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ABSTRACT 

Wild Atlantic salmon in the Gulf of Maine (GOM) is a Distinct Population 

Segment (DPS) that has been listed since 2000 as endangered by the U.S. Fish and 

Wildlife Service (USFWS) and the National Oceanic and Atmospheric Administration 

(NOAA). The current challenge is year-over-year decreases in the number of mature 

salmon returning to the Penobscot River for reproduction. Early detection of pathogen 

presence could allow for the identification of infection and the application of corrective 

measures. Environmental DNA (eDNA) is simply DNA that is collected from 

environmental samples (e.g., water, air, and soils), which consists of whole 

microorganisms and genetic material shed from macroorganisms (feces, skin, gametes, 

etc.). Purifying, testing, sequencing, and analyzing eDNA can help us rapidly identify the 

presence of these organisms in the sample. This project evaluates current methods' ability 

to detect salmon parasites from eDNA samples. Using computer-based alignment 

analysis, I first verified the potential of published primer sets to amplify known pathogen 

sequences in silico. Then, I tested amplification in vitro via quantitative PCR (qPCR) 

assay with gBlocks of target parasite sequences. Finally, I used DNA metabarcoding data 

from samples collected along the Maine coast to determine whether these pathogens were 

present. The metabarcoding analysis results will help identify the presence of these 

pathogens. Continued monitoring using this novel approach will further the goals of 

protecting the GOM Atlantic salmon DPS to survive in its native habitat.
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INTRODUCTION 

Atlantic salmon populations in Maine have been in a state of critical decline for 

some time, despite the efforts of hatcheries to supplement the population and improve 

habitats. In 2000, the Gulf of Maine (GOM) Distinct Population Segment (DPS) was 

officially listed as endangered under the Endangered Species Act (ESA), with the 

National Oceanic and Atmospheric Administration (NOAA) and the United States Fish 

and Wildlife Service (USFWS) sharing joint listing authority (Flye et al., 2021). The 

various regulatory bodies, tribal, federal, and state managers, all have their own 

independent authorities in making decisions related to the recovery of the species, 

meaning that effective monitoring is critical to the communication and coordination 

among the different groups and is essential for successful recovery efforts. 

Atlantic Salmon, historically found in North American rivers and streams from 

Ungava Bay in Canada to Long Island Sound in the United States, has dramatically 

decreased in population over the years. In the State of Maine, where Atlantic Salmon 

were once found in 34 rivers, only 2000 return annually, a mere 1% of the historic 

population (Saunders, 2006). This species is anadromous, meaning they occupy 

freshwater habitats during their juvenile life stages and marine environments during their 

adult life stages. When reproductively mature, they return to their natal streams to spawn 

after spending one to three winters at sea. Unfortunately, due to their long migrations and 

habitat sensitivity, Atlantic Salmon are vulnerable to population declines and habitat 

disruptions from dams, pollution, pathogens, and over-exploitation (Flye et al., 2021). 

An ongoing risk to these salmon is a parasitic infection. In the marine 

environment, salmon are part of a multi-host infectious disease systems. Reservoir host 



   
 

 2 

species can maintain the parasite and support transmission to other host species. Rainbow 

trout is an example host species for Yersinia ruckeri, a pathogen that affects wild Atlantic 

salmon, which is of regulatory concern in Maine. Transmission from reservoir hosts is a 

significant factor in the emergence or re-emergence of infectious diseases and can also 

lead to wildlife extinction. In the marine environment, the low barriers to parasite 

dispersal and the large migrations of marine fauna make multi-host parasite transmission 

more likely (Shea et al., 2020). Fishing and aquaculture can deplete wild fish populations 

or introduce new reservoir host populations, changing the dynamics of multi-host 

transmission. Despite the importance of reservoir hosts for parasite spread, disease 

emergence, and biodiversity conservation, there has been very little empirical assessment 

of how reservoir hosts influence parasite communities in natural and domestic systems 

and only for a limited range of parasites (Shea et al., 2020). 

Tracking the dynamics of multi-host parasite transmission has been a critical 

challenge for aquaculture, mainly as domesticated fish can act as a reservoir host for 

parasites in coastal environments (Krkošek, 2017; Nowak, 2007). Seafood demand and 

plateaued fisheries have led to the rapid expansion of salmon aquaculture, and the 

abundance of domesticated salmon now exceeds wild populations in areas where they 

coexist. Global production of domestic salmon even exceeds wild catch (FAO, 2018; 

Krkošek, 2017; Lafferty et al., 2015). The benefits of aquaculture development will 

largely depend on who has the resources to participate in the sector and how it is 

managed. In Maine, USA, commercial fishermen increasingly use aquaculture to expand 

and diversify their livelihoods (Stoll et al., 2019). Studies have been conducted to 

investigate macroparasite transmission between wild and domestic populations in 
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salmonid aquaculture (Shea et al., 2020). However, few studies explore these pathogens 

in the environment where they can be shed and acquired by both domestic and wild fish 

populations. This is a concern for the conservation of wild salmon in Maine, as pathogen 

transmission from domesticated salmon could have a detrimental effect. 

In this project, I investigated 21 pathogens from Shea et al. (2020) and 6 from the 

Maine Department of Marine Resources (MDMR, 2021) with three bacteria that 

overlapped (R. salmoninarum, A. salmonicida, and Y. ruckeri) for a total of 24 pathogens. 

An emphasis was placed on the MDMR pathogens as they pose a current and ongoing 

risk in the GOM. The diseases and causative pathogens are Bacterial Kidney Disease 

(Renibacterium salmoninarum), Furunculosis (Aeromonas salmonicida), Enteric 

Redmouth (Yersinia ruckeri), Whirling Disease (Myxobolus cerebralis), Ceratomyxosis 

(Ceratomyxa shasta), Ceratomyxosis (Ceratomyxa shasta) (MDMR, 2021). The 

pathogens from Shea et al. 2020 were studied in the Pacific Northwest of the United 

States and Canada but pose an existential threat to the GOM Atlantic Salmon DPS due to 

migration due to global trade and climate change. 

Current quantitative testing for pathogens described in chapter 24, “Importation of 

Live Marine Organisms” by the Maine Department of Marine Resources (MDMR), 2021, 

occurs only at hatchery facilities. Two methods are employed; Reproductive fluids shall 

be sampled at the 100% level or lethal sampling at a 10% assumed prevalence up to a 

maximum of 30 fish. For a 2% assumed prevalence level, reproductive fluids can be 

collected by trained facility personnel under the inspector's direction using a specimen 

chain of custody form. The sampling must be done in a safe and humane manner 
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(MDMR, 2021). These samples are tested for pathogen presence using RT-qPCR and 

indirect fluorescent antibody testing.  

Environmental DNA (eDNA) metabarcoding offers a way to detect the presence 

of parasites of concern known to the Maine DMR and other pathogens that could migrate 

to the GOM that are not yet on MDMR’s radar. eDNA has been defined as the DNA that 

can be extracted from bulk environmental samples, such as soil, air, or water, without 

first isolating any target organisms (Seymour, 2019). eDNA contains the cellular DNA 

from living organisms and extracellular DNA originated by cell lysis and extrusion. The 

biological functions of eDNA include acting as a structural component in biofilms, a 

nutrient source, and horizontal gene transfer. eDNA-based monitoring is advantageous 

compared to traditional survey methods in terms of cost, non-invasiveness, and higher 

efficiency in detecting organisms, including rare and invasive species (Amarasiri et al., 

2021; Wang et al., 2019).  

Detecting pathogens, parasites, and other symbionts in environmental samples 

through eDNA is becoming increasingly important to gain information about their 

presence and activity. eDNA metabarcoding is a method of taxonomic identification used 

to identify multiple species in a mixed sample of community DNA or eDNA. This 

method involves PCR-amplifying and sequencing the sample on a high-throughput 

platform such as Illumina or Ion Torrent. This process allows for identifying multiple 

species from a single sample, providing a powerful tool for taxonomic identification 

(Amarasiri et al., 2021; Bass et al., 2023). This has great potential to be used as a proxy 

for infection of host organisms in connected habitats, pathogen monitoring and 
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surveillance, and early warning systems for disease (Bass et al., 2023). This is a very 

useful tool for understanding the spread of diseases and helping to prevent them.   

 The development of molecular markers called primers is invaluable for detecting 

aquatic taxa eDNA. For accurate detection of target species or assemblages, the primers 

must be capable of ensuring precision. In the past, specific primers were designed for a 

single species, while universal primers were created for community assemblages. 

Recently, researchers have gone a step further and developed universal primers for 

12S/16S/18S rDNA, Cytb, COI, and even mitogenome sequences to detect aquatic 

communities (Huang et al., 2022). This advancement has greatly improved the accuracy 

of aquatic taxa eDNA detection.  

In this study, we assessed the effectiveness of existing eDNA metabarcoding 

analysis using 16S and 18S universal primers in the Gulf of Maine (GOM) for amplifying 

and detecting pathogens of concern to the Atlantic salmon Distinct Population Segment 

(DPS) (Comeau et al., 2011; Parada et al., 2016; Walters et al., 2015). We want to better 

understand this method's potential to detect and monitor the presence of these pathogens 

in the GOM. By doing so, we hope to provide valuable insights that can be used to 

inform management and conservation efforts for this important species.  
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METHODS AND MATERIALS 

Maine-eDNA Sample Collection and Metabarcoding 

Environmental DNA sample collection occurs monthly at index sites, preset 

estuarine locations along the Maine coast, one hour after high tide during slack tide. 

Index sites are divided among four regional institutions in the Maine-eDNA project: the 

University of Southern Maine/Gulf of Maine Research Institute, Bigelow Laboratory for 

Ocean Sciences, the University of Maine Orono/Maine Center for Genetics Center and 

the Environment, and the University of Maine Machias. A 5 L Niskin is used to sample at 

1 m above the bottom of the estuary, the middle of the water column, and the surface. 

The three 5 L samples are dispensed into 5 L amber Nalgene bottles. Sample data, 

including GPS coordinates, time, air temperature, turbidity, and depth, are collected in 

ArcGIS. Bottles are placed in coolers with ice to slow DNA denaturation. Samples are 

then rushed to the regional lab for immediate filtration.  

 The filtration of these samples utilizes three types of filters: Nitex, glass fiber, and 

Millipore. The three types have progressively smaller pore sizes for various downstream 

analyses. The 5 µm size of the glass fiber is the standard for DNA collection. Filtering 

begins with 2 L of the 5 L sample passed through the Nitex filter via gravity filtration. 

Then 2 L of the 5 L sample is filtered through the glass fiber filter via vacuum filtration. 

Lastly, 0.5 L of the 5 L is passed through the Millipore filter via vacuum filtration. The 

remaining 0.5 L balances the user error, and the leftover sample water is discarded. 

Filters are rolled, placed in cryogenic microcentrifuge tubes, and frozen or directly 

extracted. 
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 DNA extraction for Next Generation Sequencing (NGS) uses glass fiber filters 

through which 2 L of the environmental sample has been filtered. This protocol uses the 

Qiagen DNeasy PowerWater Toolkit protocol. Once the DNA is in its final elution, it is 

purified to remove tannins, nucleases, and PCR inhibitors using the Zymo Research One-

Step PCR Inhibitor Removal Kit. At this point, the DNA can either be frozen for later or 

amplified by PCR. 

 Amplification of the DNA is achieved using 16S Parada or 18S Comeau 

universal primers with NGS adapter tails, and a probe binds to the template DNA 

between primers. The probe is fluorescently tagged for detection in RT-qPCR. Once 

amplified, samples are run on an ethidium bromide gel electrophoresis to ensure only the 

target DNA is sequenced downstream. The gel is cut to excise only the target band. The 

DNA is extracted from the gel using the Qiagen QIAquick Gel Extraction Kit.  

The DNA library is then prepared for Illumina MiSeq sequencing using the 

Illumina Nextera XT DNA Library Preparation Kit. Once prepared, it is loaded into a 

cartridge with other sequencing reagents. The cartridge is loaded into the MiSeq, and the 

chip is removed from the ethanol it is stored in, rinsed with DI water, dried without 

touching the channels, and inserted into the MiSeq. The sequencing program is initiated 

and allowed to run to completion. 

Target Pathogen Analysis 

A list of pathogens was created to determine if the universal primer eDNA 

sequencing would capture salmon pathogens. First consisting of target pathogens from 

the inspiratory paperShea et al. (2020), this list was expanded to include pathogens of 



   
 

 8 

regulatory concern for the Maine DMR. Pathogens were then divided into 16S (Bacteria) 

and 18S (Eukaryotic Parasites) as shown in Table 1.  

16S/18S Pathogen Name Disease Caused Reference Source 

16S Flavobacterium 

psychrophilum 

Bacterial Coldwater 

Disease 

Shea et al., 2020 

16S Vibrio anguillarum Vibriosis Shea et al., 2020 

16S Vibrio salmonicida Cold-Water Vibriosis Shea et al., 2020 

16S Tenacibaculum maritimum Tenacibaculosis Shea et al., 2020 

16S Yersinia ruckeri Enteric Redmouth Shea et al., 2020 & 

MDMR, 2021 

16S Moritella viscosa Winter Ulcers Shea et al., 2020 

16S Candidatus Branchiomonas 

cysticola 

Proliferative Gill 

Disease 

Shea et al., 2020 

16S Renibacterium salmoninarum Bacterial Kidney 

Disease 

Shea et al., 2020 & 

MDMR, 2021 

16S Aeromonas salmonicida Furunculosis Shea et al., 2020 & 

MDMR, 2021 

16S Candidatus Branchiomonas 

cysticola 

Epitheliocystis Shea et al., 2020 

16S Piscirickettsia salmonis Piscirickettsiosis Shea et al., 2020 

16S Piscichlamydia salmonis Epitheliocystis Shea et al., 2020 

18S Ichthyophonus hoferi Ichthyophoniasis Shea et al., 2020 

18S Kudoa thyrsites Obligate Parasite Shea et al., 2020 

18S Sphaerothecum destruens Parasite (the Rosette 

Agent) 

Shea et al., 2020 

18S Neoparamoeba perurans Amoebic Gill Disease Shea et al., 2020 

18S Parvicapsula minibicornis Parasitic Kidney 

Disease  

Shea et al., 2020 

16S/18S Pathogen Name Disease Caused Reference Source 



   
 

 9 

18S Nucleospora salmonis Parasitic Kidney 

Disease 

Shea et al., 2020 

18S Nanophyetus salmincola Obligate Parasite Shea et al., 2020 

18S Myxobolus arcticus Whirling Disease Shea et al., 2020 

18S Loma salmonae Microsporidial Gill 

Disease 

Shea et al., 2020 

18S Myxobolus cerebralis Whirling Disease MDMR, 2021 

18S Ceratomyxa shasta Ceratomyxosis MDMR, 2021 

18S PKX unclassified myxozoan Proliferative Kidney 

Disease 

MDMR, 2021 

Table 1. A compiled list of Salmon Pathogens likely amplified by 16S Parada or 18S 

Comeau universal primers with the diseases caused and the source article. This list 

includes pathogens with no mismatches and those with some that are hypothesized to 

work.  

 

In silico analysis 

To assess the feasibility of the Maine-eDNA Comeau 18S primers amplifying the 

DNA of these pathogens, a few alignments of the 18S sequences were run using I. hoferi 

and K. thyrsites as templates using the automatic MAFFT program. The result of these 

test alignments showed regions of promise, and with that, the primers 572F and 1009R 

from the Comeau set were added to Benchling and the primer attachment tool was used. 

Successful alignment required changing the Tm parameters from SantaLucia 1998 to 

Modified Breslauer 1986 (Phusion, Phire, DyNAzyme). After, all primers previously 

attached to each individual sequence using the other Tm protocol were deleted. Next, the 

primers tool was activated, “attach existing” was selected, and used primers in the 

18S  Benchling folder (572F and 1009R), with a nucleotide type of DNA, with at least 10 

matching bases, separated by ≤ 2 mismatches, no more than 10 mismatches, Tm above 

48ºC and under 100ºC, leaving the two checkboxes empty, and 3' position by default 1-

end #. I then selected “find binding sites” and selected F/R sites with no mismatches or 
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the least amount for both Shea et al., 2020 and MDMR, 2021 pathogens. Then the F/R 

primers were linked, in silico PCR data was collected, and the data recorded. 

To assess the feasibility of the Maine-eDNA Parada 16S primers amplifying the 

DNA of these pathogens, the 16S bacteria sequences were added to the Benchling folder 

labeled 16S (Bacteria) using the import sequence feature on Benchling. Next, the Parada 

primers were added to the 16S (Bacteria) folder for use in the alignments to come. Then, 

going through each individual genome, the Parada primer set (515F and 926R) was 

applied. The Tm parameters were also from SantaLucia 1998 to Modified Breslauer 1986 

(Phusion, Phire, DyNAzyme). Then, going to the primers tool, “attach existing” was 

selected, and used the primers in the 16S (Bacteria) Benchling folder (515F and 926R), 

with a nucleotide type of DNA, with at least 10 matching bases, separated by ≤ 2 

mismatches, no more than 10 mismatches, Tm above 48ºC and under 100ºC, leaving the 

two checkboxes empty, and 3' position by default 1-end #. Next, “find binding sites” was 

selected and F/R sites with no mismatches or the least amount were identified for both 

Shea et al., 2020 and MDMR, 2021 pathogens. Then, F/R primers were linked, in silico 

PCR data collected, and the data recorded. 

In vitro analysis 

To assess the results of the in silico analysis using Benchling we needed to see if 

the primers would amplify the DNA segments in PCR. We ordered synthetic genes 

(gBlocks) of 7 pathogens: 4 of the 16S pathogens (Yersinia ruckeri [BR], Candidatus 

Syngnamydia salmonis [CSS], Piscirickettsia salmonis [PS], & Piscichlamydia salmonis 

[PY]) and 3 of the 18S pathogens (Nanophyetus salmincola [NC], Ceratomyxa shasta 

[CS], & PKX unclassified myxozoan [PKD]). The dried gBlocks were spun down at max 
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rpm for 3 min to prevent loss of DNA and hood contamination. gBlocks were then 

resuspended to 1e10 copies/μL with TE Buffer using the equation: fmole*1.0E-

15*(6.022E23 copies)1.0E10copies/µL=amount TE Buffer (µL) from the UMaine Guide 

for gBlock Resuspension and Serial Dilution. Then, using the guide, the gBlocks were 

diluted 1:5 to 31250, 6250, 1250, 250, 50, & 10 copies/μL. 

The next step of in silico analysis was to run an SYBER dye qPCR of the gBlocks 

using the 18S and 16S Nextera primers. These 20 μL reactions used 10 μL Bio-Rad 

SsoFast EvaGreen 2x Supermix, 8 μL nuclease-free PCR water, 0.5 μL forward/sense 

primer, 0.5 μL reverse/antisense primer, and 1 μL of template DNA. These reactions 

were loaded onto a Bio-Rad CFX thermocycler, and the thermal programs described in 

Table 2 were applied. 

16S qPCR Thermal Program 18S qPCR Thermal Program 

Cycling Step Temperature Time Cycling Step Temperature Time 

Enzyme 

Activation 

98ºC 2 min Enzyme 

Activation 

98ºC 2 min 

Denaturation 98ºC 10 sec Denaturation 98ºC 10 sec 

Annealing 55ºC 30 sec Annealing 50ºC 20 sec 

Extension 60ºC 30 sec Extension 60ºC 20 sec 

Repeat Denaturation-Extention 50 times Repeat Denaturation-Extention 50 times 

Melt Curve 65-95ºC 5 

sec/step 

Melt Curve 65-95ºC 5 

sec/step 

Table 2. qPCR thermal programs for 16S and 18S gBlock Nextera verification assay. 

After qPCR, Qc and melt curve data were collected for analysis. Then, the qPCR 

product was run on an SYBER gel to verify the length of amplified segments. The gel 
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was imaged on an SYBER ultraviolet (UV) light table (Figures 1 & 2). Next, to 

determine the effect of the Nextera tails in the amplification process, the gBlocks were 

amplified using Comeau/Parada primers without the tails. The previously used supermix 

had run out, so Bio-Rad SsoAdvanced Universal SYBER Green 2x Supermix was used 

for this test. These 20 μL reactions used 10 μL Bio-Rad SsoAdvanced Universal SYBER 

Green 2x Supermix, 8 μL nuclease-free PCR water, 0.5 μL forward/sense primer, 0.5 μL 

reverse/antisense primer, and 1 μL of template DNA. These reactions were loaded onto a 

Bio-Rad CFX thermocycler, and the thermal programs described in Table 3 were applied. 

16S/18S qPCR Thermal Program 

Cycling Step Temperature Time 

Enzyme Activation 98ºC 2:45 min 

Denaturation 98ºC 15 sec 

Annealing/ 

Extension 

60ºC 45 sec 

Repeat Denaturation-Extention 39 times 

Melt Curve 65-95ºC 5 sec/step 

Table 3. qPCR thermal program for 16S and 18S gBlock Non-Nextera control assay. 

In vivo analysis 

 After completing in vitro assays, 18S Metabarcoding data from the Hampden, 

Bucksport, and Chemo Pond index sites were analyzed. The samples included: Hampden 

March 2021 (eLP_E01_21w_0213), Hampden March 2021 (eLP_E01_21w_0215), 

Bucksport May 2021 (eLP_E04_21w_0224), Bucksport June 2021 

(eLP_E04_21w_0228), Chemo Pond Control May 2021 (eLP_L02_21w_0214), Chemo 

Pond May 2021(eLP_L02_21w_0215), Chytrid Mock, and Negative Control. The raw 
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metabarcoding data was uploaded to Galaxy, a web-based computing software. Then, the 

amplicons of the salmon pathogens were also uploaded to the Galaxy program, and 

BLASTn was run against the index site data.    
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RESULTS 

In silico analysis 

The 16S in silico analysis of bacterial pathogens (Table 3) resulted in eleven 

pathogens with no mismatches with the primers and three with mismatches away from 

the 3’ end. Candidatus Syngnamydia salmonis (CSS) has two mismatches, one in the 

foreward primer and one in the reverse primer. This is also the case for Piscichlamydia 

salmonis (PY), but Piscirickettsia salmonis (PS) has only one mismatch in the reverse 

primer. All amplicons are between 407-414 bp. The position on the 16S gene was 

consistent around +/500 and -/900. GC content was between 47.16% and 56.76%. The 

absolute difference in primer melting temperatures was 14.3ºC. 

The 18S in silico analysis of eukaryotic parasites (Table 4) resulted in seven 

pathogens with no mismatches with the primers and five with mismatches away from the 

3’ end. Myxobolus arcticus has two mismatches, one in the forward primer and one in the 

reverse primer. This is also the case for Loma salmonae. PKX unclassified myxozoan 

(PKD) has only one mismatch in the reverse primer, Nanophyetus salmincola (NC) has 

one in the forward primer. Meanwhile, Nucleospora salmonis has four mismatches, two 

in both the forward and reverse primers. All amplicons are between 274-606 bp. The 

position on the 18S gene was inconsistent, around +/550 and -/1000. GC content was 

between 33.50% and 50.55%. The absolute difference in primer melting temperatures 

was 14.3ºC. 

In vitro analysis 

The 16S in vitro SYBER qPCR was completed twice to confirm the initial test 

results. These results show robust amplification of Candidatus Syngnamydia salmonis 
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(CSS), Piscirickettsia salmonis (PS), Piscichlamydia salmonis (PY), and Yersinia ruckeri 

(BR) at concentrations 1250, 250, 50, and 10 copies/μL. Results were difficult to 

distinguish at the concentrations of 31250 and 6250 copies/μL. This test also showed a 

3D structure created by dimerization as the no template controls have robust 

amplification, a melt curve, and a peak at 85.50ºC.  

The 16S PCR products were run on an SYBER agar gel electrophoresis rig 

(Figure 1). Loading from left to right: ladder, CSS 31250 copies/μL, CSS 6250 

copies/μL, CSS 50 copies/μL, PS 31250 copies/μL, PS 6250 copies/μL, PS 50 copies/μL, 

PY 31250 copies/μL, PY 6250 copies/μL, PY 50 copies/μL, 16S no template control 

(ntc), BR 31250 copies/μL, BR 6250 copies/μL, BR 1250 copies/μL, BR 250 copies/μL, 

BR 50 copies/μL, BR 10 copies/μL, blank, blank, and ladder. This gel was run at 130 V 

for 25 min. Bands were identified in the 50 copies/μL channels of CSS, PS, and PY. 

Also, BR 6250 copies/μL, BR 1250 copies/μL, BR 250 copies/μL, BR 50 copies/μL, and 

BR 10 copies/μL around 400 bp. Another result of this test was identifying a primer 

dimer band towards the bottom of the gel.  

18S in vitro SYBER qPCR was completed twice to confirm the initial test results. 

These results show robust amplification of Ceratomyxa shasta (CS), PKX unclassified 

myxozoan (PKD), and Nanophyetus salmincola (NC) at concentrations 6250, 1250, 250, 

50, and 10 copies/μL. Results were difficult to distinguish at the concentration of 31250 

copies/μL. This test also showed a 3D structure created by dimerization as the no 

template controls have robust amplification, a melt curve, and a peak at 80.67ºC.  

The 18S PCR products were run on an SYBER agar gel electrophoresis rig 

(Figure 2). Loading from left to right: ladder, CS 31250 copies/μL, CS 6250 copies/μL, 
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CS 50 copies/μL, PKD 31250 copies/μL, PKD 6250 copies/μL, PKD 50 copies/μL, NC 

31250 copies/μL, NC 6250 copies/μL, NC 50 copies/μL, 18S no template control (ntc), 

ladder. This gel was run at 130 V for 25 min. Bands were identified in the 31250 and 

6250 copies/μL and faintly at 50 copies/μL. This test also identified a primer dimer band 

towards the bottom of the gel.  

 The Cq data from the two 16S Nextera PCR were plotted in Figure 3; the Cq data 

from the two 18S Nextera PCR were plotted in Figure 4; the Cq data from the non-

Nextera 16S PCR were plotted in Figure 5; the Cq data from the non-Nextera 18S PCR 

were plotted in Figure 6. The R2 values from the duplicate Nextera PCRs were averaged, 

and the slopes from the linear trendlines were used in the PCR efficiency equation: -

1+10(-1/slope) = PCR Efficiency. These data were compiled in Table 6.  

In vitro analysis 

 The results of the BLASTn of 18S pathogen amplicons against 18S 

metabarcoding data from select index sites found no hits. This indicates that none of the 

18S pathogens were present in detectable quantities at the times and locations where the 

samples were collected. 

Pathogen 515F 

Posit

ion 

515F 

Melti

ng 

Tem

p 

(ºC) 

926R 

Posit

ion 

926R 

Melti

ng 

Tem

p 

(ºC) 

GC 

Cont

ent 

(%) 

Prod

uct 

Leng

th 

(bp) 

Tm 

Differe

nce 

(ºC) 

Mismat

ches 

Flavobact

erium 

psychroph

ilum 

+/ 

492 

72.9 -/ 

861 

58.5 47.4

2 

407 -14.3 0 

Vibrio 

anguillaru

m 

+/ 

506 

72.9 -/ 

880 

58.5 53.4 412 -14.3 0 
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Vibrio 

salmonicid

a 

+/ 

533 

72.9 -/ 

907 

58.5 53.8

8 

412 -14.3 0 

Tenacibac

ulum 

maritimum 

+/ 

500 

72.9 -/ 

869 

58.5 47.1

7 

407 -14.3 0 

Yersinia 

ruckeri 

+/ 

513 

72.9 -/ 

886 

58.5 54.2

6 

411 -14.3 0 

Candidatu

s 

Syngnamy

dia 

salmonis 

+/ 

528 

72.9 -/ 

903 

58.5 47.9

4 

413 -14.3 2: 

1F/1R 

Pisciricket

tsia 

salmonis 

+/ 

526 

72.9 -/ 

902 

58.5 51.2

7 

414 -14.3 1: 1R 

Moritella 

viscosa 

+/ 

529 

72.9 -/ 

903 

58.5 52.4

3 

412 -14.3 0 

Candidatu

s 

Branchio

monas 

cysticola 

+/ 

536 

72.9 -/ 

908 

58.5 50.9

8 

410 -14.3 0 

Piscichla

mydia 

salmonis 

+/ 

504 

72.9 -/ 

878 

58.5 50.7

3 

412 -14.3 2: 

1F/1R 

Renibacter

ium 

salmonina

rum 

+/ 

1145 

72.9 -/ 

1521 

58.5 56.7

6 

414 -14.3 0 

Aeromona

s 

salmonicid

a 

+/ 

505 

72.9 -/ 

879 

58.5 54.3

7 

412 -14.3 0 

Renibacter

ium 

salmonina

rum 

+/ 

488 

72.9 -/ 

864 

58.5 56.7

6 

414 -14.3 0 

Aeromona

s 

salmonicid

a 

-/ 

949 

72.9 +/ 

575 

58.5 54.6

1 

412 14.3 0 

Table 4. 16S Pathogen-Primer alignment. Salmon pathogen DNA from GenBank was 

added to Benchling and assessed for the likelihood of 16S Nextera Primers using the 

Modified Breslauer 1986 (Phusion, Phire, DyNAzyme) parameters. This produced the 

binding sites, melting temperatures, the difference of temperatures, and mismatches of 
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both forward and reverse primers. Also, the GC content and length of the amplicon. 

Different reference sequences were used for Renibacterium salmoninarum and 

Aeromonas salmonicida for analyzing Shea et al. pathogens and MDMR pathogens, 

resulting in 2 entries. 

 

Pathogen 572F 

Positio

n 

572F 

Melti

ng 

Temp 

(ºC) 

1009R 

Positio

n 

1009R 

Meltin

g 

Temp 

(ºC) 

GC 

Conte

nt 

(%) 

Prod

uct 

Len

gth 

(bp) 

Tm 

Differe

nce 

(ºC) 

Mismatc

hes 

Ichthyopho

nus hoferi 

+/ 591 62.6 -/ 992 55.6 40.18 438 -7.1 0 

Kudoa 

thyrsites 

+/ 549 62.6 -/ 941 55.6 45.22 429 -7.06 0 

Nucleospor

a salmonis 

+/ 404 62.6 -/ 627 54.7 50.39 259 -7.9 4: 2F/2R 

Sphaerothe

cum 

destruens 

+/ 575 62.6 -/ 977 55.6 41.69 439 -7.1 0 

Nanophyet

us 

salmincola 

+/ 522 62.6 -/ 1003 55.6 49.42 518 -7.1 1: 1F 

Neoparam

oeba 

perurans 

+/ 623 62.6 -/ 1192 55.6 33.50 606 -7.1 0 

Myxobolus 

arcticus 

+/ 581 62.6 -/ 1132 54.7 45.32 588 -7.9 2: 1F/1R 

Parvicapsu

la 

minibicorn

is 

+/ 619 62.6 -/ 1124 55.6 44.46 542 -7.1 0 

Loma 

salmonae 

+/ 447 62.6 -/ 685 55.6 50.55 275 -7.1 2: 1F/1R 

Myxobolus 

cerebralis 

+/ 583 62.6 -/ 1117 55.6 45.53 571 -7.1 0 

Ceratomyx

a shasta 

+/ 572 62.6 -/ 990 55.6 38.68 455 -7.1 0 

PKX 

unclassifie

d 

myxozoan 

+/ 559 62.6 -/ 1026 55.6 44.64 504 -7.1 1: 1R 

Table 5. 18S Pathogen-Primer alignment. Salmon pathogen DNA from GenBank was 

added to Benchling and assessed for the likelihood of 18S Nextera Primers using the 

Modified Breslauer 1986 (Phusion, Phire, DyNAzyme) parameters. This produced the 

binding sites, melting temperatures, the difference of temperatures, and mismatches of 

both forward and reverse primers. Also, the GC content and length of the amplicon. 
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Figure 1. 16S PCR product gel electrophoresis. Loading from left to right: ladder, 

Candidatus Syngnamydia salmonis (CSS) 31250 copies/μL, CSS 6250 copies/μL, CSS 

50 copies/μL, Piscirickettsia salmonis (PS) 31250 copies/μL, PS 6250 copies/μL, PS 50 

copies/μL, Piscichlamydia salmonis (PY) 31250 copies/μL, PY 6250 copies/μL, PY 50 

copies/μL, 16S no template control (ntc), Yersinia ruckeri (BR) 31250 copies/μL, BR 

6250 copies/μL, BR 1250 copies/μL, BR 250 copies/μL, BR 50 copies/μL, BR 10 

copies/μL, blank, blank, and ladder. This gel was run at 130 V for 25 min.   

 

 

Figure 2. 18S PCR product gel electrophoresis. Loading from left to right: ladder, 

Ceratomyxa shasta (CS) 31250 copies/μL, CS 6250 copies/μL, CS 50 copies/μL, PKX 

unclassified myxozoan (PKD) 31250 copies/μL, PKD 6250 copies/μL, PKD 50 

copies/μL, Nanophyetus salmincola (NC) 31250 copies/μL, NC 6250 copies/μL, NC 50 

copies/μL, 18 no template control (ntc), ladder. This gel was run at 130 V for 25 min.   
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Figure 3. Standard Curve of 16S Pathogens with Nextera tails. gBlocks of pathogen 

amplicons were diluted to 31250, 6250, 1250, 250, 50, and 10 copies/μL and amplified 

by SYBER Green qPCR. This test was run in duplicate. Cq values were plotted against 

the log of the copy number. Linear trendlines produced R2 values, and the slopes were 

used to calculate the PCR efficiencies. 

 

 
Figure 4. Standard Curve of 18S Pathogens with Nextera tails. gBlocks of pathogen 

amplicons were diluted to 31250, 6250, 1250, 250, 50, and 10 copies/μL and amplified 

by SYBER Green qPCR. This test was run in duplicate. Cq values were plotted against 
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the log of the copy number. Linear trendlines produced R2 values, and the slopes were 

used to calculate the PCR efficiencies. 

 

 
Figure 5. Standard Curve of 16S Pathogens without Nextera tails. gBlocks of pathogen 

amplicons were diluted to 31250, 6250, 1250, 250, 50, and 10 copies/μL and amplified 

by SYBER Green qPCR. Cq values were plotted against the log of the copy number. 

Linear trendlines produced R2 values, and the slopes were used to calculate the PCR 

efficiencies. 
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Figure 6. Standard Curve of 18S Pathogens without Nextera tails. gBlocks of pathogen 

amplicons were diluted to 31250, 6250, 1250, 250, 50, and 10 copies/μL and amplified 

by SYBER Green qPCR. Cq values were plotted against the log of the copy number. 

Linear trendlines produced R2 values, and the slopes were used to calculate the PCR 

efficiencies. 
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Species Primer R2 PCR Efficiency 

(CSS) Candidatus Syngnamydia salmonis 16S with tail 0.6609 0.9223 

(CSS) Candidatus Syngnamydia salmonis 16S no tail 0.5823 -0.8019 

(BR) Yersinia ruckeri 16S with tail 0.7136 0.4108 

(BR) Yersinia ruckeri 16S no tail 0.8821 2.8237 

(PS) Piscirickettsia salmonis 16S with tail 0.7286 0.277 

(PS) Piscirickettsia salmonis 16S no tail 0.3623 -0.7618 

(PY) Piscichlamydia salmonis 16S with tail 0.5103 1.0071 

(PY) Piscichlamydia salmonis 16S no tail 0.9971 -0.9362 

(CS) Ceratomyxa shasta 18S with tail 0.918 1.0668 

(CS) Ceratomyxa shasta 18S no tail 0.1572 -0.7969 

(PKD) PKX unclassified myxozoan 18S with tail 0.6754 4.0056 

(PKD) PKX unclassified myxozoans 18S no tail 0.9792 1.4213 

(NC) Nanophyetus salmincola 18S with tail 0.375 1.8534 

(NC) Nanophyetus salmincola 18S no tail 0.7514 1.2818 

Table 6. PCR efficiencies comparing Nextera tail primers to primers without the tails. 

gBlocks of pathogen amplicons were diluted to 31250, 6250, 1250, 250, 50, and 10 

copies/μL and amplified by SYBER Green qPCR. The assay with tails was run in 

duplicate. Cq values were plotted against the log of the copy number. Linear trendlines 

produced R2 values (duplicates were averaged), and the slopes were used to calculate the 

PCR efficiencies (-1 + 10^(-1/slope)).  
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DISCUSSION & FUTURE DIRECTIONS 

Overall, this study found good potential for eDNA metabarcoding to be useful for 

salmon parasite screening. From the in silico analysis I found that most of the pathogens I 

was analyzing had no mismatches with primers indicating a high likelihood of 

amplification. The in vitro analysis then showed amplification at low concentrations with 

acceptable efficiency with the Nextera primers. Lastly, the in vivo analysis shows that its 

possible to search for these pathogens in metabarcoding data. 

During our initial research, we sought out software for pathogen sequence 

analysis. Our testing of Mega 11 revealed that it needed to meet the requirements for our 

project, specifically lacking degenerate primer functionality and in silico PCR tools. My 

prior experience with Benchling in the University of Maine eDNA Coordinated 

Operating Research Entity (CORE) Laboratory for primer design made it the next avenue 

to pursue for this project. Benchling has proved to be a powerful tool for degenerate 

primer analysis and web-based nucleic acid assays. 

In my analysis in Benchling, I attempted to apply the 16S Parada and 18S 

Comeau primers to viruses from Shea et al. and the MDMR publication. More pathogens 

could be assessed in the future. After addressing issues with the parameters that 

prevented proper alignment, I was then able to apply the primers successfully. The 

default SantaLucia, 1998 PCR parameters on Benchling needed to be switched to 

Modified Breslauer 1986 (Phusion, Phire, DyNAzyme). I then selected forward and 

reverse sites with no mismatches or the least amount. Then I linked the F/R primers, took 

in silico PCR data, and recorded it in Table 4 for 16S and Table 5 for 18S. 
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After completing the in silico analysis, I predict that pathogen sequences with 

more than one mismatch will not be detectable with the Maine-eDNA metabarcoding 

assays. I then tested amplification in vitro via quantitative PCR (qPCR) assay with 

gBlocks, synthetic genes, of target parasites. The pathogen amplicons I ordered were 

Yersinia ruckeri (16S, 0 mismatches), Candidatus Syngnamydia salmonis (16S, 2 

mismatches: 1F/1R), Piscirickettsia salmonis (16S, 1 mismatch: 1R), Piscichlamydia 

salmonis (16S, 2 mismatches: 1F/1R), Nanophyetus salmincola (18S, 1 mismatch: 1F), 

Ceratomyxa shasta (18S, 0 mismatches), and PKX unclassified myxozoan (18S, 1 

mismatch: 1R). I ordered fewer gBlocks than I initially proposed but reasoned that this 

set would help test my hypothesis on the robust amplification. This set also included 

three of the six pathogens from MDMR that passed the in silico analysis. 

The qPCR results showed inconsistent amplification. This could be explained by 

the mismatches in the primers and the Nextera tails. Another consideration is that the 

reference sequences utilized were not all from this region due to availability on GenBank. 

I used Parada and Comeau primers with Nextera tails as they are used by the Maine-

eDNA Project, where future metabarcoding data will likely originate. We saw abnormal 

curves at high copy numbers but not low ones. I am unsure about this cause and would 

like to study it further. I hypothesize that the Nextera tails produce a 2D or 3D structure, 

as our melt curves showed a unique curve in wells with no template control. This is an 

area for further research to confirm the effects of the tails on amplification. I attempted a 

PCR test of the same gBlocks using primers without the tails and got worse overall 

results.  
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To quantify the qPCR results, I performed standard curves using the Cq values 

and the log of the gBlock copy number (Figures 3-6). I then added a linear trendline and 

recorded the slope of the line and the R2 value of the data points. I used the slope to 

calculate the efficiencies. Ideal, optimized PCRs have a slope of -3 and an efficiency 

between 0.9 and 1.1. Looking at Table 6 it is evident that these assays could be 

optimized. I also saw in the amplification curves that amplification does occur, even with 

mismatches, for all seven pathogens. With verification that the genes of these pathogens 

amplify, I expect pathogen sequences with a maximum of 2 mismatches will be 

detectable with the Maine-eDNA metabarcoding assays. 

I used 18S DNA metabarcoding data from index sites (estuarine locations along 

the Maine coast where samples are routinely collected for Maine-eDNA) to determine 

whether these pathogens were present. The metabarcoding analysis results will help 

identify the presence of these pathogens. It is also important to note that these methods 

cannot quantify pathogen DNA abundance reliably. I do not expect to identify these 

pathogens in the data from the metabarcoding assays. We were not able to identify any of 

the pathogens in the metabarcoding data. Continued monitoring using this novel approach 

will further the goals of protecting the GOM Atlantic salmon DPS to survive in its native 

habitat. With the ongoing efforts of Maine-eDNA it will only require computational 

assessment of output data using verified amplicons of pathogen DNA. 

Future Work will include further verification of the Comeau and Parada Nextera 

primers amplifying salmon pathogens. Proving these amplifications will allow the 

pathogens to be added to metabarcoding screens. qPCR assays could be optimized, 

including higher quality taq or switching to a probe in place of SYBER green. 
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Metabarcoding assessment is the largest area of interest as more data will allow for more 

monitoring, and 16S data will allow me to test for the bacterial pathogens I investigated 

in this study. 

 Additional considerations and complications include one of the most influential 

factors which affect the likelihood of species detection with molecular methods is the 

concentration of its genetic material in the environment. This concentration is directly 

linked to the rate of eDNA shedding, which is determined by the organisms' type, size, 

life stage, and abundance. As such, the concentration of genetic material in the 

environment can significantly impact the success of molecular species detection (Wood 

et al., 2020).  

Another challenge in pathogen monitoring via eDNA metabarcoding involves 

bacteria uptaking free DNA in the marine environment. Although eDNA is known to 

degrade quickly in water, it has been found in streams up to 10 km downstream from its 

source (Nukazawa et al., 2020). This has raised concerns that environmental bacteria 

could uptake free DNA, transfer their genetic traits, and amplify, thus becoming a source 

of the measured eDNA rather than the target aquatic species (Nukazawa et al., 2020). 

This could have a significant impact on the accuracy of the results and the reliability of 

the data. 

However, eDNA methods meet the legal standards for being accepted as evidence 

in most court cases, indicating that the reliability of eDNA is not the issue (Sepulveda et 

al., 2020). Instead, the connection between the results and management needs to be 

improved, as few tools are available to integrate uncertainty into decision-making. 

Possible solutions include decision-support trees based on molecular best practices that 
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incorporate temporal and spatial trends in eDNA positives in relation to salmon risk 

tolerance (Sepulveda et al., 2020). 
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