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ABSTRACT
Genetic dietary analysis has been a rapidly growing area of study due to several advantages it
holds over conventional methods, such as enhanced taxonomic resolution and the ability to
detect rare or degraded prey items. In this thesis, DNA metabarcoding is applied to investigate
the dietary composition of parasitic, hematophagous sea lamprey (Petromyzon marinus) within
the Great Lakes region. This approach aims to enhance our understanding of sea lamprey feeding
habits by addressing limitations with traditional diet assessment methods, ultimately contributing
to more informed management efforts. The first objective was to design a blocking primer that
selectively suppresses amplification of sea lamprey DNA at the 12S rRNA gene region, allowing
for clearer observations of host fish DNA detections. With a successful blocking primer, the
second objective was to assess the influence of different environmental and biological variables
on the retention of host fish DNA in sea lamprey digestive tracts within a controlled setting.
Specifically, various temperatures and post-feeding fasting periods were examined in
experimental aquaria, along with the ability to detect multiple hosts after sea lamprey had
consecutively fed on different species. Results demonstrated that host DNA could remain
detectable in sea lamprey digestive tracts for up to 30 days at temperatures between 5-15°C and
still produce sequence reads from feedings on multiple host species. In the third objective, DNA
metabarcoding was applied to wild-caught sea lamprey samples to assess the applicability of this
technique in the field. Both adult and juvenile parasitic sea lamprey were collected from Lakes
Huron, Superior, and Champlain during 2022 and 2023, with findings indicating potential
sources of dietary differences among lakes and life stages for Great Lakes sea lamprey. Together,
these results underscore the utility of DNA metabarcoding in detecting and distinguishing prey

taxa, with valuable applications towards sea lamprey management strategies in the Great Lakes.
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CHAPTER 1: DEVELOPMENT OF A BLOCKING PRIMER TO ENABLE DIETARY
DNA METABARCODING ANALYSIS IN SEA LAMPREY

ABSTRACT

Since the establishment of the invasive sea lamprey (Petromyzon marinus) in the Great
Lakes during the mid-20th century, extensive management efforts have been aimed at reducing
their negative impact on native fishes. Despite a significant reduction in population size using
several control methods, uncertainties remain concerning the damage caused by sea lamprey
predation on Great Lakes fish populations. While conventional dietary assessments are hindered
by the hematophagous nature of sea lamprey, DNA metabarcoding offers a promising alternative
by identifying prey species DNA from sea lamprey digestive samples. This method has been
used for dietary analyses in a wide variety of species, including lampreys; however, initial
assessments using 12S polymerase chain reaction (PCR) primers designed to amplify vertebrate
taxa indicated a high presence of sea lamprey DNA per sample. To minimize sea lamprey DNA
co-amplification, I designed and tested eight blocking primers for their ability to suppress the
amplification of sea lamprey DNA sequences during PCR while allowing amplification of host
species DNA. This approach allows for the use of a single marker to amplify a taxonomically
diverse suite of host fish species, in contrast to previous studies that used multiple primer pairs
designed for specific host families (e.g. Salmonidae, Cyprinidae, Catostomidae), potentially
missing rare taxa. Variations among blocking primers included altering base pair length, end
sequence modification, and purification method. Samples with different sea lamprey-to-host
DNA ratios were subjected to gel electrophoresis, quantitative PCR, and DNA metabarcoding to
assess the ability of each blocking primer to reduce the number of sea lamprey sequence reads
while maintaining host species sequence reads. Among blocking primers tested, all performed

well with versions that included a C3 spacer and HPLC purification demonstrating the highest



effectiveness. Results demonstrate that the single blocking primers evaluated are a reliable
method of sea lamprey dietary analysis for amplifying a taxonomically diverse range of host fish
species. These experimentally validated methods lay the foundation for future research on the
feeding habits and impacts of sea lamprey in the Great Lakes and their native range
INTRODUCTION

The invasion of the parasitic sea lamprey (Petromyzon marinus) into the Great Lakes
during the mid-20™ century and resulting impacts to both native fish communities and angling
activity required international management efforts (Coble et al., 1990; Lawrie, 1970). Following
the initial invasion and establishment, sea lamprey attacks and overfishing resulted in the loss of
over 95% of the lake trout (Salvelinus namaycush) stock, and precipitous numerical declines to
whitefish (Coregonus clupeaformis), walleye (Sander vitreus), and other economically and
ecologically valuable fisheries (Smith and Tibbles, 1980). In response, the Great Lakes Fishery
Commission (GLFC) was established in 1954 and tasked with implementing control programs
designed to reduce sea lamprey population abundance within the Great Lakes, focusing on
methods such as lampricides, sterile-male releases, physical barriers, and traps (Meyer and
Schnick, 1983; Robinson et al., 2021). Control efforts were largely successful, with lampricide
and barriers representing the bulk of these efforts, reducing sea lamprey population levels in the
Great Lakes to ~10% of their previous peak (Heinrich et al., 2003; Robinson et al. 2021).

Uncertainty remains about the damage that sea lamprey cause to Great Lakes fisheries.
Given that sea lampreys are hematophagous, feeding mostly on the blood of their prey,
conventional dietary assessment methods are not applicable. Physical components of the diet,
such as bones, shells, and other hard structures, are not present in sea lamprey digestive systems,

requiring current damage assessments from sea lamprey in the Great Lakes to rely on inspecting
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wounds or marks that lamprey leave on their hosts after feeding (Ebener et al., 2003; King Jr.,
1980). However, interpretations of marking data are limited, as the focus of current protocols is
mostly limited to lake trout, not the full Great Lakes fish community (Firkus et al. 2021; Treska
et al. 2021). Captures of parasitic-stage sea lampreys are often the result of bycatch where
anglers or vessels were targeting the lamprey’s host fish (typically lake trout), caught either with
a lamprey still attached or visible wound markings. As such, samples for dietary analysis are not
derived from randomly selected sea lamprey within the lake, rather they are gathered from
already captured host fish. A host fish must also survive an attack to be considered in the
wounding assessment, as deceased fish tend to sink and are therefore unable to be captured for
data collection (Adams et al., 2021; Bergstedt and Schneider, 1988). Biochemical methods such
as stable isotope analysis and fatty acid profiles have been previously used to circumvent these
capture biases in wounding data assessments (Happel et al., 2017; Harvey et al., 2008). However,
while these methods are helpful in gathering larger ecological insights such as trophic level
placement, they are unable to comprehensively and compositionally characterize sea lamprey
diets at the species level. Additionally, the focus on lake trout marking rates to assess ecological
damage may not account for difference in host preference. Previous studies have shown sea
lamprey may prefer hosts with a higher abundance (Adams and Jones 2021). Given this, a
decrease in lake trout abundance may appear as successful control if sea lamprey switch to an
alternative primary host fish, as marking rates in lake trout will decrease.

Recent advances in molecular biology, and the development of molecular diet analysis
via DNA metabarcoding, offers an attractive alternative that addresses these shortcomings and
limitations (Pompanon et al., 2012). While various electrophoretic techniques have been used for

dietary analyses previously (Deagle et al., 2005; Symondson, 2002; Walrant and Loreau, 1995),
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the rise of next-generation sequencing currently has led to widespread accessibility of DNA
metabarcoding for dietary assessments. As reviewed in Pompanon et al. (2012), DNA
metabarcoding allows for a species-specific prey designation via DNA extracted from gut
contents. Primers specific to certain conserved gene regions, such as the mitochondrial 12S and
16S ribosomal RNA genes(Deagle et al. 2009; Riaz et al. 2011), allow for amplification of
sequences from a wide variety of taxa. Amplified products can be subsequently aligned to
databases of known sequences to provide reliable taxonomic classifications (Yang et al., 2014).
This method has been widely applied for dietary studies on mammals (Berry et al., 2017;
Buglione et al., 2018; Lopes et al., 2020), birds (Hacker et al., 2021; McClenaghan et al., 2019),
fishes (Berry et al., 2017; Harms-Tuohy et al., 2016; Jakubaviciiité et al., 2017), and other taxa,
including the flesh-feeding Arctic lamprey (Shink et al., 2019) and sea lamprey in the Great
Lakes (Johnson et al., 2021).

Johnson et al. (2021) introduced a method for identifying host species using DNA
extracted from sea lamprey feces using three taxon-specific primers that individually targeted
salmonids, catastomids, and cyprinids. The method was largely successful, showing that diet
composition varied between sea lamprey captured in the northern basin of Lake Huron and those
from a tributary of Lake Huron. However, the study was meant as a proof-of-concept, and the
use of multiple taxon-specific primers limited their ability to compare relative sequence
abundance of multiple hosts detected in individual sea lamprey fecal samples (Johnson et al.,
2021). While beneficial for detecting a wider range of hosts, use of more conserved vertebrate
primers also amplifies large amounts sea lamprey DNA, lowering the proportion of usable data.

This reduction decreases the effectiveness of higher data outputs in mitigating sequence read
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biases introduced by extraction and amplification stochasticity (Alberdi et al., 2018; Leray and
Knowlton, 2017; Polz and Cavanaugh, 1998).

One method of counteracting the amplification of sea lamprey DNA is to apply a
blocking primer (Vestheim and Jarman, 2008). The inclusion of an effective blocking primer
during the PCR process can significantly suppress predator DNA amplification while increasing
the relative amount of amplified prey fragments in dietary studies (Vestheim et al., 2011).
Blocking primers are also capable of blocking amplification of prey sequences, potentially
limiting benefits (Pifiol et al. 2015). Unlike universal primers, which are designed to anneal
broadly to various taxonomic groups, blocking primers are designed to attach to a specific target.
Amplification prevention then occurs either via 1) annealing inhibition, where the blocking
primer binding site overlaps with the universal primer binding site and the physical presence of
the blocker prevents annealing, or 2) elongation arrest, where the blocking primer attaches
downstream and physically prevents non-target sequence elongation (Vestheim et al. 2011).
Once attached to their specific target, the physical presence of the blocking primer prevents
amplification of the sequence during PCR. As such, if a blocking primer were designed with the
proper specificity to only anneal to sea lamprey sequences, it would suppress the overall
amplification of sea lamprey sequences within the sample and still allow for the amplification of
host species sequences. This method has been successfully applied in other DNA metabarcoding
dietary studies (Jakubaviciiite et al., 2017; Leray et al., 2013; Su et al., 2018).

This study focused on design and testing of blocking primers to determine effectiveness
for amplification suppression of the sea lamprey 12S rRNA gene region, while allowing
amplification of host species DNA. An annealing inhibiting blocking primer design was selected

over an elongation arrest blocker given its expected higher efficiency (Vestheim et al., 2011). I
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designed eight blocking primers, representing each possible combination of three primer design
features (base pair (bp) length, end sequence modification, and purification method). I further
tested blocking primer effectiveness using three primer evaluation methods (visualization of
conventional PCR amplification products, quantitative PCR, and high-throughput metabarcoding
sequencing of single species), each applied to single and mixed-species templates in mock
communities, as well as dietary samples of wild-caught adult sea lamprey.
METHODS
Blocking Primer Development

A collection of 213 sequences was obtained from the NCBI GenBank database (Sayers et
al. 2022) ranging from 89 to 107bp for the 12S mitochondrial rRNA gene region for 149 Great
Lakes fish species, targeting the same segment as used by Riaz et al. (2011; 12S-V5 primer set).
Multi-sequence alignments were created using MEGA (v. 6.0; Koichiro et al. 2013) for
comparison of these sequences to the same gene region in sea lamprey. Additionally, the forward
12S-V5 primer (Riaz et al. 2011) sequence was appended to the 5° end of the sequence
alignment to allow for the consideration of an annealing inhibiting blocking primer design.

Variation in the sequence length can affect primer species specificity and annealing
temperature (Vestheim et al., 2011). For this study, primer lengths of 34bp and 36bp were
selected to include a 23bp gap that was noted in the alignment between sea lamprey and other
Great Lakes fishes beginning at bp 42 (including the primer binding region) in the sea lamprey
sequence (Figure 1.1). Targeting this gap should enhance primer specificity for sea lamprey

sequences relative to prey fish DNA sequences.
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Figure 1.1. Visualization for the overlap of a 34bp blocking primer with the universal 12S PCR
primer. The first sequence is the target sequence (sea lamprey), while the following sequences
represent the first 30 sequences of Great Lakes fish from the constructed sequence database of
213 sequences. The first 75 nucleotides of each sequence are shown, with total length being 156
nucleotides (including gaps and primers).
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Two end modifications and two purification methods were selected for comparison of
blocking primer effectiveness: a C3 spacer (three hydrocarbons added at the 3’ end) and a 3’
inverted dT (reverse-linked nucleotide). End modifications aim to decrease the possibility of
amplification from the blocking primer itself, and while a 3’ C3 spacer has often been used
(Homma et al., 2022; Nelson et al., 2017; Robeson II et al., 2018), other end modifications such
as an 3’ inverted dT have been successful in similar dietary studies (Egizi et al., 2013). Both
additions are standard with most oligonucleotide suppliers and offer to improve blocking primer
efficiency by inhibiting both DNA polymerase extension and 3’ exonuclease degradation (Egizi
etal., 2013; Liu et al., 2019).

For primer purification methods, desalting is typically used by most vendors, while High-

Performance Liquid Chromatography (HPLC) purification is recommended for usage with
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blocking primers for superior binding efficiency (Vestheim et al., 2011). Eight blocking primers
were developed, representing all combinations of these variables (purification methods, end
modifications, and sequence length variation; Table 1.1). The eight blocking primers evaluated
in this study were synthesized and purified by Integrated DNA Technologies (Coralville, IA).
Table 1.1. Table of the eight blocking primers designed and tested in this study. The primer

name, length (bp), end modification, purification method, 5’-3” sequence, and melting
temperature (7) for each is given.

Blocking  Length End Purification

Primer (bp) Modification Method Sequence (5'-3') Tm*
Blocker 1 36 C3 spacer Desalted GATACCCCGCTATGCCTGCCATAAATAAACAACCGT/3SpC3/ 658
Blocker 2 36 C3 spacer HPLC GATACCCCGCTATGCCTGCCATAAATAAACAACCGT/3SpC3/ 458
Blocker3 36 Inverted dT  Desalted GATACCCCGCTATGCCTGCCATAAATAAACAACCGT/3InvdT/ g5 g
Blocker4 36 inverted dT  HPLC GATACCCCGCTATGCCTGCCATAAATAAACAACCGT/3InvdT/ g5 g
Blocker5 34 C3 spacer Desalted GATACCCCGCTATGCCTGCCATAAATAAACAACC/3SpC3/ 63.8
Blocker 6 34 C3 spacer HPLC GATACCCCGCTATGCCTGCCATAAATAAACAACC/3SpC3/ 63.8
Blocker 7 34 Inverted dT Desalted GATACCCCGCTATGCCTGCCATAAATAAACAACC/3InvdT/ 63.8
Blocker8 34 Inverted dT HPLC GATACCCCGCTATGCCTGCCATAAATAAACAACC/3InvdT/ 63.8

*Tm calculated using nearest neighbor method

Primer Evaluation: Conventional PCR
An initial assessment of blocking primer effectiveness was conducted using conventional

PCR and gel electrophoresis to visualize amplified products. Single-species DNA samples from
multiple individual sea lamprey and two Great Lakes native host fish species (lake trout and
walleye) were diluted to Sng/pL. Lake trout was selected due the current understanding that the
species constitutes a large component of sea lamprey diets. Walleye was selected given its
potential as a host and higher sequence similarity to sea lamprey within the region of interest.
Each of the eight blocking primers were then added to one of the six single-species DNA
samples for 48 total samples that included both a blocking primer and DNA from either sea

lamprey, lake trout, or walleye. For each of the six single-species samples, a no-blocking primer



sample was included as a positive amplification control. Additionally, each blocking primer was
included in a no DNA, PCR negative amplification control. Blocking primers were tested at a
relative concentration of 10:1 to unmodified 12S primers (12S-V5; Riaz et al. 2011), following
recommendations from Vestheim et al. (2011).

PCR was performed in a 15 pL reaction volume with 1.5 uLL of 10X AmpliTaq Gold PCR
Buffer I (Applied Biosystems, Waltham, MA), 0.36 uL of dNTPs (10mM), 1.2 uL of MgCla
(25mM), 0.75 pL of BSA (20 mg/mL), 0.8 pL. of unmodified 12S F and R primers (10 uM) and
blocking primers (100 uM), 6.54 uL of Millipore water (UV treated), 0.25 pL of AmpliTaq Gold
(5U/uL) and 2 pL of template DNA (20 ng/uL) for all species. Positive control samples replaced
blocking primer additions with Millipore water. Negative control samples replaced DNA
template with water. Thermal conditions for PCR were as follows: 10 min at 95°C (1x); 30s at
95°C, 30s at 57°C, 45s at 72°C (40x); and Smin at 72°C. Following amplification, 4 uL of PCR
product and 2.5 pL of glycerol loading dye was run on a 1% agarose gel with GelRed stain (0.5x;
Biotium, Fremont, CA). Gels were photographed under UV light in a Labnet Enduro GDS II
imaging system (Labnet HQ, Edison, NJ).
Primer Evaluation: Quantitative PCR

To gain insight into PCR amplification efficiency of mixed species samples, three mock
communities were set up with varying DNA concentration ratios of sea lamprey and either lake
trout or white sucker (M1, M4, and M5; Table 1.2). Alongside lake trout, white sucker is a
known host fish of wild sea lamprey and was thus included in this analysis. All DNA samples of
sea lamprey and host fish were diluted to 5 ng/puL prior to mixing. M1 was an equal ratio of sea
lamprey DNA and lake trout DNA (1:1) assembled from samples of known DNA concentrations.

M4 and M5 contained skewed 9:1 ratios of sea lamprey DNA to lake trout and white sucker



DNA, respectively. Testing both uniform and skewed lamprey-to-host DNA ratios allowed for
comparisons of DNA amplification at equal concentrations, along with comparisons those more
closely aligned with wild-caught samples from preliminary analyses (where sea lamprey
sequences comprised ~90% of all sequence reads). Additionally, single-species DNA samples
were again used, with two replicates of sea lamprey, lake trout, white sucker, and walleye each
being incorporated into the analysis. All single-species samples were diluted to 5 ng/uL for
consistency with the mixed-species samples. A final wild-caught sample, HP3, was also
included. This sample contained extracted DNA from the gut contents of a parasitic-stage sea
lamprey caught in Lake Huron. For this sample and all wild-caught samples in this study, DNA
extractions followed the protocol used by Johnson et al. (2021) with the gMax Mini Genomic
DNA Kit (IBI Scientific, Dubuque, 1A).

Table 1.2. Table of DNA samples used for quantitative PCR analyses, showing sample name,
species DNA included in the sample, and details of which individual for single-species samples,

lamprey-to-host DNA concentration ratios for mixed-species samples, or capture data for the
wild-caught sample (HP3).

Sample Species Details
SL1 Sea Lamprey Individual 1
SL2 Sea Lamprey Individual 2
LT1 Lake Trout Individual 1
LT2 Lake Trout Individual 2
WAE1 Walleye Individual 1
WAE2 Walleye Individual 2
WS1 White Sucker Individual 1
WS2 White Sucker Individual 2
M1 Sea Lamprey, Lake Trout 50:50 Lamprey:Host
M4 Sea Lamprey, Lake Trout 90:10 Lamprey:Host
M5 Sea Lamprey, White Sucker 90:10 Lamprey:Host
HP3 Wild-Caught Huron Parasitic
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Each the 12 DNA samples were subjected to quantitative (q)PCR with each blocking
primer and in a no-blocking-primer control. A no-DNA control sample was also analyzed for
each blocking primer. qPCR was performed in a 20 pL reaction volume including 10 pL of 2X
Forget-Me-Not EvaGreen Master mix (low ROX; Biotium, Fremont, CA), 0.8 uL. of forward and
reverse primers at 10 uM and blocking primers at 100 uM (10x the concentration of 12S
primers), 5.6 uL of sterile water, and 2 uL. of template DNA. A no-template control (NTC) was
included through the addition of sterile water in place of template DNA. Thermal cycling took
place on a QuantStudio 6 (Applied Biosystems, Waltham, MA) and conditions were as follows:
2 min at 95°C (1x); 5s at 95°C, 10s at 57°C, and 20s at 72°C (40x; imaging at extension step).
Amplification plots were used to determine cycle threshold (Ct) values, which were used to
compare differences in relative DNA concentrations among samples with and without blocking
primers. The degree of suppression was then calculated by assuming a doubling of DNA per
cycle and using the difference in cycle thresholds as an exponent of two. Amplified products
were also subjected to melt curve analyses immediately following completion of the final cycle
to compare melting temperature (7m) peaks of products from single-species samples and mixed-
species samples with and without blocking primers.

DNA Metabarcoding

Mixed-species samples were also subjected to DNA metabarcoding tests to provide
species-specific sequence read counts. Mock community samples M1 (1:1 sea lamprey:lake trout
DNA ratio), M4 (9:1 sea lamprey:lake trout DNA ratio), and M5 (9:1 sea lamprey:white sucker
DNA ratio) from the qPCR analyses along with three parasitic-stage sea lamprey from Lake
Huron (HP3, HPS, and HP15) and an adult sea lamprey captured in a trap during spawning

migration from Lake Champlain (CA14) were included in metabarcoding tests. Reaction
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volumes were 15 pL with the same reagent concentrations as the conventional PCR analyses,
again substituting UV -treated Millipore water in place of DNA template for NTC samples and
including no-blocking-primer controls for all DNA samples.

PCR followed the same conditions as the conventional PCR analysis, and an additional
set of samples was run with 25 cycles instead of 40 cycles. This test assessed whether reducing
the number of PCR cycles would prevent amplification of sea lamprey sequences in later cycles.
However, as a higher PCR cycle number should increase overall ratios between target and non-
target DNA (Vestheim et al. 2011) along with testing capacity being limited, only two blocking
primers from previous qPCR tests (Blocker 2 and 6) and an NTC were selected for the additional
25-cycle run while all eight blocking primers were tested in 40-cycle PCR. This selection was
made based on the high performance of these blocking primers in previous analyses (see above).
Relative sequence read counts for all members of mock communities and wild-caught samples
were evaluated for both cycle numbers.

A secondary PCR was run after samples were barcoded with 17 (1 pL; 10 uM) and 15 (2
pL; 5 uM) index primers along with 2X Qiagen Plus MM (5 pL; #206152) to allow for
demultiplexing of sequencing reads to their corresponding samples. Barcoding PCR conditions
were as follows: 15 min at 95°C (1x); 10s at 95°C, 30s at 65°C, 30s at 72°C (10x); and 5min at
72°C. PCR products were then pooled and bead size selected at 0.5x and 1.2x bead
concentrations to remove long and short sequences, respectively. Pooled libraries were diluted
and analyzed via TapeStation (assay High Sensitivity D100 ScreenTape) for sequence length
confirmation before being sequenced on a 300 cycle [llumina MiSeq lane (v2 Micro; 2 x 150bp

paired end) at Michigan State University’s Research Technology Support Facility.
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Processing of sequencing data into relevant feature tables was performed using the
mothur software package (version 1.48.0; Schloss et al., 2009). Sequence reads were
demultiplexed, assembled into contigs with the allowance of two mismatches from overlapping
paired-end reads, and subsequently trimmed of primer sequences. Trimming was specified to
retain only the overlapping regions.

Following the creation of contigs and continuing through the mothur pipeline, a series of
commands were used in the preprocessing and analysis of the sequence data (see APPENDIX B:
SUPPLEMENTARY MATERIALS). Initially, sequences were summarized and subsequently
screened to filter out reads exceeding 107 bp or large homopolymers. Unique sequences were
generated and counted before being aligned to the reference database, then pre-clustered (0
differences allowed within clusters). Chimeric reads were identified and removed. Classifications
were defined for the sequences with a confidence score cutoff of 80% or higher. A distance
matrix was then calculated with a cutoff of 0.03, and sequences were clustered based on a
distance cutoff of 0.01. Finally, sequences were grouped into operational taxonomic units
(OTUs) based upon a 99% similarity threshold using our 12S rDNA Great Lakes fish database
(see APPENDIX B: SUPPLEMENTARY MATERIALS). Sequence outputs were then cleaned
and organized into a community matrix table with count numbers by OTU (see APPENDIX B:
SUPPLEMENTARY MATERIALS), from which further data analyses and visualizations were
constructed.

A series of paired t-tests were used to statistically compare the effectiveness of each
blocking primer. Sea lamprey read counts across the seven dietary samples for each blocking
primer were compared to sea lamprey read counts of unblocked samples. This provided a basis

for determining whether mean read counts of sea lamprey DNA decreased with the inclusion of
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individual blocking primers. Similarly, lake trout read counts across dietary samples with each
blocker were compared to lake trout read counts in unblocked samples. For lake trout sequence
read comparisons, samples M5 and CA14 were not included, as the M5 sample focused on white
sucker as host DNA and CA14 was an outlier wild-caught sample with very low amounts of host
DNA. Blocking primers that significantly reduced sea lamprey sequence reads while not
significantly reducing host fish sequence reads were deemed effective.
RESULTS
Primer Evaluation: Gel Electrophoresis

PCR amplicon band presence was used to identify successful sample amplification
(Figure 1.2). No samples that included a blocking primer showed a visible band of the expected
size, while both control samples without a blocking primer showed a band. Results indicated that
amplification of sea lamprey DNA was suppressed in all blocking primer samples. For walleye
and lake trout replicates, all samples both with and without blocking primers showed a band,
indicating no visually identifiable inhibition of host species amplification. The PCR negative

samples showed no bands of the expected fragment size in any sample.
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Figure 1.2. Visualization of results for gel electrophoresis primer evaluation method for both
replicates of sea lamprey, lake trout, and walleye. A-H indicate which primer was included in the
sample, and I indicates the sample without a blocking primer. PCR negatives contained no DNA.
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While target DNA bands were easily visible, the presence of primer dimers was also
noted in all samples that included a blocking primer, including negative controls (Figure 1.2).
Bands well below the target length were considered as primer dimers (typically between 10-
20bp), as similar results have been found in previous blocking primer analyses (Liu et al., 2019).
Presence of these primer dimers prompted the use of a Sage Science BluePippin size selection
step for future analyses, which was able to fully reduce primer dimer presence (data not shown).
Primer Evaluation: Quantitative PCR

Amplification plots were used to compare samples that only contained DNA from one
species. Sea lamprey DNA amplification was compared in PCR reactions with and without
blocking primers to compare PCR amplification profiles based on changes in Ct values as a
quantitative measure of the degree of amplification suppression (Figure 1.3). In sea lamprey
samples that did not include a blocking primer, the mean Ct value across both replicates was 17.4
cycles (sd = 0.02). When blocking primers were included, the mean Ct value across replicates
was 31.12 cycles (sd = 0.11), a mean Ct difference of 13.72 cycles or an average of 2372 =
13,494x suppression of sea lamprey amplification in reactions with a blocking primer. The best-
performing blocking primer in this comparison was Blocker 6 for both replicates (Ct values of
32.65 and 32.48 cycles). Single-species samples of lake trout, walleye, and white sucker DNA
were also compared between samples that did and did not contain blocking primers to ensure
there was no inhibition of amplification from target species. For lake trout, the mean Ct value
difference between samples with and without a blocking primer was 1.28 cycles (sd = 0.17),
indicating minimal suppression of 2.43x. Walleye samples had a mean Ct value difference of
3.37 cycles (sd = 0.22), resulting in a mean suppression of 10.3x. White sucker samples had the

lowest mean Ct value difference at 0.59 cycles (sd = 0.11), an overall mean suppression of 1.5x.
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Figure 1.3. Amplification plot showing results for the qPCR primer evaluation illustrating the Ct
differences between blocker and no-blocker reactions for sea lamprey samples. Dark green and
gray lines towards the left side represent both sea lamprey samples with no blocking primers
included in the reaction, while lighter green lines to the right represent the same sea lamprey
samples with each of the eight blocking primers included. The horizontal green line represents
the threshold used to determine Ct values for each reaction.
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Melt curve plots were created to examine the difference in melting temperature (7)
between mixed-species, host-only, and sea lamprey-only samples with and without blocking
primers. Together, both sea lamprey sample replicates with no blocking primers generated a
mean T of 81.77°C (sd = 0.03), establishing a sea lamprey baseline for the comparison of
mixed-species samples when a blocking primer was included. Similar baselines were established
for host species (lake trout, white sucker, and walleye) to identify 7' shifts. For all four tested
mixed samples, when a blocking primer was included, the 7o shifted from the sea lamprey
baseline and towards the Ty of the associated host species. Additionally, all HP3 wild-caught

samples displayed a shift away from the sea lamprey baseline 7 and towards the lake trout
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baseline 7» with the inclusion of a blocking primer, indicating a higher presence of amplified
lake trout DNA.

To visualize these shifts, melt curves displaying 7 peaks were plotted to demonstrate
which DNA was being primarily amplified in mixed-species samples when compared to the
single-species baselines (Figure 1.4). In all four mixed samples, the shape and peak of the melt
curves for the unblocked sample closely resembled the melt curves for the sea lamprey sample.
For all blocked samples the shape and peak of the melt curves closely resembled that of the host
species. This indicates amplification of primarily sea lamprey DNA when no blocking primer is
included, and amplification of primarily host fish DNA when a blocking primer is included for
every mixed sample. It should be noted that the “blocked” melt curves in Figure 1.4 only include

those of samples with Blocker 6. All blockers showed similar effects (data not shown).
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Figure 1.4. Melt curve plots showing results for the qPCR primer evaluation method for M1 (1:1
sea lamprey:lake trout DNA ratio), M4 (9:1 sea lamprey:lake trout), M5 (9:1 sea lamprey:white
sucker), and HP3 (wild-caught Lake Huron parasitic-stage sea lamprey) samples with Blocker 6.
Top figures in each quadrant (A, B, C, and D) indicate baseline melt curves for sea lamprey and
host species amplicons (all single-species samples with no blocking primer). Bottom figures in
each quadrant overlay the sample melt curves with and without a blocking primer to illustrate the
shift in melting temperature (7). Note: all blockers were tested and showed similar results, but
only Blocker 6 is shown here for clarity.
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DNA Metabarcoding: OTU Classifications

Initial analysis of DNA metabarcoding results via inspection of raw OTU sequence read
counts from mothur analyses shows a total of 23 OTUs were established with at least one
sequence read count. Of these 23 OTUs, the top four in terms of read count (Sa/lvelinus
namaycush, Catostomus commersonii, Petromyzontidae unclassified, and Salmonidae
unclassified) accounted for 96.76% of the total sequence reads (Appendix A: Figure 1.1). As the
primary goal of this study is to compare the effectiveness of different blocking primers and not
an in-depth investigation into the dietary composition of wild-caught sea lamprey, only these
first four OTUs were used for blocking primer comparisons. Some OTUs with smaller
proportional read counts could likely be grouped with these larger OTUs, such as categorizing
Salvelinus unclassified as lake trout given the high quantities of known lake trout DNA in mock
communities and observable attachment of wild-caught sea lamprey to lake trout hosts.
However, to avoid additional assumptions and given the low impact these groupings have on the
results, none of the unclassified, lower-proportioned OTUs were grouped with any of the top
four OTUs. The only assumption made in terms of “unclassified” OTUs was that, given the
prevalence of known sea lamprey DNA in both mock communities and wild-caught samples,
Petromyzontidae unclassified was considered to represent sea lamprey (Petromyzon marinus)
reads. Assignments of sea lamprey sequences at the family level were expected, as the 12S
sequence for sea lamprey in our reference database differs from three other lamprey species
(American brook lamprey, Lampetra appendix; northern brook lamprey, Icthyomyzon fossor; and

silver lamprey, Icthyomyzon unicuspis) by a single base pair.
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DNA Metabarcoding: Cycle Number Comparisons
Sequence read counts were visualized to compare differences between sea lamprey and

lake trout community outputs based on 25-cycle and 40-cycle PCR runs (Figure 1.5). With sea
lamprey, amplification suppression was high from both 25 and 40 cycles, indicating no benefit of
cycle number. However, a noticeable improvement was made in the 40-cycle PCR concerning
the amount of host read amplification. In all samples, host reads were higher from 40-cycle PCR
runs. In sample CA14, a wild-caught adult sample from Lake Champlain, no lake trout reads
were detected for either blocking primer in their respective 25-cycle runs; however, both 40-
cycle runs with each blocking primer detected lake trout sequences. Sequence reads for the M5
sample with white sucker showed similar results.

Figure 1.5. Sequence read counts for sea lamprey and lake trout from mixed-species samples in
25 and 40-cycle PCR runs with Blocker 2, Blocker 6, or no blocking primer included. Green
columns indicate samples with no blocking primer, orange columns indicate Blocker 2 samples,

and blue columns indicate Blocker 6 samples. Lake trout reads are consistently higher in 40-
cycle samples, with effective suppression of sea lamprey reads across both 25 and 40-cycle

samples.
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DNA Metabarcoding: Blocking Primer Sequence Reads

All 40-cycle samples were compared using the distribution of sequence reads per OTU
with each blocking primer (Figure 1.6). A sample with no blocking primer (No_Blocker) was
used as a baseline for comparisons.
Figure 1.6. Sequence read count per OTU comparisons between mixed-species samples. The first
column in each panel represents that sample with no blocking primer included. NTC samples did
not include DNA. High levels of host sequence amplification and lamprey sequence suppression

are seen across all blocking primers, with CA14 providing insights into the most effective
primers as only Blocker 2 and Blocker 6 detected species-specific host reads.
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In all three mock communities (M1, M4, and M5), the number of sea lamprey reads with
the inclusion of any blocking primer decreased an average of 99.99% across all mock
communities, showing the efficacy of all tested blocking primers. Similarly, in Huron Parasitic
(HP) wild-caught samples, even with high proportions of sea lamprey in samples without a
blocking primer, all blocking primers were extremely effective in suppressing sea lamprey
amplification averaging a reduction of 99.98% of sequence reads while still allowing for the
amplification of host fish.

The only DNA sample to show clear discrepancies in blocking primer effectiveness was
CA14, a wild-caught spawning adult from Lake Champlain. Across all tested blocking primers,
only three suppressed sea lamprey amplification and allowed for host amplification in this
sample. Of these three, only Blockers 2 and 6 registered species-level identification (Salvelinus
namaycush) of the host, with Blocker 3 only able to provide family-level identifications
(Salmonidae) of host sequences. Given that no contamination of sequences was detected in the
NTC samples for Blockers 2 and 6, these host reads were designated as true positives. Between
both Blocker 2 and 6, the proportion of host reads to total reads was comparable (84.6% and
83.2%, respectively).

Paired t-tests statistically demonstrated the differences in read counts between samples
that included blocking primers and samples that did not include blocking primers (Table 1.3). All
blocking primers significantly reduced sea lamprey read counts in dietary samples (p < 0.001),
and significantly increased lake trout read counts (p < 0.05). Additionally, t-values were all >
6.0 for sea lamprey read count comparisons and all < -4.0 for lake trout read comparisons,

emphasizing the effectiveness of all blocking primers. Full sequence read data for both lake trout
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and sea lamprey for all samples (except M5 in lake trout comparisons) is included in the
supplemental material (Appendix A: Figure S1.1).

Table 1.3. Paired t-tests comparing read counts for samples that contain one of the eight
blocking primers to samples that do not contain a blocking primer for both sea lamprey and lake

trout.

Sea Lamprey Read Count Comparison

Blocker Mean (Unblocked) Mean (Blocked) p-value

Blocker 1 19387.29 35.57 0.0008
Blocker 2 19387.29 409.00 0.0007
Blocker 3 19387.29 187.71 0.0007
Blocker 4 19387.29 11.29 0.0008
Blocker 5 19387.29 114.43 0.0008
Blocker 6 19387.29 88.57 0.0008
Blocker 7 19387.29 1360.57 0.0006
Blocker 8 19387.29 194.71 0.0007

Lake Trout Read Count Comparison

Blocker Mean (Unblocked) Mean (Blocked) p-value

Blocker 1 8728 23866.83 0.0204
Blocker 2 8728 26386.50 0.0006
Blocker 3 8728 22226.17 0.0154
Blocker 4 8728 23057.67 0.0185
Blocker 5 8728 22948.50 0.0113
Blocker 6 8728 23439.50 0.0072
Blocker 7 8728 24838.50 0.0142
Blocker 8 8728 22606.00 0.0105
DISCUSSION

DNA metabarcoding can be a powerful tool for dietary analysis, particularly in the case
of sea lamprey where it could be used to overcome hurdles posed by traditional methods. Current
approaches to monitoring damage inflicted by sea lamprey have limitations in providing a

complete picture, including failure to capture deceased prey, relying on targeted host capture,
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and subjectivity in wound assessments prevent a comprehensive understanding. DNA
metabarcoding could address some of these limitations by providing a time-specific, location-
specific and species-specific dietary profile. In this study, I used three molecular methods (gel
electrophoresis, quantitate PCR, and DNA metabarcoding) to evaluate the effectiveness of
several blocking primers for isolating and identifying prey species from sea lamprey digestive
samples. All blocking primers tested were deemed effective in suppressing the amplification of
12S mitochondrial rDNA sea lamprey sequences while retaining amplification of prey
sequences, although two blocking primers employing C3 spacer end modifications and HPLC
purification exhibited the highest efficiency and enhanced species-specific detection of prey.
These results help to lay the groundwork for future research that will provide more extensive
insights into Great Lakes sea lamprey diets and their impact on native fishes.

The effectiveness of blocking primers to suppress amplification of a non-target species
has been investigated previously, including in the context of dietary composition studies (Leray
et al. 2013; Pertoldi et al. 2021; Homma et al. 2022). While some studies present sample richness
comparisons of blocking primers against other predator DNA-inhibiting techniques such as
peptide nucleic acid (PNA) clamps or restriction enzymes, these studies often lack
comprehensive comparisons of blocking primer variables and efficiencies (Lefévre et al. 2020;
Taerum et al. 2020). Often, end modifications such as C3 spacers and dT inversions are not fully
contrasted, and a single end modification is chosen for all included blockers within the study
(Huggins et al. 2020; Rojahn et al. 2021). Previous studies also often lack other forms of
comparison such as variation in purification methods or the inclusion of mock communities with
known DNA concentrations of specific species (De Barba et al. 2014; Toju and Baba 2018;

Pertoldi et al. 2021). In our study, conventional PCR and gel electrophoresis provided a rapid,
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but limited evaluation of the candidate blocking primers. Quantitative PCR was also rapid, and
allowed us to evaluate the degree of amplification in single species samples, but interpretations
of melt curves for mixed-template samples can be more subjective (particularly when predator
and prey amplicons are more similar than in this study). Finally, DNA metabarcoding provided a
substantially more detailed view of performance in mock communities and wild-caught sea
lamprey samples. By including multiple methods of analysis in this study, stronger conclusions
about the efficacy of these blocking primers could be drawn, therefore bolstering arguments for
their use in future molecular diet analysis in sea lamprey.

This study drew from previous work by Johnson et al. (2021) and their research on
applying DNA metabarcoding to sea lamprey fecal samples, but made improvements to field
applications of this technique. In particular, this study assessed the use of a universal 12S rRNA
vertebrate primer. In Johnson et al. (2021), three marker designs were used to specifically target
either the Salmonidae, Cyprinidae, or Catostomidae families. While the specificity can reduce
amplification of predator species, this ultimately reduces the capability to detect rare host species
from other families. Successful amplification of host species with a universal vertebrate primer,
as shown in this study, provides a basis for molecular diet analysis in larger, lake-wide studies of
sea lamprey dietary compositions with the ability to detect rare taxa. Another previous study on
Arctic lamprey diets also used universal vertebrate primers (Shink et al. 2019), emphasizing the
benefit of this approach for broader improvements to dietary assessment across lamprey species
and ranges. While sea lamprey are invasive within the Great Lakes, they are threatened by
various environmental stressors within their native range in the North Atlantic (Guo et al. 2017).
Additionally, the focus on sea lamprey control within the Great Lakes has shifted attention away

from native lamprey species within the region and their conservation needs (Lucas et al. 2021).
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Alongside sea lamprey, the reference database used in this study also contained 12S rRNA gene
sequences for three Great Lakes native lamprey: American brook lamprey, northern brook
lamprey, and silver lamprey. Base pair differences at 12S between native lamprey and sea
lamprey were minimal, with American brook lamprey having a single nucleotide difference and
both other native lamprey having no differences within the blocking primer annealing region.
This taxonomic similarity implies these blocking primers may be applicable within dietary
assessments for conservation purposes, both with other parasitic native lamprey species (i.e.,
silver and chestnut lamprey) and with sea lamprey across their native range.

While all blocking primers were deemed successful in the DNA metabarcoding dataset,
the CA 14 wild-caught adult sample allowed for a magnified look at the effectiveness of all eight
blocking primers, where only two were able to amplify species-specific host sequences within
the sample. This adult was captured during upstream spawning migration and thus was unlikely
to have fed recently at the time of capture as the juvenile feeding stage of its life cycle had
concluded (Beamish 1980). As such, it is likely that lower amounts of dietary DNA were present,
resulting in the noticeably higher sea lamprey-to-host sequence read ratio in the unblocked
sample. When blockers were then included in the CA 14 sample, only two were able to generate
species-specific host reads. These two blocking primers, Blocker 2 and Blocker 6, both contained
a C3 spacer and were HPLC purified, with the only difference being the base pair length (36bp
and 34bp, respectively). With the ratio of sea lamprey sequences to host sequences from these
two blockers in the CA14 sample being fairly comparable, it is likely that either of these two
blocking primers will suffice for future analyses that employ this tool for sea lamprey dietary

analyses.
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An additional point of interest from the CA14 sample is the implication of sea lamprey
dietary assessments from migrating adults. These fish are typically captured via traps and
barriers, creating a non-selective collection method (Miehls et al. 2020). Implementing DNA
metabarcoding to analyze the feeding patterns from adult lamprey captured this way bypasses
previous biases from the capture of juvenile sea lamprey, where host fish must first be targeted,
captured, and assessed for attached lamprey or wound markings from a previous lamprey attack.
Additionally, this would allow for host fish who did not survive a lamprey attack to still be
included in analyses, as the DNA from that fish may still be present within the lamprey digestive
tract whether the host survived the attack or not.

While the selected mock communities and wild-caught samples in this study allowed for
the determination of an effective blocking primer, this study could have benefitted from
additional adult samples. With future objectives in mind and the promising implementation of
adult sea lamprey dietary assessments, additional adult samples would have bolstered the
feasibility of this approach. From a metabarcoding perspective, juvenile lamprey that have been
immediately removed from a captured host and frozen for further analysis may harbor
proportionately larger amounts of DNA from that immediate host. Even with a molecular feeding
history, hosts which the lamprey fed on previously may escape detection due to this imbalance.
Adult samples, in contrast, would not suffer from this potential bias as physical removal from an
immediate host is not required. While CA14 did allow for the verification and ultimate
determination of an effective blocking primer in this study, it would be beneficial to examine
blocking primer efficacy across multiple adult samples to confirm the applicability of this

approach.
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These results are encouraging for future research into sea lamprey dietary composition
such as experimental analyses of sea lamprey in controlled settings and in-situ investigations for
compiling a more in-depth look into sea lamprey feeding patterns across the Great Lakes.
Nonetheless, additional logistical questions need to be addressed prior to broad application of the
molecular diet analysis methods used here and in Johnson et al. (2021). Specifically,
experimental studies that explore how environmental variables such as temperature and fasting
period impact sequence read count are needed. With a better understanding of the effects of these
variables on sequence reads and host detections, DNA metabarcoding would be available to be
applied throughout the Great Lakes to improve our understanding of prey preference, damage to
important Great Lakes fisheries, and ultimately, sea lamprey control and improvements to

restoration of lampreys worldwide.
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APPENDIX A: SUPPLEMENTARY FIGURES AND TABLES

Figure S1.1. Total sequence read counts per operational taxonomic unit (OTU). For this study,
only the top four OTUs were used, as they represented over 96% of the total sequence reads and

included the known DNA from both mock community samples and single-specie samples. The
additional OTUs were likely detections from the wild-caught samples (HP3, HP5, HP15, and

CA14) used in this study, as well as possibly being from contamination.
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Table S1.1. Total sequence reads for lake trout (top) and sea lamprey (bottom) for all blocking

primers and controls with each sample.
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APPENDIX B: SUPPLEMENTARY MATERIALS

Bioinformatic filtering script (mothur):
https://github.com/okanecol/mothur/blob/main/mothur batch script submissionl A.txt
Blocking primer data and analysis scripts (R):

https://github.com/okaneco1/blockingprimers
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CHAPTER 2: LONG-TERM DNA RETENTION IN SEA LAMPREY DIGESTIVE
TRACTS: INSIGHTS FROM CONTROLLED FEEDING EXPERIMENTS

ABSTRACT

The sea lamprey (Petromyzon marinus), a non-native species in the Laurentian Great
Lakes, has significantly impacted native fish communities and commercial fisheries, requiring
population suppression efforts. While traditional control methods such as lampricides and
barriers have reduced sea lamprey population abundance, questions remain regarding sea
lamprey dietary composition given the potential for biases in current assessments from wounding
observations in commercially important species and uncertainties in host fish mortality estimates.
Recent advances in molecular technology offer a promising method of sea lamprey dietary
assessment. DNA metabarcoding, which enables species-specific identification of taxonomically
diverse prey items from gut contents and/or fecal samples, has proven effective in many taxa,
including hematophagous species such as Artic lamprey (Lethenteron camtschaticum) and sea
lamprey. However, studies on the effects of environmental and dietary factors on DNA retention
within the digestive tract are limited, particularly within hematophagous species. Sea lamprey
from the field may be exposed to different water temperatures or may have different times since
last feeding. To understand the effects these factors may have on DNA retention, I used
controlled feeding experiments to investigate the impacts of fasting period and water temperature
on the detectability of host DNA within sea lamprey digestive tracts. Additionally, I evaluated
the utility of metabarcoding for identifying multiple host species from consecutive feedings.
Results indicate that DNA from hosts can be detected for up to 30 days post-feeding, with both
sequence read counts and detection probability decreasing with time. Temperature effects on the
detection of DNA were dependent upon fasting periods where the decrease in detection

probability as a function of days fasting was slower at 15°C than 5°C. Host-switching trials
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indicated multiple previous host species could be detected from a single lamprey. Findings
provide valuable insights for refining dietary analysis protocols for wild-caught sea lamprey in
the Great Lakes.

INTRODUCTION

One of the most devastating invaders of the Laurentian Great Lakes, the sea lamprey
(Petromyzon marinus), is a hematophagous ectoparasite that has been the subject of international
management efforts to control lethal effects on native fish communities, including commercial
and sport fisheries throughout the region (Lawrie 1970; Coble et al. 1990). Following initial
invasion in the early 20th century, sea lamprey contributed to the ~95% decrease in population
size of lake trout (Salvelinus namaycush) across the Great Lakes (Smith and Tibbles 1980).
Additionally, they played a role in numerical declines and resulting harvest reductions in
additional species such as lake whitefish (Coregonus clupeaformis), walleye (Sander vitreus),
and suckers (Catostomus spp. and Moxostoma spp.) in Lakes Huron, Michigan, and Superior
(Smith and Tibbles 1980).

Control efforts since the late 1900s have successfully reduced sea lamprey populations by
approximately 90% of their historical peak (Heinrich et al. 2003; Robinson et al. 2021).
Numerical declines were largely attributed to barriers that block spawning migration routes and
lampricides that target larval sea lamprey in streams (Hrodey et al. 2021; Siefkes et al. 2021). A
key consideration for implementing control strategies in the Great Lakes is the life stage at which
sea lamprey are targeted (Jones 2007). Sea lampreys begin their life as larvae in stream substrate,
where they remain for 3—7 years before undergoing metamorphosis and migrating downstream to
open water (Potter 1980). Subsequently, sea lamprey metamorphose to a parasitic juvenile stage

and feed on medium- to large-sized fish, often mortally wounding their hosts (Kitchell 1990).
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After 12-18 months residence time, sea lamprey sexually mature and leave open water and
migrate into tributaries to spawn. During this stage, cessation of feeding occurs and the intestinal
tract atrophies prior to gonadal development and spawning (Larsen 1980).

Due to the blood-feeding nature of sea lamprey, there are challenges associated with
accurate assessments of sea lamprey diets to estimate damages incurred on the Great Lakes
ecosystem. Current dietary analysis and damage estimation methods for sea lamprey utilize host
fish that have been captured by fishing vessels (Hume et al. 2021; Treska et al. 2021), allowing
for direct observation of attached lamprey or wound markings left by a previous attack (Lantry et
al. 2015). However, these methods have limitations due to high host fish mortality (Swink 2003)
and the tendency for deceased fish to sink, preventing the capture of any host fish that do not
survive an attack (Bergstedt and Schneider 1988). Additionally, observing parasitic lamprey in
such large lakes is a difficult task. Further biases could be introduced in the subjectivity of
assessing wounding damage and the downstream effect this has on lake-wide damage estimates
(Firkus et al. 2021). Variation in sea lamprey diets across the Great Lakes (e.g., Harvey et al.
2008) may violate assumptions underlying estimates of economic injury (Irwin et al. 2012), in
which case it may be especially important to prioritize control efforts in places where fish stocks
of greatest ecological and economical value are most at threat.

Recent advances in molecular techniques are well-suited for addressing limitations to
traditional methods of diet compositional assessment (Waraniak et al. 2019). Molecular diet
analysis via DNA metabarcoding is a newer, more comprehensive approach that allows multi-
species dietary interrogation and enables species-specific assignments of prey items from DNA
extracted from gut content samples (Pompanon et al. 2012). While these approaches require

known sequences for potential prey species, extensive DNA sequence data are freely accessible
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via online repositories such as GenBank (Sayers et al. 2022;
https://www.ncbi.nlm.nih.gov/genbank/) and BOLD (Ratnasingham et al. 2024;
https://v3.boldsystems.org/). Particularly noteworthy is the extent of fish species sequence data
currently available for potential sea lamprey host species, such as 99% of Great Lakes fish
species being represented in mitochondrial cytochrome oxidase I (COI) databases (Trebitz et al.
2015). Previous studies have successfully employed DNA metabarcoding to study the diets of
mammals (Berry et al. 2017; Buglione et al. 2018; Lopes et al. 2020), birds (McClenaghan et al.
2019; Hacker et al. 2021), fishes (Berry et al. 2015; Harms-Tuohy et al. 2016; Jakubavicitité et
al. 2017), and other taxa. This approach has been successful for similar applications in other
hematophagous species such as leeches (Drinkwater et al. 2019), mosquitos (Reeves et al. 2018;
Estrada-Franco et al. 2020), ticks (Gariepy et al. 2012), vampire bats (Bohmann et al. 2018), and,
particularly, Artic lamprey (Shink et al. 2019) and sea lamprey (Johnson et al., 2021). However,
broad-scale application of these methods requires a greater understanding of the factors that
influence retention time and detectability of host DNA (including temperature and fasting
duration).

The amplification of dietary DNA from hematophagous species has received increased
attention due to recent approaches using invertebrate-derived DNA (iDNA) to amplify gene
regions in vertebrates from the bloodmeals of invertebrates such as leeches (Drinkwater et al.
2019; Fahmy et al. 2019; Nguyen et al. 2021). Early research using a quantitative PCR assay to
investigate the feasibility of this method found that amplifiable genetic material could remain
within leech dietary systems for up to 4 months (Schnell et al. 2012). However, this timeframe
may not directly transfer to dietary DNA retention in fishes, as leeches have notably slow

digestive rates and may go 6 months without feeding (Sawyer 1986). While many studies have
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used DNA metabarcoding to analyze the diets of fishes, including hematophagous vampire
catfishes (family Vandellinae; Bonato et al. 2022), dietary composition has been the primary
focus and data on the retention time of DNA within fish digestive tracts is lacking. Given the
variability in degradation time of DNA in different environments (Levy-Booth et al. 2007),
including fish DNA (Turner et al. 2015), understanding the persistence of host fish DNA within
sea lamprey digestive tracts would better inform future field studies using this technique.

Our goal was to evaluate how fasting period and water temperature influenced DNA
degradation rates in sea lamprey digestive tracts, while also examining the detectability and
composition of host DNA following consecutive host feedings. This study addresses this goal
through feeding trials with newly-transformed parasitic-stage sea lampreys under controlled
experimental conditions. Detection of DNA may vary across temperatures given the positive
influence of increased environmental temperatures on metabolic rates and subsequently higher
DNA degradability (Pilliod et al. 2014). Given this, I predicted that DNA detectability in sea
lamprey digestive tracts would decrease in warmer temperature groups. Furthermore, I expected
longer fasting periods to allow for more DNA to pass through the digestive system, thus
lowering detection rates of host DNA within these groups.

METHODS
Sea Lamprey Collections

Out-migrating recently metamorphosed (herein termed transformer) sea lamprey were
collected by staff of the Great Lakes Indian Fish and Wildlife Commission and U.S. Fish and
Wildlife Service and then transported to U.S. Geological Survey Hammond Bay Biological

Station located in Millersburg, Michigan. Transformers were collected from Furlong Creek,
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Michigan in 2022 for temperature and fasting period feeding trials, and from Marengo River,
Wisconsin in 2023 for host-switching feeding trials.

Transformers were collected using drift nets during the fall while migrating downstream
to the Great Lakes where they begin to feed on host fish. This life-stage was targeted to ensure
that lamprey would both readily attach to a host fish in experimental settings and have no prior
parasitic feeding history. All transformers collected in this fashion were maintained in aquaria in
the laboratory until feeding trials began.

Temperature and Fasting Period Feeding Trials

A rack system of 18 replicate 200 L temperature-controlled tanks (0.9 m x 0.6 m x 0.5m)
was established at the Hammond Bay Biological Station (USGS) to house transformers and host
fish (lake trout; sourced from Sullivan Creek National Fish Hatchery). Length (mm) and weight
(g) measurements of all lake trout were collected prior to their introduction into the experimental
aquaria. Transformers were then weighed and measured, and a single sea lamprey and lake trout
were added to each of the tanks. Each sea lamprey was allowed up to 10 days to attach and feed
on the lake trout. Attachment status was noted daily to quantify duration of attachment, with the
majority feeding 6-8 days. Aquaria were maintained at temperatures of either 5, 10, or 15°C.
This range represents the conditions that parasitic sea lamprey likely experience in the Great
Lakes and the range of temperatures tested in previous experiments (Farmer et al. 1977). After
seven days feeding time, the host fish were removed from the tank.

Upon removal of hosts, sea lamprey were measured and weighed and assigned to a
fasting period category of either 0, 5, 10, 20, or 30 days. The process was repeated with another
sea lamprey and lake trout being added to each of the aquaria until all sea lamprey had been

given the opportunity to feed on a lake trout. At least five replicate sea lamprey per fasting

43



period and temperature combination were included, amounting to a total of 77 sea lamprey. Each
of the lamprey was externally tagged in the dorsal fin with a polyethylene streamer tag (Hallprint
PST12P) for identification prior to fasting. Once each lamprey completed their respective fasting
periods, the sea lamprey was euthanized with an excess of tricaine methanesulfonate (MS-222)
and a final length and weight measurement was taken. Sea lamprey were then frozen whole and
stored at -80°C for subsequent analyses. Temperature and fasting period experiments were
conducted from February to April in 2022. All animal handling activities associated with these
experiments followed protocols approved by the Michigan State University’s Institutional
Animal Care and Use Committee (IACUC Protocol: PROT0202100285).
Host-Switching Feeding Trials

Host-switching experiments replicated many of the conditions and methods used in the
temperature and fasting period feeding trials described above. Host-switching feeding trials took
place at Hammond Bay Biological Station, using a naive set of 67 transformers. In the same 18
temperature-controlled replicate aquaria, with nine lake trout (sourced from Sullivan Creek
National Fish Hatchery) and nine white sucker (Catostomus commersonii; sourced from
Michigan Wholesale Bait) evenly split with a single host fish per tank (Figure 2.1). All host fish
were weighed and measured prior to introduction to experimental aquaria. Transformer sea
lamprey were also weighed, measured, and placed into aquaria with each tank receiving a single
lamprey. All aquaria maintained a temperature of 10°C and lamprey were allowed to feed on the
host (lake trout or white sucker in this case) for up to 10 days. Visual observations were made

daily to assess attachment and feeding.
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Figure 2.1. Flow-through replicate tanks (200 L) used for feeding trials pairing one host species
(LT = lake trout, WS = white sucker) and one recently metamorphosed sea lamprey
(transformer) per tank.

Rack System - Dual Species Setup
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LT LT LT LT LT LT LT LT LT
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Following the feeding period, host fish were swapped so that tanks with white sucker
were replaced with a lake trout and tanks with lake trout were replaced with a white sucker. Each
sea lamprey was then allowed to feed on the second, complementary host fish for an equivalent
amount of time. Visual assessments of attachment to monitor feeding were performed daily.
Between the two feeding periods, each sea lamprey was weighed and measured as proxy for
feeding on the first host. Upon completion of the second feeding period, sea lamprey were
removed, weighed, and grouped according to a fasting period of either 0, 5, 10, 20, 30, or 45
days. Sea lamprey were tagged with visible implant elastomer (VIE) tags for identification (see
Hume et al. 2024). When lamprey completed their designated fasting times, final length and
weight measurements were taken and sea lamprey were euthanized with an excess of MS-222,
frozen whole, and stored at -80°C. Host-switching feeding experiments were conducted from
January to March in 2023. Experiments were approved through animal handling protocols

(PROTO202100285).
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DNA Extraction and Amplification

After sea lamprey were thawed, the digestive tract was removed and dissected. Each sea
lamprey and corresponding digestive tract was photographed before and after dissection. The
intestinal tract was dissected and opened with a sterile scalpel (No. 11 blade, WSI disposable
sterile). A sterile cotton swab (Dynarex 6-inch sterile cotton tipped applicator) was run along the
inside length of the digestive tract, collecting as much digestive material as possible. The swab
was then preserved in RNAlater (Thermo Fisher Scientific, Waltham, MA) ina 1.5 mL
microcentrifuge tube, labelled, and stored at -80°C. After all sea lamprey digestive samples had
been collected, tubes were sent to the Molecular Ecology Lab at Michigan State University for
DNA extraction, amplification, and sequencing.

DNA extractions were performed with gMax Mini Genomic DNA Kit (IBI Scientific,
Dubuque, IA), following Johnson et al. (2021). All samples were then amplified via polymerase
chain reaction (PCR) using vertebrate-specific 12S-V5 primer (Riaz et al. 2011) targeting a
~140bp region of the 12S mitochondrial rRNA gene. Reactions also included a lamprey-specific
blocking primer (Blocker 6), designed to suppress amplification of the 12S gene region in sea
lamprey (Chapter 1). Two technical replicate PCR were included for each digestive sample.

PCR was performed in a 15 uL reaction volume with 1.5 pL of 10X AmpliTaq Gold PCR
Buffer II (Thermo Fisher Scientific, Waltham, MA), 0.36 pL of ANTPs (10mM), 1.2 pL of
MgCl2 (25mM), 0.75 puL of BSA (20 mg/mL), 0.8 uL of forward and reverse primers (10 M)
and sea lamprey Blocker 6 blocking primer (100 pM), 6.54 uL of Millipore water (UV treated),
0.25 pL of AmpliTaq Gold (5U/uL) and 2 pL of template DNA. A negative control for each
PCR plate was included and replaced DNA template with water. Thermal conditions for PCR

were as follows: 10 min at 95°C (1x); 30 s at 95°C, 30 s at 57°C, 45 s at 72°C (40x); and 5 min
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at 72°C (1x). Following amplification, 4 uL. of PCR product and 2.5 pL of glycerol loading dye
was run on a 1% agarose gel with GelRed stain (0.5x, Biotium, Fremont, CA). Gels were
photographed under UV light in a Labnet Enduro GDS II imaging system (Labnet HQ, Edison,
NJ) to ensure amplification.

DNA Metabarcoding and Bioinformatics

Dual index barcoding was used for all samples to allow demultiplexing of sequencing
reads to their corresponding samples. The indexing PCR was conducted in a final volume of 10
uL, including 2X Qiagen Plus master mix (5 uL), i7 (1uL; 10 uM) and i5 (2uL; 5 uM) index
priers, and 2 uL of template. Reaction conditions in the indexing PCR were as follows: 15 min at
95°C (1x); 10s at 95°C, 30s at 65°C, 30s at 72°C (10x); and Smin at 72°C. Dual-indexed PCR
products were then pooled and bead size selected at 0.5x and 1.2x bead concentrations to remove
long and short sequences, respectively. Pooled libraries were diluted and analyzed via
TapeStation (assay High Sensitivity D100 ScreenTape) for sequence length confirmation before
being sequenced on a 300 cycle Illumina MiSeq lane (v2 Standard; 2 x 150bp paired end) at
Michigan State University’s Research Technology Support Facility.

Raw sequencing data were processed using computational resources provided by the
Michigan State University High-Performance Computing Center and the software package
mothur (version 1.48.0; Schloss et al. 2009). A maximum of two mismatches were allowed
between the barcodes and sample sequences during demultiplexing to increase tolerance for
minor sequencing errors. Overlapping sections were trimmed to minimize discrepancies. Initial
screening removed sequences with ambiguities and identified unique sequences. These
sequences were then aligned to a reference database containing 220 sequences ranging from 89

to 107bp from the 12S mitochondrial rRNA gene region for 149 Great Lakes fish species.
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Sequences outside of 85-110 bp or with more than seven homopolymers were removed, and the
remaining sequences were clustered with zero differences allowed. Chimeric sequences were
removed and taxonomic classification was assigned with the mothur default confidence score
cutoff of 80% or higher. A distance matrix was then calculated with a cutoff of 0.03, followed by
clustering with a 0.01 cutoff. A 99% similarity threshold was used to then group sequences into
OTUs. This output was then cleaned and organized into a community matrix table with read
counts for every OTU from each sample using R/Rstudio (v.2023.12.1+402).

Data Analysis and Statistics: Temperature and Fasting Period Trials

To determine if the weight gained (surrogate for food consumed) by sea lamprey differed
across the water temperatures tested (5, 10, 15°C) an ANOVA with a post-hoc Tukey’s HSD was
used. I also assessed the correlation between weight gain and the duration of attachment, using
the cor.test function in the stats R package.

Intra-specific genetic differences can result in sequence variation that cannot be fully
captured by a single reference database; however, given all sea lamprey had fed only on lake
trout, three OTUs with substantial representation in the sequencing data (Salvelinus namaycush,
Salvelinus unclassified, and Salmonidae unclassified) were combined to represent total lake trout
read counts. These separate OTUs likely occur due to minor sequencing errors that make
sequences indistinguishable from other similar sequences. This issue, often due to high
intraspecific variation or low interspecific variation, can result in classifications being assigned
at higher taxonomic levels. To evaluate the effects of temperature and fasting period on the
number of lake trout reads, linear, Poisson, negative binomial, and zero-inflated negative
binomial models with predictor variables of weight gain, temperature, fasting period, and days

attached (visual observation) to the host were compared against one another. These four models
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were selected given certain characteristics of the data such as the presence of excess zeros and
overdispersion. Results from this initial model selection with a global model including all
predictor variables suggested that the negative binomial GLM provided the best fit to the data, so
it was used in subsequent modeling analyses. Read counts were modeled against each predictor
variable, both individually and in combination, and assessed with Akaike information criterion
(AIC; Akaike 1973) for model fit using the dredge function from the MuMIn package in R
(Kamil Barton 2010). Prior to fitting the models, read counts were averaged from both replicates,
then rounded to the nearest whole number. This allowed for the use of data from both replicates
in the same model.

Read count data from individual replicates were then translated into binary detection
data. Two criteria were used to indicate a detection of a host species within a sample: 1) a
minimum of 10 sequence reads of that host in the sample and 2) a relative read abundance
(RRA) of that host in the sample above 1%. Positive detections were limited to samples that met
both criteria. RRA was determined as the proportion of reads attributed to that host over the total
number of reads in the sample (excluding human reads). These thresholds are derived from
Drake et al. (2022) and are purposefully stringent. Given that all lamprey were fed known host
fish, there is no investigation for rare taxa within samples and removal of true positives with
smaller read counts is less likely. These thresholds serve to ultimately limit false positives that
can occur from issues such as contamination and index hopping. All no-DNA control samples
registered zero read counts for host fish and thus were not included in the determination of
detection thresholds.

An occupancy modeling framework (MacKenzie et al. 2002) was used to estimate the

detection probability of host fish in sea lamprey digestive tracts. Occupancy models, traditionally
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used in ecological observation studies to account for imperfect detection, were adapted here for
dietary DNA data. In our study, “occupancy” represents the presence of host fish DNA within a
sea lamprey dietary tract, and “observations” consisted of the two technical PCR replicates to act
as repeated detection attempts of each digestive sample. To assess the probability of detection as
a function of ecological and biological variables, fasting period, water temperature, weight gain,
and total days attached to the host were incorporated as covariates and each combination was
compared against a null model. These variables were only added as covariates within the
“observation” model. All models were evaluated using AIC, and the best fit model was selected
for further interpretation. Analyses were conducted using the unmarked package (Fiske and
Chandler 2011) in R, and detection probability was plotted as a function of the covariates from
the best fit model.

Data Analysis and Statistics: Host-Switching Trials

To evaluate whether a sea lamprey’s first host or second host had, on average, higher
read counts, an ANOVA was performed to determine if the relationship between read count and
host order was significant. Read counts were averaged between PCR technical replicates for both
hosts to prevent pseudoreplication and sample size inflation.

As these trials were focused on the ability to detect a feeding history through the presence
of host fish DNA in the first host, the average read counts between replicates of only the first
host were used as the primary dependent variable. Independent variables included relative weight
gain on host 1 compared to host 2, the species of host 1 (lake trout or white sucker), days
attached to host 1, fasting period since detachment from both hosts, and the interaction between
these factors. Sea lamprey that did not consecutively feed on both hosts, as inferred by weight

gain during both feeding periods, were removed from the analysis. Similar to the temperature
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and fasting period trials, a two-phase model selection approach was used. First, a linear, Poisson,
negative binomial, and zero-inflated negative binomial model were fit to the read count data
using all covariates and compared via AIC. Upon determination of the best-fit model, all
combinations of predictor variables were included and compared via AIC to identify the set of
predictor variables that best fit the data.

Read counts for the first host were converted into binary detections using the same
thresholds as previous temperature and feeding trials. To evaluate the relationship between
various ecological and biological factors on the likelihood of detecting DNA from host 1 in each
sea lamprey digestive sample, an occupancy modelling framework was again set up using both
PCR replicates as observations, treating positive detections as indicators of “occupancy.”
Covariates in this model included number of days attached to host 1, relative weight gain on host
1, fasting period, and host 1 species. All combinations of these variables, including a null model,
were evaluated and compared to determine the best-fit model using AIC.

RESULTS
Temperature and Fasting Period Trials

Weight gain in sea lamprey (n = 77) from feeding on lake trout varied significantly (p <
0.001, df =2, F = 31.28) across temperature groups as shown through an ANOVA (Figure 2.2).
Specifically, sea lamprey gained significantly more weight under experimental feeding trial
conditions of 15°C as compared to both 10°C and 5°C feeding conditions (Tukey’s HSD; p <
0.001). Weight gain of sea lamprey did not differ when feeding at either 5°C or 10°C (p =
0.625). The number of days lamprey spent attached to their host did not correlate with weight
gain (p = 0.43, » = 0.09) (Figure 2.3). Given the lack of correlation between these variables, both

were included as covariates in linear modeling analyses.
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Figure 2.2. Weight gain (g) of recently transformed sea lamprey from feeding on lake trout for
up to 10 days as a function of experimental tank temperature (°C) group. Each point represents

an individual, boxes represent the interquartile range (IQR), the heavy line in the box shows the
median, and whiskers extend to the range, excluding outliers (points that exceed the IQR by 1.5
times).
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Figure 2.3. Weight gain (g) of recently transformed sea lamprey during lake trout feeding trials
as a function of feeding exposure (days attached). Points represent individual sea lamprey, with a
line of best linear fit (blue) to indicate the overall trend.
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A total of 1,600,781 sequence reads were collected across 77 sea lamprey digestive
samples (APPENDIX A: Figure S2.1). Read count model comparisons using AIC determined the
negative binomial model was the best fit for the data. Further assessments of a negative binomial
model with various predictor variable combinations indicated the model that included fasting
period, temperature, and their interaction provided the best fit to the read count data (Table 2.1).
Both fasting period and the interaction between fasting period and temperature exhibited
statistically significant effects (p < 0.05). However, temperature alone did not have a statistically
significant effect (p = 0.13), indicating that temperature influences sequence read counts
primarily through its interaction with fasting period, rather than as an independent factor. Each

additional fasting day was associated with an estimated 11.2% decrease in lake trout reads.
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However, the positive coefficient on the interaction term (3 = 0.008) suggests that this decline in
read count slows at higher temperatures. This pattern can be further investigated by analyzing
individual temperature groups (Figure 2.4). At 5°C, read count declined across fasting time more
consistently. However, for both 10°C and 15°C, read count declines sharply after five days and
remained low for the remainder of the fasting period, with the exception of an increase in read
count after 30 days fasting at 15°C.

Table 2.1. Model selection table for negative binomial models comparing results of different
combinations of predictor variables (days attached to host, fasting period, temperature, weight
gain, and fasting period:temperature interaction) as a function of host DNA sequence read count.
Models are listed in order of best fit from top to bottom, and the null model is outlined. AIC

calculations indicate the model including an interaction between fasting period and temperature
was best fit.

Model df AIC Delta_AIC
~temp * fasting_period 5 1436.29 0.00
~temp * fasting_period + days_attached 6 1436.38 0.10
~weight_gain +temp * fasting_period 6 1436.78 0.50
~fasting_period 3 1437.21 0.93
~weight_gain + temp + fasting_period + days_attached 7 1437.32 1.03
~weight_gain + temp * fasting_period + days_attached 7 1437.32 1.03
~1 2 1441.79 5.50
~temp 3 1442.81 6.53
~days_attached 3 1443.55 7.27
~weight_gain 3 1443.78 7.50

54



Figure 2.4. Lake trout sequence read count described as a function of fasting period (days) and
temperature (°C). Points represent the average number of lake trout reads within sea lamprey
digestive samples at each fasting period/temperature combination, with whiskers indicating the
range of read counts. Water temperature (°C) indicated by line color.
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Host detection data indicated that across sea lamprey from all temperature and fasting
period groups (n = 77), lake trout was not detected in either replicate in six samples while lake
trout was only detected in a single replicate in 18 samples. Lake trout detections were highest in
the zero-day fasting period group, with detections across both replicates for all samples at all
three temperatures (Figure 2.5). Fasting periods of 5, 10, and 15 days each had multiple samples
where lake trout was not detected in either sample, but at 30 days of fasting lake trout was

detected in all samples for at least one replicate.
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Figure 2.5. Proportion of host DNA (lake trout) detections between both technical PCR
replicates grouped by fasting period (column headings) and temperature (°C). The combined
number of host DNA detections between both replicates is indicated by color with green
indicating no detections in either replicate, orange indicating a single detection in at least one
replicate, and purple indicating detections in both replicates. Each bar indicates a group of
transformer sea lamprey that were fed lake trout at a certain temperature (5, 10, or 15°C) and
allowed to fast for a certain number of days (0, 5, 10, 20, or 30 days).
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Occupancy model selection indicated several models with different variable
combinations that provided a better fit than the null model (Table 2.2). Overall, the best fit model
included both days attached and fasting period (AIC = 146.08). Temperature and weight gain
inclusions in some models indicated slight improvements, but only when days attached and/or
fasting period were included as well. A contour plot showing predicted host detection probability
given days attached and fasting period showed slight decreases in the probability of detecting a

host as fasting period increased and as days attached decreased (Figure 2.6). Estimated detection
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probabilities were above 90% after zero days of fasting, given attachment for at least 6 days, and
above 80% after 30 days of fasting given at least 6.8 days of attachment. An increase in days
attached from one day to two days can increase the probability of host detection between 44.3%
at zero fasting days and 59.9% at 30 fasting days. Alternatively, an increase in fasting period
from zero days to one day decreases detection probability between 0.2% at seven days attached
and 2.9% at one day attached.

Table 2.2. Results from occupancy model selection for trials comparing the relationship between
the number of host fish sequence reads in sea lamprey digestive samples with temperature,
fasting period, days attached to host, and weight gain as independent variables. Both fasting

period and number of days of host attachment were included in the model of best fit. Models are
listed in order of best fit from top to bottom, and the null model is outlined.

Model nPars AIC delta  AlCwt
~fasting_period + days_attached 4 146.083 0.000 0.386
~fasting_period + days_attached + weight_gain 5 147.233 1.150 0.217
~days_attached + weight_gain 4 148.549 2.466 0.113
~temp + fasting_period + days_attached 6 149.401 3.318 0.074
~fasting_period 3 150.299 4.216 0.047
~temp + fasting_period + days_attached + weight_gain 7 150.751 4.668 0.037
~1 2 151.494 5.411 0.026
~fasting_period + weight_gain 4 151.805 5.722 0.022
~temp + days_attached + weight_gain ~ 1 6 152.263 6.180 0.018
~temp * fasting_period 7 152.377 6.294 0.017
~temp + fasting_period 5 152.683 6.600 0.014
~weight_gain 3 153.338 7.255 0.010
~temp 4 153.813 7.730 0.008
~temp + fasting_period + weight_gain 6 154.672 8.589 0.005
~temp + weight_gain 5 155.468 9.385 0.004
~days_attached 3 157.240 11.157 0.001
~temp + days_attached 5 159.192 13.109 0.001
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Figure 2.6. Predicted host DNA detection probability contour plot with the number of days a sea
lamprey is attached to its host against fasting period (days). Contour lines show probability
ranges in intervals of 0.1 with purple to yellow indicating lower to higher detection probability,
respectively.
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A total of 1,206,927 sequence reads averaged between both PCR replicates were
collected across 67 sea lamprey digestive samples (Figure S2.1). Read counts for the two host
species (averaged across replicates) were compared via an ANOVA for sea lamprey that fed on
both hosts (n = 37), indicating significantly higher read count averages in host 2 over host 1 (p =
0.015). Mean read count for the first host among all lamprey was 2705 (sd = 4460), while mean
read count for the second host was 5568 (sd = 6341). A linear, Poisson, negative binomial, and
zero-inflated negative binomial model were then compared via AIC, with the negative binomial

showing the highest fit. Further model selection using AICc comparing all combinations of
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predictor variables found the model with an interaction between the fasting periods since feeding
on the two hosts to be as good of a fit as the null model (AIC = 611.5 for both), suggesting that
relative weight gain on the first host, species of the first host, fasting days, and days attached to
the first host did not significantly improve the model (Table 2.3).

Table 2.3. Model selection table for negative binomial models comparing results of different
combinations of predictor variables (days attached to host 1, fasting days since host 2, fasting
days since host 1, host 1 species, relative weight gain, and the interaction of fasting days since
host 1 and host 2) as a function of host I DNA detections. Models are listed in order of best fit
from top to bottom, and the null model is outlined. AICc calculations indicated no substantial
improvements from any combination of predictors over the null model (outlined).

Model DF AiICc Delta Weight
~fasting_days_host2 * fasting_days_host1l 4 611.46 0 0.16
~1 2 611.48 0.02 0.16
~days_attached_host1 3 612.14 0.68 0.12
~fasting_days_host1 3 613.72 2.26 0.05
~fasting_days_host2 3 613.72 2.26 0.05
~relative_weight_gain 3 613.75 2.29 0.05
~host1_species 3 613.76 2.3 0.05
~days_attached_host1 + hostl_species 4 614.41 2.95 0.04
~days_attached_host1 + fasting_days_host2 4 614.51 3.05 0.04
~days_attached_host1 + fasting_days_host1 4 61451 3.05 0.04

4

4
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4

4
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~fasting_days_host2 + relative_weight_gain 616.09 4.63 0.02
~fasting_days_host1 + relative_weight_gain 616.09 4.63 0.02
~fasting_days_host1 + host1_species 616.11 4.65 0.02
~fasting_days_host2 + host1_species 616.11 4.65 0.02
~hostl_species + relative_weight_gain 616.15 4.69 0.02
~days_attached_host1 + fasting_days_host1 + host1_species 616.9 5.44 0.01
~days_attached_host1 + fasting_days_host2 + host1_species 616.9 5.44 0.01
~fasting_days_host1 + hostl_species + relative_weight_gain 618.59 7.13 0
~fasting_days_host2 + host1_species + relative_weight_gain 618.59 7.13 0

As with the previous experiment, read counts were translated into detections when total
read count for a host exceeded 10 reads and the RRA of that host was at least 1% of total sample

read count. All negative samples had zero total read counts, and thus were not considered for the
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establishment of detection thresholds. Among all lamprey that fed on both host fish (n = 37 with
positive weight gain during both feeding periods), 43.2% registered DNA detections of the first
host in at least one replicate for all fasting periods. Both 30-day and 45-day fasting periods also
registered detections of host 1, with two detections (n = 5) and one detection (n = 5), respectively
(Table 2.4). Besides the single 15-day fasting lamprey, the highest fasting proportion of
detections occurred during the 20-day fasting period group with six total detections (n = 7). This
increase in host 1 detections at the 20-day fasting mark was reflected with a decrease in host 2
detections between 10 and 20 days (Figure 2.7).

Table 2.4. Summary table of host 1 detections in multi-species trials where two hosts were fed
on categorized by fasting day. Total detections indicates the number of positive host DNA

detections for samples at each fasting period category. Detection proportion indicates the
percentage of digestive samples at each fasting day category that registered host DNA detections.

Fasting Days Total Detections = Samples Detection Proportion

0 3 10 0.30
5 1 5 0.20
10 5 11 0.46
20 5 6 0.83
30 2 0.40
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Figure 2.7. Charts a and b show DNA detection outcomes for host 1 and host 2, respectively,
across different fasting days. Each point represents either a host detection (1) or non-detection
(0) from either PCR replicate, with blue indicating Replicate 1 and green indicating Replicate 2.
LOESS curves are used to illustrate trends in detection likelihood over time. Chart ¢ shows
detection outcomes for both hosts, where a positive detection (1) indicates the presence of DNA
from both hosts in either replicate. LOESS curves were again used to illustrate the change in the
likelihood of detecting both hosts across two replicates over time.
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Among all considered models for the host 1 detection occupancy model, no models

indicated relationships that were a better fit than the null model as determined by AIC (Table
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2.5). Univariate models with days attached, relative weight gain, and fasting days indicated the
closest fit to the null model with delta AIC values < 1.00. Using the null model, the estimated
detection probability of host 1 DNA across all sea lamprey that fed on both hosts was 76.9%.

Table 2.5. Results of occupancy model selection for the first 20 models comparing the
relationship of host 1 DNA detections to several predictor variables including days attached to
host 1, relative weight gain on host 1, fasting days since both hosts, and host 1 species. Models
are ordered from top to bottom based on best fit using AIC value, and the null model is outlined.
Results indicate the null model provides the best fit over either individual or combined predictor
variables.

Model DF AIC Delta AlCwt
~1 2 84.103 0 0.059
~rel_weight_gain * host1_species 5 84.193 0.09 0.056
~rel_weight_gain + host1_species + rel_weight_gain *

host1l_species 5 84.193 0.09 0.056
~days_attached_1 3 84.555 0.452 0.047
~rel_weight_gain 3 85.041 0.938 0.037
~fasting_days 3 85.065 0.962 0.036
~fasting_days_1 3 85.065 0.962 0.036
~host1_species + days_attached_1 4 85.135 1.032 0.035
~host1_species 3 8537 1.267 0.031
~rel_weight_gain + days_attached_1 4 85.376 1.273 0.031
~days_attached_2 3 85.422 1.319 0.03
~fasting_days + days_attached_1 4 85.81 1.707 0.025
~fasting_days_1 + days_attached_1 4 8581 1.707 0.025
~host1_species + days_attached_2 4 8598 1.877 0.023
~days_attached_1 + days_attached_2 4 86.016 1.913 0.023
~rel_weight_gain + host1_species 4 86.057 1.955 0.022
~rel_weight_gain + host1_species + days_attached_1 5 86.281 2.178 0.02
~hostl_species + days_attached_1 + days_attached_2 5 86.342 2.239 0.019
~fasting_days_1 + host1_species 4 86.701 2.598 0.016
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DISCUSSION
Host DNA Detectability Across Environmental Conditions

Experimental data from this study demonstrated that host fish DNA is detectable using
DNA metabarcoding from sea lamprey digestive tract samples across a range of environmental
temperatures (5-15°C) consistent with periods of Great Lakes occupancy and fasting periods as
long as 30 days. Further, multiple host species were detected when sea lamprey fed on different
host fish species consecutively. Previous studies (Shink et al. 2019; Johnson et al. 2021) have
already conducted genetic studies to identify lamprey diet composition. This study importantly
quantified the effects of temperature, fasting periods, and multiple host feedings which had yet to
be investigated. Given the range of water temperatures sea lamprey experience during periods of
Great Lakes residence and greatest lethal impact on host fishes, their suspension of feeding
during adult migration, and their capacity to feed on multiple species, it was important to
understand the impact of these factors on intestinal DNA detectability for potential use in studies
spanning the Great Lakes. Results indicate that not only is it feasible to identify the last host of a
sea lamprey caught, but we can also identify previous feedings on a different species.

Increased temperatures have been noted to have effects on metabolic rate and the rate of
DNA degradation, particularly in the detectability of eDNA (Pilliod et al. 2014; Strickler et al.
2015; Ruppert et al. 2019). As such, I expected models to indicate a significant relationship
between temperature and host DNA read count. However, only the interaction between
temperature and fasting period was significant, suggesting that the relationship between
temperature and host read count varies according to fasting duration rather than exhibiting a
consistent overall effect. A potential reason for this dependency is highlighted by the increase in

weight gain seen within the 15°C group (Figure 2.2). Higher temperatures likely increase
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consumption rates which may have compensated for potential effects on DNA degradation from
increased temperatures or metabolic rates.

A negative relationship was noted between host read count and fasting period using a
negative binomial model. However, this decrease is not consistent as a steeper decline occurred
after the initial five days of fasting before leveling out, and remaining lower through the
remaining 25 days (Figure 2.4). The increase in the 15°C group after 30 days fasting is difficult
to explain, as two out of four samples demonstrated this increase, removing the potential of a
single outlier. Mean weight gain for 15°C at 30 fasting days (1.94; sd = 1.0) was similar to both
5°C (1.40; sd = 0.44) and 10°C (1.53; sd = 0.65) at 30 fasting days, reducing the potential that
these lamprey simply exhibited increased feeding on their hosts. It is possible that the low
sample size (n = 4) of the 15°C/30-day fast group allowed for exaggerated differences in read
counts between groups. Other explanations may involve changes in digestive physiology that
result from increased water temperatures such as absorption rate changes, pH level increases, or
shifts in digestive enzyme activity (Volkoff and Rennestad 2020). It is possible that cellular
breakdown due to heat stress within the digestive tract releases residual host DNA. Animal
studies have demonstrated the uptake of small amounts of dietary DNA into intestinal epithelial
cells (Rizzi et al. 2012). When coupled with the possibility of systemic intestinal damage that
can occur in fish due to heat stress (Yang et al. 2022), a second wave of host DNA that had been
taken up by lamprey intestinal cells may be released into the digestive tract as a result of cell
shedding. Regardless of underlying function, our results highlight the applicability of this
technique in the field, given that host DNA can still be detectable even at higher temperatures of
15°C and over longer fasting periods of 30 days. Furthermore, five additional lamprey during the

host-switching trials were fasted for 45 days after feeding on the first host. While they were not
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included in host-switching trial analysis as they did not feed on their secondary host, DNA was
still detectable after 45 days of fasting in one out of the five lamprey, indicating the potential for
DNA detections beyond 30 days of fasting.
Detection Thresholds

Detection thresholds have been used as a way to limit false positives that can occur from
low-abundance errors, whether using a minimum sequence copy thresholds (MSCTs) or sample-
based methods such as relative read abundance (RRA) thresholds (Alberdi et al. 2018; Ando et
al. 2018). However, this method is hindered by its arbitrary nature, limited effect on errors that
exceed thresholds, and potential to remove true positives below set thresholds (Deagle et al.
2019; Kelly et al. 2019; Littleford-Colquhoun et al. 2022). Given the goal of this study was to
evaluate whether one of only two species was present in the sample, a more conservative
approach was taken by setting both a strict read count threshold and an RRA threshold. Drake et
al. (2022) outlines the complementary nature of including a sample-based threshold with a taxon
contamination threshold, typically determined by the read counts per OTU in negative samples.
However, all negative sample sequences were removed during bioinformatic filtering, so a
common MSCT of 10 read counts was employed alongside a 1% RRA threshold (see Deagle et
al. 2019; Drake et al. 2022). In our dataset, the majority (75%) of detections after 30 fasting days
were based on at least 500 sequence reads, suggesting that a moderate increase in detection
thresholds would still allow for host identification after an extended period of fasting.

Stochasticity within the PCR process and sequencing errors are both prevalent issues for
metabarcoding studies (Alberdi et al. 2018; Dopheide et al. 2019). Common procedures for
mitigating these issues involve the inclusion of biological and/or technical replicates (Ando et al.

2020). Given the small size of transformer sea lamprey and limited ability to retrieve ample
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digestive material, biological replicates were difficult to obtain. As such, two technical PCR
replicates were included per sea lamprey digestive sample. Both restrictive and additive
approaches have been taken for the interpretation of technical replicates in metabarcoding studies
(De Barba et al. 2014; Leray and Knowlton 2015; Alberdi et al. 2019), where restrictive methods
only retain sequences detected in many or all replicates and additive methods allow for
detections in any replicate. With these tradeoffs in mind, I plotted both methods through a bar
chart representing the proportion of detections between both replicates (Figure 2.3). While a
restrictive strategy may be appropriate in the context of this study, when applying this technique
in the field to evaluate sea lamprey dietary composition the detection of rare taxa becomes more
relevant. An interest in rare detections increases the negative aspects of the restrictive filter and
its potential to overlook rare host species. One way to balance these tradeoffs is to utilize a
relaxed approach as recommended by Alberdi et al. (2019), where detections are needed in 2 of 3
replicates. While this requires additional costs for at least three technical replicates, this may be
the most effective method of balancing false positives and detections of rare taxa when applying
DNA metabarcoding to sea lamprey dietary studies in the field.
Occupancy Modeling and Replicate Strategies

Another benefit of incorporating technical replication is that it allows for analysis of the
data in occupancy modeling framework, which can produce estimates of detection probability
from presence/absence data (MacKenzie et al. 2002). This method has been previously used in
metabarcoding studies to account for various forms of uncertainty (Ficetola et al. 2015; Doi et al.
2019; Fukaya et al. 2022). An added benefit of particular use for this study is the ability to
incorporate different covariates to evaluate their influence on detection probability. In the case of

the temperature/fasting period trials, significant relationships between host detections and both
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fasting period and days attached allowed for detection probability estimates that incorporated
these variables. When considering only fasting period, a slight decrease over time is noticeable,
but detection probabilities still remain relatively high after extended periods of time (with point
estimates of detection probability between 91.6% at zero days fasted to 76.8% at 30 days fasted;
Figure 2.8). Estimates of the detection probability of the assay can also be used to determine the
number of replicates required for reliable detection of a host species, depending on the time of
collection for lamprey field studies. For instance, with a 76.8% chance of detection at 30 days,
you would need three replicates for the probability of detection to exceed 95%, as shown:

1—(1-0.768)2 =0.946 (2 replicates)

1—(1-0.768)% =0.988 (3 replicates)
However, if field collections were earlier in the season, then only two replicates may be
sufficient to exceed a 95% detection probability. As shown in the contour plot for both fasting
period and days attached (Figure 2.6), additional replicates may also be helpful if sea lamprey
have spent less time attached to their hosts. This assessment, however, is likely less applicable to
field studies as the time a given lamprey was attached to its previous host is unknown. Instead, it
highlights the relationship that a lamprey spending longer periods of time attached to its host
likely indicates an increase in feeding as reflected by the increased detectability of host DNA in
the digestive tract.

When an occupancy framework was applied to the host-switching trial data, influences
from environmental factors on host detection were less noticeable. It is possible that low sample
size had an impact, as any lamprey that did not feed on two different host species consecutively
were not included. Nonetheless, the model can still be used to estimate a detection probability of

76.9% for host 1. While not as high as detection probabilities for low fasting period times in the
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first trials, this probability is comparable to detecting the most recent host from lamprey that had
fasted for 30 days. Borrowing from previous concepts of determining replicate numbers,
detection of a feeding history is possible but would benefit from additional replicates as host
DNA in the digestive tract from previous feedings is likely diminished.

Figure 2.8. Probability of detecting host DNA in sea lamprey digestive tracts as a function of the
number of fasting days post-feeding. Results derived from an occupancy model describing host

detection probability as a function of fasting period (days) in the temperature and fasting period
trials. Grey shading indicates 95% confidence interval.
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While occupancy models were unable to determine strong relationships between
covariates and host detections in the host-switching trials, visual assessments may offer an
alternative perspective. When binary detections were plotted against fasting days, a

complementary pattern seemed to arise between detections of host 1 and host 2 during the fasting
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period (Figure 2.7a and 2.7b). After zero and five fasting days, host 1 detections were relatively
uncommon (~25%) compared to host 2 detections (~95%). However, a steady increase in host 1
detections occurred up until a peak around 20 days at ~70% between both replicates, while host
2 detections decrease across a similar timeline. Final 30-day detections for host 1 and 2 are again
mirrored with a decrease in detections for host 1 and an increase in detections for host 2. A
possible explanation may be the timeframe for DNA to pass through the lamprey digestive
system. With lamprey that were sampled at either zero or five fasting days, host 2 DNA may be
far more abundant within the digestive tract due to the recency of feeding. This may result in
host 2 sequences producing the majority of total sequence reads, leading to a lower fraction of
host 1 reads. After around 10-20 fasting days, host 2 DNA presence may have decreased from
initial post-feeding amounts (as in single-species feeding trials; Figure 2.4), allowing for a more
balanced proportion of sequence reads between both hosts. Following this period, the remaining
host 1 DNA may be exiting the digestive tract, leading to higher amounts of host 2 detections.
This may suggest a peak of around 20 days where previous host DNA detections are most likely
as the overabundance of immediate host DNA has passed through the system. This balance
between host 1 and host 2 DNA over time is demonstrated in the relatively consistent proportion
of samples that detected both hosts in at least one replicate over the course of the fasting period
(Figure 2.7¢). However, samples sizes in this study (37 total sea lamprey fed on both hosts)
limited our ability to fully characterize trends in detections of multiple hosts over time. More
samples are likely needed to improve our understanding of these interactions. Encouragingly,
detections of host 1 are still present well after a second host has been parasitized, providing

confidence for future applications of this technique.

69



Implications for Field Studies and Dietary Analysis in Sea Lamprey

Ultimately, these investigations are most useful for directing methods and data
interpretations for future field studies evaluating sea lamprey diet composition and host
preference. Temperature and fasting period trials with a single host species indicated that,
although there are slight negative impacts, longer fasting timeframes and higher temperatures do
not eliminate the ability to identify host species via DNA metabarcoding. Detection thresholds
were set at fairly conservative levels to prevent false positives, but the need to detect rare hosts in
field studies may prompt the use of less conservative detection thresholds, if reducing false
negatives is a higher priority. Replicate detection analyses showed that the inclusion of technical
PCR replicates can be an important tool for mitigating false negatives as well. If resources allow,
at least three technical replicates may be preferable for use in molecular diet analysis of sea
lamprey. This aligns with the replication needed for at least 95% detection probability of
previous hosts at higher fasting timeframes, along with allowing for a relaxed approach to
detection interpretations (presence in 2/3 replicates) as recommended by Alberdi et al. (2019).
This is beneficial for adult lamprey, as individuals may have undergone longer fasting periods
prior to capture, and host detection may be less consistent at fasting periods of 30 days or more.
For juvenile parasitic lamprey, direct removal from their immediate hosts allows for easy
identification, although this likely results in recovery bias for that host’s DNA given feeding
recency. As the detection proportion of host 1 at zero fasting days was 36.4% (n=11), an
increase in replicates should help to address biases associated with an overabundance of
immediate host DNA. When considering environmental temperature, the two lowest read count
ranges were both 5 and 10 fasting day periods at 15°C (Figure 2.4). This may suggest a

precautionary approach to either include more replicates or implement more relaxed detection
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thresholds when water temperature is higher, although the overall relationship between read
count and temperature remained insignificant. Additionally, read counts at 20 fasting days were
consistent with 5°C and 10°C temperatures and read counts at 30 days were higher than both
other temperatures. Since it's impossible to determine when captured adult sea lamprey last fed
or began migration, those with varying fasting periods may be captured together, complicating
efforts to counteract sequencing biases within samples that are sequenced simultaneously.

The methods demonstrated in this study are encouraging for both juvenile and adult sea
lamprey dietary studies. Thousands of juvenile and adult sea lamprey are captured every year
from either commercial fishing bycatch or trappings at 29 index streams across the Great Lakes
for control efforts and population estimates (Adams et al. 2021; Hume et al. 2021). This provides
the opportunity for robust analyses of sea lamprey dietary composition and preferences across
the Great Lakes. Given the ability to detect previous hosts, there is the potential for gaining
insights on host preference in parasitic juveniles. Additionally, sampling biases from commercial
fishing vessels targeting certain host fish can be bypassed with random trappings of adult sea
lamprey given the ability to detect hosts after 30 fasting days. This provides the potential to help
understand the hosts sea lamprey fed on prior to spawning migration. Given the slower decline in
read counts across fasting days in the 5°C group, it is possible that early-season collections could

provide better results due to both cooler water temperatures and limited fasting periods.
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APPENDIX A: SUPPLEMENTARY FIGURES

Figure S2.1. Total sequence reads for host DNA across all samples for both temperature/fasting
period trials (top) and host-switching trials (bottom). In the host-switching trials plot, as two
hosts were used, host species for sequence reads is indicated by color with green representing
lake trout and purple representing white sucker.
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APPENDIX B: SUPPLEMENTARY MATERIALS
Data and statistical analyses (Temperature and Feeding Trials):
https://github.com/okanecol/SL_experimentall
Data and statistical analyses (Host-Switching Trials):

https://github.com/okanecol/SL_experimental2
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CHAPTER 3: NEW INSIGHTS INTO LANDLOCKED PARASITIC SEA LAMPREY
DIETS USING DNA METABARCODING

ABSTRACT

Following their invasion into the Laurentian Great Lakes, sea lamprey (Petromyzon
marinus) have caused extensive ecological damage to native fisheries and fish communities.
While control efforts have been largely successful in reducing overall abundance, traditional
dietary assessments have had limited ability to identify sea lamprey host species. Further, current
host wound assessments used to estimate overall damage to Great Lakes fisheries rely on
assessments of sea-lamprey wounded lake trout that have survived previous lamprey attacks,
resulting in potential limitations of our understanding of sea lamprey diets and damage. This
study aims to increase our knowledge of sea lamprey diets by incorporating DNA metabarcoding
to analyze the diets of blood-feeding sea lamprey across lakes (Huron, Superior and Champlain),
life stages (adult and parasitic juveniles), and years (2022 and 2023). Sea lamprey were collected
across each lake and year, and dietary DNA was analyzed via metabarcoding with the 12S rRNA
gene region. To improve robustness of metabarcoding results, a sea lamprey-specific blocking
primer was used to suppress amplification of sea lamprey sequences. Our results indicated that
whitefish (Coregoninae) and lake trout (Salvelinus namaycush) comprised the majority of sea
lamprey hosts across all samples, accounting for 42.1% and 34.3% of total sequence reads.
Pronounced differences in dietary composition occurred in several specific subsets, including
differences among lakes in 2023 parasitic samples and differences between stages of the life
cycle in 2022 samples from Lake Huron. While most of the variance in dietary composition was
unexplained, PERMANOVA analyses revealed that lake and life stage explained a larger
fraction of the variance among samples (7.9% and 7.2%, respectively) than year (3.3%). These

observed differences across lakes and life stages have implications for management strategies, as
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targeted control efforts that focus on areas of higher ecological damage may allow for more
efficient allocation of finite management resources. Furthermore, future molecular diet analysis
studies across the Great Lakes could help to improve the accuracy of damage assessments.
INTRODUCTION

The sea lamprey (Petromyzon marinus) is a hematophagous ectoparasite that has inflicted
profound ecological and economic damage as an invader of the Laurentian Great Lakes (Hubbs
and Pope 1937; Lawrie 1970). As such, the Great Lakes Fishery Commission (GLFC) was
instated as a bi-national organization between the United States and Canada focused on
controlling the spread and damage caused by sea lamprey within the region (Robinson et al.
2021). While these efforts have been largely successful in reducing population sizes (Heinrich et
al. 2003), certain challenges and limitations remain in gathering a comprehensive understanding
of sea lamprey diets due to their blood-feeding nature.

Sea lamprey are primarily controlled to reduce damage inflicted upon valuable fisheries.
Sea lamprey-induced damage is assessed annually within each of the Great Lakes by monitoring
wounds on captured lake trout (Salvelinus namaycush) and estimating a wounding rate (Rutter
and Bence 2003) and developing an annual assessment of adult sea lamprey abundance (Adams
et al., 2021). From these estimates, metrics such as juvenile (feeding-stage) sea lamprey
population size and overall ecological damage can be assessed. Historical wounding rate data
also contribute to the establishment of lake-specific adult abundance targets in the sea lamprey
control program. However, sea lamprey wounding surveys rely heavily on lake trout selective
fisheries or assessments, which can complicate interpretation of wounding rate data. For
example, there is evidence that host preferences may change as the relative abundance of prey

species changes (Adams and Jones 2021), potentially resulting in skewed estimates of juvenile
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sea lamprey abundance and commercial fisheries impacts (Hume et al. 2021). Additional
challenges are involved when relying solely on captured fish that have either been previously
attacked by sea lamprey or have sea lamprey currently attached. When estimating wounding
rates and host preference, host fish that did not survive the attack sink to the bottom of the lake,
thus preventing them from being captured and ultimately included in damage estimates
(Bergstedt and Schneider 1988). This issue is exacerbated by the high mortality rate of sea
lamprey attacks (Swink 2003).

A comprehensive understanding of sea lamprey diets would help provide a more accurate
assessment of sea lamprey impacts on Great Lakes fisheries. However, traditional dietary
analysis using visual identification of gut contents is not possible, given the blood diet of sea
lamprey. To address this, previous studies have utilized biochemical methods such as fatty acid
profiles and stable isotope analyses to investigate sea lamprey diets (Harvey et al. 2008; Happel
et al. 2017). These studies have provided valuable information for understanding sea lamprey
diets, such as Harvey et al. (2008) indicating that sea lamprey captured in Black Bay, Lake
Superior rely more on lower trophic level species such as whitefish. However, while these
methods provide information on ontogenetic dietary shifts and host variation across spatial
scales, they have certain limitations as well. For example, inferences from these methods are
limited to trophic-level interactions rather than supplying an understanding of species-level host
identification. Additionally, for both approaches, baseline data are required for proper
interpretation, which necessitates extensive collection and monitoring as the fatty acid and stable
isotope signatures of prey items may change through time (Iverson et al. 2004; Schmidt et al.

2007). Regardless of these limitations, these studies have warranted further research given the
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implications that sea lamprey may feed on a wide range of hosts and can vary selection over time
and space.

New technological advances in genetic techniques provide an alternative method that
addresses the need for further dietary assessments at the species-level, while avoiding some of
the limitations associated with fatty acid profile and stable isotope analyses. DNA metabarcoding
has gained traction as an effective and applicable approach to monitoring dietary composition in
a variety of animal taxa including mammals (Berry et al. 2017; Buglione et al. 2018; Lopes et al.
2020), birds (McClenaghan et al. 2019; Hacker et al. 2021), fishes (Berry et al. 2015; Harms-
Tuohy et al. 2016; Jakubaviciiité et al. 2017), and other groups. This approach has been
successfully applied in several hematophagous species, such as leeches (Drinkwater et al. 2019),
mosquitos (Reeves et al. 2018; Estrada-Franco et al. 2020), ticks (Gariepy et al. 2012), vampire
bats (Bohmann et al. 2018), and, particularly, Artic lamprey (Lethenteron camtschaticum; Shink
et al. 2019) and sea lamprey (Johnson et al. 2021). Molecular diet analysis provides a distinct
advantage in two ways, as it allows for species-level identification of prey items and dietary
assessments in sea lamprey not captured while attached to a host species. These advantages were
highlighted in Johnson et al. (2021), where fecal samples from Great Lakes sea lamprey were
analyzed using DNA metabarcoding. Among other results, unexpected host use was found from
sea lamprey in northern Lake Huron with frequent detections of white sucker (Catostomus
commersonii) and longnose sucker (Catostomus cotostomus) in adult fecal samples (Johnson et
al. 2021). Previous DNA metabarcoding studies also examined dietary composition of Artic
lamprey, with results indicating that although salmonids were thought to be a primary food
source, homogenized dietary samples rarely exhibited salmonid detections while several

previously unknown food sources were discovered (Shink et al. 2019). Both of these previous
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studies highlight the potential for DNA metabarcoding, particularly for lamprey, to provide novel
insights into dietary compositions.

Preliminary studies using wide-scale DNA metabarcoding techniques for dietary
assessments of sea lamprey within the Great Lakes region were conducted to complement field
studies, including the development of a sea lamprey-specific blocking primer designed to prevent
PCR amplification of sea lamprey sequences (Chapter 1) and laboratory experiments designed to
assess the influence of temperature, fasting period length, and multiple host feedings on the
genetic detection of hosts (Chapter 2). Insights from these studies can facilitate interpretation of
results from large-scale applications of DNA metabarcoding within sea lamprey in the Great
Lakes. While Johnson et al. (2021) provided a strong basis for this technique, the main objective
of their study was to provide a proof-of-concept focused on a small subset of sea lamprey within
northern Lake Huron over a single year. In an effort to expand upon that research, this study
focuses on a larger-scale application of this technique across three lakes (Champlain, Huron, and
Superior) and two years (2022 and 2023) for both adult-stage and parasitic juvenile-stage sea
lamprey. These lakes differ in their fish communities (e.g. Atlantic salmon provide an important
prey source for Lake Champlain sea lamprey; Marsden et al. 2003), which I expect to be
reflected in dietary data, given previous studies that found differential host preferences across the
Great Lakes (Harvey et al. 2008; Adams and Jones 2021). Previous analyses showed that
although sea lamprey cease feeding as they enter the adult stage, detections of host DNA from
dietary samples are still possible (Johnson et al. 2021; Chapter 2). This provides the opportunity
for unbiased sampling of sea lamprey, as traps and barriers can non-selectively collect sea
lamprey as they migrate upstream during their adult stage. The ability to detect host DNA within

this life stage would provide a strong complement to ongoing dietary assessments of juvenile
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parasitic sea lamprey. Given unexpected host usage in previous lamprey DNA metabarcoding
analyses, along with prior studies indicating varied host usage, I expect to see spatial and
temporal variance in sea lamprey dietary composition as well as differences across adult and
parasitic life stages.
METHODS
Sea Lamprey Collections

Wild-captured sea lamprey were collected from Lakes Huron, Superior, and Champlain
in both 2022 and 2023. Collections included capture of both adult sea lamprey and parasitic
juvenile sea lamprey. Adult sea lamprey were collected via barriers and traps in streams, while
parasitic sea lamprey were removed from host fish that were targeted with fishing vessels in the
basin of each lake. Data on which host fish parasitic sea lamprey were attached to was also
collected from Lake Huron in 2022/2023 and Lake Superior in 2023. Stream and river
collections for adults took place in the Cheboygan Rivers for Lake Huron (USFWS — Marquette
Biological Station), the Misery, Falls and Firesteel rivers for Lake Superior (Keweenaw Bay
Indian Community), and Mallets Creek, the Sunderland, Pond and Mullen brooks, Great Chazy
and Winooski rivers, and Morpion Stream for Lake Champlain (USFWS — Lake Champlain

Office; Figure 3.1).

89



Figure 3.1. Map of Lake Superior, Lake Huron, and Lake Champlain sea lamprey collection
areas in 2022 and 2023 given available data. Capture locations for adult sea lamprey are marked
with orange points, while general capture areas for parasitic sea lamprey are outlined with a
purple circle. Northern parasitic collections in Lake Huron occurred during 2022 (commercial
gill net fisherman) and southern parasitic collections occurred during 2023 (charter sports
fisherman).

Lake
Superior

#

Latitude

stage
adult
O parasitic

92°W 90°W 88°W 86°W 84°W
Longitude

46.5°N -

46.0°N -
44.8°N -

45.5°N -
44.6°N -
i
© 45.0°N- 8 R
3 =)
2 = 44.4°N-
© ©
= 445°N- =
44.2°N -
44.0°N -
44.0°N - Lake
43.5°N- Champlain
Lake 43.8°N -
son. HUFrON
85°W 84°W 83°W 82°W 81°W 73.8°W 73.3°W 72.9°'W
Longitude Longitude

Parasitic sea lamprey collected from Lake Superior were removed from fishes captured
by commercial fishermen that were targeting lake whitefish and lake trout (in coordination with
the Great Lakes Indian Fish and Wildlife Commission). Parasitic sea lamprey from Lake Huron

during 2022 were removed from commercial fishermen targeting lake whitefish and lake trout
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(in coordination with Fisheries and Oceans Canada). During 2023, parasitic lamprey from Lake
Huron were removed from fish captured by a charter recreational fisher targeting lake trout and
chinook salmon. Parasitic sea lamprey from Lake Champlain were captured during trawl surveys
conducted by the University of Vermont and these parasitic sea lamprey were not attached to
host fishes. Following collections, all sea lamprey were frozen whole and sent to Hammond Bay
Biological Station in Millersburg, MI, where they were stored at -80°C for further analysis. All
sea lamprey collections were conducted in compliance with the collection permits associated
with the agencies listed above.
DNA Extractions

After allowing sea lamprey to thaw, the intestinal tract was dissected and opened with a
sterile scalpel (No. 11 blade, WSI disposable sterile). A sterile cotton swab (Dynarex 6-inch
sterile cotton tipped applicator) was run along the length of the digestive tract to collect digestive
material, preserved in RNAlater in a 1.5 mL centrifuge tube and labelled according to the stream,
year and life stage of the sample. Each lamprey was photographed before and after dissection to
quantify digestive material remaining in the gut. All swabs were stored at -80°C until they were
prepared for extractions at the Molecular Ecology Lab at Michigan State University for further
DNA analyses.

DNA extractions for all sea lamprey digestive samples used the gMax Mini Genomic
DNA Kit (IBI Scientific, Dubuque, 1A), following manufacturer instructions. Polymerase chain
reaction (PCR) was performed using the vertebrate-specific 12S-VS5 primer set (Riaz et al. 2011),
which targets a ~140bp region (including primers) of the mitochondrial 12S rRNA gene. Due to
the likelihood of a high presence of lamprey DNA within the samples, a lamprey-specific

blocking primer (Blocker 6) was included in PCR reactions for all samples to suppress
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amplification of 12S sea lamprey sequences (see Chapter 1). Two technical PCR replicates were
included for each sample.

PCR reactions were conducted in a 15 pL volume with 1.5 pL of 10X AmpliTaq Gold
PCR Buffer II (Applied Biosystems, Waltham, MA), 0.36 uL of dNTPs (10mM), 1.2 pL of
MgCl2 (25mM), 0.75 puL of BSA (20 mg/mL), 0.8 uL of forward and reverse primers (10 uM)
and sea lamprey Blocker 6 blocking primer (100 pM), 6.54 uL. of Milipore water (UV treated),
0.25 pL of AmpliTaq Gold (5U/uL) and 2 pL of template DNA. A negative control for each
PCR plate was included by substituting DNA template with water. Thermal conditions for PCR
were as follows: 10 min at 95°C (1x); 30s at 95°C, 30s at 57°C, 45s at 72°C (40x); and Smin at
72°C (1x). Following amplification, 4 pLL. of PCR product from a subset of samples from each
PCR plate and 2.5 pL of glycerol loading dye was run on a 1% agarose gel with GelRed stain
(0.5x; Biotium, Fremont, CA). Gels were photographed under UV light in a Labnet Enduro GDS
IT imaging system (Labnet HQ, Edison, NJ) to verify successful amplification.
Metabarcoding and Bioinformatics

Dual-index barcoding was used for all digestive samples to allow demultiplexing of
sequencing reads to their corresponding samples. The indexing PCR was conducted in a final
volume of 10 pL, including 2X Qiagen Plus master mix (5 pL), i7 (1uL; 10 uM) and 15 (2uL; 5
uM) index primers, and 2 pL of template. Reaction conditions in the indexing PCR were as
follows: 15 min at 95°C (1x); 10s at 95°C, 30s at 65°C, 30s at 72°C (10x); and Smin at 72°C.
Dual-indexed PCR products were then pooled and bead size selected at 0.5x and 1.2x bead
concentrations to remove long and short sequences, respectively. Pooled libraries were diluted
and analyzed via TapeStation (assay High Sensitivity D100 ScreenTape) for sequence length

confirmation before being sequenced on a 300 cycle Illumina MiSeq lane (v2 Standard; 2x150
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bp paired end) at Michigan State University’s Research Technology Support Facility. To account
or sequencing biases, technical replicates for each sample were sequenced on separate lanes.
Raw sequencing data were processed using computational resources provided by the
Michigan State University High-Performance Computing Center and the software package
mothur (version 1.48.0 Schloss et al. 2009) and followed the same bioinformatic protocol as
Chapter 2. A maximum of two mismatches was allowed between the barcodes and sample
sequences during demultiplexing to help with minor sequence errors, and sequences were
trimmed to retain overlapping sections to minimize discrepancies. Initial screening removed
sequences with ambiguities and identified unique sequences. These sequences were aligned to a
reference database containing 220 sequences ranging from 89 to 107 bp from the 12S
mitochondrial rRNA gene region for 149 Great Lakes fish species. Sequences that did not align
within this range to the reference database were removed, and the remaining sequences were
clustered with zero differences allowed. Chimeric sequences were filtered out before taxonomic
classification with a default confidence score cutoff of 80% or higher. A distance matrix was
then calculated with a cutoff of 0.03, followed by clustering with a 0.01 cutoff. A 99% similarity
threshold was used to group sequences into OTUs to help differentiate closely related species.
Any sequences that could not be taxonomically distinguished below the family level (e.g.
Salmonidae unclassified OTUs) were subjected to BLAST (NBCI) analysis in an attempt to
improve taxonomic resolution. An additional OTU for the subfamily Coregoninae was created to
include all sequences with high similarity to 12S sequences from the genera Coregonus,
Prosopium, and Stenodus to allow for differentiation of whitefish from other salmonids. Notably,
there were 0-4 bp differences among six sequences representing five species across these genera

in our reference database for the 12S locus. This output was then cleaned and organized into a
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community matrix table with read count numbers for every OTU from each sample using
R/Rstudio (v.2023.12.1+402).
Data Analysis and Statistical Methods

To incorporate both technical PCR replicates but avoid pseudoreplication, the averaged
read count from both replicates was used to represent the number of sequence reads per sample.
Read count data were also converted into detection data using two thresholds: total sequence
read count for that OTU was at least 20 total reads and relative read abundance (RRA) was at
least 1% of the total reads for that sample. Initially, the median read count value of all negative
samples for all OTUs was used to represent a baseline minimum sequence read count. But as this
value was only six reads, a more conservative approach was taken and 20 sequence reads was
selected to represent a minimum sequence copy threshold for detection. The basis for these
thresholds was derived from Drake et al. (2022).

Collection data were summarized based on the lake, life stage, year, OTU total, sample
size, and weight and length measurements. Any OTUs that did not register at least one detection
were removed from the total OTUs for that category. As length (mm) and weight (g) differ
between juvenile and adult life stages, these variables were further analyzed for significant
differences with ANOVA and subsequent Tukey’s HSD post-hoc tests. All OTUs that registered
at least 1,000 total sequence reads or greater than one detection were included in downstream
analyses. Additionally, reads for non-prey species (e.g. Homo sapiens and Petromyzontidae) and
ambiguous OTU classifications above the family level (e.g. Chordata unclassified) were
removed, except in the case of the order-level classification of Acipenseriformes. Host data from
the known, primary hosts that juvenile parasitic sea lamprey were attached to when collected

were also summarized. Total detections of the primary host were compared to the total number
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of samples indicated for that host species. Additionally, the top five OTUs detected in those
samples (excluding unclassified OTUs at or above the family-level) were listed to assess how
often juveniles had detections from multiple hosts.

Principal coordinates analysis (PCoA) was performed using Bray-Curtis distances to
measure differences in relative dietary composition between sea lamprey of different lakes,
years, and life stages. Analyses were limited to only OTUs that produced at least 1,000 total
reads. The first two principal coordinates were plotted with 95% confidence interval ellipses
around centroids for each group. Lake differences were compared by categorizing sea lamprey
samples into four groups containing each combination of life stage (juvenile / adult) and year
(2022 /2023). Year differences were compared by categorizing samples using each combination
of lake and life stage, and life stage differences were compared via categories using each
combination of lake and year. Sample sizes were included for each category, and the percentage
of explained variance of the first two principal coordinates was derived from eigenvalues.
Variables with the highest correlation to the first principal component were interpreted as the
primary contributor to variance within each PCoA. To assess the significance of differences
between groups, PERMANOVA was performed on the Bray-Curtis distances using the adonis2
function in the vegan R package (Oksanen 2010). Lake, year, and life stage were used as
independent variables along with their interactions. Further PERMANOV As were performed on
groups that had two of either lake, year, or life stage controlled for across samples, allowing
closer investigations into differences between a single variable.

To assist with explanations for differences found between sample groups, collection data
were summarized for the number of samples collected throughout each season. All collections

took place between April and October of their respective years, so summaries did not go beyond
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this timeframe. Collection data were available for all groups included in the PCoA and
PERMANOVA analyses except for Lake Superior 2022 parasitic-stage sea lamprey.
RESULTS
Collection Data

Adult lamprey collections took place between April and June for both years across all
three lakes (Figure 3.2). Collections of parasitic-stage lamprey took place during August through
October for all documented subsets except for Champlain 2023, during which parasitic lamprey
were collected between June and July. While parasitic lamprey were collected from Lake
Superior during 2022, information on collection dates was not available and not included in
analyses. All subsets with documented collection data had lamprey collected at multiple weeks
throughout each period for both adult and parasitic stages, besides adult lamprey from Lake
Huron in 2022, which were all collected during the same week.
Figure 3.2. Number of sea lamprey digestive samples obtained and their given collection dates

for each lake and year. Adult sea lamprey samples are in blue, and parasitic sea lamprey samples
are in orange. Collection dates were not available for Superior 2022 parasitic sea lamprey.
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Length and Weight Comparisons

A total of 929 sea lamprey were collected and analyzed for dietary composition (Table
3.1). A significant difference was seen in both length (p < 0.001) and weight (p < 0.001) between
parasitic and adult sea lamprey, with adults being an average of 111 mm longer and weighing
112 g more (Figure 3.3). Additionally, a significant difference (p < 0.001) was found in length
measurements between years, with lamprey captured in 2023 averaging 28 mm longer than
lamprey captured in 2022 when accounting for stage type. No significant differences in length
were found between lakes, but weight showed lake-specific significant differences, with Lake
Superior sea lamprey weighing on average 23.5 g more than Lake Champlain lamprey (p =
0.001) and 15.9 g more than Lake Huron lamprey (p = 0.009) when accounting for life stage.
Weight did not differ significantly between Lake Huron and Lake Champlain sea lamprey, and
there were no significant differences in weights between years.
Table 3.1. Summarization of operational taxonomic units (OTU) totals, sample size (N), weight

(mean and standard deviation), and length (mean and standard deviation) for each lake-stage-
year subset of sea lamprey samples.

oTU Weight Weight Length Length
Lake Phase Year Total N (mean) (sd) (mean) (sd)
Champlain  Adult 2022 20 95 190.0 62.3 413 56
Huron Adult 2022 11 65 267.4 58.8 493 55
Superior Adult 2022 22 113 249.6 59.3 438 38
Champlain Parasitic 2022 0 0 NA NA NA NA
Huron Parasitic 2022 15 233 119.3  103.7 344 120
Superior Parasitic 2022 7 10 148.7 118.6 354 135
Champlain  Adult 2023 26 94 185.0 53.5 443 43
Huron Adult 2023 16 109 247.3 65.9 486 64
Superior Adult 2023 16 133 234.1 67.6 458 42
Champlain Parasitic 2023 6 12 30.4 53.5 204 104
Huron Parasitic 2023 4 9 100.1 49.6 356 56
Superior Parasitic 2023 9 56 76.3 47.9 325 80
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Figure 3.3. Weight (g) for sea lamprey at each lake-year-stage subset (A) and length (mm) of sea
lamprey at each lake-year-stage (B). Boxes represent the interquartile range, with whiskers
extending to include points within 1.5x that range. Points represent single outliers. Adult sea
lamprey are indicated by red, parasitic sea lamprey are indicated by blue.
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Read Count and OTU Summaries

A total of 12,473,006 sequence reads were produced from the 929 sea lamprey digestive

samples analyzed. This resulted in 62 unique OTUs detected across all samples. Detected OTUs




were summarized via sequence read counts into those with at least 10,000 total reads (Figure
3.4a) and those with < 10,000 total reads but > 1,000 total reads (Figure 3.4b). The largest OTUs
in terms of total sequence reads were Coregoninae unclassified (whitefish) and Salvelinus
namaycush (lake trout), making up 42.1% and 34.3% of total sequence reads, respectively. This
is likely due to the large portion of parasitic juvenile sea lamprey that were directly captured
attached to either whitefish or lake trout. Many reads were indistinguishable within the family of
Salmonidae (468,837 total reads), even after sequences were analyzed via BLAST, likely due to
the similarity within the 12S gene region among salmonids. For the family Salmonidae in the
reference database, interspecific sequence differences ranged from 0-10 bp, while intraspecific

differences (for species with multiple sequences in the alignment) ranged from 1-4 bp.
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Figure 3.4. Total sequence read counts for each OTU for all samples. Bars represent OTUs that
contained a total of at least 10,000 sequence reads (a), and sections of the pie chart (b) represent
OTUs that contained less than 10,000 total sequence reads but above 1,000 total sequence reads.
Names of each OTU are listed, with “unclassified” signifying those sequence reads could not be
taxonomically distinguished within the stated taxa, and have been grouped at the genus or family
level. All OTUs that were unclassified above the family level (besides Acipenseriformes) were
removed.
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(Figure 3.5). OTUs with one or less detections (n = 25) were excluded from this figure as they
are unlikely to contribute substantially to dietary compositions. The top four OTUs in terms of
binary detections were Salmonidae, lake trout, whitefish, and Catostomus commersonii (white
sucker). Salmonids were found in 63.0% of all samples, with species-specific detections of lake
trout in 55.2%, whitefish in 32.7% and white sucker in 26.3%. In total, these four OTUs
accounted for 85.1% of all registered detections (n = 2085). Minor detection OTUs included

other salmonid species such as Onchorhyncus mykiss (rainbow trout), Onchorhyncus nerka
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(sockeye salmon), and Onchorhyncus tshawytscha (Chinook salmon) with detections in 3.4%,
3.3%, and 2.8% of samples, respectively. Other notable species-level detections include
Catostomus catostomus (longnose sucker), Sander vitreus (walleye), Lota lota (burbot), Alosa
sapidissima (American shad), and Semotilus atromaculatus (creek chub).

Figure 3.5. Total detections for each OTU for all samples given thresholds of > 20 total
sequence reads and > 1% relative read abundance within a sample. OTUs with at least 10 total
detections are displayed on the bar chart, and OTUs with total detection counts between 2 and 10
displayed on the pie chart. Names of each OTU are listed, with “unclassified” signifying those
sequence reads could not be taxonomically distinguished within the stated taxa, and have been
grouped at the genus or family level. All OTUs that were unclassified above the family level
(besides Acipenseriformes) were removed.
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Detections of OTUs across all samples can be further broken down by life stage, with 320
total parasitic digestive samples and 609 adult digestive samples (Table 3.2). While both adult
and parasitic samples had detections of unclassified salmonids (63.4% and 62.2%, respectively),

there were differences between lake trout, Coregoninae and white sucker proportions. A higher
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percentage of adult sea lamprey samples had lake trout detections at 69.1% versus only 40.3% of
parasitic sea lamprey samples producing lake trout detections. Coregoninae detections were
proportionally higher in parasitic samples at 57.5% detections, while only 29.7% of adult
samples had detections. The largest difference was seen with white sucker, with detections in
44.7% of adult samples and less than 1% of parasitic samples at only three total detections. A
sizable difference was also seen in the number of samples from both life stages that had zero
detections for any OTU. Adult sea lamprey a had much higher proportion of non-detections at
23.2% when compared to parasitic sea lamprey at only 0.9%.

Table 3.2. Summary of total OTU detections (top ten OTUs by detection count) divided into
adult samples and parasitic samples. OTUs represented with “unclassified” indicated a family or
genus-level OTU where sequences could not be taxonomically distinguished below the given
level. Percent represents the proportion of detections for the given OTU as compared to the total
number of detections among samples of the same stage (adult or parasitic). Total non-detections

indicate the number of samples for each stage subset that did not register any detections of any
OTU.

Adult Samples (n =609)

OTU Detections Percent
Salvelinus namaycush 421 69.1
Salmonidae unclassified 386 63.4
Catostomus commersonii 272 44.7
Coregoninae unclassified 181 29.7
Oncorhynchus mykiss 26 4.3
Catostomus catostomus 26 4.3
Sander vitreus 26 4.3
Oncorhynchus tshawytscha 20 3.3
Oncorhynchus nerka 13 2.1
Lota lota 11 1.8
Total Non-Detections 141 23.2

Parasitic Samples (n =320)

OoTU Detections Percent
Salmonidae unclassified 199 62.2
Coregoninae unclassified 184 57.5
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Table 3.2 (cont’d)

Salvelinus namaycush 129 40.3
Oncorhynchus nerka 24 7.5
Oncorhynchus unclassified 13 4.1
Oncorhynchus tshawytscha 10 3.1
Oncorhynchus mykiss 8 2.5
Catostomus catostomus 7 2.2
Lota lota 7 2.2
Sander vitreus 4 1.3
Total Non-Detections 3 0.9

A total of 206 parasitic juvenile samples, all from either Lake Huron or Lake Superior,
had data on the known, primary host they were attached to when collected (Table 3.3). Whitefish
had the highest number of samples at 119, and a detection rate of 93.3% with 111 of those
samples registering Coregoninae detections. Lake trout had a lower detection rate with 31
detections out of 48 known samples. Beyond these two species, sample sizes were lower with the
10 other taxa listed as primary hosts having 10 or less samples. While whitefish had more
samples overall, the most detections of other hosts occurred in lake trout samples with 26 out of
48 samples registering detections for a host fish besides lake trout, thus implying those sea

lamprey had fed on multiple hosts.
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Table 3.3. Primary (known) host detections from juvenile parasitic sea lamprey from Lake Huron
and Lake Superior collections. Primary host indicates the host fish that collected sea lamprey
were attached too. Samples indicate how many sea lamprey were attached to that primary host,
and primary host detections are the number of those lamprey where the primary host was
detected. Total samples with other hosts are the number of samples within that primary host
subset where hosts beyond the primary host were detected. The top five OTUs for each primary
host subset are also listed (besides unclassified Salmonidae for clarity).

Primary Host Samples  Primary Total Top Five OTUs Among Samples
Host Samples
Detections with Other
Hosts
Whitefish 119 111 14 Coregoninae (111), Oncorhynchus

nerka (9), Salvelinus namaycush
(5), Oncorhynchus spp. (5),
Oncorhynchus tshawytscha (1)

Lake Trout 48 31 26 Salvelinus namaycush (31),
Coregoninae (18), Oncorhynchus
nerka (3), Catostomus
commersonii (2), Lota lota (2)

Pink Salmon 10 6 4 Oncorhynchus nerka (6),
Coregoninae (3), Oncorhynchus
spp. (3), Oncorhynchus mykiss (1),
Salvelinus spp. (1)

Rainbow Trout 10 5 5 Oncorhynchus mykiss (5),
Coregoninae (4), Oncorhynchus
nerka (1)
Chinook Salmon 5 5 1 Oncorhynchus tshawytscha (5),

Salvelinus namaycush (1)

Burbot 3 0 3 Coregoninae (2), Oncorhynchus
nerka (1)
Herring 3 0 3 Coregoninae (3), Salvelinus

namaycush (1)

Pickerel 3 0 3 Salvelinus namaycush (2),
Coregoninae (1)
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Table 3.3 (cont’d)

Salmon (unspecified) 2 1 2 Coregoninae (1), Oncorhynchus
tshawytscha (1)
Atlantic Salmon 1 0 1 Salvelinus namaycush (1)
Sucker (unspecified) 1 1 0 Catostomus catostomus (1)
Walleye 1 1 1 Coregoninae (1), Salvelinus

namaycush (1), Catostomus
commersonii (1), Sander vitreus
(1), Oncorhynchus spp.(1)

PCoA and PERMANOVA Analyses

Strong overlaps in diet were observed between adults, but much less overlap between
parasitic juveniles occurred according to visual PCoA assessments of comparisons between lakes
(Figure 3.6). When assessing differences between life stages (Figure 3.7), the spread of data
points and corresponding ellipses for adults is broader than juveniles. This may indicate either
less variability in juvenile diets or be a reflection of smaller samples sizes in certain subsets.
Differences between years (Figure 3.8) are more pronounced in parasitic juveniles, although may
be due to smaller sample sizes in the Champlain and Superior subsets. The largest amounts of
variation were captured by the first and second principal components for all comparisons, so
variables with the highest correlation to these principal components were interpreted as the
primary contributors to variance within each PCoA. Dietary differences between lakes were best
explained by variation in the presence of whitefish, except for adult samples from 2022, where
variation was primarily associated with lake trout (PCoA1; Figure 3.6). For differences between
life stages, variation was mainly associated with whitefish in both years for Lakes Huron and
Superior, but differences in lake trout were the primary explanation of variance for both years of
Lake Champlain samples (PCoA1; Figure 3.7). Whitefish were the most significant contributors

to variance across all categories for differences between years (PCoA1l; Figure 3.8).
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Figure 3.6. Principal coordinate analyses (PCoA) for stage-year subset groups looking at
differences between lakes. Lakes are indicated by color, with Champlain as orange, Huron as
blue, and Superior as green. All plots use the first and second principal coordinates. Samples
sizes of each subset are included in the titles, with each point representing a single sea lamprey
sample.
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Figure 3.7. Principal coordinate analyses (PCoA) for lake-year subset groups looking at
differences between stages. Stages are indicated by color, with adults as red and parasitic as blue.
All plots use the first and second principal coordinates. Samples sizes of each subset are included
in the titles, with each point representing a single sea lamprey sample.
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Figure 3.8. Principal coordinate analyses (PCoA) for lake-stage subset groups looking at
differences between years. Years are indicated by color, with 2022 sea lamprey as red and 2023
sea lamprey as blue. All plots use the first and second principal coordinates. Samples sizes of
each subset are included in the titles, with each point representing a single sea lamprey sample.
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Lake, year, and life stage, along with their interactions, were significant influences on
dietary composition (p = 0.001) according to PERMANOVA analyses (Table 3.4). Lake and life
stage explained similar proportions of variance in dietary composition across samples at 7.2%
and 7.9%, respectively, while year explained less variance at 3.3%, as indicated by partial R?
values. The year:life stage interaction (R? = 0.8%) and the three-way interaction (R? = 0.8%)
terms explained less variance. Overall, a substantial fraction of the variance in dietary
composition among samples was unexplained by the independent variables included in
PERMANOVA analyses. More targeted effects of these variables on dietary composition and
consistency within specific subsets of data were investigated by additional PERMANOVA

analyses (APPENDIX A: Table S3.1). Particular instances of high variance explanation were the
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effect of lake on 2023 parasitic samples (R? = 35.5%) and the effect of life stage on Huron 2022
samples (R*=21.9%). All effects from lake, year, and life stage on dietary composition were
significant (p < 0.05).

Table 3.4. PERMANOVA summary looking at the overall influence (R?) of lake, year, and life
stage, along with their interactions, on dietary differences among sea lamprey samples. Analyses
were conducted on the relative read counts (individual read count/total sample read count) of
each OTU within each sample.

Variable R2 p-value
lake 0.0720 0.001
year 0.0334 0.001
life stage 0.0794 0.001
lake:year 0.0153 0.001
lake:life stage 0.0340 0.001
year:life stage 0.0080 0.001
lake:year:life stage 0.0083 0.001

DISCUSSION

Molecular diet analysis of Great Lakes sea lamprey provided a detailed inventory of
dietary compositional differences between sea lamprey caught during two years (2022, 2023),
three lakes (Huron, Superior, Champlain), and two life stages (adult, parasitic). This work
capitalizes on recent developments in genetic technology that have allowed for deeper insights of
predator diets beyond traditional methods. While previous dietary analyses in Great Lakes sea
lamprey have documented important spatial and ontogenetic differences in diets (Harvey et al.
2008; Happel et al. 2017), the lack of species-level identifications has limited our understanding
of sea lamprey host preference and diet composition. My results lay the groundwork for future

studies that may further resolve complications associated with sampling constraints, PCR
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amplification stochasticity, and taxonomic resolution (e.g., for some members of the family
Salmonidae).
Dietary Composition and Host Detections

Lake trout and whitefish have typically been thought to comprise the majority of sea
lamprey diets within the Great Lakes (Harvey et al. 2008). However, recent studies involving
fatty acid analysis and DNA metabarcoding have pointed at a wider variety of prey species for
Great Lakes sea lamprey (Happel et al. 2017; Johnson et al. 2021). Our results support both of
these suggestions, with Coregoninae (whitefish) and lake trout comprising a significant amount
of total sequence reads from the study, but with 37 other OTUs represented by at least two
detections across all samples. This adds further support to the notion lake trout and whitefish are
critical components to sea lamprey diets in the Great Lakes, but showcases the variety of prey
items attacked by sea lamprey. As sequence read counts may not directly translate into
proportional dietary information for the relative abundance of each prey item (Elbrecht and
Leese 2015; Pinol et al. 2015; Jusino et al. 2019; although see Sard et al. 2019), binary detection
data can supplement read count data with a different perspective. From this approach, white
sucker appears as a common prey item as well (detected in 26.3% of samples), supporting
findings from Johnson et al. (2021). However, these common prey items appear with different
detection distributions between adult and parasitic sea lamprey (Table 3.2). Unclassified
Salmonidae detections were present in high proportions for both life stages. However, adult sea
lamprey samples had higher proportions of lake trout and white sucker, while parasitic sea
lamprey produced higher proportions of Coregoninae. This difference may be explained by the
size of sea lamprey during these life stages. As parasitic-stage sea lamprey have lower length and

weight on average (Figure 3.3), it is possible that parasitic sea lamprey prefer smaller species

110



such as those within the Coregoninae subfamily (see Harvey at el. 2008). At the adult life stage
where sea lamprey are larger, this may allow for targeting large prey species, such as lake trout,
or species with similar spawning migrations, such as white sucker. Differences in OTU detection
proportions displayed between parasitic and adult sea lamprey provide further evidence that sea
lamprey exhibit ontogenetic shifts in dietary preferences. Although, it should be noted that
sampling for adults and parasites occurred at different locations and time periods.

Other species with at least 10 total detections in the dataset, including rainbow trout,
longnose sucker, Chinook salmon, walleye, burbot, and sturgeon (Acipenseriformes), highlight
the variety of dietary options for Great Lakes sea lamprey. Although, these species likely only
have minor impacts on overall dietary composition as they were detected in less than 4% of
samples. Of note is the detection of Onchorhyncus nerka in 3.3% of samples. While originally
stocked in Lakes Huron and Ontario to aid with recreational and commercial fishing efforts,
sockeye/Kokanee salmon stocking efforts have not been ongoing since the 1970s (Crawford and
Canada 2001). Therefore, these detections are likely due to the similarity across Onchorhyncus
species in the 12S rRNA gene region, with 0 bp differences within our reference dataset between
Onchorhyncus nerka and Onchorhyncus gorbuscha (pink salmon), and only 2-3 bp differences
between O. nerka and rainbow trout or Chinook salmon. As our reference database will not fully
capture intraspecific variation, it is possible that other 12S variants present in these
Onchorhyncus species match our sockeye salmon reference sequence even more closely. This
idea is supported by the majority of samples with pink salmon as known hosts registering
detections for O. nerka (Table 3.3). The genetic similarity among salmonids at 12S is highlighted
with the high presence of unclassified salmonid detections across all samples, although likely

does not have a large impact on the interpretation of results as total sequence reads for
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unclassified salmonids (after additional classifications from our BLAST analysis) were relatively
low.

Further investigation into the primary host detections (Table 3.3) shows differing
proportions for detections of known hosts. DNA metabarcoding is an imperfect detection
method, so a 93.3% detection rate of whitefish in samples where sea lamprey were attached to a
whitefish is encouraging. Even though other primary hosts, such as trout and salmon species, did
not replicate this high detection level, most known host species were still detected in the majority
of their respective samples. An important consideration is that attachment time to these primary
hosts is unknown. As Chapter 2 demonstrated, at zero fasting days, the probability of host
detections can be as low as 30-40% if the sea lamprey has only been attached to its host for a
single day (Figure 2.6). This may account for some instances where known hosts were not
detected in the digestive sample. Additionally, these differences may be exacerbated by
amplification bias. If Coregoninae were found to have a positive amplification bias at this
marker, this would also help explain the relatively larger amounts other host species detections in
samples where whitefish was not the primary host and relatively low amounts of other host
detections in samples where whitefish was the primary host. This points toward some potential
improvements for this research. It may be beneficial to include a mock community analysis in
future studies to look for potential amplification biases, thus allowing for the incorporation of
correction factors. Additionally, markers besides 12S may be considered, as differences in
genetic similarity at other gene regions may allow for increased clarity into host DNA detections.
Dietary Variation Across Lakes and Life Stages

Lake-specific dietary variation was an important factor given interpretations of PCoA and

PERMANOVA, both with overall significance for all samples and significance for specific
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subsets of data. For example, when considering only parasitic sea lamprey collected in 2023, the
lake from which sea lamprey were captured had a significant effect on diet, explaining 35.5% of
the variance. However, the high degree of explained variance may be due to capture biases, as
commercial vessels were used to target host fish and any attached sea lamprey were then
collected as bycatch. With the greatest amount of variance in this subset characterized by
whitefish, it is possible that targeted capture of whitefish within Lake Superior in 2023 may have
contributed to the differences I observed. This also creates a lack of consistency between
variance explanations for this subset, where if lake more consistently explained variance across
these life stage-year categories it may offer more support to the overall explanation of variance
that lake provides on the data as a whole. However, a large R? value of 0.355 in a single subset
may inflate the overall influence of lake differences on sea lamprey diets. Nonetheless, the high
percent of explained variance still suggests the possibility of lake-wide differences in host
preference among sea lamprey, particularly given all life stage-year subsets and lake overall were
significant factors for explaining dietary variance (p = 0.001).

Similar subset analyses to categorize dietary differences between adult and parasitic stage
lamprey point to ontogenetic shifts in host prey use. For Huron 2022 samples, differences in life
stage explained 21.9% of dietary variance. The largest driver of variance in this subset was also
whitefish, again playing a larger role in the diet of parasitic-stage lamprey. A potential
confounding variable for this subset is the collection of all adult-stage lamprey within the same
week. However, as adult collections display less of a sampling bias due to the non-targeted
nature of stream trappings, it is unlikely that this accounts for the differences seen between life
stages in Huron 2022 samples. Both Superior 2023 and Champlain 2023 subsets also exhibited a

high percentage of explained variance due to differences in life stage, variance explained in both
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of these subsets above 12%. While Champlain 2023 parasitic sea lamprey had a smaller sample
size of 24, the observation that all three subsets exhibited variance in dietary composition as a
result of life stage supports the existence of ontogenetic shifts in host use, potentially due to size
differences or energy requirements between adult and parasitic-stage sea lamprey. The higher
consistency in which life stage differences explain dietary variance across each of these lake-
year subsets, as opposed to the lower consistency in R? values seen across life stage-year subsets,
adds support to the overall effect of life stage differences on sea lamprey diet composition
(APPENDIX A: Table S3.1). Additionally, the idea of life stage-specific dietary behavior given
the distinct shapes between adult and parasitic ellipses for these three subsets was supported by
PCoA analyses. This coincides with previous research conducted by Harvey et al. (2008)
showing that sea lamprey mass and 6'3C were positively correlated in Lake Superior, suggesting
ontogenetic shifts in sea lamprey diets. Other studies have also examined prey preference in sea
lamprey, linking host selection to prey size (Bence et al. 2003) and prey abundance (Adams and
Jones 2021). Together, along with the further evidence this study provides for ontogenetic
dietary shifts, it is likely that sea lamprey host selection is influenced by a variety of factors.
Temporal changes in diet composition were also supported by PERMANOVA and PCoA
analyses. Year showed a significant effect overall on all sea lamprey diet samples (p = 0.001),
although the amount of variance explained was relatively low (R? = 3.3%). However, the Huron
adult-stage subset showed a higher amount of dietary variance explained by year (15.2%). This
difference was primarily driven by the higher proportion of whitefish in 2023 Huron adult
samples, and a higher proportion of lake trout in 2022 Huron adult samples. As noted previously,
Huron 2022 adult samples were all collected during the same week. However, unlike differences

in parasitic-stage lamprey, adult-stage collections were not associated with targeting fishing
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efforts, indicating a stronger probability of detecting true differences. Additionally, Huron 2023
adult lamprey were collected during the same seasonal timeframe (early May) as Huron 2022
adult lamprey, removing the potential for within-season temporal differences to shift dietary
preferences. Notably, Huron 2022 adult samples had a fairly low detection rate overall
(APPENDIX A: Figure S3.3), so it is likely this could have overemphasized variation.
Differences in diet composition between years for Huron adults were supported by PCoA
visualizations, with distinct ellipses for 2022 and 2023 samples. While other subsets comparing
temporal differences showed lower percentages of explained variation (< 6%), year was still
determined to have a significant effect.
Limitations on Molecular Diet Analysis

Sequence read totals can be affected by various factors such as environmental conditions,
recency of feeding, and stochasticity within the PCR and sequencing processes (Alberdi et al.
2019; Dopheide et al. 2019). This creates difficulty in how to account for rare taxa, as relative
sequence abundance may not accurately reflect true dietary proportions (Deagle et al. 2019). In
dietary metabarcoding studies on fish using mock communities of known prey mixtures,
moderate discrepancies have been noted from 5% to 60% variation in sequence read proportions
relative to the control (Ford et al. 2016; Thomas et al. 2016). However, the conversion of
sequences to binary detections for increased data interpretability involves selected thresholds and
may overemphasize the importance of rare taxa within the diet (Deagle et al. 2019). This effect
can be exacerbated in field-based studies, where the introduction of environmental DNA is
possible, in addition to the possibility of contamination during PCR and sequencing (De Barba et
al. 2014; Mclnnes et al. 2017). While sequence removal methods such as minimum sequence

copy thresholds (MSCT) and RRA cutoffs can help to reduce the influence of false negatives
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(Ando et al. 2018; Drake et al. 2022), our results may be more susceptible to environmental
contamination if DNA in the environment leave trace amounts of non-prey DNA within the
digestive tract. This may be more applicable in stream settings, where the density of fish within
the system may be higher than the open basin. Further, DNA extraction and amplification took
place within a lab that has previously used a variety of fish DNA, potentially leading to
contamination of trace DNA. Given this, the stricter thresholds of a 20-read MSCT and a 1%
RRA per sample were selected to help to eliminate these potential sources of contamination and
reduce the prevalence of false positives within our samples. Additionally, using both detection
data and relative sequence read count data allowed us to investigate variance between sample
subsets and observe multiple perspectives on overall dietary trends for Great Lakes sea lamprey.
While this study allowed for deeper insights into sea lamprey dietary composition,
limitations remain on the interpretation of these results. Given the genetic similarity of salmonids
at the 12S rRNA gene region, species-level interpretations were only possible by including a
BLAST analysis to go beyond the taxonomic resolution afforded by our reference database. Still,
certain Coregoninae species were unable to be specified. While a whitefish category was
distinguishable from other salmonids, any further classifications of Prosopium, Coregonus, or
Stenodus was not possible with this genetic marker. It is possible that the use of a different
marker, such as 16S, which has been used previously in eDNA studies targeting fish (Sard et al.
2019; Pukk et al. 2021), may allow for further classifications in this group. Similarly, a
secondary metabarcoding marker may be suitable. For example, in Thomas et al. (2022), a COI
“minibarcode” was used in a secondary PCR reaction to specifically quantify salmonid
proportions within the diets of harbor seals, given the unreliability of the 16S marker to

distinguish between steelhead and coho salmon sequences. Additional limitations include smaller
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sample sizes for certain subsets of samples. For example, Superior 2022 parasitic, Huron 2023
parasitic, and Champlain 2023 parasitic samples all included fewer than 25 sea lamprey. While
data were still available for these subsets and these smaller sample sizes were still incorporated
into statistical analyses, the confidence with which conclusions can be made is nonetheless
hindered for comparisons with limited sample sizes. Future studies would also benefit from a
wider sample range across each basin. Parasitic collections were limited to smaller geographic
regions within each lake. When drawing conclusions about sea lamprey dietary composition,
these confined ranges may not be fully representative of sea lamprey diets in other areas of each
basin. One possible direction is to focus future sampling locations near the 29 index streams
across the Great Lakes region that are currently used for mark-recapture estimates (Adams et al.
2021).
Implications for Sea Lamprey Management

Results from this study document differences in dietary composition of sea lamprey
within the Great Lakes on temporal and spatial scales along with ontogenetic differences.
Molecular diet analysis has the ability to improve current assessments of sea lamprey diets,
which provide critical information for management and control that currently rely on wounding
rate estimates. Given that our results indicate potential differences in sea lamprey diets between
lakes and life stages, management and damage estimates specific to each lake or life stage may
be warranted. Additionally, diet compositional variation between years suggests that sea lamprey
prey preferences may depend upon host fish community composition, a conclusion that supports
the findings of Adams and Jones (2021). Thus, the inclusion of lake-specific fish community
data such as trawling surveys may improve damage estimates and management efforts.

Furthermore, the ability to detect host fish DNA in adult lamprey caught in traps during their
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upstream spawning migration allows a more comprehensive overview of sea lamprey diets by
avoiding capture biases from targeted host fish capture often associated with juvenile sea
lamprey collections. As shown through this study, these adult-stage lamprey offer additional
insights into the potential variety of lamprey diets given the high number of OTUs found in adult
lamprey. This perspective complements parasitic analyses as well, given the support for varied
diet preferences between life stages as suggested by previous studies such as Harvey et al (2008).
Ultimately, with the continued use of DNA metabarcoding for dietary inferences in both adult
and parasitic sea lamprey, further insights can be gathered to improve our understanding of sea
lamprey diet composition, the accuracy of damage estimates, and the efficiency of sea lamprey

control in the Great Lakes.
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APPENDIX A: SUPPLEMENTARY FIGURES AND TABLES

Table S3.1. PERMANOVA comparisons on sample subsets, quantifying variation associated
with lake, stage, and year differences individually. Lake differences (a) compare explained
variation (R?) for the given stage-year subset along with statistical significance (p-value). Stage
differences compare lake-year subsets, and year differences compare lake-stage subsets, both
with explained variation and p-values.

a) Lake Differences

Stage Year R2 p-value
Adult 2022 0.0686 0.001
Adult 2023 0.0254 0.001

Parasitic 2022 0.0360 0.001
Parasitic 2023 0.3548 0.001

b) Stage Differences

Lake Year R2 p-value
Huron 2022 0.2195 0.001
Huron 2023 0.0668 0.001
Superior 2022 0.0545 0.001

Superior 2023 0.1370 0.001
Champlain 2023 0.1257 0.001

c) Year Differences

Lake Stage R2 p-value
Huron Adult 0.1528 0.001
Huron Parasitic 0.0456 0.001

Superior Adult 0.0299 0.001
Superior Parasitic 0.0544 0.023
Champlain  Adult 0.0173 0.007
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Figure S3.1. Proportion of collected sea lamprey with positive host fish detections for all OTUs
that produced at least a single detection for Lake Champlain adult samples from 2022. OTUs that
are “unclassified” are groupings of sequences that were unable to taxonomically distinguished
below the given taxa (either family- or genus-level).
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Figure S3.2. Proportion of collected sea lamprey with positive host fish detections for all OTUs
that produced at least a single detection for Lake Champlain adult samples from 2023. OTUs that
are “unclassified” are groupings of sequences that were unable to taxonomically distinguished
below the given taxa (either family- or genus-level).
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Figure S3.3. Proportion of collected sea lamprey with positive host fish detections for all OTUs
that produced at least a single detection for Lake Huron adult samples from 2022. OTUs that are
“unclassified” are groupings of sequences that were unable to taxonomically distinguished below
the given taxa (either family- or genus-level).
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Figure S3.4. Proportion of collected sea lamprey with positive host fish detections for all OTUs
that produced at least a single detection for Lake Huron adult samples from 2023. OTUs that are
“unclassified” are groupings of sequences that were unable to taxonomically distinguished below
the given taxa (either family- or genus-level).
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Figure S3.5. Proportion of collected sea lamprey with positive host fish detections for all OTUs
that produced at least a single detection for Lake Superior adult samples from 2022. OTUs that
are “unclassified” are groupings of sequences that were unable to taxonomically distinguished
below the given taxa (either family- or genus-level).

Superior 2022, Adult (n = 113)

Coregoninae_unclassified - | EGTzNEE
Salvelinus_namaycush - [
Catostomus_commersonii- IR
Oncorhynchus_mykiss- |l
Oncorhynchus_nerka- [
Catostomus_catostomus - | Gz
Lota_lota - -
Esox_lucius= [l
Cyprinus_carpio =
Salmonidae_unclassified - [ N
Oncorhynchus_tshawytscha- [l
Salmo_salar -
Cyprinidae_unclassified = I
Acipenseriformes_unclassified -
Sander_vitreus- [ NG
Lepomis_gibbosus= |
Ameiurus_unclassified- [
Ambloplites_rupestris- ||
Salvelinus_unclassified -
Prosopium_coulterii =
Semotilus_atromaculatus- [l
Hypophthalmichthys_malitrix =
Osmerus_mordax- |
Oncorhynchus_unclassified - [
Alosa_sapidissima= |
Catostomidae_unclassified- [
Percidae_unclassified -
Catostomus_unclassified =
Lepomis_macrochirus =
Salmo_unclassified- ||
Sander_unclassified- [l
Ameiurus_melas =
Cottus_unclassified =
Luxilus_cornutus- [
Stenodus_leucichthys =
Anguilla_rostrata =
Pimephales_notatus -
Percopsis_omiscomaycus =
Esox_masquinongy =
Nocomis_biguttatus =

O.bO 0.:’25 0.!’)0 0.'75 1.00
Proportion of Lamprey With Positive Detections

OTU (Operational Taxonomic Unit

134



Figure S3.6. Proportion of collected sea lamprey with positive host fish detections for all OTUs
that produced at least a single detection for Lake Superior adult samples from 2023. OTUs that
are “unclassified” are groupings of sequences that were unable to taxonomically distinguished
below the given taxa (either family- or genus-level).
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Figure S3.7. Proportion of collected sea lamprey with positive host fish detections for all OTUs
that produced at least a single detection for Lake Champlain parasitic juvenile samples from
2023. OTUs that are “unclassified” are groupings of sequences that were unable to
taxonomically distinguished below the given taxa (either family- or genus-level).

Champlain 2023, Parasitic (n = 12)
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Figure S3.8. Proportion of collected sea lamprey with positive host fish detections for all OTUs
that produced at least a single detection for Lake Huron parasitic juvenile samples from 2022.
OTUs that are “unclassified” are groupings of sequences that were unable to taxonomically
distinguished below the given taxa (either family- or genus-level).
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Figure S3.9. Proportion of collected sea lamprey with positive host fish detections for all OTUs
that produced at least a single detection for Lake Huron parasitic juvenile samples from 2023.
OTUs that are “unclassified” are groupings of sequences that were unable to taxonomically
distinguished below the given taxa (either family- or genus-level).

Huron 2023, Parasitic (n = 9)
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Figure S3.10. Proportion of collected sea lamprey with positive host fish detections for all OTUs
that produced at least a single detection for Lake Superior parasitic juvenile samples from 2022.
OTUs that are “unclassified” are groupings of sequences that were unable to taxonomically
distinguished below the given taxa (either family- or genus-level).
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Figure S3.11. Proportion of collected sea lamprey with positive host fish detections for all OTUs
that produced at least a single detection for Lake Superior parasitic juvenile samples from 2023.
OTUs that are “unclassified” are groupings of sequences that were unable to taxonomically
distinguished below the given taxa (either family- or genus-level).
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APPENDIX B: SUPPLEMENTARY MATERIALS
Data and statistical analyses:
https://github.com/okanecol/SL_wild caught
Bioinformatic scripts (mothur):

https://github.com/okaneco1/mothur/tree/main
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