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Abstract 
 

Environmental (e)DNA analysis offers a non-invasive alternative to traditional aquatic 
monitoring, but it can struggle to detect species at very low abundances. Here, I developed a 
novel eDNA marker targeting the SmaI-corII SINE and compared its detection capabilities to the 
mitochondrial marker ND4 using the endangered Atlantic Whitefish (Coregonus huntsmani) as a 
test case. My results showed that the SINE marker, which is 190x and 82x more abundant than 
ND4 in gDNA and eDNA samples, respectively, enhanced species detection in eDNA samples 
compared to the mitochondrial marker. I also investigated the use of SINEs to assess genetic 
diversity within eDNA samples. My analysis revealed 5 SmaI-corII variants within Atlantic 
Whitefish gDNA, all of which were also detected in eDNA samples. Additionally, I identified 
two variants unique to Lake Whitefish (Coregonus clupeaformis) eDNA samples. This study 
demonstrates that SINEs serve as sensitive eDNA markers with both intra- and interspecific 
variation. Given that SINEs and other transposable elements are present in most organisms, these 
findings have implications for supporting the ongoing management of at-risk aquatic species. 
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Chapter 1 – Introduction  
 

1.1 Environmental DNA 
 

Extinction is a natural phenomenon: of the estimated four billion species to have ever 

existed on Earth, 99% no longer exist (Barnosky et al. 2011). While common, extinction has 

typically been balanced by speciation. There have been exceptions to this balance, namely five 

periods of elevated extinction rates – the five mass extinction events. Contemporary global 

biodiversity is in crisis with current species extinction rates higher than those experienced during 

the previous mass extinction events (Barnosky et al. 2011). Most current observed species loss 

can be attributed to anthropogenic causes such as habitat destruction and fragmentation, the 

introduction of non-native species to new environments, deliberate human destruction of species, 

and the human-induced climate crisis (Barnosky et al. 2011). The loss of species decreases 

overall biodiversity, which in turn may affect ecosystems functioning and the goods and services 

they provide (Cardinale et al. 2012).  

Although biodiversity loss is a global concern, freshwater ecosystems and species are 

particularly vulnerable (Dudgeon et al. 2006). Covering less than 1% of Earth’s surface, 

freshwater ecosystems house nearly one-in-three described vertebrate species, including around 

17,800 fish species (Tickner et al. 2020). The high level of endemism present within freshwater 

ecosystems further contributes to their vulnerability regarding biodiversity loss; for highly 

endemic species, a local disappearance is a step toward to extinction. Compared to those in 

marine (Grooten and Almond 2018) or terrestrial ecosystems, populations of freshwater 

vertebrate species have declined at twice the rate since 1970 (Dudgeon 2010). The causes of such 

decline have been well documented. Freshwater systems are often near human settlement and are 
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therefore exposed to a multitude of anthropogenic stressors including, but not limited to, 

pollution, degradation and destruction of habitat, over-extraction of water, over-exploitation of 

commercially viable species, the impacts of introduced species, and climate change (Dudgeon 

2010). These threats may occur concurrently and in an additive manner (Williams-Subiza and 

Epele 2021); for example, climate change may exacerbate eutrophication due to the higher water 

temperatures increasing nutrient release from lake sediment, thereby increasing algal growth 

(Rodgers 2021). Additionally, fresh water is situated within terrestrial ecosystems, and acts as a 

sink for waste runoff while having limited capacity to dilute these contaminants (Dudgeon 2010). 

The conservation and management of these vulnerable ecosystems requires accurate assessment 

of the biodiversity changes occurring within (Zhang et al. 2020). 

Traditional detection methods for freshwater fishes, which often involve netting or 

trapping, are time- and labour-intensive as well as invasive (Sakata et al. 2021). The collection of 

DNA from environmental samples, a tool known as environmental DNA (eDNA), is a promising 

alternative to such approaches (Fediajevaite et al. 2021). While there has been great interest in 

eDNA application, less focus has been dedicated to understanding the mechanics of eDNA 

generation and decay. As organisms exist within their environment, they contribute DNA to the 

surrounding area through secretion of mucus or saliva, or cells and tissues flaking away via 

exfoliation, excretion, and reproductive activities (Barnes and Turner 2016). In addition to 

eDNA from live animals, decomposition is a source of eDNA as well. Once in the environment, 

eDNA exists as both intra- and extracellular DNA (Barnes and Turner 2016). It has been 

proposed eDNA first exists within whole cells shed from multicellular organisms and that those 

cells then break down, releasing the DNA within (Barnes and Turner 2016). When compared to 

traditional sampling methods, eDNA sampling can be more cost-effective and more sensitive for 
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detecting aquatic species; however, the magnitude of difference varies among taxa (Fediajevaite 

et al. 2021). eDNA tools can be particularly beneficial when working in remote or hard-to-access 

locations which cannot support a traditional fish survey whether due to time, logistical, or 

equipment-related constraints (Nolan et al. 2023). 

Though the roots of eDNA analysis can be found in the older fields of ancient DNA, 

forensics, and microbial analyses, detection of aquatic eDNA from a multicellular animal was 

first reported in the late 2000s (Ficetola et al. 2008). Since then, the use of eDNA has rapidly 

expanded, with the number of eDNA publications growing from four in 2012 to 28 in 2018 and 

124 in 2021 (Takahashi et al. 2023). This growth has been accompanied by a diversification of 

methods and techniques used. Broadly, eDNA studies typically fall into one of two categories. 

The first, targeted detection of a focal species using taxon-specific primers, has been successfully 

employed to detect rare (Jerde et al. 2011), endangered (Weltz et al. 2017), and invasive species 

(Rojahn et al. 2021). This method usually uses quantitative PCR (qPCR) for detection and 

quantification, where a fluorescent probe binds to the target DNA in the PCR assay. The copy 

number of target fragments can be quantified by creating a standard curve from DNA standards 

of known concentrations and comparing the point at which each crosses the background noise 

threshold to when the unknown sample crosses the threshold. The second category is 

metabarcoding, in which multiple species are detected in a sample using amplification by 

“universal” primers followed by DNA sequencing and bioinformatic identification of taxa 

(Sakata et al. 2021). Metabarcoding has successfully been used to characterize the community 

composition of both marine (Gold et al. 2021) and freshwater (Xie et al. 2021) habitats. 

Though eDNA has the potential to transform how aquatic biodiversity is assessed, it is 

not without challenges and limitations. While there is much interest in quantifying species 
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abundance from eDNA analysis, these estimates are confounded by the expectation that 

individuals release eDNA into the environment at different rates (Sigsgaard et al. 2020). Further, 

how eDNA shedding rate changes during different activities is not well understood (Klymus et 

al. 2015). Analysis of intraspecific genetic variation using eDNA samples is currently hindered 

by the inability to distinguish between individuals (Adams et al. 2019). Amplification errors, 

including allelic drop out, false alleles, and PCR inhibitors can lead to false negatives and are 

another concern (Adams et al. 2019; Fediajevaite et al. 2021). Further compounding the issue, 

the timescale over which eDNA remains detectable is heavily influenced by environmental 

conditions and there remains uncertainty regarding both abiotic and biotic influences on eDNA 

degradation (Beng and Corlett 2020). As eDNA analyses vary greatly among species and 

systems, there is little standardization across the literature on optimized practices (Takahashi et 

al. 2023). Additionally, eDNA methods carry the risk of false positives through amplification of 

DNA not representative of the contemporary biota in the area, such as DNA resuspended from 

sediment, transferred from one sampling site to another, or from contaminated equipment 

(Takahashi et al. 2023). 

As eDNA analyses continue to be implemented in management and conservation plans, 

there is a need to better understand how methodological choices influence obtained results 

(Alexander et al. 2023). Much focus has been directed toward ensuring the specificity of genetic 

markers (hereafter called “markers”) in targeted studies and the generality of metabarcoding 

markers; however, less attention has been dedicated to reporting marker sensitivity (Xia et al. 

2021), defined as the lowest amount of DNA in a sample that can be detected with 95% 

probability (Klymus et al. 2020). The detection of low-abundance species via eDNA requires 

accurate and sensitive assays, particularly when targeting invasive or endangered species, cases 
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where false negative results can have major implications by contributing to the delay or cessation 

of mitigation or conservation strategies, respectively (Xia et al. 2021). As markers are developed 

and published, they become available for use anywhere the target species resides. Therefore, it is 

imperative that marker limitations are well established and reported. 

 

1.2 Atlantic Whitefish (Coregonus huntsmani) 
 

Atlantic Whitefish (Coregonus huntsmani) is an endangered salmonid endemic to Nova 

Scotia, Canada (Edge 1984). One of only four freshwater fishes endemic to Canada (Enns et al. 

2020), Atlantic Whitefish is also the oldest member of the Coregonus lineage with estimates of 

their divergence from the common Coregonus ancestor put at over 14 million years ago (Crête-

Lafrenière et al. 2012). Though an ancient species, Atlantic Whitefish was only recently 

described (Scott 1987), having previously been misidentified as another whitefish species known 

to reside across Nova Scotia, Lake Whitefish (Coregonus clupeaformis). 

Historically, the species was documented in two Nova Scotian watersheds: Tusket-Annis 

Rivers (hereafter “Tusket”) and the Petite Rivière (Edge 1984). The Tusket population was 

reported to be anadromous, with adults migrating from salt water into fresh water during the 

autumn to spawn (Edge and Gilhen 2001). Some individuals were reported to overwinter within 

the lakes before returning to the sea in the spring. Reportedly once abundant, the Tusket 

population began declining in the 1940s and 1950s due to a combination of pressures including 

poaching as well as habitat degradation due to water acidification and the construction and 

operation of the Tusket hydro-electric facility (Edge and Gilhen 2001). Damming of this system 

also interfered with the annual migration of Atlantic Whitefish and evidence of a spawning run 

was not observed in the system following 1964 (Bradford et al. 2004). The last confirmed 
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Atlantic Whitefish capture within the Tusket occurred in 1982 and the species is now considered 

extirpated from the area (Edge 1984). 

Within the Petite Rivière watershed, Atlantic Whitefish complete their lifecycle in three, 

small, connected lakes – Minamkeak, Milipsigate, and Hebb – which together span 16 km2 in 

surface area (Bradford et al. 2004). A dam below Hebb Lake prevented return of anadromous 

fish from the ocean for nearly a century (Cook 2012); however, fish passage was added to the 

dam in 2012 (DFO 2018). Although the Petite Rivière population retains the ability to tolerate 

saline conditions, anadromy has not been observed since the ocean passage was restored. 

Atlantic Whitefish within this system face numerous threats including predation and competition 

by two aquatic invasive species (AIS) Smallmouth Bass (Micropterus dolomieu) and Chain 

Pickerel (Esox niger), which were first detected in the watershed in the mid-1990s (Bradford et 

al. 2004) and 2013 (Themelis et al. 2014), respectively. Declining habitat quality from 

surrounding land development, logging, and pollution resulting from urbanization pose threats as 

well (COSEWIC 2010). Though the population number has not been quantified, estimates of the 

effective population size are low at less than 100 individuals (Cook 2012). 

Due to their evolutionary significance, 50% range decline from an already small range, 

and small population size, Atlantic Whitefish was the first fish species to be designated as 

endangered by the Committee on the Status of Endangered Wildlife in Canada (COSEWIC) in 

1984 (Whitelaw et al. 2015). Their endangered status was formally recognized under the terms of 

the newly enacted federal Species at Risk Act in 2003 (DFO 2006). A breeding program was 

developed at the Mersey Biodiversity Facility by the Department of Fisheries and Oceans 

Canada (DFO) with operations running between 2000–2012 (Whitelaw et al. 2015). Between 

2007–2009, approximately 12,000 juvenile Atlantic Whitefish were released into the Petite 
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Rivière watershed. Upwards of 4,000 Atlantic Whitefish juveniles and 7,000 larvae were also 

released into Anderson Lake, Dartmouth, NS, between 2005 and 2012 to assess the ability to 

establish new lake-resident populations from captively reared individuals (Whitelaw et al. 2015). 

The Anderson Lake trial was unsuccessful in establishing a new population (Bradford et al. 

2015). Current conservation efforts for Atlantic Whitefish include annual removal of AIS from 

the lakes via electrofishing and destruction of Smallmouth Bass nests, annual juvenile counts 

beginning in 2015 (DFO 2018), and annual transport of early-stage juveniles to Dalhousie 

University for captive rearing beginning in 2018. At Dalhousie, a captive breeding program has 

begun, with successful reproduction first achieved in 2021. Release of some captively bred 

Atlantic Whitefish back into the Petite Rivière watershed occurred in summer 2022 with an 

additional set of releases occurring in 2023. 

  In 2018, a recovery strategy for the species was presented by the DFO which has the 

goals of (1) stabilizing the existing population, (2) expanding the range beyond the Petite Rivière 

watershed, and (3) restoring anadromy (DFO 2018). The numerous knowledge gaps surrounding 

Atlantic Whitefish biology and life history within the Petite Rivière watershed, including 

population size as well as spawning timing and habitat preference, present challenges for their 

conservation. The success of the DFO recovery goals will depend, in part, on our ability to detect 

Atlantic Whitefish in the wild for continued monitoring. 

 
1.3 Thesis outline 

 

In this thesis I describe development and use of a novel class of eDNA marker to increase 

the ability of eDNA analyses to detect low abundance species, using Atlantic Whitefish as a test 

case. I developed and validated a novel eDNA tool targeting SmaI-corII, a Coregoninae 
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subfamily-specific short interspersed nuclear element (SINE), as well as a more conventional 

eDNA marker targeting the mitochondrial NADH dehydrogenase 4 subunit (ND4) using qPCR 

methods. The limit of detection and quantification of each marker type were assessed before the 

assays were tested on a transect of water samples ranging from 0 – 80 m away from a net pen 

housing juvenile Atlantic Whitefish in Milipsigate Lake. The assays were also run against water 

samples taken from tanks holding different numbers of Atlantic Whitefish to assess how eDNA 

yield scales with increasing fish densities (Chapter 2).  

Next, I assessed the ability to detect genetic variation from eDNA samples amplified with 

SmaI-corII and DNA sequencing techniques. Consideration was taken to assess how widely 

available bioinformatic tools process data from a marker as variable as SmaI-corII before 

developing bioinformatic thresholds for SmaI-corII analysis. SmaI-corII sequence variants from 

Atlantic Whitefish eDNA samples were compared to Lake Whitefish eDNA samples to 

determine species-specific variants. Lastly, SmaI-corII variant dropout at decreasing eDNA 

concentrations was assessed through a dilution series of eDNA collected from captivity (Chapter 

3). 

In Chapter 4, I discuss the key findings of this thesis, summarize existing eDNA methods 

for detecting Atlantic Whitefish within their habitat, suggest future research avenues to expand 

upon the conclusions of this thesis, and highlight the significance of these findings as they 

related to other endangered freshwater fishes.  
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Chapter 2 – SINEs for the times: short interspersed nuclear elements increase ability to 
detect rare species via eDNA 

 
 
2.1 Abstract 

 
Accurate and sensitive methods are required for detection of species occurring at low 

abundances. While eDNA analysis has revolutionized aquatic monitoring, most studies to date 
have focused on targeting mitochondrial markers. Here, the ability to detect endangered Atlantic 
Whitefish via eDNA analysis using a novel nuclear DNA-based marker that targets a highly 
abundant nuclear transposable element, the SmaI-corII SINE, was compared to results obtained 
with a conventional mitochondrial marker that targets the ND4 subunit. In a field trial of water 
samples collected from a net pen housing juvenile Atlantic Whitefish and at varying distances 
from the net pen, the SINE marker provided greater detection sensitivity. Within the net pen, the 
abundance of SINE DNA copies was roughly 100 times greater than ND4. Outside of the net 
pen, the maximum distance of detection with the ND4 marker was 20 m whereas the SINE 
marker had detections up to 80 m, the maximum distance tested. An analysis of the relationship 
between eDNA yield and fish density using water from tanks holding whitefish at two densities 
revealed that differences in ND4-eDNA yield matched the 11-fold difference in fish densities, 
whereas the estimated difference in SINE-eDNA yield was only 6-fold. These results highlight 
the potential of eDNA markers that target high copy number nuclear DNA sequences for 
increased sensitivity of detection of aquatic species, but also point to the need for further work to 
better understand the relationship between eDNA yield and organismal abundance.  
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2.2 Introduction 
 

The analysis of environmental DNA (eDNA) has revolutionized aquatic species 

monitoring by allowing the inference of species presence from genetic material shed into the 

environment (Barnes and Turner 2016). eDNA tools provide a non-invasive alternative to 

traditional methods, such as netting and electrofishing, which are typically more costly as well as 

time- and labour-intensive (Sakata et al. 2021). When employing eDNA tools, the DNA of a 

single species of interest can be targeted with species-specific primers, or “universal” primers 

can be used to detect the DNA of many species within the environmental sample to catalogue the 

community composition of an area (“metabarcoding”). Its low cost and multiple applications 

make eDNA a promising tool and it has been successfully used to detect endangered (Weltz et al. 

2017) and invasive species (Rojahn et al. 2021), as well as to assess intraspecific variation of 

target species (Adams et al. 2019), and track species distributions pathways (Young et al. 2022). 

eDNA studies greatly benefit from a priori knowledge of target species habitat use and life 

history characteristics for accurate and efficient sampling design (Beng and Corlett 2020). 

eDNA studies typically target mitochondrial DNA (mtDNA) due to its rapid evolution, 

allowing closely related species to be distinguished (Baillie et al. 2019), possibly slower 

degradation than nuclear DNA (nuDNA) (Foran 2006), and high copy number in the 101 – 103 

copies per cell range (Robin and Wong 1988). Despite its abundance, mtDNA copy number per 

cell is variable, influenced by cell type and body conditions (Minamoto et al. 2017). While 

mtDNA has an abundance advantage over single copy nuclear sequences, nuclear genomes also 

have many high-copy number sequences and some of these have potential utility as eDNA 

markers, as evidenced by the growing interest in incorporating multicopy ribosomal internal 

transcribed spacer (ITS) regions into eDNA analysis (Jo et al. 2019). Compared to mtDNA 
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assays, targeting ITS markers led to greater sensitivity for detecting Bull Trout (Salvelinus 

confluentus) (Dysthe et al. 2018) and Common Carp (Cyprinus carpio) (Minamoto et al. 2017) 

eDNA owing to the higher copy number of the marker. During the spawning season of 

Macquarie Perch (Macquaria australasica), concentrations of the ITS marker were higher in 

eDNA samples than the mitochondrial 12S ribosomal RNA marker, though concentrations were 

found to be equal outside of the reproductive period (Bylemans et al. 2017). The quicker 

degradation of nuDNA may also lend itself to being more informative for determining the timing 

of species presence within the sampling area than mtDNA markers (Dysthe et al. 2018). 

One class of highly abundant nuDNA repeat are transposable elements (TEs), dispersed 

repeats which move around the genome by creating new copies of themselves (Casacuberta and 

González 2013). TEs can be categorized into two classes: retrotransposons, which are derived 

from RNA and transposed to DNA via cDNA intermediates, and transposons, which are 

transposed from DNA to DNA (Hamada et al. 1997). Retrotransposons are the most abundant 

class of TEs, accumulating in the genome via a copy-and-paste amplification method (Elbarbary 

et al. 2016), and have been found across eukaryote species ranging from yeast to humans 

(Kramerov and Vassetzky 2011). One of three major subclasses of retrotransposons are short 

interspersed nuclear elements (SINEs). SINEs are non-coding and typically 100-500 base pairs 

long, often present in the range of 104 – 105 copies/cell (Hamada et al. 1997). A SINE-based 

assay developed for simultaneous detection of the dog (Canis lupus familiaris) SINEC_Cf 

element and human Alu Yb8 element from forensic samples was determined to be highly specific 

and sensitive, owing to the high copy number per cell of each SINE (Liang and Coyle 2020); 

however, SINE-based approaches have yet to be tested in eDNA applications. 
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Here I use Atlantic Whitefish (Coregonus huntsmani) as a test case for the development 

of a SINE-based eDNA marker. Atlantic Whitefish is an endangered species with a global 

distribution limited to three connected lakes comprising a total of 16km2 in surface area 

(Bradford et al. 2004). Extreme low abundance and the legally protected status of the species 

effectively preclude detection of Atlantic Whitefish using traditional fish survey methods, and 

recovery efforts require alternative detection methods that are both maximally sensitive and non-

invasive. The efficacy of the SINE eDNA marker was compared to results obtained with a 

‘conventional’ eDNA marker targeting mtDNA. The SINE marker targeted SmaI-corII, a SINE 

found in the subfamily Coregoninae of the family Salmonidae (Hamada et al. 1997), and the 

mtDNA marker targeted a sequence within the mitochondrial NADH dehydrogenase 4 (ND4) 

subunit. The objectives of this research were to (i) determine whether the SmaI-corII eDNA 

marker enables more sensitive detection of Atlantic Whitefish eDNA compared to that obtained 

with the mtDNA marker, and (ii) test the species-specificity of the SmaI-corII eDNA marker. 

This work directly builds on previous studies comparing nuDNA and mtDNA environmental 

DNA (Bylemans et al. 2017; Minamoto et al. 2017; Dysthe et al. 2018) and represents the first 

exploration of a SINE-based eDNA marker.  

 
2.3 Methods 
2.3.1 Aquatron eDNA collection and processing 

 

This study used adult Atlantic Whitefish raised and held in captivity at Dalhousie 

University’s Aquatron Facility. Triplicate 1 L water samples were collected into sterile Nalgene 

bottles from a 2.3 m3 tank housing 10 adult Atlantic Whitefish. A field blank was collected by 

exposing a sterile Nalgene bottle containing 1 L of distilled water to the air next to the tank for 

10 s. Samples were immediately transported to the lab and filtered through two cellulose-nitrate 
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filters with 5 µM (pre-filter) and 0.45 µM pore sizes using a peristaltic pump. Both filters were 

preserved in 100% ethanol and stored at -20°C until extraction. Prior to filtering samples, a 1 L 

filter blank was obtained by filtering distilled water through the peristaltic pump and preserving 

the filter in 100% ethanol. 

Prior to extraction, filters were removed from the ethanol and placed into sterile Petri 

dishes and allowed to air dry for up to 48 hours. An extraction blank of 600 µL molecular grade 

water was included and treated the same as the filters. Once dry, filters were placed into 2mL 

tubes containing 900 μL of CTAB buffer (1.4 M NaCl, 2% w/v CTAB, 100 mM Tris pH 8.0, 10 

mM EDTA, 1% w/v PVP) and 2 μL of proteinase K (20 mg/mL), then left to digest overnight at 

room temperature on a nutating mixer set to low. Following digestion, samples were centrifuged 

at 13,000 rpm for 1 min. Approximately 600 μL of supernatant was collected from each tube and 

placed into a new 1.5mL tube.  

eDNA from filters was extracted using the phenol-chloroform-isoamyl alcohol (PCI) 

technique (Sambrook et al. 1989). Briefly, 600 μL of PCI (25:24:1 ratio) was added and samples 

were mixed on a vortex set to medium speed for 10 s before being centrifuged in a benchtop 

micro-centrifuge for 30 min at 13,000 rpm. Following this, 450 μL of the upper phase was 

collected and transferred to a new tube and 600 μL of chloroform was added. Samples were then 

mixed on a vortex for 10 s before being centrifuged for 5 min at 13,000 rpm. Afterwards, 400 μL 

of the upper phase was collected and transferred into a new tube. One-tenth volume of 3 M 

sodium acetate (40 μL) and two volumes of cold 100% ethanol (880 μL) were then added to the 

tube. Samples were manually mixed for 10 s and left to precipitate at -20°C overnight, then 

centrifuged at 13,000 rpm for 30 min. The 100% ethanol was decanted from each tube before 

900 μL of 70% ethanol was added. The samples were centrifuged for a further 5 min at 13,000 
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rpm and the ethanol was then poured out of each tube. Tubes were left to air dry in a sterile 

bench drawer. The dry eDNA extracts were resuspended in 50 μL 1x TE buffer (10 mM Tris pH 

8.0, 1 mM EDTA) and stored at -20°C until analysis. 

To limit contamination, all water sampling and filtering equipment were cleaned with 3% 

sodium hypochlorite for 10 min followed by a 10 min rinse with distilled water prior to use. All 

extractions took place in a dedicated eDNA lab which had been cleaned with 3% sodium 

hypochlorite and which had not previously housed PCR or genomic DNA (gDNA) products 

(Goldberg et al. 2016).  

 
2.3.2 qPCR assay development 

 

Hydrolysis probe quantitative PCR (qPCR) assays were designed for the mitochondrial 

ND4 subunit and the SmaI-corII SINE of Atlantic Whitefish. Primers and probes for each locus 

were designed using NCBI Primer-BLAST (see Appendix A, Table A1). Synthetic gBlock™ 

(IDT) fragments were designed for each marker by selecting a 500 bp segment that encompassed 

each of the forward and reverse priming regions as well as the probe. gBlocks arrived dried and 

were resuspended with 1x TE containing 10% tRNA. Following resuspension, the concentration 

of the SmaI-corII and ND4 gBlock stocks were 19.40 B and 9.75 B c/µL, respectively. To avoid 

possible contamination due to their high concentrations, the gBlock fragments were stored in the 

main Marine Gene Probe Lab (MGPL) rather than in the eDNA lab.  

To ensure amplification success following assay development, the assays were run in a 

qPCR against both Atlantic Whitefish gDNA (1000 c/µL) and Aquatron-sourced eDNA. As 

eDNA samples came from a relatively small tank, they were assumed to be highly concentrated 

and were diluted 100x prior to the qPCR. Each well of the qPCR plate contained 5 µL 2X 
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PrimeTime™ Gene Expression Master Mix (IDT), 0.6 µL 10 µM primers, 0.15 µL 10 µM probe, 

3.25 µL water, and 1 µL eDNA. qPCRs were run on a LightCycler® 480 System (Roche) and 

cycling parameters for each assay were 95°C 3 mins, 50x (94°C 15 s, 60°C 1 min, 72°C 15 s) 

37°C hold. 

Following amplification testing, the annealing temperature (TA) of the assays was 

optimized by performing gradient PCRs against the Aquatron eDNA extracts (5 µM pre-filter) 

for each marker. Each gradient PCR contained 5 µL 2X Invitrogen™ Platinum™ SuperFi II 

Master Mix (Thermo Fisher Scientific), 0.5 µL 10 µM primers, 3.5 µL water, and 1 µL eDNA. 

PCR cycling parameters were: 98°C 2 min, 40x (98°C 15 s, TA 30 s, 72°C 15 s), 72°C 5 min, 

10°C hold. Tested annealing temperatures ranged from 60-75°C and 60-70°C for SmaI-corII and 

ND4, respectively. A no template control (NTC) was included on the plate for each gradient 

PCR. Amplification success was visualized on a 1% agarose gel. Following the gradient PCR, a 

2-step PCR was performed on the same Aquatron eDNA extracts. The 2-step PCR used the same 

reaction mix but with the following cycling parameters: 2 min 98°C, 30x (98°C 15 s, 72°C 30 s), 

72°C 5 min, 10°C hold. Following the 2-step PCR, the product was visualized on a 1% agarose 

gel to assess amplification success. 

Assay specificity of SmaI-corII and ND4 were confirmed by performing qPCRs on 

gDNA (10 GE/µL) from co-occurring and related species: American Eel (Anguilla rostrata), 

Chain Pickerel (Esox niger), Smallmouth Bass (Micropterus dolomieu), Atlantic Salmon (Salmo 

salar), Brook Trout (Salvelinus fontinalis), Brown Trout (Salmo trutta), Lake Whitefish 

(Coregonus clupeaformis), Lake Trout (Salvelinus namaycush), Rainbow Trout (Oncorhynchus 

mykiss), and Atlantic Whitefish gDNA was included as a positive control. The qPCR was as 
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described for the initial amplification test and the cycling parameters were: 95°C for 3 min, 50x 

(94°C 15 s, 70°C 1 min), 37°C hold. 

 
2.3.3 LOD and LOQ assessment 

 

The limit of detection (LOD) and limit of quantification (LOQ) for each marker were 

assessed following Klymus et al. (2020). The gBlock for each marker was diluted down to a 

31,250 c/µL stock with 1x TE containing 10% tRNA (Klymus et al. 2020). Standards ranging 

from 128 to 2 c/µL were created from the 31,250 c/µL stock in a 2-fold dilution steps using the 

TE-tRNA solution. Standards were created one day prior to performing the qPCRs to adhere to 

contamination protocols by eliminating travel from the MGPL back into the eDNA lab. 

Standards were stored at -20°C overnight. All standards were created with low-bind tubes and 

tips. 

The following day, for each assay, a qPCR was performed where each sample contained 

5 µL 2X PrimeTime™ Gene Expression Master Mix (IDT), 0.6 µL 10 µM primers, 0.15 µL 10 

µM probe, 3.25 µL water, and 1 µL eDNA. Each standard was run in 12 technical replicates and 

an NTC of molecular grade water was include on the plate. The NTC and reagents were laid into 

the plate in the eDNA lab before the plate was sealed and transferred to the MGPL where the 

standards were added. To limit the influence of evaporation and cross-contamination, the plate 

seal was cut and removed from the plate one row at a time with a clean single-edge razor blade 

when adding the standards. Standards were briefly vortexed and underwent a pulse spin in a 

microcentrifuge prior to plating 1 µL into each well. The seal was replaced before the next 

standard was plated.  
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The LOD of the assay was defined as the lowest concentration with amplification in 

>95% of technical replicates (12/12) while the LOQ was defined as the lowest concentration 

with less than 35% coefficient of variation (CV) between technical replicates (Klymus et al. 

2020). CV was calculated with the following equation from (Forootan et al. 2017):  

 

𝐶𝑉!" =	%(1 + 𝐸)($%(&'))
!∗*+	(-./) − 1 

 

where E represents the qPCR efficiency and SD(Cq) is the standard deviation of the replicate Cq 

values. qPCR cycling parameters for each assay were: 95°C for 3 min, 50x (94°C 15 s, 70°C 1 

min), 37°C hold. 

 
 
2.3.4 Field eDNA assessment: net pen-associated and density trials 

 

In July 2022 triplicate 1 L water samples were collected within a 3 m3 net pen with 

quarter-inch mesh size in Milipsigate Lake, NS in which 150 juvenile (~ 3 g) captive-bred 

Atlantic Whitefish were being held prior to release as part of a species recovery effort (J. 

Broome, DFO, pers. com. 2023). Samples were then collected from 5 – 80 m away from the pen, 

with the distance between samples doubling each time (Figure 1). At each distance, water 

samples were collected into two 500 mL polyethylene terephthalate (PET) bottles containing 

purchased drinking water. Prior to sampling, the water in the bottles was poured out ~1 m from 

the collection site before the bottle was submerged just beneath the water’s surface to collect the 

sample. A 1 L field blank was collected at the net pen (0 m sample) by opening two 500 ml PET 

bottles and exposing them to the air for 10 s. 
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Figure 1 Net pen transect sampling locations in Milipsigate Lake, NS, Canada where the value 
inside the circle represents the distance (m) from the net pen. 

 
Captive-bred juvenile Atlantic Whitefish held in ~500 L tanks with flow-through Petite 

Rivière water were used to assess how eDNA yield scales with increasing fish densities. A total 

of 50 juveniles were available for this trial and were split such that two tanks contained 2 fish 

each and two tanks contained 23 fish each (hereafter the “density trials’”). To account for any 

background Atlantic Whitefish eDNA in the Petite Rivière water the fish were being acclimated 

to, no fish were placed into a fifth (control) tank. Flow rate for the tanks averaged 14.45 ± 2.28 

mL/s. Fish were placed into the tanks roughly 24 hours prior to eDNA sampling that followed 

same sampling procedure as described above. The 1 L field blank was collected next to the 

control tank. Welch’s t-tests were performed in RStudio v.4.2.0 (R Core Team 2016) on the 2-
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fish and 23-fish tanks for each assay to determine if the mean (μ) CP differed significantly (H0: 

μ1 = μ2, HA: μ2 ≠ μ1). 

Water processing for each the net pen-associated and density trials followed the processes 

described in section 2.3.1. All extracts underwent a qPCR for each of the ND4 and SmaI-corII 

assays about two weeks after sample collection. Net pen-associated samples used the 5 µM 

filters whereas the density trials used the 0.45 µM filters. Each reaction well contained 5 µL 2X 

PrimeTime™ Gene Expression Master Mix (IDT), 0.6 µL 10 µM primers, 0.15 µL 10 µM probe, 

3.25 µL water, and 1 µL eDNA. Cycling parameters for ND4 were as described in section 2.3.2 

and for SmaI-corII were as described in section 2.3.3. As these qPCRs occurred prior to 

development and optimization of the gBlock standards, the concentrations of the samples were 

not determined in these assays. 

Following development of the gBlocks, the net pen-associated and density trial samples 

were subjected to a second round of qPCRs for each assay that included gBlock standards. 

Standards ranging from 31,250 to 2 c/µL were used for the net pen-associated samples while the 

density trial samples used standards ranging from 6,250 to 2 c/µL. Standards were created using 

a 1x TE-tRNA (10%) solution as well as low-bind tubes and tips. Density trial samples 

underwent qPCRs for both the 0.45 µM and 5 µM filters. Each reaction well contained 5 µL 2X 

PrimeTime™ Gene Expression Master Mix (IDT), 0.6 µL 10 µM primers, 0.15 µL 10 µM probe, 

3.25 µL water, and 1 µL eDNA. Cycling parameters were as described in section 2.3.3. Welch’s 

t-tests were performed in RStudio v.4.2.0 on the 2022 and 2023 qPCRs to determine if the μ CP 

differed significantly between the years (H0: μ1 = μ2, HA: μ2 ≠ μ1). 
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2.4 Results 
2.4.1 qPCR assay development, LOD and LOQ assessment 

 

Following assay development, Atlantic Whitefish gDNA and Aquatron eDNA samples 

were amplified via qPCR with the SmaI-corII and ND4 markers to evaluate amplification 

success. Amplification was observed in each sample type for both markers (Table 1). For each 

sample type, the average CP number was lower for SmaI-corII assays than for ND4 with a 

difference of 7.57 and 6.36 cycles between the assays for gDNA and eDNA samples, 

respectively. These cycle differences correspond to 190x and 82x more SmaI-corII copies within 

the gDNA and eDNA samples than ND4, respectively. 

 

Table 1 qPCR results of gDNA and eDNA samples amplified with SmaI-corII and ND4 assays 
following assay development. 

 ND4 SmaI-corII 

Sample Type 
Replicates 

with 
amplification 

CP (μ ± SD) 
Replicates 

with 
amplification 

CP (μ ± SD) 

gDNA (1000 c/µL) 3/3 20.97 ± 0.06 3/3 13.40 ± 0.06 
eDNA (100x dilution) 7/9 34.75 ± 0.96 9/9 28.39 ± 0.88 

 

Visualization on an agarose gel revealed that amplification occurred at every annealing 

temperature tested for the ND4 and SmaI-corII assays. Likewise, agarose gel visualization 

confirmed amplification success for both markers in the 2-temperature PCR.  

Both assays were tested against gDNA from related and co-occurring species to 

determine assay specificity. The qPCR was run for 50 cycles; however, to account for possible 

nonspecific amplification, a 40-cycle CP cut-off threshold was applied (Burns and Valdivia 

2008). ND4 was found to be species-specific for Atlantic Whitefish, with no amplification 

observed in other species (Table 2). Following the qPCR with the SmaI-corII assay, 
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amplification was observed in 3/3 technical replicates for Atlantic Whitefish and Lake Whitefish. 

A 1.86 cycle difference was observed between Atlantic Whitefish and Lake Whitefish extracts, 

corresponding to 3.6 times more SmaI-corII copies in Atlantic Whitefish than Lake Whitefish. 

The 7.63 cycle difference between Atlantic Whitefish gDNA extracts amplified with SmaI-corII 

and ND4 correspond to 198x more SmaI-corII target within the extract than ND4. 

 

Table 2 qPCR results of specificity testing against related and co-occurring species for SmaI-
corII and ND4 assays (CP =< 40 cycles). 

  ND4 SmaI-corII 

Common name Scientific name 
Replicates 

with 
amplification 

CP (μ ± SD) 
Replicates 

with 
amplification 

CP (μ ± SD) 

Atlantic Whitefish Coregonus huntsmani 3/3 28.68 ± 0.19 3/3 21.05 ± 0.16 
American Eel Anguilla rostrata 0/3 - 0/3 - 
Chain Pickerel  Esox niger 0/3 - 0/3 - 
Smallmouth Bass  Micropterus dolomieu 0/3 - 0/3 - 
Atlantic Salmon Salmo salar 0/3 - 0/3 - 
Brook Trout Salvelinus fontinalis 0/3 - 0/3 - 
Brown Trout Salmo trutta 0/3 - 0/3 - 
Lake Whitefish  Coregonus clupeaformis 0/3 - 3/3 22.91 ± 0.02 
Lake Trout Salvelinus namaycush 0/3 - 0/3 - 
Rainbow Trout Oncorhynchus mykiss 0/3 - 0/3 - 

 

The LOD and LOQ of each assay were assessed via hydrolysis probe qPCR and a 40-

cycle cut-off was applied to the obtained results (Table 3). Following the cut-off, no 

amplification was observed in the NTCs for either marker. For the SmaI-corII assay, the 8 c/µL 

standards had amplification in 11/12 replicates, corresponding to 92% replicates which is below 

the 95% recommendation of Klymus et al. (2020). Therefore, the LOD was determined to be 16 

c/µL, with amplification in all technical replicates. When all samples which amplified were 

included in the standard curve calculation, the efficiency, error, and slope of the assay were of 

2.21, 0.06, and -2.89, respectively and the LOQ was determined to be 64 c/µL (CV = 0.349). To 
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improve the reliability of the standard curve (Zhang and Fang 2006), the 2 c/µL and 4 c/µL 

samples were removed from the calculation. Removing these samples decreased the efficiency, 

error, and slope of the assay to 2.05, 0.02, and -3.20, however the LOQ did not change from 64 

c/µL (CV = 0.332). The LOD for the ND4 assay was four times lower, at 4 c/µL with 

amplification in all technical replicates. The LOQ for the ND4 assay was the same as for SmaI-

corII at 64 c/µL (CV = 0.255). The efficiency, error, and slope of the assay were 1.98, 0.03, and -

3.36, respectively.  

 

Table 3 Results of SmaI-corII and ND4 qPCR assays used to calculate LOD and LOQ. Bolded-
underlined values indicate the LOD (defined as >95% of technical replicates with amplification) 
and bolded values indicate the LOQ (defined as <35% variance among technical replicates). 
LOD and LOQ assessment followed guidelines from Klymus et al. (2020). Samples which 
amplified but were excluded from the standard curve calculation are indicated by an asterisk (*). 

 
ND4 SmaI-corII 

gBlock  
concentration (c/µL) Replicates with amplification Replicates with amplification 

2 6/12  4/12* 
4 12/12  7/12* 
8 12/12 11/12 
16 12/12 12/12 
32 12/12 12/12 
64 12/12 12/12 
128 12/12 12/12 
NTC 0/12 0/12 

 
 
2.4.2 Field eDNA assessment: net pen-associated samples 

 

To assess the distance of detection (in metres) of each marker, samples were collected at 

distances up to 80 m from a net pen in Milipsigate Lake that housed 150 ~3g juvenile Atlantic 

Whitefish. One PCR replicate of the field blank had amplification with a CP of 25.77 in the 

SmaI-corII assay while no blanks amplified with ND4. Each marker amplified in all nine 
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replicates within the net pen (0 m) with average CPs differing by 6.77 cycles between SmaI-corII 

and ND4 assays with CPs of 24.80 and 31.57, respectively, indicating a greater abundance of 

SmaI-corII than ND4 sequences within the pen by over 100-fold (Table 4). Following a 40-cycle 

cut-off, ND4 had a detection at the 5, 10, 20 m distances in one replicate at each distance and no 

detection at 40 or 80 m (Figure 2). In contrast, SmaI-corII had detection at all distances out to 80 

m, and at each distance detections occurred in at least one-third of replicates. An outlier with a 

CP 1.5 standard deviations less than the mean (CP = 16.24), was observed in a single technical 

replicate at 10 m for SmaI-corII. The outlier was removed from the dataset prior to any statistical 

testing. As the SmaI-corII marker had detection in the furthest distance sampled, the distance of 

detection was not determined. The distance of detection for ND4 was determined to be 20 m. 

 

Table 4 Mean crossing point (CP =< 40 cycles) and number of technical replicates with detection 
of the net pen-associated samples for SmaI-corII and ND4 assays. The number of technical 
replicates reported refers to the number of replicates which had amplification minus any which 
were inferred to be outliers. Samples where outliers were removed are identified with an asterisk 
(*). 
 

ND4 SmaI-corII 

Distance 
Replicates 

with 
amplification 

CP (μ ± SD) 
Replicates 

with 
amplification 

CP (μ ± SD) 

Blank 0/3 - 1/3 25.77 
0 9/9 31.57 (±0.83) 9/9 24.80 (±0.77) 
5 1/9 36.6 5/9 35.87 (±1.94) 
10 1/9 36.2   3/9* 37.97 (±1.17) 
20 1/9 37.53 7/9 35.44 (±0.83) 
40 - - 3/9 38.47 (±1.44) 
80 - - 5/9 38.26 (±1.21) 
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Figure 2 Crossing points (CP =< 40) cycles of eDNA samples amplified with SmaI-corII and 
ND4 assays taken up to 80 m away from a net pen housing 150 ~3g juvenile Atlantic Whitefish 
in Milipsigate Lake, NS. 

 

2.4.3 Field eDNA assessment: density trial samples 
 

To assess how eDNA detection scales with increasing fish densities, samples taken from 

tanks containing 2 and 23 ~3g juvenile Atlantic Whitefish were amplified with SmaI-corII and 

ND4. Amplification was observed with SmaI-corII in one PCR replicate of the field blank 

collected beside the control tank (CP = 38.31) however no amplification was observed from 

samples collected from within the control tank with either marker. An outlier with a CP 2.5 

standard deviations less than the mean (CP = 16.29) was observed in a single technical replicate 

in tank 3 for the SmaI-corII assay. The outlier was removed from the dataset prior to any 

statistical testing. SmaI-corII assay had detections in more technical replicates and lower CPs 

than when samples were analyzed with ND4 (Table 5). For tanks housing 2 fish, SmaI-corII 
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detected between 51 – 95x more target molecules than ND4 while in the 23-fish tanks the mean 

cycle difference between the assays corresponded to 12 – 108x more SmaI-corII target than 

ND4. 

 

Table 5 Average crossing point (CP) and number of technical replicates with detection for 
samples taken from tanks holding 2 or 23 ~3g juvenile Atlantic Whitefish and amplified with 
SmaI-corII and ND4 assays. The number of technical replicates reported refers to the number of 
replicates which had amplification minus any which were inferred to be outliers. Samples where 
outliers were removed are identified with an asterisk (*). 

  ND4 SmaI-corII 

Tank Number 
of fish 

Replicates with 
amplification CP (μ ± SD) Replicates with 

amplification CP (μ ± SD) 

Blank - 0/3 - 1/3 38.31 
1 0 0/9 - 0/9 - 
2 2 8/9 34.52 (±0.98) 9/9 27.95 (±0.57) 
3 2 7/9 34.48 (±1.11)   7/9* 28.81 (±0.17) 
4 23 9/9 32.90 (±0.87) 9/9 26.15 (±1.35) 
5 23 8/9 28.96 (±0.72) 9/9 25.43 (±1.15) 

 

For the SmaI-corII assay, there was a significant difference in the mean CP of tank 2 and 

tank 3 (t(9.83) = -4.27, p = 0.002, Welch’s t-test). No significant difference was observed 

between the mean CPs of tanks 4 and 5 (t(15.58) = 1.21, p = 0.244, Welch’s t-test). The opposite 

pattern was observed in the ND4 assay, where the difference in mean CP of tanks 2 and 3 was 

not significant (t(12.15) = 0.08, p = 0.941, Welch’s t-test) while the difference between tanks 4 

and 5 was significant (t(14.93) = 10.25, p = 3.786e-08, Welch’s t-test).  

Consolidating the tanks by number of fish, for each assay there was greater variance 

across the CPs of the 23-fish tanks than the 2-fish tanks (Figure 3). When amplified with SmaI-

corII, the average CP for the 2-fish tanks was 2.53 cycles greater than the 23-fish tanks (2-fish = 

28.32 ±0.62, 23-fish = 25.79 ±1.27). As each cycle of a qPCR represents a doubling of DNA, 

this cycle difference corresponds to approximately 6 times more target DNA in the tanks with 23 
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fish compared to 2. For the ND4 assay, the difference between the average CP for the 2-fish and 

23-fish tanks was larger than for SmaI-corII, 3.46 cycles (2-fish = 34.50 ±1.00, 23-fish = 31.05 

±2.17). This difference represents approximately 11 times more target DNA in the 23-fish tanks 

than the 2-fish tanks.  

 

 
 

Figure 3 Crossing points of eDNA samples amplified with SmaI-corII and ND4 assays taken 
from tanks holding 2 or 23 ~3g juvenile Atlantic Whitefish. 

 
 
2.5 Discussion 

 

The continued decline of aquatic populations (Dudgeon 2010) warrants sensitive, non-

invasive detection methods to inform conservation and management measures, such as eDNA 

tools (Abbott et al. 2021). The presence and subsequent detection of environmental DNA has 
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been shown to serve as a valuable proxy for species presence and particularly advantageous for 

detecting rare or cryptic species compared to traditional methods (Sigsgaard et al. 2015). 

However, challenges remain regarding the sensitivity of eDNA to assess species occurring at 

extremely low abundances where the approach is likely to most valuable. Here, I demonstrated a 

SINE-based eDNA marker targeting SmaI-corII lead to an increased ability for detecting Atlantic 

Whitefish eDNA in the field compared to a conventional eDNA marker targeting the 

mitochondrial ND4 subunit assessed via qPCR. Additionally, I assessed how the eDNA yield of 

the two markers scaled with increasing fish densities to determine if yield was proportional to 

density and could be related to abundance estimates. 

 
2.5.1 Assay development 
 

SmaI-corII and ND4 assays were each able to amplify Atlantic Whitefish DNA from 

gDNA and eDNA samples. Across the assays for each sample type, the difference in mean CPs 

corresponded to 190x and 82x more SmaI-corII target within the gDNA and eDNA samples than 

ND4, respectively. As this initial qPCR was performed to confirm the ability of the assay to 

detect its target marker within different samples types, starting concentration of the eDNA 

samples was not quantified prior to testing nor were concentrations determined during the qPCR. 

The standard deviation of each assay was greater in the eDNA samples than the gDNA, possibly 

owing to the heterogenous nature of eDNA (Beng and Corlett 2020). 

 The specificity of each assay was tested against gDNA from co-occurring and related 

species and the ND4 assay was determined to be species-specific, with no amplification observed 

in the other species assessed. The ND4 assay produced a mean CP value for Atlantic Whitefish 

which was 7.63 cycles greater than the CP of the SmaI-corII marker. This difference corresponds 
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to nearly 200 times more copies of SmaI-corII in the Atlantic Whitefish extract compared to 

ND4 which underscores the marker's advantage, as it occurs in greater quantities within a given 

sample. Using the SmaI-corII assay, amplification was observed in all PCR replicates for both 

Atlantic Whitefish and Lake Whitefish but not in any other species, confirming the specificity of 

this marker as Coregoninae subfamily-specific (Hamada et al. 1997). As Atlantic Whitefish 

extracts had an earlier crossing point in the qPCR than the Lake Whitefish samples at equal 

starting concentrations (10 GE/µL), it can be inferred that Atlantic Whitefish have ~3 times as 

many SmaI-corII copies across their genome than Lake Whitefish. As the oldest member of the 

Coregonus genus, Atlantic Whitefish represent a distinct lineage with estimates of their 

divergence from their common ancestor with other extant Coregonus species put around 14 

million years ago (MYA) compared to the more recent divergence of Lake Whitefish, estimated 

at less than 5 MYA (Crête-Lafrenière et al. 2012). Though TE copy number is not directly 

correlated to the evolutionary age of a species (Zhang et al. 2023) and TE copy number has been 

observed varying between populations of the same species (Biémont and Vieira 2006), the large 

evolutionary distance between Atlantic Whitefish and Lake Whitefish may have contributed the 

observed difference in SINE copy number between the species. For most organisms, TE content 

is correlated to genome size (Wells and Feschotte 2020), and analysis of the complete Atlantic 

Whitefish genome would allow for direct comparisons to the Lake Whitefish genome (2.68 GB – 

2.76 GB; Mérot et al. 2023) to provide further insights into how SmaI-corII copy number relates 

to genome size for these two species. 

When assessing the LOD and LOQ of the assays on synthetic DNA, the two assays had 

equal LOQs of 64 c/µL; however, the LOD of the ND4 assay (4 c/µL) was four times lower than 

that of SmaI-corII (16 c/µL), indicating the ND4 assay is more efficient at detecting target 



 29 

molecules within a sample. Redesigning the SmaI-corII primers may increase the sensitivity of 

this assay, however further work would be required to confirm if redesigned primers yield a 

lower LOD. To obtain efficiency and slope values within an acceptable reporting range for the 

SmaI-corII assay during LOD and LOQ determination, the 2 and 4 c/µL were removed from the 

standard curve calculation due to an initial efficiency value of 2.21. This value corresponded to 

the PCR product increasing by 2.2 times each cycle, 20% more than would be expected if the 

assay had 100% efficiency. Inflated efficiencies can be due to inhibitors present within the 

sample; however, these are typically more prevalent in highly concentrated samples (Svec et al. 

2015) and were not expected in the gBlock fragments used during testing. To ensure the 

reliability of standard curves, efficiencies should fall between 80-115% with a slope between -

3.0 and -3.9 and have an R2 value of 0.95 (Zhang and Fang 2006) which corresponds to an error 

of less than 0.05 for this study. Removing the 2 and 4 c/µL samples, all of which were below the 

determined LOD, resulted in the standard curve falling within this range. Notably, the LOD 

determined in this study used a more conservative threshold of 100% detection than the 95% 

recommended by Klymus et al. (2020) due to plate layout constraints.  

Assay development could benefit from rerunning the LOD/LOQ assessment using a 

higher number of technical replicates for better resolution. Amplification success of SmaI-corII 

and ND4 following a 2-step PCR indicates that in future work, the time required to run the 

assays can be reduced by combining the annealing and extension steps. Cycle cut-offs are 

arbitrary (Burns and Valdivia 2008) and a 40-cycle one was applied to the qPCRs run during 

assay development; however, when these assays are applied to field samples, a lower cycle 

number should be used during the qPCR to avoid late, nonspecific amplification which increases 
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with increasing cycle numbers (Cha and Thilly 1993). Determination of an optimal cycle number 

will require further analysis. 

For the purposes of Atlantic Whitefish identification in the wild using the SINE maker, 

the lower specificity of SmaI-corII should not pose a problem for interpretation of eDNA results 

as Lake Whitefish are not known to occur within the Petite Rivière. If Atlantic Whitefish are to 

be introduced beyond their limited native range as dictated in their federal recovery plan (DFO 

2018), care will need to be taken with interpreting eDNA results when using the SmaI-corII 

assay as this marker provides subfamily-level resolution, however potential translocation sites 

are pre-screened for the presence of Lake Whitefish and the species is only known to occur in a 

dozen or so lakes around the province (Bradford and Mahaney 2004). 

 

2.5.2 Field eDNA assessment: net pen-associated samples 
 

Each assay was found capable of detecting Atlantic Whitefish eDNA from captivity, 

however these tools were developed for conservation applications and as eDNA is expected to be 

influenced by the environment it occurs in (Barnes and Turner 2016), the assays needed to be 

further validated against water characteristic of Atlantic Whitefish’s natural environment. When 

the assays were tested on water samples collected within a net pen housing 150 juvenile Atlantic 

Whitefish and up to 80 m away, the SmaI-corII assay had increased detection abilities compared 

to ND4 with detection at every sampled distance. Amplification was observed within the field 

blank of the SmaI-corII assay; however, as it occurred in only one PCR replicate and returned a 

CP similar to the 0 m samples, the contamination likely occurred during plate layout as the 

samples were plated concurrently and adjacent to one another. The observed outlier in the 10 m 

samples for the SmaI-corII assay was likely due to a pipetting error.  
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Assessing the net pen-associated samples with ND4 resulted in detection up to 20 m 

away from the net pen. Though 20 m is four times less than the maximum distance with 

detection observed using the SmaI-corII marker, this distance of detection is greater than what 

was observed by (Brys et al. 2021) in an assessment of eDNA transport of seven fish species in a 

lentic system via metabarcoding, in which the maximum distance of detection ranged from 5 – 

10 m depending on the species. A greater distance of detection was observed by Dunker et al. 

(2016) where eDNA from cages housing one or two Northern Pike (Esox lucius) in four lentic 

systems was detected up to 40 m away. Across the 1, 10, and 40 m samples, the probability of 

eDNA detection decreased with distance as represented by a decrease in DNA copy number 

(Dunker et al. 2016), a trend not observed in this study as the ND4 CP was similar at the 5, 10, 

and 20 m distances and each only had detection in 1/9 technical replicates. Notably, the 

concentration of eDNA within the 0 m distance varied between studies which may partly explain 

the observed differences in distance of detection. 

Across the distances sampled, no discernible pattern was observed regarding the mean 

CP or number of replicates for detection with the SmaI-corII marker. This homogenous result is 

similar to findings by Wood et al. (2020) who demonstrated that in lotic systems, Atlantic 

Salmon eDNA originated from the source sentinel cage housing 3 – 63 juveniles as a plume 

which was followed by even dispersal through the midstream before accumulating in stream 

margins further downstream (>1000 m). Although flow in a lentic system is expected to be lower 

than in lotic systems and most eDNA transport studies to date have concentrated on lotic systems 

(Brys et al. 2021), a plume-like eDNA cloud originating from the net pen may explain why CP 

varied by such a small amount moving away from the pen as samples were collected toward the 

lake outflow. Additionally, the observed eDNA dispersal could have been partly attributed to 
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wind-facilitated water flow (Zhang et al. 2020) a mechanism reported to affect surface water 

mixing of small lakes (George and Edwards 1976). 

Factors influencing the fate of eDNA such as surface water flow patterns, circulation 

dynamics, habitat heterogeneity, microbial community, and pH are expected to vary among 

aquatic systems (Zhang et al. 2020). Further analysis should be concentrated on understanding 

the specifics of Atlantic Whitefish eDNA dynamics within the Petite Rivière system to better 

relate eDNA detections to the species physical location within the waterbody for robust and 

accurate interpretation of eDNA results.  

 

2.5.3 Field eDNA assessment: density trials 
 

Samples taken from tanks holding 2 or 23 juvenile Atlantic Whitefish were assessed to 

determine how eDNA yield scales with increasing fish densities. Previous studies have reported 

eDNA concentration is positively correlated to species abundance (Klobucar et al. 2017) and 

biomass (Takahara et al. 2012), however the numerous environmental factors affecting eDNA 

degradation reduce this correlation in field settings compared to controlled settings (Rojahn et al. 

2021). Here, I demonstrated that the relationship between density and eDNA yield also differs 

between marker types. With a CP difference between the 2-fish and 23-fish tanks corresponding 

to an expectation of 11 times more eDNA in the 23-fish tank, ND4 scaled closely with this 

predicted ration, while SmaI-corII did not, with an inferred difference of only 6 times the eDNA 

in the 23-fish tanks compared to the 2-fish tanks.  

Many studies have assessed influences on eDNA shedding rate (Maruyama et al. 2014; 

Klymus et al. 2015; Sassoubre et al. 2016; Sansom and Sassoubre 2017; Nevers et al. 2018) but 

fewer have examined the differences between nuclear-eDNA (nu-eDNA) and mitochondrial-
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eDNA (mt-eDNA). For Japanese Jack Mackerel (Trachurus japonicus), nu-eDNA (ITS1) 

shedding rates were observed to increase with increased biomass and temperatures, however this 

trend was generally echoed in the mt-eDNA analysis (cytochrome b) as well (Jo et al. 2019). The 

ratio between mt-eDNA and nu-eDNA concentration was shown to decrease with larger fish 

biomass (Jo et al. 2019), a trend not observed within this study.  

Differences in the ratio between the nu-eDNA (ITS1) and mt-eDNA (12S) were also 

observed to differ in response to reproductive activity of Macquarie Perch (Macquaria 

australasica), owing to their broadcast spawning strategy where spermatozoa, which contain 

relatively low amounts of mtDNA and well protected nuDNA, is released into the water column 

(Bylemans et al. 2017). Interestingly and unlike the results in this study, Bylemans et al. (2017) 

did not observe a difference of the two eDNA markers outside of the spawning period. Notably, 

this study used a small sample size of juvenile Atlantic Whitefish and eDNA shedding has 

previously been observed differing between life stages; Maruyama et al. (2014) demonstrated 

that when normalized by biomass, Bluegill Sunfish (Lepomis macrochirus) juveniles shed 4x 

more mt-eDNA than adults; however, when normalized by number of individuals, adults shed 

12x more than juveniles. These results highlight the challenges of relating eDNA to abundance 

and further work should be done to examine the different factors affecting Atlantic Whitefish 

SmaI-corII eDNA shedding and decay to better contextualize eDNA detection results.  

 

2.5.4 Limitations and challenges 
 

The net pen-associated and tank-density Atlantic Whitefish were part of a concurrent but 

unassociated project and the samples used within this study were collected opportunistically. As 

such, the sample size for the density trial was small at only 50 fish across two treatments. 
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Additionally, as a result of the opportunistic nature of this sampling, samples were collected 

before the assays were fully developed. Though qPCRs were run within two weeks of collection, 

they could not be used to quantify the concentration as issues with the standards were not yet 

resolved. Extracts were stored at -20°C following extraction while the issues with the qPCR 

assays were addressed. The subsequent qPCR occurred a year following the first one and 

although concentrations were determined for the net pen-associated and density trial samples 

using both SmaI-corII and ND4 assays (see Appendices B and C for comparisons of 2022 and 

2023 qPCRs), significant differences in mean CP between the years were observed for both 

sample sets. Therefore, the determined concentrations are not believed to be reflective of the 

concentration of the samples at the time of collection due to the discrepancies between the 2022 

and 2023 results. These discrepancies indicate degradation of the eDNA extracts occurred. 

Possible explanations for the observed degradation include the multiple freeze-rethaw cycles the 

samples were subjected to during assay validation, inadequacy of the -20°C storage temperature 

to preserve eDNA extracts, and the loss of power for three days following Post-Tropical Storm 

Fiona in 2022, which caused the samples to reach room temperature for more than a day. The 

opportunistic nature of the field samples meant resampling was not possible. The observed 

degradation supports timely analysis of samples to ensure results are reflective of the 

environment at the time of sampling. Future work should examine the effect of storage method 

and temperature as well as freeze-rethaw cycles on eDNA extract quality to assess the feasibility 

of reanalysis of extracts following sampling. 

Development and validation of eDNA tools greatly benefit from in situ testing and many 

of the proposed next research steps regarding Atlantic Whitefish eDNA tools require such 

analysis. The non-invasive nature of eDNA tools make them particularly advantageous for 
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endangered species where traditional sampling methods can result in undue harm, however 

gaining access to endangered species during assay development and validation can be 

challenging and timely. Due to its endangered status, gaining direct access to Atlantic Whitefish 

for experimental purposes, such as for the proposed eDNA shedding and decay analyses, 

required timely approval processes and the timeline of this study did not support such an 

approach. Future work should budget to undertake the bureaucratic approval processes as 

determining Atlantic Whitefish eDNA shedding and decay rates will strengthen our 

understanding of any eDNA results obtained from the markers developed within in study. 

Lastly, the net pen-associated and density trial samples used difference filter pore sizes 

(see Appendix D for a pore size comparison of the density trial samples in 2023 using SmaI-

corII). Analysis of these samples occurred during concurrent analysis of lab protocols, including 

analysis of filter pore size choice on eDNA yield. Due to the turbid and tannic nature of the 

Petite Rivière system, a filter/pre-filter system had been chosen to limit filter clogging with an 

expectation that the 5 µM pre-filter would capture larger particles and the 0.45 µM filter would 

collect the eDNA (Li et al. 2018). The observed degradation resulted in the samples being unable 

to be reanalyzed. A significant difference was observed between the pore sizes, with the 5 µM 

filter retaining higher eDNA yield than the 0.45 µM (Table D1). As such, the CPs of the density 

trial samples are likely over-estimated. 

 

2.5.5 Conclusions 
 

Comparisons of results obtained with a novel SINE marker with those obtained with a 

conventional mtDNA marker have revealed the SINE-based approach enables more sensitive 

detection ability of Atlantic Whitefish eDNA. Though the LOD was lower for ND4, indicating 



 36 

this assay is more efficient at detecting target molecules within a sample, the net-pen associated 

samples highlight the increased ability to detect SmaI-corII copies in a field setting owing to its 

increased abundance within the genome. Within the net pen, there were roughly 100x more 

SmaI-corII copies present than copies of ND4, as demonstrated by the large cycle difference 

between the assays. Furthermore, SmaI-corII enabled detection of Atlantic Whitefish DNA up to 

80 m away from the net pen, compared to the 20 m distance of detection with the mtDNA 

marker. Evaluating the relationship between eDNA yield and increasing fish densities revealed a 

noteworthy aspect in detecting a SINE repeat through eDNA analyses that requires further 

investigation. Specifically, the SmaI-corII yield exhibited a 6-fold increase when fish densities 

rose by 11-fold. In combination, these results suggest SINEs offer increased sensitivity of 

detection of aquatic species, but more work is needed to determine the potential to move beyond 

detection/non-detection inferences. Though the field samples were unable to be quantified due to 

degradation, the observed sample degradation highlights the importance of ground truthing 

eDNA lab practices and protocols prior to use.  

Targeting a highly abundant nuclear repeat such as SmaI-corII in eDNA analysis will aid 

ongoing Atlantic Whitefish conservation plans by increasing sensitivity of detection in 

monitoring within their last remaining natural habitat. Moreover, SINEs are present in most 

eukaryotes (Kramerov and Vassetzky 2005) and are particularly well studied within salmonids, a 

family containing many commercially and culturally important species (Matveev and Okada 

2009). As biodiversity continues to decline and species of interest become rarer, SINEs and other 

repetitive nuclear elements can provide a more sensitive alterative to mitochondrial markers. 
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Chapter 3 – Evaluating the potential of SINEs to assess genetic diversity from eDNA 
samples 

3.1 Abstract 
 

Environmental (e)DNA has become well established as an aquatic biodiversity 
monitoring tool. In the face of biodiversity decline, there is growing interest in expanding the 
scope of eDNA analysis to include information about intraspecific diversity. Previous studies 
have demonstrated the utility of mitochondrial haplotypes and nuclear microsatellite alleles 
detected from eDNA samples for population genetics. Here, Atlantic Whitefish were used as a 
test case to evaluate genetic diversity of a high copy number nuclear marker (SINE, SmaI-corII) 
from eDNA samples. Genomic DNA (gDNA) from 16 Atlantic Whitefish was used to compare 
two bioinformatic pipelines. The SmaI-corII consensus sequence and four additional ASVs were 
detected within the gDNA samples. Environmental water samples containing Atlantic Whitefish 
DNA were then analyzed and all five ASVs were detected. A total of six ASVs were detected in 
eDNA samples from a lake known to contain Lake Whitefish. Four ASVs were detected in both 
species, one ASVs was unique to Atlantic Whitefish, and two ASVs were unique to Lake 
Whitefish. These results indicate SINEs can be used to assess genetic diversity via eDNA 
analysis, although commonly available bioinformatic tools must be optimized for SINE ASV 
detection. Overall, transposable elements have the potential to provide population-level insights. 
Future work should examine the utility of this approach in more abundant species that are likely 
to harbour more genetic variation. 
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3.2 Introduction 
 

Detection of species presence and estimation of abundance are common applications of 

environmental (e)DNA tools, but there is growing interesting in determining what other 

information can be reliably gathered from eDNA data, such as analysis of genetic diversity 

which is a critical component of a species' ability to adapt, survive, and contribute to the overall 

health and stability of ecosystems (Hoban et al. 2021). As with detection-based applications of 

eDNA, most eDNA genetic diversity studies to date have targeted mitochondrial DNA (mtDNA) 

(Sigsgaard et al. 2020). Mitochondrial haplotypes have been detected from eDNA samples using 

quantitative (q)PCR (Uchii et al. 2016; Goricki et al. 2017), droplet digital PCR (Baker et al. 

2018), and DNA sequencing techniques (Sigsgaard et al. 2016; Stat et al. 2017; Parsons et al. 

2018; Marshall and Stepien 2019; Stepien et al. 2019; Turon et al. 2020). Advantages of mtDNA 

markers over nuclear DNA (nuDNA) include its high copy number per cell (Robin and Wong 

1988) and possibly slower degradation than nuDNA (Foran 2006). Furthermore, due to the long 

history of using mtDNA in population genetics and DNA barcoding, many reference databases 

of mtDNA sequences exist (Sigsgaard et al. 2020).  

The advantages of mtDNA over nuDNA are not without trade-offs; as mtDNA is usually 

maternally inherited, it will only provide partial insights into population differentiation 

(Sigsgaard et al. 2020). To counter this disadvantage, nuDNA markers are increasingly being 

used in eDNA analyses, echoing an earlier shift to nuDNA markers in population genetic studies 

(Andres et al. 2021). Population-level analyses of Round Goby (Neogobius melanostomus) using 

a panel of 28 microsatellite loci found allele frequencies estimated from eDNA were close to 

those obtained from genotyped tissue samples; however, several low-frequency alleles were not 

recovered in the eDNA samples (Andres et al. 2021). Moreover, Jensen et al. (2020) found that 
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nuclear introns, non-coding sections of DNA anticipated to exhibit high variability due to limited 

functional constraints, of Whale Sharks (Rhincodon typus) retrieved through eDNA analysis 

were insufficient for making reliable population-level inferences using DNA sequencing 

methods; of 12,411 variants initially detected, half were estimated to have resulted from 

PCR/sequencing errors. Increasing the filtering thresholds from 1–2x coverage to 10x decreased 

the number of variants to 22. These studies highlight that while nuclear variation can be detected 

from eDNA samples, challenges remain in discerning between rare variants and erroneous 

sequences. To offset the abundance disadvantage of nuclear eDNA (nu-eDNA) markers, PCR 

assays may be multiplexed to target multiple microsatellites or single nucleotide polymorphisms 

(SNPs) in a single reaction. Amplifying multiple nuclear loci may stochastically result in an 

adequate subset of markers being detected, thereby increasing the likelihood of detection by 

targeting multiple markers rather than just one. This approach requires careful optimization as 

multiplexed primers may interact with one another and cause inhibition, a challenge which may 

be heightened by the variable and uncontrollable starting concentration of eDNA samples 

(Andres et al. 2023a). 

One type of nuclear marker which has to-date been overlooked in eDNA analyses are 

transposable elements (TEs). TEs are highly repetitive mobile elements located throughout the 

genome, accounting for nearly 50% of the genome in mammals (Lander et al. 2001), 7 – 56% in 

some teleost genomes (Gao et al. 2016), and up to 80% in some plant species (SanMiguel et al. 

1996). TEs comprise two classes: those which require an RNA-intermediate and reverse 

transcriptase for replication (retrotransposons) and those which do not (transposons). 

Additionally, TEs are categorized by their ability to transpose. Autonomous TEs can transpose 

on their own while those which require another TE to transpose are nonautonomous (Stapley et 
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al. 2015). The diversity of TEs differs among major taxa; for example, ray-finned fishes and 

amphibians have more diverse TEs within their genomes compared to birds and mammals 

(Sotero-Caio et al. 2017). 

Short interspersed nuclear elements (SINEs) are a type of nonautonomous 

retrotransposon (Elbarbary et al. 2016) and have been identified in diverse eukaryotes including 

mammals, reptiles, fish, ascidians, insects, and flowering plants (Kramerov and Vassetzky 2005). 

Insertions of SINEs within the new locations around genome may be deleterious to the host 

(Kazazian, 2004), though the small size of SINEs compared to their long interspersed nuclear 

elements counterpart, an autonomous retrotransposon, may result in a greater tolerance of their 

presence (Elbarbary et al. 2016). Often occurring in excess of 105 copies/cell (Hamada et al. 

1997), the mobilization and recombination of SINEs within the genome have resulted in 

interspecific diversity and intraspecific polymorphisms via insertions (Kazazian 2004); further, 

copies are not all identical, and their sequences can differ by 5 – 35% (Kramerov and Vassetzky 

2011). Due to their widespread distribution in diverse eukaryotes, low risk of host deleterious 

effects compared to other retrotransposons, high copy number per cell, and significant sequence 

variation, SINEs emerge as promising DNA markers to provide valuable insights into 

interspecific diversity and intraspecific polymorphisms. 

Endangered Atlantic Whitefish (Coregonus huntsmani) was used as a test case for the 

development of SINE-based eDNA tools due to the potential of this novel marker type to confer 

an increase in sensitivity relative to commonly used mtDNA markers for species detection 

(Chapter 2). SmaI-cor is a SINE present within the Coregoninae subfamily and is closely related 

to the SmaI SINE found in Pink Salmon (Oncorhynchus gorbuscha) and Chum Salmon 

(Oncorhynchus keta) (Hamada et al. 1997). SmaI-cor contains two subtypes, I and II, defined by 
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their differences to SmaI. Hamada et al. (1997) found inter- and intra-specific variation in Smal-

corI and Smal-corII, however Atlantic Whitefish was not tested.  

While SmaI-corII provided greater detection sensitivity than mtDNA in eDNA 

applications (Chapter 2), the qPCR analyses used did not provide insights to the amount of 

sequence variation within this SINE in Atlantic Whitefish. Here, the sequence variation of SmaI-

corII in Atlantic Whitefish was explored. Identification of amplicon sequence variants (ASVs) 

requires separation of true biological variation from PCR or sequencing errors (Couton et al. 

2021). Though many pipelines exist to analyze eDNA data, the majority have been developed to 

process metabarcoding data with the goal of detecting organisms at the species level (Mathon et 

al. 2021; see Appendix E for a detailed description of eDNA metabarcoding pipeline processes). 

Here, sequencing methods have been employed to search for intraspecific genetic variation in 

eDNA samples, and as such pipeline validity for SINE analysis needed to be assessed. This 

chapter firstly validated pipeline suitability for detection of SmaI-corII ASVs. Secondly, ASVs 

were assessed at two hierarchical levels by comparing SmaI-corII variants within Atlantic 

Whitefish and between Atlantic Whitefish and Lake Whitefish (Coregonus clupeaformis) 

samples to determine (i) if SmaI-corII variants can be used to detect genetic variation within 

Atlantic Whitefish and (ii) if the species-specificity of this marker can be increased by 

identifying variants unique to either species. 

 

3.3 Methods 
3.3.1 Sequence library preparation 

 

To identify ASVs of the SmaI-corII region, previously extracted genomic (g)DNA 

samples from 16 wild caught Atlantic Whitefish housed at Dalhousie’s Aquatron were assessed 
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along with eDNA samples from the Aquatron (2.3.1) and 0 m net pen release samples (2.3.4). To 

assess SmaI-corII ASV differences between Atlantic Whitefish and Lake Whitefish to identify 

species-specific variants, aqueous eDNA samples were collected from Shingle Lake, NS, where 

Lake Whitefish occur (Hasselman et al. 2009). Sample collection and processing followed the 

procedure described in section 2.3.4.  

DNA libraries were prepared for each sample type by first amplifying the extracts in 

triplicate PCR replicates in a 10 µL PCR in which each reaction contained 5 µL 2X Invitrogen™ 

Platinum™ SuperFi II Master Mix (Thermo Fisher Scientific), 0.5 µL 10 µM SmaI-corII 

primers, 3.5 µL water, and 1 µL gDNA. PCR cycling parameters were 98°C 2 min, 40x (98°C 15 

s, 60°C 30 s, 72°C 15 s), 72°C 5 min, 10°C hold.  

Following amplification, samples underwent an indexing PCR to add unique DNA 

indices to each sample within the library. Indexing used the Phusion ® High-Fidelity DNA 

polymerase kit (#M0530L, New England BioLabs). Each indexing PCR comprised a 10 µL final 

volume that included 2 µL 5X Phusion ® HF Buffer, 1 µL 2mM dNTPs, 0.5 µL PCR product, 

0.5 µL xGen™ Normalase™ UDI Primers (#10009797, Integrated DNA Technologies), and 5.9 

µL molecular grade water. Index PCR cycling parameters were 98°C 2 min, 20x (98°C 10 s, 

62°C 30 s, 72°C 15 s), 72°C 10 min, 10°C hold. Following indexing, each library was pooled in 

a single tube.  

Libraries were bead cleaned to remove small DNA fragments following indexing. 

Briefly, 50 µL room temperature AMPure XP magnetic beads (#A63882, Beckman Coulter) and 

50 µL DNA library were added to one well of a strip tube. After 15 min, the tube was placed on 

a magnet and left for 5 min. The liquid was removed from the tube before tube contents were 

washed twice with 200 µL fresh 80% ethanol. The tube was dried at 37°C for 3 min before 50 
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µL 10mM-Tris/0.05%-Tween was added. After 2 min on the bench, the tube was placed on the 

magnet for a further 5 min. The liquid was then moved to a new tube and the library was stored 

at -20°C. 

Prior to sequencing, libraries were quantified with the KAPA Library Quantification Kits 

(#KK4953, Roche). Clean libraries were diluted 10,000x using 10mM-Tris/0.05%-Tween. Each 

well of the qPCR contained 4.5 µL KAPA Sybr Green Master Mix, 2 µL library, and 1 µL 

molecular grade water. Cycling parameters were 95°C 5 min, 35x (95°C 30 s, 60°C 45 s), then 

hold at 37°C. If library concentrations were > 4 nM sequencing proceeded. Libraries which did 

not meet the concentration requirement were remade. Owing to the higher quality of the gDNA 

samples compared to eDNA, the gDNA library underwent single-end sequencing to maximize 

the number of samples which could be sequenced on the run. eDNA libraries underwent paired-

end sequencing to ensure the low-quality sequences at ends of reads would be removed during 

bioinformatic processing. All sequencing used Illumina v2 300-cycle kits on an Illumina MiSeq 

System. 

 
 
3.3.2 Bioinformatic pipeline optimization and comparison for SmaI-corII ASV analysis 
 

To date, most eDNA metabarcoding pipelines have been limited to species detection by 

identifying differences within a highly conserved region to assign sequences to species rather 

than interpret intraspecific variation (Andres et al. 2023a). To determine ASVs of the SmaI-corII 

marker, it was imperative to assess how different pipelines would analyze SmaI-corII sequences, 

a variable SINE. Two commonly used pipelines were chosen, a custom UNIX-based pipeline 

(hereby called “custom”) and DADA2 (Callahan et al. 2016). The custom pipeline algorithm 

followed the processes described in Appendix E, while the DADA2 pipeline differed in some 
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regards. Notably, the DADA2 algorithm uses a parametric error model to estimate the Illumina 

sequencing error rate of the dataset (Callahan et al. 2016). Like the denoising process described 

in Appendix E, during denoising DADA2 creates centroids based on sequence abundance and 

iteratively partitions sequences either under the centroid or into a new cluster. DADA2 differs 

from the custom pipeline as this partitioning uses the estimated error rate calculated earlier in the 

pipeline to determine the probability that a given sequence is an error of the centroid based on its 

abundance (Callahan et al. 2016). The OMEGA_C parameter corresponds to the threshold 

required to correct inferred erroneous sequences within the cluster to match the centroid 

sequence. 

Pipeline suitability for SmaI-corII analysis was determined by assessing the number of 

ASVs detected and total read depth retained. The pipelines were first run using default 

parameters on the Atlantic Whitefish gDNA samples which were sequenced in triplicate PCR 

replicates. As gDNA is generally high in quality and concentration, it was assumed true ASVs 

would be consistently detected across the PCR replicates of an individual fish whereas false 

positives due to PCR or sequencing error would occur stochastically. 

The custom pipeline followed the Bioinformatic Methods for Biodiversity Metabarcoding 

tutorial (Creedy, Vogler, and Penlington, 

https://learnmetabarcoding.github.io/LearnMetabarcoding) and was first assessed with default 

parameters (Table 6). Forward and reverse primers were removed from demultiplexed sequences 

with CUTADAPT v.3.5 which allows 10% of base mismatches between the query and primer 

sequences by default (Martin 2011). Though the priming region was expected to be at the 

beginning of the read, primers were not anchored to account for the possibility that they were 

further into the sequence. Sequence quality was assessed with FASTQC  v.0.11.9 (Andrews 



 45 

2010). As the SmaI-corII region was expected to be variable (Hamada et al. 1997) but the details 

of variation within Atlantic Whitefish were unknown, sequences were not trimmed to a fixed 

length to account for length variations due to insertions and deletions (indels). Sequences were 

concatenated into a single fastq file and quality filtered using the --fastx_filter command in 

VSEARCH and the --fastq_maxee default value of 1 (Rognes et al. 2016). The concatenated fastq 

file was then dereplicated using the --derep_fulllength command and the --minlen 32 parameter, 

which discards sequences shorter than 32 bases long. Dereplicated sequences were then denoised 

using the UNOISE3 algorithm (Edgar 2016a) implemented in VSEARCH with parameters --minsize 

8 --unoise_alpha 2. Chimeric sequences were removed using the UCHIME3 (Edgar 2016b) 

algorithm implemented in VSEARCH using the --uchime3_denovo command. Remaining reads 

were mapped to ASVs with the VSEARCH --search_exact command. Taxonomy was assigned to 

the ASVs against a custom database containing the SmaI-corII consensus sequence (Hamada et 

al. 1997) using the blastn function of BLAST (Madden 2002) with the parameters -num_threads 1 

-evalue 0.001 -perc_identity 97. 

 

Table 6 Custom pipeline parameter descriptions and default values. 

Pipeline step and 
program Parameter Definition Default 

value 
Primer removal: 
CUTADAPT e Maximum error rate (percentage) in 

priming region 0.1 

Quality filtering: 
VSEARCH --fastq_maxEE 

Expected error rate (incorrect base call). 
Sequences with error rates higher than 
this value will be discarded 

1 

Dereplication: 
VSEARCH minlen Sequences shorter than this value will be 

discarded  32 

Denoising: 
VSEARCH 

minsize Sequences which occur less than this 
value will be discarded 8 

unoise_alpha Dissimilarly level during clustering 2 
Assigning 
taxonomy: BLAST perc_identity Percentage of query sequence matching 

the reference sequence 97 
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The DADA2 pipeline operates within the R environment and was executed in RStudio 

v4.2.0. As with the custom pipeline, DADA2 was first run with default parameters (Table 7), 

following the DADA2 ITS tutorial (https://benjjneb.github.io/dada2/ITS_workflow.html). 

Ambiguous bases (Ns) were removed using the filterAndTrim command with parameter maxN = 

0.  Forward and the reverse-compliment of the reverse primer were removed from sequences 

with CUTADAPT v3.5. Read quality profiles were plotted to assess where along the sequence base 

pair (bp) quality dropped off. To account for the unknown length variation of the SmaI-corII 

marker, reads were not trimmed to a consistent length. Quality filtering used the filterAndTrim 

command with parameters maxN = 0, maxEE = 2, truncQ = 2, minLen = 50. The error rate of the 

dataset was then estimated from a subset of samples with the learnErrors function. Samples were 

dereplicated with the derepFastq function. Dereplicated samples then underwent DADA2’s core 

sample inference algorithm (denoising) which included the previously learned error rate as well 

as parameters OMEGA_A = 1e-40, OMEGA_C = 1e-40, BAND_SIZE = 16. An ASV table was 

then created from the denoised samples using the makeSequenceTable function. Chimeras were 

removed from the samples with the removeBimeraDenovo function, using method = consensus. 

Taxonomy was assigned to the ASVs against a custom database containing the SmaI-corII 

consensus sequence using the assignTaxonomy function. 
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Table 7 DADA2 parameter descriptions and default values. 

Pipeline step 
and program Parameter Definition Default value 

Primer 
removal: 
CUTADAPT 

e Maximum error rate (percentage) 
in priming region 

Unspecified but 
assumed to be 

CUTADAPT default of 
0.1 

Quality 
filtering: 
DADA2  

maxN 

Maximum number of ambiguous 
bases allowed. Sequences with 
error rates higher than this value 
will be discarded 

0 

maxEE 
Expected error rate. Sequences 
with error rates higher than this 
value will be discarded 

2 

truncQ 
At the first instance of a quality 
score less than this value reads 
will be truncated 

2 

minLen Sequences shorter than this value 
will be discarded 50 

Denoising: 
DADA2 

OMEGA_A 
Threshold for calling a unique 
sequence significantly abundant 
(to make a centroid) 

1e-40 

OMEGA_C 
Threshold for sequences inferred 
to contain errors to be corrected in 
the final output 

1e-40 

BAND_SIZE 
Restricts the total number of 
indels within a sequence relative 
to another 

16 

Assigning 
taxonomy assignTaxonomy - - 

 
 

After each pipeline was run, the total read depth retained after each step, the number of 

ASVs, and if the ASV was consistently detected across the PCR replicates of a single fish was 

assessed and compared. The pipelines were then iteratively run, changing one parameter at a 

time to assess how the suite of ASVs and total read depth per ASV changed in response (Figures 

F1 and F2; see Appendix F).  

Following the initial parameter analysis, errors within the sequence files which skewed 

the optimization were identified. Notably, the sequencing run included duplicated indices which 
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resulted in the concatenation of Atlantic Whitefish and Lobelia spp. sequences within the same 

demultiplexed file. During initial optimization, the custom pipeline showed a large drop in read 

depth compared to DADA2 following the primer removal (see Figure 5), and optimization was 

concentrated on increasing the number of reads retained during this step. Nonetheless, the 

identification of Lobelia spp. sequences within the demultiplexed files highlighted a key 

difference in how the two pipelines treat erroneous sequences as the DADA2 pipeline gave no 

indication of the error. DADA2 was then run with the error correction parameter (OMEGA_C) 

turned off and the number of reads retained dropped by 70%, indicating that by correcting 

erroneous sequences to match the centroid, the depth of the centroid was being artificially 

inflated. Optimization was then restarted for the custom pipeline only, with the understanding 

that the initial read count within the samples was reflective of both Atlantic Whitefish and 

Lobelia spp. sequences. 

 

3.3.3 Custom bioinformatic pipeline optimization and SmaI-corII ASV determination 
 

Using default parameters, DADA2 identified higher read depths across fewer ASVs than 

the custom pipeline. When the OMEGA_C error correction parameter was turned off in the 

DADA2 pipeline, the two pipelines retained a similar number of ASVs and similar depths 

following denoising (Appendix F). The error estimation and correction functions of the DADA2 

pipeline were therefore found to be unsuitable for analysis of SmaI-corII and the custom pipeline 

was chosen for further optimization. Custom pipeline outputs (depth, number of ASVs, and 

ASVs consistency) were again assessed firstly using default values of all parameters, where ASV 

consistency was used as a metric of how optimized the pipeline was. Analysis of the output 

resulted in addition of a quality trimming step prior to concatenation and dereplication, where a 
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minimum phred score of 26 and minimum and maximum sequence length limits (-q 26 -m 70 -M 

105) were enforced based on sequence lengths identified in the initial discovery of SmaI-corII 

(Hamada et al. 1997). Sequences were trimmed at the first instance of a base with a phred score 

lower than 26 (1 in 400 chance of base call error) and any sequences outside the specified length 

range were dropped. Following quality trimming, cluster contents from the custom pipeline were 

assessed during the denoising stage by adding the function --uc which produced a tab-separated 

output file of centroids and sequences within the cluster. 

Analysis of the custom pipeline cluster content following denoising revealed ASVs 

differing from the centroid by only one or a few single base changes (SNPs) were being 

clustered, thereby hiding them in the final pipeline output. As the goal of the optimization was to 

identify such variants, the custom pipeline was therefore stopped after the dereplication step to 

ensure these variants were not lost. The post-dereplication output of the custom pipeline 

consisted of a table of over 275,000 unique ASVs and their corresponding occurrence counts per 

sequenced PCR replicate. Downstream analysis was undertaken in RStudio v.4.2.0 in lieu of 

denoising to determine which ASVs represented true biological variation, and which were 

residual PCR/sequencing errors.  

For ASVs determined from the gDNA samples used during pipeline optimization, 

different depth cut-off thresholds were assessed to remove low quality PCR replicates prior to 

any ASV analysis. Samples were inferred to be low quality if the total depth of a PCR replicate 

was vastly lower than the other PCR replicates originating from the same individual fish (Figure 

4A). Thresholds of 10%, 1%, and 0.1% total depth were applied on a per PCR replicate basis to 

the entire sample set, whereby samples needed to have a depth equal to or greater than the 

threshold to be retained. Owing to the generally higher quality of gDNA compared to eDNA, 
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ASVs were then assessed across the triplicate PCR replicates of an individual fish under the 

assumption true ASVs would be consistently detected across PCR replicates whereas false 

positives due to PCR or sequencing error would occur stochastically. Errors were also assumed 

to occur at lower depths than true ASVs. Therefore, only ASVs that had depths of at least 1% of 

each PCR replicate of a single fish were retained. ASVs which passed the two downstream 

filtering thresholds (PCR replicate depth cut-off and ASV minimum depth) were considered to 

be putatively true ASVs. 

Following determination of optimal downstream filtering metrics, the custom pipeline 

optimization was re-evaluated to determine if streamlining pipeline parameters would reduce the 

number of putatively false ASVs present in the dereplicated output. As many singleton ASVs 

were present in the dereplicated output, the --minuniquesize 10 parameter was added during 

dereplication, where ASVs needed to have a depth of at least 10 to be retained in the final 

dereplicated output (Jensen et al. 2020). Increasing the number of allowable mismatches in the 

priming region from the default 10% (e 0.1) to 20% (e 0.2) was assessed as was increasing --

fastq_maxee 1 (default) to 2 to determine if less stringent primer matching and quality filtering, 

respectively, increased the number of ASVs detected in the final output following downstream 

filtering. A 2-sample test for equality of proportions with continuity correction was conducted to 

compare the proportion of reads retained between different parameter values. 

The optimal parameters values determined via gDNA assessment were applied to the 

ASV analysis of eDNA samples to determine if differences in the suite of ASVs detected would 

vary between sample types. As with the gDNA samples, a 1% depth cut-off threshold was firstly 

applied to the eDNA samples on a per PCR replicate basis to remove low quality PCR replicates. 

Due to the heterogeneous distribution of aqueous eDNA, where the DNA of multiple individuals 
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can co-occur within the water, putatively true ASVs could not be determined by assessing 

consistency across PCR replicates as ASV detections could not be assigned to any one fish 

(Figure 4B). Following the first depth cut-off, a second 1% depth cut-off threshold was applied 

on a per ASV basis, where the total depth of a given ASV across all remaining PCR replicates 

needed to be greater than or equal to 1% of the total remaining depth. 

Following optimization of the custom pipeline and downstream ASV determination 

methods, the ASV output from these optimized protocols were again compared to DADA2, 

which was run with the addition of a maximum sequence length enforcement of 105 bp during 

the trimming step and without its error correction function during denoising to be consistent with 

the custom pipeline parameterization and to confirm pipeline suitability. Putatively true ASVs 

determined by the custom pipeline and confirmed by the comparison to the DADA2 output were 

added to a custom reference database alongside the SmaI-corII consensus sequence (Hamada et 

al. 1997). Following pipeline confirmation and ASV determination within the gDNA samples, 

Aquatron eDNA and 0 m net pen eDNA samples were assessed to determine if ASVs differed 

between Atlantic Whitefish sample types. The eDNA samples were bioinformatically assessed 

with the optimized custom pipeline the same way as the gDNA samples with one modification: 

as the eDNA samples underwent paired-end sequencing (3.4.1) forward and reverse reads were 

merged with PEAR v0.9.11 using a quality threshold parameter of -p 26 and minimum overlap of 

-v 18 which occurred after sequence quality checking with FASTQC and before length trimming 

with CUTADAPT. eDNA samples from Shingle Lake were also assessed for SmaI-corII ASV 

variation to determine if any putatively true ASVs were unique to the samples containing 

Atlantic Whitefish DNA (gDNA, Aquatron eDNA, and 0 m net pen eDNA) or Lake Whitefish 

DNA (Shingle Lake eDNA), therefore bringing the specificity of the marker down from 
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subfamily-level to species-level. Welch’s t-tests were performed in RStudio v.4.2.0 to compare 

the proportional depth of the ASVs detected within both species. ASVs were aligned with 

MUSCLE (Edgar 2004). 

 

 
 
Figure 4 Comparison of gDNA (A) and eDNA (B) sample collection and rationale for different 
processing methods for SmaI-corII ASV determination. 
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3.3.4 Tank dilution series 
 

Following the creation of a custom reference database containing putatively true SmaI-

corII ASVs, a dilution series was performed to assess variant drop out at different eDNA 

concentrations. Total DNA of the Aquatron eDNA extracts (2.3.1) was quantified with a 

NanoDrop before extracts underwent five rounds of 10-fold dilutions with molecular grade 

water. A sequencing library was created from the dilutions following the procedure described in 

section 3.3.1.  

Stochastic effects during PCR increase with decreasing DNA concentrations (Weusten 

and Herbergs 2012) and low concentrations can also lead to false mutations (Akbari et al. 2005). 

Therefore, multiple analyses performed in RStudio v.4.2.0 were compared to determine an 

optimal method to determine the ASV composition of the dilution series samples following 

bioinformatic analysis with the optimized custom pipeline (3.3.3) (Table 8). Following the 

analyses, the number of ASVs and total depth per analysis output were compared to determine 

the most suitable method for ASV assessment across decreasing concentrations, where high 

depth across the ASVs previously identified (3.3.3) were considered markers of analysis 

suitability.  

 

Table 8 Methods tested and compared to determine ASV composition of the tank dilution series 
where optimized custom pipeline refers to stopping after the dereplicate stage while custom 
pipeline refers to running the pipeline in its entirety. 

Analysis 
attempt Analysis description 

1 Optimized custom pipeline (2.3.2) and downstream eDNA analysis (3.3.3) 
2 Optimized custom pipeline (2.3.2) and only retained ASVs which were a 100% 

match to the custom reference database of SmaI-corII ASVs 
3 Optimized custom pipeline, used the custom reference database of SmaI-corII 

ASVs when assigning taxonomy with BLAST (-perc_identity = 100) 
4 Same as analysis 3, however only retained ASVs with 100% query coverage 



 54 

 
3.4 Results 
3.4.1 Bioinformatic pipeline optimization and comparison for SmaI-corII ASV analysis 
 

Sequencing of Atlantic Whitefish gDNA extracts returned 2,197,228 single-end reads. 

For the custom pipeline run with default settings, 1,261,151 reads remained following primer 

removal, 1,230,551 after quality filtering, 1,206,831 after dereplication, 241,377 after denoising, 

and 240,716 after chimera removal. When assigning taxonomy with BLAST by comparing the 

reads to the SmaI-corII consensus sequence (Hamada et al. 1997), 166,197 reads were retained 

(Figure 5). When DADA2 was run with default settings, all 2,197,228 reads remained following 

priming removal as CUTADAPT does not discard untrimmed reads unless specified. The number 

of reads remaining was 1,890,741 after quality filtering, 1,873,342 after denoising, and 

1,868,025 after removing chimeric sequences, all of which were retained following taxonomy 

assignment.  

 

 
Figure 5 Read tracking of the custom and DADA2 pipelines using default settings and DADA2 
without its error correction parameter to assess read depth of ASVs across Atlantic Whitefish 
gDNA sequences. 
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In assessing the consistency of ASVs detected by each pipeline, the custom pipeline run 

with default settings had a higher ratio of consistently detected ASVs across PCR replicates of an 

individual fish (211/373) than DADA2 (14/1594); however, the total read depth of the 

consistently detected ASVs with the custom pipeline was 86% lower than the read depth retained 

by DADA2 at 159,047 reads compared to 1,165,763 reads, respectively. Of these ASVs, the 

majority were 151 bp in length, much longer than the 90 bp expected amplicon length of the 

SmaI-corII assay (Figure 6). 

 

 

Figure 6 ASV length distribution of the DADA2 pipeline run with default parameters. 
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optimal for a marker as variable as a SINE. The large difference in retained reads between the 

pipelines can be attributed to DADA2’s error correction parameter (OMEGA_C), which corrects 

inferred erroneous sequences to match their centroid sequence. When this parameter was turned 

off, the number of retained reads dropped to 526,049 reads 1,598 ASVs in the final DADA2 

output (see Appendix F). Of these, 14 ASVs were consistently detected across PCR replicates 

(0.88%) totaling 168,389 reads (32%). As ASV consistency was considered a proxy for pipeline 

suitability, DADA2 was therefore determined to be unsuited for SmaI-corII variant assessment  

As a large proportion of reads were lost with the custom pipeline during taxonomy 

assignment via BLASTing against the SmaI-corII reference sequence (31% following chimera 

removal), ASVs prior to this step were assessed to determine the necessity of this method of 

taxonomy assignment for a targeted marker. Prior to taxonomy assignment, the custom pipeline 

retained 240,716 reads across 2,900 ASVs. Of these, 1,574 ASVs (54%) comprising 188,419 

reads (78%) were consistently detected across PCR replicates. Due to the higher read depth 

(1.4x) across more ASVs (7.8x) prior to taxonomy assignment, the custom pipeline was only run 

through the chimera removal step prior to ASV assessment during initial pipeline optimization 

and comparison to DADA2 as BLAST was found to be unsuited for SmaI-corII variant 

assessment (see Appendix F for initial pipeline optimization parameters and results). 

 

3.4.2 Custom bioinformatic pipeline optimization and SmaI-corII ASV determination 
 

The custom pipeline output with default parameters included a high proportion of ASVs 

shorter than the 90 bp expected amplicon length of the SmaI-corII assay (Figure 7). Analysis of 

sequence quality via the FASTQC report indicated the per base phred scores dropped below 26 

around 105 bp into the sequence length. The distribution of sequence lengths and sequence 
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quality drop off resulted in the addition of a read trimming step in the pipeline. Enforcing length 

limits of 70 – 105 bp to account for indels resulted in a final pipeline output of 210,153 reads 

across 2495 ASVs following chimera removal, the majority of which were the expected 

amplicon length of 90 bp. 

 

  
 

Figure 7 ASV length distribution of the custom pipeline output run using default parameters 
through taxonomy assignment via BLAST compared to both omitting taxonomy assignment via 
BLAST as well as adding length enforcements during quality trimming and omitting taxonomy 
assignment via BLAST. 
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For the default custom pipeline, the largest drop in read depth was observed following the 

denoising step (Figure 5). This step involves the application of a sequence clustering and 

comparison method to identify and eliminate residual PCR/sequencing errors. The method 

evaluates the number of base differences and abundance ratios among sequences, effectively 

inferring and subsequently removing errors (see Appendix E for a more detailed description of 

clustering). Analysis of cluster content following length enforcement revealed 10,704 sequences 

with depths of 8 – 13,106 reads were clustered within the SmaI-corII consensus sequence 

(Hamada et al. 1997) centroid, the most abundant ASV at 121,305 reads. The high depths of 

some of these sequences (10.83% of the consensus sequence depth) indicated denoising was not 

an effective method of SmaI-corII ASV determination. Rather, the pipeline was stopped after the 

dereplication stage, which outputted all unique sequences and their corresponding abundances, 

and manual downstream depth filters were applied to parse true SmaI-corII biological variation 

from residual PCR/sequencing errors.  

The post-dereplication output of the custom pipeline following sequence length 

enforcement consisted of 275,128 sequences totalling 1,187,971 reads and downstream analysis 

was undertaken in RStudio v4.2.0. in lieu of denoising to determine putative true ASVs from 

PCR/sequencing errors. To account for the possibility of low-quality DNA or failed 

amplification of PCR replicates which could impact ASV determination, a depth-based threshold 

was firstly applied on a per PCR replicate basis. When a 10% depth threshold was applied across 

the entire sample set, whereby the depth of a PCR replicate needed to contain 10% of the total 

depth of the run to be retained, all PCR replicates were removed. The 1% threshold resulted in 

3/3 PCR replicates from individual 22-H1 and 1/3 PCR replicates from individual 18-A1 being 

removed while the 0.1% threshold resulted in 1/3 PCR replicates being removed from each 22-
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H1 and 18-A1. For each fish, the ASV corresponding to the SmaI-corII consensus sequence 

(Hamada et al. 1997) had the highest depth of all retained ASVs; as the depths of the remaining 

PCR replicates from individual 22-H1 were 2.3 and 4.6 standard deviations away from the mean 

consensus sequence depth following dereplication, the 0.1% threshold was determined to be too 

lenient, and the 1% threshold was selected. Retaining only sequences which had 1% total depth 

in all retained PCR replicates of an individual fish resulted in three ASVs totalling 152,017 reads 

being retained across all individuals. 

ASV determination was an iterative process and the number of sequences retained in the 

dereplicated output strongly influenced the downstream depth-based thresholds. Therefore, 

following determination of optimal downstream depth-based filtering methods (1% depth cut-off 

per PCR replicate of the sample set and 1% depth cut-off of consistently detected ASVs per PCR 

replicate of an individual fish), earlier pipeline parameters related to primer removal, quality 

filtering stringency, and dereplication were re-evaluated to assess their influence on the 

dereplicated output. A minimum sequence depth of 10 reads was added during the dereplication 

stage to remove rare, low abundance sequences which could not reliably be distinguished from 

PCR/sequencing errors (Jensen et al. 2020). The addition of this minimum sequence occurrence 

requirement reduced the number of sequences by 95% (13,515 sequences retained) and the total 

depth by 30% (839,546 reads retained), indicating there were many singletons and rare 

sequences present in the initial dereplicated dataset which impacted the downstream depth-based 

filtering. Downstream analysis following the addition of the minimum sequence occurrence 

resulted the identification of two additional ASVs for a total of five ASVs totalling 172,898 

reads. 
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Increasing the proportion of mismatches allowed in the priming region from 0.1 to 0.2 

did not change the number of ASVs detected following downstream depth filtering; however, the 

read depth of the six ASVs decreased by 3%. The analysis resulted in a Chi-Square statistic (χ²) 

of 3.59, with 1 degree of freedom. The associated p-value of 0.058 indicated the difference in 

proportion of reads retained across the five ASVs did not significantly differ when increasing the 

error allowance in the priming region from 0.1 to 0.2 and to maintain a conservative error 

allowance, the default value of 0.1 was selected as optimal for the custom pipeline.  

Likewise, increasing the stringency of the –fastq_maxEE quality filtering parameter 

which refers to the expected error rate of a sequence from the default 1 to 2 resulted in the same 

five ASVs detected following downstream depth filtering and the depths of the ASVs increased 

by 3%. The analysis resulted in a Chi-Square statistic (χ²) of 0.222, with 1 degree of freedom. 

The associated p-value of 0.638 indicated the difference in proportion of reads retained across 

the five ASVs did not significantly differ when increasing expected error rate from 1 to 2 and to 

maintain a conservative approach, the default value of 1 was selected as optimal for the custom 

pipeline.  

To further confirm the suitability of the optimized pipeline and downstream filtering 

methods for SmaI-corII variant detection, a final comparison was made to DADA2. The 

optimized custom pipeline was ultimately determined to be better suited for SmaI-corII variant 

determination and the five ASVs retained following analysis with the custom pipeline and 

optimized downstream depth-based filtering were considered to be putatively true (see Appendix 

F). 

When comparing the five ASVs determined with the custom pipeline and optimized 

downstream filtering thresholds to the custom pipeline run through the denoising step, only 
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ASVs 01 and 02 formed centroids in the denoised output while ASV 03 – 05 were clustered 

beneath ASV 01 and hidden in the final ASV list. ASVs 01 – 04 were ubiquitous across all 

individuals while ASV 05 was not detected in fish 18-A4 and 18-E7 (Figure 8). The relative 

frequencies (as inferred from sequence depth) of the ubiquitous ASVs were relatively consistent 

across the individuals. Across the remaining PCR reps from all fish, the total depth retained was 

172,898 reads. ASV 01 was the most abundant variant comprising nearly 70% of the total 

retained read depth across all fish. The remaining depth was split similarly across ASVs 02 

(12%), 03 (7.5%), 04 (5.8%), and 05 (5.3%). All five ASVs were observed within eDNA 

samples from both the Aquatron and 0 m net pen samples at proportions similar the gDNA 

samples (Table 9). Analysis of the Lake Whitefish eDNA samples from Shingle Lake returned 

ASVs 01 – 04 as well as two additional ASVs, 06 and 07.   

 

 
Figure 8 SmaI-corII ASVs detected in gDNA from 15 Atlantic Whitefish following custom 
pipeline and downstream analysis optimization. 
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Table 9 Percentage of SmaI-corII ASVs detected in Atlantic Whitefish gDNA or eDNA samples 
from lakes containing either Atlantic Whitefish or Lake Whitefish. 

 Sample 01 02 03 04 05 06 07 

Atlantic 
Whitefish 

gDNA 

18-A1 70.87 11.60 7.13 5.52 4.89 - - 
18-A3 69.68 11.51 7.39 5.91 5.51 - - 
18-A4 72.18 13.35 8.13 6.34 - - - 
18-C4 68.36 12.27 7.85 6.04 5.48 - - 
18-D4 68.84 12.16 7.50 6.01 5.49 - - 
18-E7 73.19 12.85 8.31 5.65 - - - 
18-F2 69.37 12.16 7.32 5.90 5.26 - - 
22-A1 67.91 12.72 7.57 6.19 5.61 - - 
22-A2 70.30 11.50 7.21 6.03 4.96 - - 
22-D2 69.00 12.29 7.56 5.58 5.57 - - 
22-F2 69.46 11.72 7.60 5.70 5.52 - - 
22-G2 69.35 11.98 7.53 5.86 5.27 - - 
22-H2 69.69 11.89 7.45 5.72 5.24 - - 
22-J2 69.45 12.03 7.38 5.70 5.43 - - 
22-M1 70.20 11.65 7.22 5.69 5.24 - - 
Mean  
± SD 

69.86 
± 1.38  

12.11 
± 0.53  

7.54 
± 0.33  

5.86 
± 0.23  

5.34 
± 0.23  

- - 

Aquatron 
eDNA 

1 69.26 12.30 7.71 5.86 4.87 - - 
2 69.68 11.55 8.06 5.90 4.80 - - 
3 69.69 11.75 7.89 5.86 4.80 - - 

Mean  
± SD 

69.55 
 ± 0.25 

11.87  
± 0.39 

7.89  
± 0.18 

5.88  
± 0.02 

4.83  
± 0.04 - - 

Net pen  
0 m eDNA 

1 67.60 13.54 6.59 6.12 6.16 - - 
2 68.66 15.64 5.12 5.60 4.98 - - 
3 67.51 13.49 7.33 5.96 5.72 - - 

Mean  
± SD 

67.92  
± 0.64 

14.22  
± 1.23 

6.35  
± 1.13 

5.89  
± 0.26 

5.62  
± 0.60 - - 

Shingle 
Lake 

eDNA* 

1 51.47 6.54 9.95 9.23 - 10.04 12.77 
2 58.84 9.25 12.15 11.20 - 6.95 1.61 
3 63.06 7.71 7.60 5.51 - 9.66 6.45 
4 57.17 8.90 9.30 3.92 - 11.01 9.71 
5 60.75 7.50 6.47 7.40 - 10.99 6.90 

Mean  
± SD 

58.27  
± 4.38 

7.98 
± 1.20 

9.10 
± 2.19 

7.45  
± 2.89 - 9.73  

± 1.66 
7.49  

± 4.15 
* Shingle Lake samples 1–2 and 3–5 are field replicates of sites 1 and 2, respectively. Field 
replicate 1 of site 1 failed to amplify. 
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Three of the seven detected SmaI-corII ASVs appear species-specific, with ASV 05 only 

detected in Atlantic Whitefish samples and ASVs 06 and 07 only detected in the Lake Whitefish 

samples (Figure 9). The mean proportional depth of shared ASVs across all Atlantic Whitefish 

samples were compared to the proportions of ASVs within the Lake Whitefish Shingle Lake 

eDNA samples. The proportion of ASVs 01 and 02 differed significantly between the two 

species (ASV 01: t(4.18) = 5.69, p = 0.004; ASV 02: t(5.63) = 8.21, p = 0.000, Welch’s t-test) 

while ASVs 03 and 04 did not (ASV 03: t(4.17) = -1.69, p = 0.164; ASV 04: t(4.01) = -1.23, p = 

0.287, Welch’s t-test). 

  

Figure 9 Proportion of SmaI-corII ASVs detected in Atlantic Whitefish samples (gDNA, 
Aquatron eDNA, net pen 0 m eDNA) and Lake Whitefish samples (Shingle Lake eDNA). 
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ASV 01 was identical to the SmaI-corII consensus sequence determined by Hamada et al. 

(1997) in the initial SmaI-cor discovery. ASVs 02, 05, and 06 were differentiated by single base 

changes: a T à C substitution at location 74, a G à A substitution at location 30, and a C à T 

substitution at location 3, respectively (Figure 10). ASVs 03, 04, and 07 were defined by 

insertions of one, two, or three adenine (A) bases at locations 55, 54, and 53 respectively.  

 
Figure 10 Alignment of SmaI-corII ASVs determined from Atlantic Whitefish samples (ASVs 
01 – 05) and Lake Whitefish samples (ASVs 01 – 04, 06, 07) where ASV 01 represents the 
SmaI-corII consensus sequence (Hamada et al. 1997) and the underlined bases indicate where the 
hydrolysis probe used in the qPCR assay binds (Chapter 2). Forward and reverse primers flanked 
the ASVSs are were removed as part of the bioinformatic pipeline for ASV identification. 

 
3.4.3 Tank dilution series 
 

To assess the ability to detect SmaI-corII variants at different DNA concentrations, a 

dilution series was created by serially diluting Aquatron eDNA samples in five 10-fold 

increments from a starting concentration of 3.02 ng/µL. To account for the possibility that the 

lowest concentration samples had a greater risk of PCR errors, multiple methods were compared 

to analyze the amplicons obtained from the dilutions, each of which began by running the 

dilution series amplicons through the optimized custom pipeline using the parameters described 

for the eDNA analysis in section 3.3.3. Each sample in the tank dilution series was amplified 

with SmaI-corII and two mitochondrial markers and sequenced in a single run as part of another 

analysis (Appendix G). Following SmaI-corII primer removal, 2,446,020 reads remained. After 

merging and trimming, 995,033 reads were retained and following dereplication, 755,865 reads 

1        10          20          30          40          50         60          70          80          90
ASV 01 GGCGCTTGTAACGCCAAGGTAGTGGGTTCGATCCCCGGGACCACCCATACAC---AAAAATGTATGCACGCATGACTGTAAGTCGCTTTGGAT
ASV 02 GGCGCTTGTAACGCCAAGGTAGTGGGTTCGATCCCCGGGACCACCCATACAC---AAAAATGTATGCACGCACGACTGTAAGTCGCTTTGGAT
ASV 03 GGCGCTTGTAACGCCAAGGTAGTGGGTTCGATCCCCGGGACCACCCATACAC--AAAAAATGTATGCACGCATGACTGTAAGTCGCTTTGGAT
ASV 04 GGCGCTTGTAACGCCAAGGTAGTGGGTTCGATCCCCGGGACCACCCATACAC-AAAAAAATGTATGCACGCATGACTGTAAGTCGCTTTGGAT
ASV 05 GGCGCTTGTAACGCCAAGGTAGTGGGTTCAATCCCCGGGACCACCCATACAC---AAAAATGTATGCACGCATGACTGTAAGTCGCTTTGGAT
ASV 06 GGTGCTTGTAACGCCAAGGTAGTGGGTTCGATCCCCGGGACCACCCATACAC---AAAAATGTATGCACGCATGACTGTAAGTCGCTTTGGAT
ASV 07 GGCGCTTGTAACGCCAAGGTAGTGGGTTCGATCCCCGGGACCACCCATACACAAAAAAAATGTATGCACGCATGACTGTAAGTCGCTTTGGAT
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remained across 12,145 ASVs. Following each analysis attempt, the total number of ASVs 

present in the output, the number of ASVs matching those in the custom database of putatively 

true Atlantic Whitefish ASVs, and the corresponding read depths of each were compared to 

determine analysis suitability (Table 10). 

When analyzing the dilution series following the same downstream depth filtering 

protocols as the eDNA samples in section 3.3.3, only the five putatively true ASVs determined in 

section 3.4.2 were detected in the 100 – 10-3 dilutions. In the 10-4 dilution, 27 ASVs were 

detected, including ASVs 01, 02, and 04, while the 10-5 dilution returned 10 ASVs, including 

ASV 01. The high variation in ASVs at the highest dilutions (lowest concentrations) in the series 

indicated that depth-based filtering to detect putatively true ASVs is unreliable for very low 

concentration eDNA samples.  

The suitability of denoising and BLASTing against the custom reference database was 

explored as an alternative to depth-based ASV detection across the dilution series. BLASTing 

against the custom SmaI-corII reference database of putatively true ASVs (3.4.2) returned 341 

unique sequences which had been assigned to one of the five SmaI-corII ASVs within the 

reference database. Of these returned sequences, 68 were assigned to ASV 01, 43 to ASV 02, 38 

to ASV 03, 48 to ASV 04, and 34 to ASV 05. Most of the sequences were low depth and only 11 

occurred in abundances greater than 1% depth at a given dilution. Seven of these sequences were 

only identified in the 10-3 – 10-5 dilutions, echoing the trend of increased variation at the highest 

dilutions (lowest concentrations) observed when using the depth-based filtering described above. 

In additional to the low depths of the returned sequences, the portion of the query sequence that 

matched, known as query coverage, varied widely among the 341 ASVs from 27% to 100%. 
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This indicated that while parts of the sequences aligned with the reference, the extent of 

alignment differed significantly from sequence to sequence.  

Retaining ASVs with 100% query cover returned 33 sequences across the dilution series, 

however only six occurred in abundances greater than 1% at a given dilution: ASVs 01 – 05 and 

one additional sequence assigned to ASV 03 in the 10-4 dilution. Together, the low depths of 

most returned sequences suggest BLAST was unsuited for ASVs assessment even when using a 

custom reference database. The optimal analysis method was determined to be running the 

optimized custom pipeline and only retaining ASVs in the dereplicated output which were 

present in the custom SmaI-corII reference database of putatively true ASVs (3.4.2). 

 

Table 10 Comparison of ASV results following application of alternative analysis methods to the 
tank dilution series. 

Analysis description 

Number ASVs 
present in the 
custom SmaI-

corII reference 
database 

Total depth of 
ASVs in custom 

database 

Total 
number of 

ASVs 

Total depth of 
all ASVs 

Optimized custom pipeline (2.3.2) 
and downstream eDNA analysis 
(3.3.3) 

5 152,015 38 167,756 

Optimized custom pipeline (2.3.2) 
and only retained ASVs which 
were a 100% match to the custom 
reference database of SmaI-corII 
ASVs 

5 157,117 5 157,117 

Optimized custom pipeline, used 
the custom reference database of 
SmaI-corII ASVs when assigning 
taxonomy with BLAST (-
perc_identity = 100) 

5 157,117 341 178,283 

As analysis 3, however only 
retained ASVs with 100% query 
coverage 

5 157,117 33 159,135 

 
 



 67 

In assessing the dilution series with the optimal method described in the previous 

paragraph, all five putatively true ASVs were detected across the dilution series in the 100 to 10-4 

dilutions (Figure 11). In the 10-4 dilution, the pattern of ASV 01 comprising a higher percentage 

of detected reads disappeared; at that dilution, ASVs 01 and 04 were detected with similar read 

depth (1259 vs. 965, respectively). In the highest dilution of 10-5, ASVs 01, 02, and 05 were 

detected with depths of 278, 27, and 1 reads, respectively. Across the dilution series, the 

combined read depth of all ASVs did not decrease in 10-fold increments: between the 100 and 

10-1 dilution, there was a 21%, decrease in total read depth, a 13% decrease between 10-1 and   

10-2 dilutions, a 2% decrease between 10-2 and 10-3 dilutions, a 91% decrease between 10-3 and 

10-4 dilutions, and an 89% decrease between 10-4 and 10-5 dilutions. 

 

  
Figure 11 SmaI-corII ASV drop out across the tank eDNA dilution series. 

0

10000

20000

30000

40000

50000

1e−00 1e−01 1e−02 1e−03 1e−04 1e−05
Dilution

To
ta

l r
ea

d 
de

pt
h 

re
ta

in
ed

ASV
01
02
03
04
05



 68 

3.5 Discussion 
 

eDNA is most commonly used determine detection/non-detection of species within an 

environmental sample, and to a lesser extent, to estimate their abundance (Andres et al. 2023a), 

but there is growing interest in the use of eDNA tools for population-level analyses (Sigsgaard et 

al. 2016; Uchii et al. 2016; Goricki et al. 2017; Stat et al. 2017; Baker et al. 2018; Parsons et al. 

2018; Marshall and Stepien 2019; Stepien et al. 2019; Jensen et al. 2020; Turon et al. 2020; 

Andres et al. 2021; Andres et al. 2023a,b). Here, I investigated sequence variation within the 

SmaI-corII SINE and examined the ability to detect these variants within Atlantic Whitefish 

eDNA samples. I demonstrated that commonly available bioinformatic pipelines must be 

validated and optimized for detection of variants within SINE amplicons obtained from both 

gDNA and eDNA samples. The SmaI-corII consensus sequence (ASV 01) comprised the 

majority of reads recovered in all Atlantic Whitefish samples assayed; however, four additional 

ASVs were consistently detected at lower but stable proportions. Analysis of SmaI-corII ASVs 

also identified variants unique to both Atlantic Whitefish and Lake Whitefish. 

 

3.5.1 Bioinformatic pipeline comparison for SmaI-corII ASV analysis  
 

Neither of two bioinformatic pipelines that are commonly used to analyze eDNA data, 

DADA2 and a custom UNIX-based pipeline, worked well for detecting variants of the SmaI-

corII SINE in Atlantic Whitefish gDNA sequences when using the default parameters. The 

pipeline optimization undertaken in this study used retained read depth and number of ASVs 

consistently detected across PCR replicates of an individual fish as a proxy for pipeline 

suitability. Correction of erroneous sequences via DADA2’s OMEGA_C parameter upwardly 

inflated retained read depth by 72%. Because the custom pipeline retained more consistently 
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detected ASVs at similar depths to DADA2 with OMEGA_C parameter off, the custom pipeline 

was used for SINE ASV determination following optimization of its parameters. Taxonomy 

assignment via BLAST resulted in a large proportion of reads being dropped. Depth-based 

filtering on the dereplicated dataset was used to generate a custom database of Atlantic Whitefish 

ASVs which was then used to examine the number of detectable ASVs in field samples. These 

results show the importance of validating bioinformatic tools when applying them beyond their 

original applications, as the targeted nature of this SINE did not justify this method of 

assignment. 

 

3.5.2 Intraspecific variation of SmaI-corII 
 

Understanding of intraspecific variation is essential for effective monitoring and 

management of aquatic populations (Andres et al. 2023a). Assessing population-level genetic 

variation using eDNA is attractive because it enables detection and monitoring of population 

dynamics without need for direct observation or handling. Five putatively true ASVs were 

identified from Atlantic Whitefish gDNA samples, four of which were found in all individuals 

(Figure 8). The identification of ASV 05 in all but two of the individuals indicates variability 

among individual Atlantic Whitefish in their SmaI-corII repeat copies. As the ASV identification 

undertaken in this study was heavily influenced by initial sequencing depth, gDNA samples from 

additional Atlantic Whitefish should be sequenced at higher depths to further confirm the level of 

intraspecific variation present. 

 Atlantic Whitefish occur in three lakes in the Petite Rivière watershed (Bradford et al. 

2004). Individuals within this system are considered to belong to a single population of unknown 

but likely small size (Murray 2005; Cook 2012). Analysis of 15 microsatellite markers in 116 
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Atlantic Whitefish from the Petite Rivière system revealed remarkably low genetic diversity 

compared to populations of Lake Whitefish and Cisco (Coregonus artedi), two closely related 

species: of the 12 loci which amplified across all three species (one of which did not amplify in 

Cisco), 33% were polymorphic in Atlantic Whitefish compared to 83% and 82% in Lake 

Whitefish and Cisco, respectively (Murray 2005). Atlantic Whitefish also showed lower 

unbiased allelic richness (AE) and expected heterozygosity (HE ) at 1.39 and 0.14, respectively, 

compared to Lake Whitefish (AE = 2.51, HE =0.38) and Cisco (AE = 3.83, HE =0.56) (Murray 

2005). Further analysis of the 15 microsatellite loci in 169 Atlantic Whitefish confirmed the low 

genetic diversity observed within the species with an average observed heterozygosity of 0.27 

(Cook 2012). Despite the low genetic diversity of the Petite Rivière population of Atlantic 

Whitefish, a test for a recent bottleneck produced a non-significant result (Murray 2005; Cook 

2012). Later analysis of 97 Atlantic Whitefish mitochondrial genomes revealed only 13 

haplotypes, 12 of which differ from the most common haplotype by 1–2 SNPs, and most of 

which were observed in 1–3 individuals (Einfeldt et al. in prep). Therefore, identification of 

variant mitochondrial haplotypes from eDNA samples would be challenged both by the rareness 

of individuals with the variants and the need for multiple targeted, haplotype-specific assays. 

eDNA analyses face limitations due to the positive relationship between species 

abundance and eDNA concentration, particularly challenging when targeting rare species or 

variant alleles/haplotypes occurring at low abundances (Andres et al. 2023b). Targeting high 

copy sequences, such as TEs, can help offset the challenges of estimating genetic diversity 

within a target species via eDNA analysis due to its increased abundance in a system compared 

to mitochondrial markers. Understanding the level of genetic diversity is crucial for assessing a 

species' current health and its potential for survival (Hughes et al. 2008). Loss of genetic 
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variability can be detrimental to a population as increased homozygosity may diminish its ability 

to adapt or respond to habitat changes. In the case of single population species, such as Atlantic 

Whitefish, a decline in the population could potentially lead to extinction. Therefore, it is crucial 

to comprehend and monitor the level of genetic diversity present. The detection of a TE variant 

in the single, genetically depauperate Atlantic Whitefish population suggests segregating variants 

may be present in other, more abundant species with multiple populations. Future work should 

examine whether population mixing can be detected through eDNA analysis by targeting TEs. 

 
 
 
3.5.3 Interspecific variation of SmaI-corII 
 

Analysis of eDNA from a lake containing Lake Whitefish revealed both similarities and 

differences in SmaI-corII variants between Atlantic Whitefish and Lake Whitefish. Of the shared 

ASVs between the species, the relative abundance of the ASVs differed between Lake Whitefish 

and the Atlantic Whitefish samples. Although ASV 01 (SmaI-corII consensus) was present as the 

most abundant sequence in both species, it accounted for a significantly larger proportion of 

reads in the Atlantic Whitefish samples (avg. 69%) than the Lake Whitefish samples (59%); 

However, direct comparisons between the complete genome for the two species should be made 

to compare the abundance of each ASV.  

The presence of four shared ASVs between Atlantic Whitefish and Lake Whitefish 

suggests that these variants may predate the divergence of the species while the two ASVs only 

present in the Lake Whitefish samples (ASVs 06 and 07) and the ASV only present in the 

Atlantic Whitefish samples (ASV 05) evolved later, however further samples from each species 

should be evaluated. Three of the seven identified ASVs were differentiated by the insertion of 
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one or more adenine bases and this run of adenine bases was observed by Hamada et al. (1997) 

in the other coregonid species examined during the initial SmaI-corII discovery (Figure 10). 

These results suggest the specificity of the SINE may be increased to the species-level through 

ASV identification and the signal of these species-specific ASVs may be comparable to what 

would be expected from a mtDNA marker given the high copy number of the SINE marker; 

however further investigation of Lake Whitefish gDNA samples is required to confirm the 

unique ASVs detected.  

 
 
3.5.4 eDNA, TEs, and population genetics 
 

Incorporation of reliable population-level inferences into eDNA analysis would introduce 

an additional non-invasive tool for the management of aquatic populations (Parsons et al. 2018). 

Multiple mitochondrial D-loop haplotypes have been detected in eDNA samples for several 

species. For Whale Shark (Sigsgaard et al. 2016) and harbour porpoise (Phocoena phocoena) 

(Parsons et al. 2018), the relative abundance of haplotypes detected from eDNA analysis 

corresponded to the population frequencies known from conventional genetic sampling of 

multiple individuals. eDNA based detection of D-loop haplotypes was also used to differentiate 

between Killer Whale (Orcinus orca) ecotypes (Baker et al. 2018). Detection of multiple 

haplotypes within a single eDNA sample would allow for estimates of haplotype diversity, 

nucleotide diversity, and segregating sites for a population (Andres et al. 2023a). Although 

detection of genetic variation at single-copy nuclear markers is more challenging than targeting 

mtDNA, through sequencing a panel of multiallelic microsatellite markers, Andres et al. (2023b) 

successfully detected patterns of allele frequencies and genetic variability within and among 

populations of invasive Round Goby across their invaded range within the Great Lakes. Of the 
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microsatellites targeted, concentrations of nuDNA markers were lower than mtDNA (Andres et 

al. 2023b). Estimates of nuDNA allele frequencies from eDNA samples could enable estimates 

of population structure via assessment of how allelic richness, expected heterozygosity, and the 

number of private alleles vary among populations (Andres et al. 2023a) as well as fixation index 

or other genetic distance measures based on allele frequencies. Another possibility is relating 

genetic diversity estimates to species abundance to bypass the challenges of estimating 

abundance from eDNA concentration to abundance (Andres et al. 2023a). When concentrations 

of Round Goby mitochondrial eDNA (mt-eDNA) and nu-eDNA were compared in a field 

setting, mt-eDNA was detected at significantly higher abundances with an average ratio of mt-

eDNA:nu-eDNA of 196:1, though there was large variation in this ration between sites (20:1 to 

1132:1) (Andres et al. 2023b).  

This research represents the first application of TEs in eDNA analysis. However, TEs, 

including SINEs, are ubiquitous in eukaryotic species, and the results presented herein 

demonstrate the feasibility of detecting intraspecific SINE variation in a low-abundance species. 

When choosing TEs for assay development, their suitability should be validated on a per-species 

basis as particular families of TEs do not occur in a consistent copy number across species. For 

example, Hpa elements, though present in all salmonids, are 5-fold and 20-fold to 200-fold less 

abundant in graylings (Thymallinae) and whitefish (Coregoninae) species compared to 

Salmoninae species (huchens, trout, char, salmon), respectively (Kido et al. 1994). The AvaIII 

SINE is also present across salmonid species; however, its abundance within the host genome is 

low, at approximately 102 copies/cell (Kido et al. 1994), which may negate the advantages of 

SINE-based eDNA approaches over mtDNA.  
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Although not previously targeted in eDNA studies, TEs have previously been examined 

in population genetic studies using gDNA, though to a lesser degree than SNPs (Bourgeois and 

Boissinot 2019). TE polymorphisms can take the form of overall copy number variation (Stapley 

et al. 2015), sequence variation within a particular type of TE (Kramerov and Vassetzky 2011), 

and variation in where copies of TEs are inserted in the genome (Bourque et al. 2018), and many 

studies have focused on the latter in population genetic studies. The first models for TE 

polymorphism were developed in the 1980s to assess how distributions of TEs differed within 

diploid, sexually reproducing populations of Drosophila melanogaster mating at random 

(Charlesworth and Charlesworth 1983). Owing to the dispersed and irreversible nature of SINE 

insertions across the genome, polymorphic human Alu elements were found to be well suited for 

population genetic and phylogenetic studies (Kothe et al. 2016); assessing the presence/absence 

of Alu polymorphic elements at different insertion sites the across 26 human populations were 

found to reflect known patterns of human evolution (Rishishwar et al. 2015). Chen et al. (2021) 

successfully analyzed 30 SINE retrotransposon insertion polymorphisms markers across seven 

Chinese miniature pig populations comprising multiple pig species to determine genetic 

diversity, differentiation, and structure between the population. 

Current eDNA analyses commonly focus on short amplicons (100 – 400 bp) (Adams et 

al. 2019) which could limit the usefulness of TE’s using an eDNA approach for intraspecific 

analysis. This limitation arises as both the TE and the adjacent genes would need to be amplified 

to assess the insertion locations. In a 2019 review discussing the current state of eDNA 

population genetic analyses, Adams et al. (2019) proposed the potential benefits of sequencing 

longer eDNA fragments to achieve more comprehensive mtDNA haplotype resolution. Using 

long-range PCR, Deiner et al. (2017) were able to sequence mitochondrial genomes (>16 kb) 
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from eDNA samples and it is conceivable that targeting longer nuDNA fragments encompassing 

TEs and the surrounding regions might enable intraspecific TE analysis, however further testing 

is necessary to ascertain the feasibility of implementing such a method as longer fragments 

degrade quicker within the environment (Bylemans et al. 2018). To date, assessing TE sequence 

variations, as demonstrated in this study, may be the most feasible method of using TEs to 

determine intraspecific diversity in an eDNA study. 

 

3.5.5 Challenges of ASV detection with decreasing eDNA concentrations 
 

In eDNA analysis, the concentration of eDNA within the sample cannot be controlled and 

therefore it is vital to understand how ASV detections are influenced by eDNA concentration. 

The dilution series highlights that while Atlantic Whitefish SmaI-corII variation was detected in 

eDNA samples, detection of variants decreased with decreasing sample concentration. Across 

the dilution series, ASV 01 occupied the highest proportion of reads per dilution, consistent with 

other ASV analyses undertaken in this study. Interestingly, the ASVs did not drop out of the 

dilution series in proportion to their sequence depths in the 100 sample; the fifth most abundant 

ASV, 05 (4.83% of 100 depth), was detected as a singleton in the highest dilution of 10-5 whereas 

ASVs 03 (7.89%) and 04 (5.88%) dropped out in the 10-4 dilution. The detection of 2/5 ASVs 

(01 and 02) in the highest dilution (10-5) at depths greater than 1 read highlights the sensitivity of 

this marker as the limit of SmaI-corII variant drop out was not determined in this series. Across 

the dilution series, the retained read depth experienced a sharp decline between the 10-3 and 10-4 

dilutions and a finer resolution dilution series concentrated on this range should be explored 

(Figure 11). 
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3.5.6 Limitations and biases 
 

Along with the indexing error which led to Lobelia spp. sequences skewing the count of 

input reads (Appendix F), this study has additional limitations. Notably, this study only 

compared two pipelines out of the many that are available (Mathon et al. 2021) for SmaI-corII 

ASV assessment and used a small sample size of 16 fish and eleven 1 L eDNA samples from 

three different sources. Further, the gDNA sequences used for determination of putatively true 

SmaI-corII ASVs underwent single-end sequencing, and the merging step of the pipeline was 

omitted. Although analysis of the paired-end-sequenced eDNA samples included merging of the 

forward and reverse reads and resulted in the detection of all five ASVs identified in the gDNA 

samples, confidence in the gDNA results will be further strengthened by paired-end sequencing 

and merging optimization. Similarly, Lake Whitefish gDNA should be sequenced to confirm the 

species-specific variants (ASVs 06 and 07) identified in the Shingle Lake eDNA samples. 

Assumptions were made during the custom pipeline optimization which could have 

biased the results. While not every individual was expected to contain every SmaI-corII variant, 

true ASVs were expected to be consistently detected across the technical PCR replicates of 

individual fish (gDNA samples) and this assumption was used as to filter through the thousands 

of ASVs returned in the post-dereplicated output. As depth-based thresholds were used, ASV 

identification was influenced by the sequencing depth obtained during Illumina sequencing and 

Smith and Peay (2014) recommend increasing sequencing depth rather than technical replicates 

to improve ecological inferences from NGS data. 

The ASV determination undertaken in this study involved a trade-off between removing 

erroneous sequences and detecting true variants (Couton et al. 2021) which was further 

complicated by the unknown mutation rate of the SmaI-corII SINE within the Atlantic Whitefish 
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genome. The presence of ASVs 01 – 04 in both Atlantic Whitefish and Lake Whitefish suggest 

the formation of these variants occurred prior to the divergence of the two species and have 

persisted within the respective genomes for over 28 MY divergence-time (Crête-Lafrenière et al. 

2012). Applying 1% depth cut-offs across all PCR replicates and on a per-ASV basis may have 

resulted in the elimination of some true but rare SmaI-corII variants in the final output, however 

stringent filtering criteria was employed to reduce the over-estimation of false-positive variants 

(Lerch et al. 2017). The removal of rare ASVs or operational taxonomic units (OTUs; clusters of 

ASVs which are 97% similar to one another) during bioinformatic processing of NGS data is not 

uncommon (Brown et al. 2015), however, there is no standardized threshold (Pauvert et al. 

2019); Zanovello et al. (2023) applied a 5% OTU depth cut-off, Andres et al. (2021) applied a 

1% allele frequency cut-off (similarly to the 1% ASV cut-off applied in this study), and Andres 

et al. (2023b) removed alleles with fewer than 2 reads in a sample to account for low levels of 

contamination. Ultimately, as eDNA is highly susceptible to contamination and there is growing 

interest in incorporating eDNA-derived results in management plans, using conservative 

thresholds during analysis helps to maintain confidence that results are accurate while 

acknowledging the possibility of false-negatives. Future simulation analyses of TE mutation rate 

may help to better define appropriate thresholds for detection of real but rare TE variants. 

 

3.5.7 Conclusions 
 

The non-invasive nature of eDNA sampling coupled with its relative ease of use and 

reduced cost compared to traditional aquatic monitoring methods has generated much interest in 

applying eDNA analysis to management conservation efforts, particularly for species which are 

at-risk and/or elusive (Adams et al. 2019). The detection of intraspecific genetic variation from 
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eDNA samples will expand the limits of this tool beyond its most common applications of 

species detection/non-detection for effective management of aquatic populations (Andres et al. 

2023a) by providing insights regarding gene flow, genetic drift, mutation, and natural selection 

(Adams et al. 2019). Additionally, it may be possible to identify an invasive species source 

population and invasion pathways (Jerde et al. 2011; Adams et al. 2019). Through optimization 

of commonly used bioinformatic tools, this work highlights the ability to determine SINE 

variants from gDNA and apply this reference database to eDNA samples, providing an additional 

resource within the eDNA toolbox.  
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Chapter 4 – Conclusion 
4.1 Summary 
 

As an emerging tool, eDNA methodology lacks standardization across studies, and 

numerous questions persist regarding the reliability of information obtainable through eDNA 

analyses (Loeza-Quintana et al. 2020). Despite variations in the application of eDNA tools, the 

majority of studies primarily focus on mtDNA due, in part, to its advantageous copy number per 

cell abundance compared to most nuclear markers (Jo et al. 2019). Here, I developed, validated, 

and compared a novel eDNA marker targeting a highly repetitive SINE with a conventional 

mtDNA marker, using Atlantic Whitefish as a test case. Atlantic Whitefish, an endangered 

member of the salmonid Coregoninae subfamily, inhabit only three connected lakes covering 16 

km2 of surface area (Bradford et al. 2004). Within this system, they remain elusive and 

challenging to detect using traditional aquatic monitoring methods. Currently, Atlantic Whitefish 

are being raised in captivity at Dalhousie’s Aquatron Facility as part of a species recovery 

strategy. Their endangered status, limited distribution, and captive population render Atlantic 

Whitefish an ideal candidate for developing an alternative eDNA marker, aiming to enhance the 

ability to detect low-abundance species through eDNA analyses. 

In Chapter 2, I developed and validated qPCR assays targeting the SmaI-corII SINE and 

the mitochondrial ND4 subunit. To determine the limits of each assay, the LOD and LOQ were 

determined by assessing multiple replicates of a dilution series of synthetic DNA fragments. 

Both assays had equal LOQs of 64 c/µL while the LOD of the ND4 assay was four times lower 

than that of SmaI-corII, indicating this assay has an increased ability to detect target molecules 

within a sample. Across all direct comparisons of ND4 and SmaI-corII during assay validation, 

SmaI-corII amplified an average of 7.2 cycles before ND4 which corresponds SmaI-corII copies 
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occurring in abundances an average of 146x greater than ND4. When the assays were then 

applied to field samples collected from a net pen housing 150 juvenile Atlantic Whitefish in 

Milipsigate Lake, roughly 100x more copies of SmaI-corII were present within the net pen than 

ND4 (Figure 2). Despite its lower LOD, the 20 m distance of detection of the ND4 assay was 

four times smaller than that of the SmaI-corII assay. eDNA yield from different densities of 

juvenile Atlantic Whitefish were also assessed to determine if yield scales proportionally to 

density. Though eDNA yield for SmaI-corII did not scale as expected (Figure 3), copies of SmaI-

corII were again detected in abundances magnitudes of order greater than ND4. The results of 

the field samples support the findings that compared to ND4, the high copy number of SmaI-

corII targets within a given sample lead to an increased detection ability of Atlantic Whitefish 

eDNA. 

In Chapter 3, I showcased that SINEs, in addition to enhancing detection capabilities, can 

provide intraspecific insights through eDNA analysis. To evaluate the most suitable pipeline for 

analyzing SmaI-corII ASVs considering the inherent variability of SINEs and non-identical 

copies throughout the genome (Kramerov and Vassetzky 2011), I compared the DADA2 pipeline 

with a custom UNIX-based pipeline. DADA2's core algorithm was found to be less appropriate 

for SmaI-corII ASV determination compared to the custom pipeline. This was primarily due to 

the error estimation and correction functions in DADA2, which retained more erroneous 

sequences. Disabling the error correction parameter (OMEGA_C) substantially reduced the 

number of retained reads, and optimization efforts were concentrated on the custom pipeline, 

which was initially designed for metabarcoding purposes. 

The optimal approach for analyzing SmaI-corII sequences involved running the custom 

pipeline up to the dereplication stage and then applying depth-based cut-offs for each PCR 
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replicate and ASV. These thresholds enabled the detection of five ASVs in Atlantic Whitefish 

gDNA samples, four of which were identified in all examined individuals. This finding suggests 

that, despite their inferred extremely low population size (Cook 2012), Atlantic Whitefish 

maintain intraspecific genetic diversity within the SmaI-corII repeats. The five ASVs were 

confirmed in eDNA samples collected from both the Aquatron and the net pen in Milipsigate 

Lake. 

Additionally, I demonstrated that ASV analysis can be used to identify species-specific 

SmaI-corII ASVs by identifying one ASV unique to Atlantic Whitefish samples and two ASVs 

unique to Lake Whitefish samples.  

 

4.2 Applications for conservation 
 

Biodiversity is in crisis, with species loss accelerating due to anthropogenic factors 

(Barnosky et al. 2011). The effects of biodiversity loss are cascading and far-reaching. While it 

has been observed across all habitat types, freshwater vertebrates have experienced a decline 

twice the rate of those in marine or terrestrial ecosystems (Almond et al. 2022). Management of 

species at-risk requires accurate and reliable methods for detecting and monitoring species within 

their habitats and the non-invasive nature of eDNA tools have led to interest in its inclusion 

along other aquatic conservation efforts (Bernos et al. 2023). 

Here I demonstrated that targeting a highly abundant TE led to increased detection of a 

rare species via eDNA analysis compared to a mitochondrial marker. As species and their 

associated eDNA concentrations decline, the number of target molecules in the environment will 

decline in tandem and targeting a highly abundant marker such as TEs may at least partially 

offset this technical challenge. The increased sensitivity of TEs will be particularly advantageous 
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for eDNA analyses of endangered species which typically occur in low abundances and can be 

difficult to detect with conventional eDNA markers, as demonstrated in this study. In previous 

eDNA studies, successful detection of spawning events using both mtDNA and nuDNA markers 

has been reported (Bylemans et al. 2017; Tillotson et al. 2018). Nonetheless, TEs could also 

offer advantages for this application, especially when dealing with species occurring in 

extremely low abundances or when the reproductive event produces a small signal that 

conventional markers might miss. As the SINE marker used in this study was able to detect 

Atlantic Whitefish eDNA up to 80 m from source, this study also demonstrated that efforts 

should be taken to determine the distance of detection of TE markers to ensure eDNA detection 

results can be reliably related to species presence within a given area. The increased distance of 

detection of the SINE marker will also be valuable for early detection of invasive species, 

allowing mitigation efforts to begin before invasion pathways are fully established as once a 

species is established, complete eradication efforts may not be possible (Lodge et al. 2006). 

Within eDNA studies, the applications of TEs will likely be limited to targeted detections. This 

limitation arises from the variable nature of TEs, which poses challenges in designing a universal 

primer for amplifying the DNA of most species via metabarcoding. Therefore, TE assays may be 

used to supplement existing metabarcoding assays where the eDNA of more abundant species 

can mask the eDNA of less abundant species within a sample (Evans et al. 2016). 

Beyond their increased detection abilities, TEs are a source of genetic diversity and 

intraspecific variation was observed within Atlantic Whitefish despite their inferred small 

population size (Cook 2012). The tank dilution series of this study highlighted that even at very 

low concentrations, TE variants can be detected from eDNA samples. TEs are present within 

nearly all eukaryotic genomes (Kramerov and Vassetzky 2011) and are well-studied in certain 



 83 

commercially and culturally important species, such as salmonids (Matveev and Okada 2009). 

Future research should explore the potential of TEs in species with multiple populations, both in 

marine and freshwater environments, to determine whether eDNA analysis of TEs can 

differentiate between these populations, in addition to their enhanced detection capabilities. 

Meeting the recovery objectives for Atlantic Whitefish requires the use of sensitive and 

accurate monitoring techniques within their natural habitat. The SmaI-corII marker exhibited 

heightened sensitivity in the detection of Atlantic Whitefish compared to a conventional 

mitochondrial maker. Nevertheless, it is essential to conduct further analysis to ascertain the 

marker's limitations, as consistent CPs were observed across net pen-associated samples (Figure 

2), and the read depth in the tank dilution series remained steady between 100 and 10-3 dilutions 

before a sharp decline (Figure 11). The improved sensitivity offered by TE markers can serve not 

only in the detection of Atlantic Whitefish but also in identifying their aquatic invasive species 

predators, such as Smallmouth Bass and Chain Pickerel. If Atlantic Whitefish are to be 

introduced to new locations as outlined in their recovery plan by DFO (2018), the heightened 

sensitivity of TE markers can ensure the suitability of the habitat prior to their release. In the 

context of the Petite Rivière watershed, the eDNA tools developed in this study can be broadly 

applied to locate spawning activity, addressing a critical gap in our understanding. 

 

4.3 Final thoughts 
 

In many ways, eDNA analysis is still an emerging tool and there remain knowledge gaps 

surrounding associated technical challenges. Assay development of the markers used within this 

study was a non-linear process that occurred over many months and reanalysis of samples was 

not possible due to degradation of the extracts. Further work should examine best storage 
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practices for eDNA samples to allow for sample archiving and reanalysis as needed, ensuring the 

data remains accessible over time. Limitations aside, this study demonstrated that high copy 

nuclear repeats offer increased detection of a low abundance freshwater fish species and these 

markers may be applied to other species. Overall, these results highlight the importance of 

exploring alternative markers in eDNA analysis to continually increase the resolution of eDNA 

results, thereby enhancing its utility in aquatic conservation.  
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Appendix A – qPCR assays 
 
Table A1 Hydrolysis assay primers and probes targeting the ND4 subunit and SmaI-corII SINE 
in Atlantic Whitefish. 

 
Marker ND4 SmaI-corII 

DNA type mtDNA nuDNA 
Forward Primer (5’-3’) ACTGACCTGTTGGCTGCTTC TAGCTCAGCTGGTAGAGCAC 

Reverse Primer (5’-3’) GTTCTGTTTGGTTGCCCCATC TGCCATTTAGCAGACGCTTTT 

Probe (5’-3’) ATCCTCGCAAGTCAAAACCACATCAACC AACGCCAAGGTAGTGGGTTCGATC 

Amplicon length 224 bp 131 bp 
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Appendix B – 2023 qPCR analysis of net pen-associated samples 
 

Following optimization of the gBlock standards, the net pen-associated samples were 

reanalyzed via qPCR for each assay in order to resolve concentration (Figure B1). For SmaI-

corII, the efficiency, error, and slope were 2.03, 0.06, and -3.26, respectively. For ND4 the 

efficiency, error, and slope were 1.99, 0.07, and -3.35, respectively. This subsequent qPCR 

occurred approximately one year following the initial qPCR. One PCR replicate of the field 

blank amplified with a CP of 40.52 with the SmaI-corII assay while no blanks amplified with 

ND4. Observed CPs were higher than in the first qPCR (Figure B2). Welch’s t-test found 

significant differences in the mean CP of the 0 m (t(13.24)= -6.15, p-value = 3.218e-05) and 20 

m (t(12.50) = -4.11, p-value = 0.001) samples for the SmaI-corII assay (Table B1). No 

significant difference was observed in the 0 m sample for the ND4 assay between the 2022 and 

2023 qPCRs (t(15.87) = -0.10, p-value = 0.925). As the ND4 2023 qPCR only had amplification 

in the 0 m sample, no statistical comparisons to 2022 could be made for the other distances.  
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Figure B1 Concentration (c/µL, log-10 scale) of eDNA samples amplified with SmaI-corII and 
ND4 assays taken up to 80 m away from a net pen housing 150 ~3g juvenile Atlantic Whitefish 
in Milipsigate Lake, NS one year after sample collection. 
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Figure B2 Comparison of CPs from qPCRs performed in 2022 and 2023 on samples taken up to 
80 m away from a net pen housing 150 ~3g juvenile Atlantic Whitefish for SmaI-corII and ND4 
assays. 

Table B1 Welch’s t-test results of mean CP from 2022 and 2023 qPCRs of net pen-associated 
samples for SmaI-corII and ND4 assays. Significant differences in mean CP between the years 
are represented by bolded values. 

Distance (m) ND4 SmaI-corII 
0 t(15.87) = -0.10 , p-value = 0.925 t(13.24) = -6.15, p-value = 3.218e-05 
5 - t(6.68) = -2.00, p-value = 0.088 
10 - t(6.55) = -2.04, p-value = 0.084 
20 - t(12.47) = -4.11, p-value = 0.001 
40 - t(1.02) = 1.03, p-value = 0.490 
80 - t(7.93) = -0.17, p-value = 0.870 

 
 

.  
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Appendix C – 2023 qPCR analysis of density trial samples 
 

As with the net pen-associated samples, following gBlock optimization the density trial 

samples were subjected to a second qPCR roughly one year after the first. For the SmaI-corII 

assay, the efficiency, error, and slope of the qPCR were 1.66, 0.07, and -4.54, respectively. The 

efficiency, error, and slope of the ND4 assay were 1.96, 0.06, and -3.42, respectively. No 

amplification was observed in the control tank which contained no Atlantic Whitefish for either 

assay. For each assay, the concentrations were resolved (Figure C1); however, concentrations 

following the SmaI-corII assay were extrapolated from the standard curve as they crossed the 

background noise threshold before the highest standard. Before re-running the SmaI-corII qPCR 

with higher standards and generating a more reliable standard curve (Zhang and Fang 2006), the 

corresponding CPs were compared to those determined in the initial 2022 qPCR. Observed 2023 

CPs were higher than those from the 2022 qPCR, indicating possible sample degradation and so 

samples were not reanalyzed with higher standards (Figure C2). Higher CPs in the 2023 qPCR 

compared to the 2022 qPCR were observed in the ND4 assay as well. In comparing the mean CP 

following the ND4 assay of each tank from the 2022 and 2023 qPCRs, differences were 

significant for all tanks (Table C1). Significant differences in mean CP following the SmaI-corII 

assay were observed for tank 2 (t(8) = -7.40, p = 7.63e-05, Welch’s t-test) and tank 3 (t(10.38) = 

-8.24, p = 7.17e-06, Welch’s t-test). Differences in mean CP between tanks 4 and 5 were not 

significant.  
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Figure C1 Concentration (c/µL, log10-scale) of samples taken from tanks holding 2 or 23 ~3g 
juvenile Atlantic Whitefish for SmaI-corII and ND4 assays. 
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Figure C2 Comparison of crossing points from qPCRs performed in 2022 and 2023 on samples 
taken from tanks housing 2 or 23 juvenile Atlantic Whitefish amplified with ND4 and SmaI-corII 
assays. 
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Table C1 Welch’s t-test results of mean CP from 2022 and 2023 qPCRs of density trial samples 
(0.45 µM pore size) for SmaI-corII and ND4 assays. Significant differences in mean CP between 
the years are represented by bolded values. 

Tank Number of 
fish ND4 SmaI-corII 

1 0 - - 
2 2 t(14.59) = -3.65, p = 0.002 t(8) = -7.40, p = 7.63e-05 
3 2 t(12.89) = -2.57 , p = 0.023 t(10.38) = -8.24, p = 7.17e-06 
4 23 t(13.29) = -3.09, p = 0.008 t(14.24) = -1.42, p = 0.177 
5 23 t(12.67) = -3.51 , p = 0.004 t(9.55) = -0.56, p = 0.590 
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Appendix D – 2023 filter pore size comparison 
 

eDNA yield obtained with the 5 µM prefilter and 0.45 µM filter was also compared via 

qPCR for the SmaI-corII assay in 2023. The efficiency, error, and slope of the 5 µM prefilter 

qPCR were 1.74, 0.06, and -4.16, respectively, which are slightly outside of the acceptable range 

for a standard curve. As this analysis was performed to compare CP values on samples with 

observed degradation, the curve was not generated and concentrations of the samples were not 

obtained. Amplification was observed in 2/9 replicates taken from within the control tank (CP = 

43.36 ± 5.62) with the 5 µM filter and no amplification was observed in the field blank. No 

amplification was observed in the control tank or field blank for the 0.45 µM filter. CPs were 

used to compare eDNA yield as concentrations were extrapolated from the standard curve and 

not reliably resolved for both filter pore sizes. The 23-fish tanks had a significant difference in 

mean CP for the 5 µM prefilters (t(12.97) = -0.09, p = 0.930, Welch’s t-test) and no significant 

difference between the 2-fish tanks (t(14.88) = -4.20, p = 0.0008, Welch’s t-test), a pattern 

opposite to what was observed with the 0.45 µM filters. For the 2-fish samples, the 5 µM 

prefilter had a lower CP than the 0.45 µM filter, indicating higher eDNA yield (Figure D1). For 

the 23-fish samples, CPs were similar for each filter pore size, however greater variance was 

observed across the 5 µM prefilters. On the 0.45 µM filter, the mean CP of the 2-fish tanks was 

5.29 cycles greater than the mean CP of the 5 µM prefilter (0.45 µM = 29.90 ±0.78, 5 µM = 

24.61 ±1.86), which corresponds to 39 times more eDNA on the prefilter than the filter. The 

difference in mean CP between the pore sizes at the 2-fish density was significant (t(22.81) = -

11.13, p = 1.083e-10, Welch’s t-test). No significant difference was observed in mean CP of the 

23-fish samples between the two pore sizes (t(18.66) = -0.65, p = 0.526, Welch’s t-test), with the 

5 µM filters having approximately 1.6 times more eDNA than the 0.45 filter (0.45 µM = 26.29 
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±0.95, 5 µM = 25.63 ± 4.29). Assessing CPs on a per tank basis, the 5 µM filter had lower CPs 

for all tanks except tank 5 and significant differences in CP were observed across the filter pore 

sizes for each tank (Table D1). 

 

 
 

Figure D1 Comparison of mean CP for density trial samples filtered onto a 5 µM prefilter or 0.45 
µM filter. 
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Table D1 Average crossing point (CP), number of technical replicates with detection, and 
Welch’s t-test results for density trial samples filtered onto a 5 µM prefilter or 0.45 µM filter. 
Significant differences in CP between the pore sizes are represented by bolded values. 

  0.45 µM  5 µM  
Difference in CP between filter 

pore sizes Tank Number 
of fish CP (μ ± SE) 

Replicates 
with 

amplification 
CP (μ ± SE) 

Replicates 
with 

amplification 
Blank - - 0/3 - 0/3 - 

1 0 - 0/9 43.36 (±5.62) 2/9 - 
2 2 29.51 (±0.85) 9/9 24.57 (±2.33) 9/9 t(10.09) = -5.98, p = 0.0001 
3 2 30.28 (±0.50) 9/9 24.65 (±1.37) 9/9 t(10.05) = -11.53, p = 4.059e-07 
4 23 26.92 (±0.94) 9/9 22.61 (±2.59) 9/9 t(10.05) = -4.70, p = 0.0008 
5 23 25.65 (±0.36) 9/9 28.64 (±3.44) 9/9 t(8.17) = 2.59, p = 0.032 
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Appendix E  – Overview of a generalized bioinformatic pipeline to process eDNA 
metabarcoding NGS data 

 

Following DNA sequencing, returned sequences must be assessed via bioinformatic 

pipelines (hereafter, ‘pipelines’), suites of connected algorithms executed in a specific order to 

analyze next generation sequencing (NGS) data. Many pipelines are available, and the general 

mechanisms of sequence manipulation are similar, though the choice of program and order in 

which programs are executed may vary (Mathon et al. 2021). 

Generally, samples are firstly demultiplexed where input samples, identified via unique 

indices, are split into individual fastq files. Some sequencing machines are capable of performing 

this step. Secondly, sequences of interest are identified by their primers, which are then removed 

(Figure E1). If paired-end sequencing (recommended) was used, forward and reverse reads are 

merged based on sequence quality (which generally declines along the length of the read) and 

read overlap to assemble the complete amplicon sequence. Reads then undergo quality filtering 

to remove any sequences which contain sequencing errors, as determined by the probability of a 

base calling error (“phred scores”). Common filtering methods include truncating or excluding 

reads based on phred scores, sequence length, and ambiguous bases (Bokulich et al. 2013). 

Reads may also be trimmed to a set length. The dataset is then simplified via dereplication, 

where unique sequences are retained once alongside an abundance metric to reflect how many 

copies of that exact sequence were present in each sample prior to dereplication. Denoising, a 

form of error correction, is then often employed.  

Most commonly, during denoising, sequences are compared to one another based on 

abundance using an error model to detect putatively correct sequences to which the putatively 

incorrect sequences are clustered (Edgar 2016a). Highly abundant sequences form a centroid 
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which all other sequences are compared to based on their dissimilarity. Sequences that are not 

dissimilar enough to the centroid are inferred to be errors of the centroid and are clustered within 

it, essentially hiding the erroneous sequences behind the centroid. This process is iterative, where 

all sequences are compared to the centroid. After the initial comparison, the next highly abundant 

sequence forms a centroid, and the process repeats until all sequences have been compared to 

one another. Following denoising, only the centroid sequences remain. Chimeric sequences are 

then identified and removed. Taxonomy of remaining sequences can then be inferred by 

comparison to a reference database. As such, the quality and diversity of sequences within the 

database will have a large effect on obtained results (Blackman et al. 2023). 

 

 

 
 
Figure E1 Overview of a generalized bioinformatic pipeline to process eDNA metabarcoding 
NGS data. 
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Appendix F – Initial optimization of custom and DADA2 pipelines and final comparison 
 

Following numerous iterations of pipeline optimization for the custom and DADA2 

pipelines which focused heavily on the primer removal and denoising stages (Tables F1, F2), 

Lobelia spp. sequences were identified in the demultiplexed input files. The presence of these 

sequences within the input files indicated that the 2,197,228 single-end reads obtained following 

sequencing were not reflective of the number of SmaI-corII sequences within the file and not a 

reliable value of primer removal parameterization (Figure F1). A core aspect of the DADA2 

pipeline is its error estimation and correction functions which masked the presence of Lobelia 

spp. sequences within the analysis. Turning off the error correction parameter (OMEGA_C) 

resulted in 526,049 reads across 1,598 ASVs in the final DADA2 output (Figure F2), only 14 of 

which were consistently detected across PCR replicates (0.88%) totaling 168,389 reads (32%). 

The large discrepancy between reads retained with and without the error correction parameter 

indicate Lobelia spp. sequences were being corrected to SmaI-corII centroids, thereby increasing 

the depth. Therefore the error correction estimate and correction functions of DADA2 were 

determined to be unsuitable for SmaI-corII variant assessment and the optimization was restarted 

for the custom pipeline only, noting the presence of Lobelia spp. in the input files. 
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Table F1 Parameter changes tested with the custom pipeline where an asterisks (*) represents the 
same parameter value as the prior optimization attempt. 

Optimization 
attempt 

Pipeline step and parameters 

Parameterization Description Primer 
removal 

Quality 
filtering Dereplication Denoising 

e maxEE minlen minsize unoise_alpha 

1 0.1 1 32 8 2 All default parameters. No taxonomy 
assignment. 

2 0.15 * * * * Allow MORE mismatches in priming 
region. 

3 0.5 * * * * Allow MORE mismatches in priming 
region. 

4 * 2 * * * LESS stringent quality filtering. 

5 0.4 1 * * * Allow LESS mismatches in priming 
region. 

6 * * * * 1 LESS stringent quality filtering. 

7 * 2 * * * MORE stringent denoising. 

8 * * * 4 2 REDUCE frequency sequences must be 
observed to be retained. 

9 * * * * 1 MORE stringent denoising. 

10 * * * * 3 LESS stringent denoising  

11 0.1 * * * 2 

Tried to match DADA2’s default 
parameters by the following during 
quality filtering: 
fastq_maxns 0 
fastq_truncqual 2 
fastq_minlen 50  

12 0.4 * * * 5 LESS stringent denoising 

13 * * * * 10 LESS stringent denoising 
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Figure F1 Total read depth retained across custom pipeline optimization attempts. Parameter 
changes corresponding to the optimization attempt are detailed in Table F1. The value above 
each bar represents how many ASVs were contained within the retained read depth. 
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Table F2 Parameter changes tested with the DADA2 pipeline where an asterisks (*) represents 
the same parameter value as the prior optimization attempt. 

Optimization 
attempt 

Pipeline step and parameters 

Parameterization 
Description 

Primer 
removal Quality filtering Denoising 

e minimum-
length maxN maxEE truncQ minLen OMEGA_ 

A 
OMEGA_ 

C 
BAND_ 

SIZE 
1 0.1 - 0 2 2 50 1e-40 1e-40 16 All default 

2 0.2 1 * * * * * * * 

Allow MORE 
mismatches in 
priming region and 
add 
--minlength 
parameters 

3 0.1 * * * * * * * * 

Match default but 
add --
discard_untrimmed 
and --minlength 
parameters 

4 0.4 * * * * * * * * 
Allow MORE 
mismatches in 
priming region 

5 * * * * * * * * 32 
Allow MORE 
indels during 
denoising 

6 * * * * * * 1e-20 * * LESS conservative 
denoising 

7 * - * * * * * * * 
REMOVE 
cutadapt minlength 
requirement 

8 * 1 * * * * 1e-40 2 * 

REMOVE error 
correction during 
denoising, return to 
other default 
parameters for 
clustering, remove 
0 length sequences 

9 * * * * * * 1e-20 * * LESS conservative 
denoising 
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Figure F2 Total read depth retained across DADA2 pipeline optimization attempts. Parameter 
changes corresponding to the optimization attempt are detailed in Table F2. The value above 
each bar represents how many ASVs were contained within the retained read depth.  
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an individual fish and as singletons in the other 2/3 PCR replicates. Of the 89 ASVs, only two 

were consistently detected at depths greater than 1% in 3/3 PCR replicates and the depth of these 

two ASVs totalled 144,572 reads. Therefore, the custom pipeline was determined to be better 

suited for SmaI-corII variant determination and the five ASVs retained following analysis with 

the custom pipeline and optimized downstream depth-based filtering were considered to be 

putatively true. 
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Appendix G – Marker comparison on tank dilution series 
 

The sensitivity comparison between SmaI-corII SINE and a mitochondrial marker 

(Chapter 2) was originally planned for a mitochondrial marker targeting one of the common 

Atlantic Whitefish mitochondrial haplotypes, Chu1, and the universal primer MiFish-U which 

targets the 12S ribosomal RNA gene (Miya et al. 2015). Due to the inclusion of the 12S marker, 

DNA sequencing methods were used for this analysis rather than the qPCR methods employed in 

Chapter 2. Returned read depths for the SINE were lower than expected given the input 

sequencing parameters and this discovery initiated the optimization of bioinformatic processes 

described in Chapter 3. The three libraries were prepared with different sequencing depths and 

therefore direct comparison of read depths across markers was not possible. Instead, sensitivity 

was determined by where detection was last observed in the dilution series. The SINE marker 

(run with the optimized analysis determined in Chapter 3) had detection in multiple technical 

replicates at the lowest dilution of 10-5 while the targeted mtDNA and universal mtDNA markers 

last had detections in the 10-4 and 10-3 dilutions, respectively (Figure G1). 
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Figure G1 Dilution series marker comparison of the SmaI-corII SINE (optimized pipeline) and 
mitochondrial markers targeting an Atlantic Whitefish mitochondrial haplotype (targeted 
mtDNA) and 12S rRNA region (universal mtDNA). 
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