification 
efficiency. * = non-target species sequence amplified by assay primer shares a distribution overlap with target species. Lower dashed line 
represents a 6.6 Cq value increase in a qPCR reaction, upper dashed line represents a 3.3 Cq value increase respectively when compared to a 
perfectly matched template. 
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Figure 8. Primer maximum, mean, and minimum amplification efficiency of target sequences amplified by primers from 57 hydrolysis-assays in the 
study created alignment. Red circle = maximum amplification efficiency, green triangle = mean amplification efficiency, blue square = minimum 
amplification efficiency. Lower dashed line represents a 6.6 Cq value increase in a qPCR reaction, upper dashed line represents a 3.3 Cq value 
increase respectively when compared to a perfectly matched template. 
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Figure 9. Probe maximum, mean, and minimum annealing potential of target sequences amplified by primers from 57 hydrolysis-assays in the 
study created alignment. Red circle = maximum amplification efficiency, green triangle = mean amplification efficiency, blue square = minimum 
amplification efficiency. Lower dashed line represents a 6.6 Cq value increase in a qPCR reaction, upper dashed line represents a 3.3 Cq value 
increase respectively when compared to a perfectly matched template. 
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Figure 10. The maximum, mean, and minimum primer amplification efficiency for 57 hydrolysis-assays over all non-target species sequences in 
the study created alignment. Red circle = maximum efficiency, green circle = mean amplification efficiency, blue circle = minimum amplification 
efficiency. * = non-target species sequence amplified by assay primer shares a distribution overlap with target species. Dashed lines represent a 
1% and 10% amplification efficiency, equating to a 6.6 and 3.3 Cq value increase respectively when compared to a perfectly matched template. 
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Figure 11. The maximum, mean, and minimum probe amplification efficiency for 57 hydrolysis-assays averaged over all non-target species 
sequences in the study created alignment. Red circle = maximum efficiency, green circle = mean amplification efficiency, blue circle = minimum 
amplification efficiency. * = non-target species sequence amplified by assay probe shares a distribution overlap with target species. ˆ = Assay 
minimum amplification efficiency <0.001. ˆˆ = Assay maximum amplification efficiency <0.001. Dashed lines represent a 1% and 10% amplification 
efficiency, equating to a 6.6 and 3.3 Cq value increase respectively when compared to a perfectly matched template. 
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Figure 12. Assay sensitivity optimization showing maximum, mean, and minimum amplification efficiency of target sequences using published 
PCR cycling conditions (annealing temperature, primer concentration, probe concentration) and highest optimal assay primer amplification 
efficiency of target sequences through iterations of cycling conditions. 
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Figure 13. Assay sensitivity optimization showing maximum, mean, and minimum annealing potential of target sequences using published PCR 
cycling conditions (annealing temperature, primer concentration, probe concentration) and highest optimal assay probe annealing potential of 
target sequences through iterations of cycling conditions. 
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Figure 14. Assay specificity optimization showing maximum, mean, and minimum amplification efficiency of non-target sequences using published 
PCR cycling conditions (annealing temperature, primer concentration, probe concentration) and highest optimal assay primer amplification 
efficiency of non-target sequences through iterations of cycling conditions. 
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Figure 15. Assay specificity optimization showing maximum, mean, and minimum annealing potential of non-target sequences using published 
PCR cycling conditions (annealing temperature, primer concentration, probe concentration) and highest optimal assay probe annealing potential of 
non-target sequences through iterations of cycling conditions. 
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Figure 16. Potential in situ outcomes of 94 published assays when evaluated against the decision tree 
presented in this study. 
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Figure 17. Potential in silico validation level of 94 published assays when evaluated against the 
theoretical framework presented in this study. Level 1 = Some Target Sequence Detection, Level 2 = All 
Target and Some Non-target Sequence Detection, Level 3 = Non-target Sequence Detection No Co-
occurring, Level 4 = Only Target Sequence Detection (Fig 3). 
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APPENDICES 

 

Supp Info 1. An expanded version of the decision tree described in the study. Target 
haplotype variation is considered when determining level of specificity and sensitivity 
and potential outcomes when applied in situ. https://doi.org/10.5683/SP3/WLEYZV 

 

Supp Info 2. List of Canadian freshwater fish species. 
https://doi.org/10.5683/SP3/WLEYZV 

 

Supp Info 3. Multiple sequence alignment of all target and non-target species used for 
sensitivity and specificity evaluation of published assays. 
https://doi.org/10.5683/SP3/WLEYZV 

 

Supp Info 4. List of the published assays evaluated in the study and the corresponding 
metadata from each publication reported in the study. 
https://doi.org/10.5683/SP3/WLEYZV 


