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Thesis Abstract

Ichthyoplankton specimens are notoriously difficult to identify using morphology. DNA
barcoding and real-time PCR utilize DNA to identify specimens, rather than morphology.
However, no study has yet compared morphological identifications with DNA-based
identification for Canadian freshwater fishes. Here, we both compare DNA barcoding with
morphological identification of ichthyoplankton and design a multiplex TagMan real-time PCR
assay for the rapid and cost-effective identification of 3 important species in Lake Huron, lake
whitefish (Coregonus clupeaformis), deepwater sculpin (Myoxocephalus thompsonii) and round
whitefish (Prosopium cylindraceum). Unlike morphological identification, DNA barcoding was
able to resolve specimens from the Catostomus genus and Cyprinidae family to the species.
Contrarily, DNA barcoding was unable to differentiate some members of the Coregonus genus,
whereas morphology identified these specimens to the species. Real-time PCR was able to

accurately identify the target species 100% of the time and was the most cost-effective method.

Keywords

DNA barcoding, TagMan real-time PCR, morphological identification, lake whitefish, deepwater

sculpin, round whitefish, larval fish
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1 Chapter 1: Introduction

It is very important to accurately identify both adult and larval fish for a broad range of reasons,
including: catching/releasing the appropriate species of fish in the appropriate season, food
security, population management, and environmental controls. There are clearly defined criteria
for the morphological identification of adult fish, which helps both amateur anglers and
professional taxonomists accurately identify their fish. However, this is not always the case with
ichthyoplankton. The study of ichthyoplankton is a growing field and the correct identification of
larval fish and fish eggs is important for many different areas of research, such as providing
information on the life cycles of poorly known species of fish, providing a better understanding
of fish spawning habitat and migration, and assisting with the establishment of marine protected
zones (1-5). There is also a demand from various industries to conduct more environmental
studies to identify larval fish and fish eggs to help determine their potential environmental
impact (6, 7). The correct identification of all species of fish is important for many different
applications from conservation to industry, but there needs to be a confident method for the

identification of ichthyoplankton.

The identification of fish in the early stages of development (larval and egg stages) are
notoriously the two most difficult stages of development to accurately identify using
morphological features (8, 9). Morphological identification relies on specific features that may
not have yet developed in larval fish and fish eggs. Furthermore, in larval fish, when these
features are present, they can be features that are similar amongst many species of fish at that
stage of development, further compounding the difficulty of their proper identification (8, 10).
The morphological identification of fish eggs often depends on the use of light microscopy to
view the eggs (11). However, there are few distinguishing features on the surface of a fish egg
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and as a result, fish eggs are often only able to be identified to the order or family (11). With this
high potential for error and inaccuracy there has been a demand for an alternative method for the

identification of larval fish and fish eggs (11-14).

DNA barcoding has been used as an alternative method to morphological identification of larval
fish and fish eggs (10, 15, 16). This method relies on the PCR amplification and subsequent
sequencing of Cytochrome oxidase subunit I (COI), a 658 base pair gene in the mitochondrial
genome in animal species (17, 18). The obtained genetic sequence is then compared to a
database of reference COI sequences. Originally used for the identification of microbes, DNA
barcoding became popular in 2003 when the COI gene was suggested as the standard target
barcode gene for all animal species (19). In principle, DNA barcoding relies on the “barcode
gap” - the difference between interspecific variability and intraspecific variability (18-20). In
order to be able to differentiate two species based on their COI sequences, there has to be a high
level of interspecific variability, to allow for differentiation between species; there also has to be
a low level of intraspecific variability, so that individuals from the same species do not differ on
a genetic level. The mitochondrial genome was chosen as the target, rather than the nuclear
genome, because it is highly conserved within species but still provides adequate variability
between different species (21-23). Furthermore, mitochondrial DNA is present in the cell in
multiple copies, there are no introns, and there are few duplications, making it an ideal target for
DNA barcoding (23, 24). DNA can identify individual specimens to the species level, and thus
provides an alternative method to morphological identification with the potential for higher

accuracy.

Although the COI gene has been widely used, and used successfully to identify fish, there are

also disadvantages associated with COI, due to the nature of the mitochondrial genome. One
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disadvantage of using mitochondrial DNA for species identification is that it is transmitted
through maternal inheritance and therefore does not allow for the detection of hybrid species
(e.g. a fish with a walleye [Sander vitreus] mother and sauger [Sander canadensis] tather would
be identified as walleye using DNA barcoding) (23, 25). Secondarily, with DNA barcoding there
are some genera in which there is inadequate interspecific differentiation for the differentiation
of some of these species, meaning that these individuals would only be identified to the genus
level. April et al. (2011) identified some North American species of fish that cannot be
differentiated using the COI gene, as they do not have enough interspecific variability (26).
However, DNA barcoding can still identify approximately 90% of North American freshwater
species of fish (26). Finally, a comprehensive database of COI sequences is required to create a
reference group with which to compare new sequences (21, 26, 27). If no such database exists, it
is possible that the target species of fish is not present in the database, which can result in
erroneous identifications. However, for Canadian freshwater fishes, there are comprehensive
databases that have been established (28, 29). DNA barcoding provides a quick and reliable way
to identify most fishes but as a result of the maternal inheritance, and potential weak levels of
interspecific differentiation and lack of a comprehensive database for some geographic regions,

the COI gene may not be the only appropriate gene for use as a universal barcode region.

While both DNA barcoding and morphology have been used to identify larval fish and fish eggs,
DNA barcoding has been shown to be 99-100% accurate (depending on the size of the database
being used for comparison) (27). However, there have been few studies that compare which of
these two methods is more accurate and cost-efficient and there have been no studies comparing

the two methods in Canadian freshwater fish.



Real-time PCR has also been used to identify fish species. There are 2 general forms of real-time
PCR, which are classified based on the detection method. Intercalating fluorescent dyes, like
SYBR Green, can be used for the detection and quantification of double stranded DNA (30, 31).
While it is possible to run multiple samples simultaneously through multiplexing with SYBR
Green, this requires gel electrophoresis to compare product size (as SYBR Green cannot
differentiate products during the real-time PCR amplification) (32, 33). TagMan real-time PCR
is more appropriate for multiplexing applications as it utilizes multiple different fluorescent-
labelled probes that are designed to bind the target sequence between the forward and reverse
primers. The different fluorophores can be individually detected, while in the same reaction, thus
eliminating the need to run a gel to differentiate products based on size. TagMan real-time PCR
relies on the 5°-3” exonuclease activity of Tag Polymerase (34). When the probe is intact, the
unique wavelength of fluorescence emitted by the fluorophore (on the 5’ end of the probe) is
masked by a quenching molecule (on the 3’ end of the probe) (35). However, when Tagq
polymerase amplifies the target DNA, it digests the probe, thereby releasing the fluorophore and
quencher from the probe. As the masking action of the quencher is dependent on being in close
proximity to the fluorophore, when the probe is digested they separate and the fluorescence is

detected and can be quantified for objective analysis (35).

TagMan real-time PCR is ideal for multiplexing applications because different probes can be
customized with different fluorophores. Different fluorophores have different excitation and
emission spectra that can be differentiated by the real-time PCR machine allowing for the
differentiation of various target sequences from one another in the same reaction. TagMan real-
time PCR has been used for a wide breadth of applications including the detection of various

pathogens in medicine and agriculture, the verification of meat product identities in the food



service industry and the differentiation of microbes (36-40). Although the TagMan approach has
been used in a wide variety of organisms with high levels of multiplexing, it has not been used in

its multiplex form for the identification of larval fish and fish eggs of Canadian freshwater fishes.

Here, TagMan PCR was used to differentiate 3 important species of fish, namely lake whitefish
(Coregonus clupeaformis), deepwater sculpin (Myoxocephalus thompsonii) and round whitefish
(Prosopium cylindraceum). These three species of fish have been identified as valuable
ecological components (VECs) by various nuclear power plants on the Laurentian Great Lakes,
like Bruce Power — a nuclear power plant on the east shores of Lake Huron (41, 42). Lake
whitefish has been identified as a VEC because of its value to the commercial and Native fishing
industry on Lake Huron. These fish are harvested for both their meat and roe and in 2016
represented the third largest commercial fishery in Ontario by landings (43, 44). Lake whitefish
are important both culturally and economically in Canada, making it important to carefully

monitor and research this valuable species to understand the potential industrial impacts.

Deepwater sculpin live at the bottom of deep, cold, well-oxygenated lakes. They are a VEC in
Lake Huron because they are classified as a species of special concern in Ontario by the
Committee on the Status of Endangered Wildlife in Canada (COSEWIC) (41, 45). Deepwater
sculpin are an important prey for other species of fish such as burbot (Lota lota) and lake trout
(Salvelinus namaycush) and are therefore an important part of the profundal food chain (45). As
a result of their lower position on the food web, they are considered to be an indicator of the
health of deepwater fish communities (45). Deepwater sculpin have already been extirpated
from Lake Ontario and Lake Erie increasing the importance of continued monitoring by

industries like Bruce Power (46). Research into the larval and egg stages of the deepwater



sculpin can provide valuable information for researchers into the life cycle of this poorly

understood species of fish.

Round whitefish have previously been studied by industries, like Bruce Power, that use lake
water from the Laurentian Great Lakes in their operations. It has been suggested that the thermal
plume generated by nuclear power plants may have an impact on round whitefish, as they may
be more thermally sensitive than other species of fish, such as lake whitefish (47, 48). They are
an important species to monitor, as they are known to inhabit areas around several nuclear power

plants on the shores of the Laurentian Great Lakes (41, 42).

This project will be useful for both research and industry based on the Laurentian Great Lakes
and in the remainder of Canada. Through comparing morphological and molecular identification
techniques and designing a novel multiplex assay to accurately identifying ichthyoplankton to
the species level, we hope that this will provide both industries and researchers with the tools
that are needed to better understand larval fish in terms of their abundance and dynamics. While
this research was targeted for use in environmental studies, we believe that it will also be useful
for other applications such as investigations into the life cycles of fish, food safety and fish

population management.



2 Chapter 2: Hypotheses and Objectives

The morphological identification of fish can be a subjective procedure and the results from
identification efforts of the same specimens by different taxonomists can result in different
identifications, especially in larval fish (10). Morphological identification is dependent on the
gross anatomy of the specimen and is therefore dependent of the entire specimen remaining
physically intact. DNA barcoding is an objective procedure that depends primarily on the quality
of DNA, not the gross integrity of the specimen, and therefore, is still a viable option if the
specimen has sustained some sort of physical damage. Similarly, TagMan real-time PCR also
relies on the quality of the DNA rather than the gross physical characteristics of fish. It is a rapid
identification tool that can be customized for the detection of any target species. Therefore, the
aim of this thesis is to compare morphological identification with molecular identification,
namely, DNA barcoding for species identification of larval fish, and to design an identification

tool for the rapid identification of VECs.

Hypothesis: DNA barcoding will be able to provide greater species resolution compared to
morphological identification techniques. A novel multiplex TagMan real-time PCR assay will be
able to detect and differentiate DNA from species of fish that are VECs. This assay will be a

more cost-effective option compared to both DNA barcoding and morphological identification.




The hypothesis will be evaluated by through the following experimental objectives:

Objectives:

1. Identify larval fish using morphology.

2. Identify larval fish and fish eggs using DNA barcoding.

3. Identify candidate sites for primers and probes on the COI and Cyt b genes for real-time
PCR.

4. Validate the use of designed primers and probes in a multiplex TagMan real-time PCR
assay.

5. Compare the cost of each method on a per-fish basis




3 Chapter 3: DNA barcoding vs. morphological identification of
larval fish and fish eggs in Lake Huron: advantages to a
molecular approach

DNA barcoding vs. morphological identification of larval fish and fish eggs in Lake Huron:
advantages to a molecular approach

(Original Research)

Natalie D.J. Taylor, Christopher M. Somers, Richard G. Manzon,

Joanna Y. Wilson, Douglas R. Boreham

[In review for publication in the Journal of Great Lakes Research]



3.1 Abstract

Reliable identification of larval fish and eggs is essential for many types of ecological studies,
including environmental monitoring. DNA barcoding may be an effective alternative to
morphological identification, but few studies have compared the two approaches. We indentified
657 larval fish representing 9 families from Lake Huron (Ontario, Canada) both morphologically
and using DNA barcoding at the cytochrome oxidase I locus (COI). We used DNA barcoding
only to attempt identification of 103 fish eggs. For larval fish that were successfully identified
using both methods, agreement between the two methods was 76.9%, 96.6% and 96.6% at the
species, genus, and family levels respectively. Damaged specimens resulted in 37 (5.6%) failed
identifications (unknowns) using morphology; 35 of these specimens were successfully
identified using DNA barcoding. However, 23 (3.8%) other specimens produced no PCR product
for barcoding using 2 different primer sets. We were able to identify 52 (50.5%) of the fish eggs
using DNA barcoding. Discrepancies between morphology and DNA barcoding for larval fish
were driven largely by 3 major factors: (1) inability of COI to resolve members of the genus
Coregonus; (2) limited resolution of morphological features for Catostomus and Cyprinidae; and
(3) a variety of mismatches affecting 21 (~4%) other mismatched specimens. Our findings
ultimately demonstrate equivocal overall performance of the two techniques; however, DNA
barcoding has the added advantages of being faster, cheaper, and requires less specialized

training.

Keywords: DNA barcoding, morphological identification, ichthyoplankton.
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3.2 Introduction

Correct identification of larval fish and fish eggs is important for a broad range of research,
including the identification of fish nursery grounds and dispersal routes, the prevention of illegal
trade, and the establishment of protected marine zones (10, 49-51). The identification of larval
fishes based on morphology can be difficult for several reasons. Many species share very similar
traits at the larval stage, which makes accurate resolution difficult (10). In contrast, the larval
stage in some species may appear quite different among members of the same species based on
relative age (8, 9). Consequently, the early life stages of fish are the most difficult times to
identify to species level. This problem is more challenging when larval fish specimens are
damaged by industrial processes, or for fish in the egg stage, which generally cannot be
identified morphologically (8, 9). As a result, any attempt at morphological identification
requires highly trained taxonomists, and even with this training, it is recommended that larval
fish only be identified to the family level (10). However, ecological studies often require
information at the genus or species level. Thus, there is a need for an alternative method to

supplement or replace the traditional morphological approach.

DNA barcoding has been widely used for the identification of many diverse species (13, 16, 19,
52, 53). DNA barcoding uses the cytochrome ¢ oxidase subunit I (COI) region of the
mitochondrial genome for species identification (19, 26, 54-56). The basis for species
differentiation using DNA barcoding is that there is a higher degree of interspecific sequence
variation than intraspecific variation in this region (18, 27, 54). An advantage of DNA barcoding
is that it can be used to identify the species of virtually any fish sample, no matter the life-stage
or level of physical damage, as long as DNA can be recovered from the sample for PCR (54, 57,

58). As such, DNA barcoding has been widely used for the identification of larval fish (16, 57,
11



58); however, there have been few studies comparing morphological identification done by
expert taxonomists with DNA barcoding to determine which is the more appropriate technique

(10, 15).

Here we compare the morphological identification of larval fish collected from the water intake
system at Bruce Power, a large CANDU nuclear facility, on Lake Huron, Ontario, Canada, with
DNA barcoding of the same specimens. We used DNA barcoding to assess the identity of
individual fish eggs. It is important to understand which larval fish and eggs are being drawn into
the water intake system for the cooling of steam condensers at Bruce Power (Figure 1) as part of
ongoing research into potential environmental and fisheries impacts associated with energy
generating stations that use natural lake, river and sea water as industrial coolant (6, 59). Overall,
our objective was to establish which method of identification was better for long-term
environmental studies, but we were also specifically interested in the accuracy of morphological
identifications of lake whitefish (Coregonus clupeaformis) and deepwater sculpin
(Myoxocephalus thompsonii). Lake whitefish is ecologically and culturally important in Lake
Huron, supporting a large commercial fishery (41, 60, 61). Deepwater sculpin is listed as a

species of special concern because of declining populations in the Laurentian Great Lakes (62).

12



Figure 1 - Diagram of a CANDU reactor depicting approximately where the larval fish and

fish eggs sampling took place. Note: not to scale
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3.3 Methods

3.3.1 Sample Collection

Larval fish and fish egg specimens were collected from March through December in 2013 and
2014 from the Bruce Power water intake on the east shore of Lake Huron near Tiverton, Ontario,
Canada (N 44.338°, W 81.573°) (Figure 2). Sampling took place at the Bruce A facility using a
round, 500um mesh plankton net that was 0.72m in diameter and was lowered 3m into the intake
water for 5 to 140 minutes (median 36 minutes). Specimen collection occurred both during the
day and at night. Between 2013 and 2014, there were 81 day and 80 night sampling efforts, with
a minimum of 3 nets set per effort. Each specimen collected was given a unique identification
number and larval fish were stored in 95% ethanol until morphological analysis. After
morphological analysis, larval fish of the same species from the same collection time were stored
together in 95% ethanol. Fish eggs from the same collections were stored together in 95%
ethanol. All efforts resulted in the collection of 1740 larval fishes and 2831 fish eggs. Larval
specimens were chosen for both morphological identification and DNA barcoding so as to
capture a representative sample from all possible species. Fish eggs were randomly selected for

analysis.
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Figure 2 - Location of where the sampling took place on Lake Huron, Ontario, Canada
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3.3.2 Morphological Identification

Samples were analysed commercially (through an external contractor) by an expert ichthyologist
who specializes in the identification of larval fishes from the Laurentian Great Lakes. Specimens
were identified based on body shape, myomeres, pigmentation, meristic count, and fin
characteristics etc. (e.g., number, shape, relative position etc.). When possible, specimens were
identified to the species level; otherwise, specimens were identified to the genus or family level.
Results of morphologic identifications were recorded based on the unique identification number
of each specimen. Fish eggs were not identified morphologically. The cost of these
identifications was recorded for a comparison with DNA barcoding. Cost was calculated on a

per-specimen basis in US Dollars (USD) and converted to Canadian Dollars (CAD).

3.3.3 Molecular Identification

657 larval fish and 103 fish eggs were selected for molecular identification from all samples

collected. The 657 larval fish were selected to ensure a representative sample, and to ensure that
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there were members from all potential species of fish. 657 was deemed to be an appropriate
amount for our analysis. Only 103 fish eggs had DNA extracted due to the difficulty associated

with DNA extraction from fish eggs and the high rate of failure.

DNA was extracted from individual larval fish and eggs using spin column kits according to
manufacturer guidelines (Qiagen DNEasy, Mississauga, ON; Norgen Biotech DNA extraction
kit, Thorold, ON). When larval specimens were small (<12mm in total length), the entire fish
was used for DNA extraction; when larval specimens were larger, a portion of the body (up to
12mm) was used for DNA extraction. DNA concentration from extractions was measured using

a NanoDrop 1000 spectrophotometer or Qubit fluorometric quantation (Life Technologies).

For all specimens, a 658 bp region of the COI mitochondrial genome was PCR-amplified using
universal primers FishF1 (5’-TCA ACC AAC CAC AAA GAC ATT GCC AC-3’) and FishR1
(5°-TAG ACT TCT GGG TGG CCA AAG AAT CA-3’) (18). PCR reactions consisted of a total
volume of 25uLL with components as follows: 1x PCR buffer; 2.5mM of MgCl,; 0.1uM of each
forward and reverse primers, 0.05mM of each dNTPs, 0.3125 units of Taq DNA polymerase, and
10ng of template DNA. The thermal cycling regime consisted of: 2 minutes at 94°C followed by
35 cycles of: 30 seconds at 94°C, 40 seconds at 52°C and 1 minute at 72°C. Final extension was
for 10 minutes at 72°C. PCR products were run on a 1% Agarose gel to verify the presence of a
product in the target size range. Specimens that failed the initial PCR were run a second time
using the universal fish primers FF2d (5’-TTC TCC ACC AAC CAC AAR GAY ATY GG-3)
and FR1d (5’-CAC CTC AGG GTG TCC GAA RAA YCA RAA-3’) (56) using the reaction
conditions specified above. Negative control samples (with no template) were randomly

dispersed throughout the PCR runs to ensure that there was no contamination.
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Successfully amplified DNA was purified using the Qiagen MinElute PCR Purification Kit
(Mississauga, Ontario) with a final elution volume of 10uL. Final elution was performed using
MilliQ biology-grade water or nuclease-free water; 3.2pmol of forward primer (FISH F1 or
FF2d) was added to the purified product and samples were Sanger sequenced (University of
Calgary, Core DNA Services). The overall cost for the identification of the specimens using
DNA barcoding was recorded for later comparison. Cost was calculated on a per specimen basis,
in CAD and included labour (for a graduate student), price for laboratory supplies used and

sequencing costs.

3.3.4 Data Analysis

Sequences were aligned and compared using SeaView V. 4.5.4 (63). Specimens were identified
by comparing COI sequences obtained against those in the NCBI database using the Basic Local
Alignment Search Tool (BLAST) (64). We used quantitative criteria similar to those described
by Ko et al. (2013) for identifications. Specifically, specimens were identified to the species
level when they matched an individual species at >98% similarity and the maximum bit score
returned by BLAST was over 1000, with the bit score of the next most likely species match
lower by more than 100 bit points. When a clear top match was not present, i.e., when there was
more than one species with >98% match, or no species >98% match, samples were identified to
the top-matching genus or family. Specimens were identified to the genus and family when the
similarity values were 97%-92% and 91%-84%, respectively. Geographic distribution of fish
species was taken into account when identifying the fish specimens; i.e., fish species that do not

occur in the study region were not included for consideration.
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3.4 Results

3.4.1 Morphological Identification

Of the 657 larval fish that were analysed, 620 were identified to family (94.4%), 618 to genus
(94.1%), and 583 to species (88.7%). Of the total specimens analysed, 37 (5.6%) could not be
identified because they were damaged in some way (i.e., missing key features for identification).
According to morphological identification, only burbot (Lota lota), deepwater sculpin
(Myoxocephalus thompsonii), bloater (Coregonus hoyi), rainbow smelt (Osmerus mordax), and
round goby (Neogobius melanostomus) each made up more than 5% of the total specimens
analyzed (Table 1). Burbot and deepwater sculpin were at least two times more abundant than

the next closest species (bloater).

3.4.2 Molecular Identification of Larval Fish

Of the 657 larval fish specimens analyzed using COI sequence data, 632 were identified to
family (96.1%), 632 to genus (96.1%), and 532 to species (81.0%). 25 specimens (3.8%) could
not be identified due to amplification failure with both sets of PCR primers, 23 of which were
identified using morphology. However, of the 37 specimens that could not be identified

morphologically, 35 were identified to the species level using DNA barcoding.
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Table 1 - The species and number of larval fishes that were morphologically identified and
identified using DNA barcoding

Family Genus Species #ID #ID COI
Morphology (%)
(%)
Clupeidae Alosa pseudoharengus’ 1(0.2) 1(0.2)
Catostomidae Carpoides cyprinus’ 2(0.3) 3(0.5)
Catostomus Genus only 20 (3.0) 0
commersonii’ 0 17 (2.6)
catostomus® 0 1(0.2)
Salmonidae Coregonus Genus only 15(2.3) 100 (15.2)
artedi’ 27(40) 0
hoyi® 60(9.1) 0
clupeaformis’ 7 (1.0) 4 (0.6)
Oncorhynchus tshawytscha® 1(0.2) 0
mykiss’ 0 1(0.2)
Cyprinidae Family only Family only 2(0.3) 0
Notropis atherinoides"’ 0 5(0.8)
hudsonius'’ 0 1(0.2)
Cyprinus carpio™ 0 1(0.2)
Lotidae Lota lota” 243 (37.0) 257 (39.1)
Cottidae Mpyoxocephalus thompsonii'* 144 (21.9) 147 (22.4)
Gobiidae Neogobius melanostomus” 43 (6.5) 44 (6.7)
Osmeridae Osmerus mordax"’ 48 (7.3) 43 (6.5)
Percidae Perca flavescens'’ 6(0.9) 6 (0.9)
Sander vitreus™ 1(0.2) 1(0.2)
Unidentified 37 (5.6) 25 (3.8)
Total 657 657

Common Fish Names: 1 — Alewife, 2 — Quillback, 3 — White Sucker, 4 — Longnose Sucker, 5 — Cisco, 6 —
Bloater, 7 — Lake Whitefish, 8 — Chinook Salmon, 9 — Rainbow Trout, 10 — Emerald Shiner, 11 — Spottail Shiner, 12
— Common Carp, 13 — Burbot, 14 — Deepwater Sculpin, 15 — Round Goby, 16 — Rainbow Smelt, 17 — Yellow Perch,

18 - Walleye

DNA barcoding was able to identify lake whitefish (Coregonus clupeaformis), but could not

differentiate between cisco (Coregonus artedi), kiyi, (Coregonus kiyi) and bloater. The 100

specimens (17% of sample population) that were either cisco, kiyi or bloater were therefore only

identified to the genus. According to DNA barcoding, species exceeding 5% of our collections
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were: burbot, deepwater sculpin, the genus Coregonus (excluding lake whitefish), rainbow smelt,

and round goby (Table 1).

3.4.3  Molecular Identification of Fish Eggs

We were able to amplify a PCR product from 52 (50.5%) of the individual fish eggs collected, of
the 103 eggs from which DNA was extracted. All 52 (100%) of the eggs identified were walleye
(Sander vitreus). These eggs were from 14 different collection efforts that took place in April (2
collections), May (5 collections) and June (2 collections) in 2013, and in May (4 collections) and
June (1 collection) in 2014. COI data for walleye eggs contained several different haplotypes
across the sampling periods, suggesting that egg intake is common and includes a variety of

females.

3.4.4 Morphological Identification vs. DNA Barcoding

There were 3 major points of difference between identifications made using the two approaches.
The first, and most important in terms of numbers, was that DNA barcoding could not
differentiate three members of the genus Coregonus (specifically, bloater, kiyi and cisco), which
resulted in 100 (16.8%) discordant identifications to the species, of the 597 specimens identified
using both techniques. Second, DNA barcoding was capable of resolving suckers (Catostomus)
and Cyprinids to species, whereas morphology was limited to the genus or family level, leading
to 24 (4.0%) discordant identifications at the species level of the identified specimens (Table 1).
Finally, there were a remainder of 20 (3.4%), 20 (3.4%), and 21 (3.5%) sporadic discordant
identifications to the family, genus and species respectively, excluding the specimens that were
unidentified (Table 2). The most consistent disagreement when both techniques identified

specimens to the species was caused by the lake whitefish, for which 5 of 7 identifications did
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not match. In 4 of the 5 cases, DNA barcoding revealed that other Coregonus species (either
bloater, kiyi or cisco) were incorrectly identified as larval lake whitefish (false positives). The
remaining misidentification was a lake whitefish that was morphologically identified as a
member of the Catostomus genus (false negative). There was also disagreement for rainbow
smelt; 5 of 48 specimens morphologically identified as rainbow smelt were actually burbot,
emerald shiner (notropis antherinoides), or yellow perch (perca flavescens) according to
barcoding. Two specimens were morphologically identified as burbot, but were identified as
rainbow smelt using DNA barcoding. In contrast, only 3 of 144 deepwater sculpin identifications

disagreed; 1 specimen was morphologically identified as a bloater, and 2 as burbot.

Table 2 - Comparing the morphologic and molecular identifications of larval fish,
molecular identifications were considered to be correct. False positives indicate when a
specimen was morphologically identified as the listed species, but was found to be another
species using DNA barcoding. False negatives are specimens that were not morphologically
identified as the indicated species, but were molecularly found to be the listed species.

False
Negatives
1

Species/Genus/Family False positives

Quillback (Carpoides cyprinus)
Sucker (Catostomus spp.)
Whitefish (Coregonus spp.)
Bloater (Coregonus hoyi)

Lake Whitefish (Coregonus clupeaformis)
Carp/Minnow Family (Cyprinidae)
Common Carp (Cyprinus carpio)
Burbot (Lota lota)
Deepwater Sculpin (Myoxocephalus
thompsonii)

Round Goby (Neogobius melanotsomus)
Chinook Salmon (Oncorhynchus
tshawytscha)

Rainbow Trout (Oncorhynchus mykiss)
Rainbow Smelt (Osmerus mordax)
Yellow Perch (Perca flavescens)
Emerald Shiner (Notropis atherinoides)
Spottail Shiner (Notropis hudsonius)

Total 27

OO UITO P, O O NOMNSAMBRNDNO
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In terms of cost, the external contractor charged $10 USD to identify each larval fish (~13.30
CAD) while DNA barcoding cost $12.68 CAD per specimen (Table 3), leading to a difference in
cost of $0.62 per larval fish. Note: the labour used for this calculation was that of a graduate
student, and the cost would increase should another form of human labour be used, however, it

could be reduced over time if a robot were to be used instead.

Table 3 - The breakdown of cost for the molecular identification of larval fishes

Material Used Total Cost Cost per Specimen
Qiagen DNEasy Blood and $1,511.10 $2.30
Tissue Kit

Qiagen Taq PCR Core Kit $525.60 $0.80
Primers $20.20 $0.03
Agarose gel and Loading Dye $118.26 $0.18
Qiagen MinElute PCR $1,149.38 $1.75
Purification Kit

Sequencing $3,942.00 $6.00
Labour $1,064.34 $1.62
Totals $8,330.88 $12.68
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3.5 Discussion

Morphological identification and DNA barcoding both performed reasonably well for
identification of larval fish, and our data do not clearly demonstrate which is the better approach.
The success of morphological identifications depends on the life-stage and quality of the
specimen, while the success of DNA barcoding depends on the degree of interspecific variation
(55, 60). DNA barcoding has been shown to be 99-100% accurate when there is a comprehensive

database for comparison, which is mostly the case for Canadian freshwater fishes (27).

3.5.1 Deepwater Sculpin and Lake Whitefish

Deepwater sculpin (species of Special Concern) and lake whitefish (commercial fishery)
identifications were of particular interest in our study. For deepwater sculpin there was only a
2% discrepancy rate between techniques. This demonstrates that DNA barcoding and
morphological identification can both be used reliably for this species. A possible reason for this
high level of accuracy is the lack of closely related species in Lake Huron, which would make it
more difficult to differentiate among members of the same genus (65-67). In contrast, for lake
whitefish, most of the discrepancies we identified were morphological false positives, which
would lead to an overestimation of the number of lake whitefish larvae in the sample population
using this method. False positives are important to avoid in environmental monitoring programs
because they can lead to inappropriate measures to reduce ecological impacts that may not
actually exist. The equivocal performance of the two techniques for deepwater sculpin, and the
potential for inaccurate identification of lake whitefish using morphology, together suggest that

DNA barcoding is the better method for studies examining these two species.
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3.5.2 Disadvantages to the Morphological Approach

For the Cyprinidae family, morphology was unable to identify any of the specimens beyond the
family, while DNA barcoding was able to identify these specimens to the species. Morphology
also frequently misassigned members of this family to other families. DNA barcoding is able to
differentiate the majority of species in this family from one another due to the high level of
interspecific variability in the COI region within this family. April et al. (2011) found that, of the
221 species they analyzed from this family, only 10 species could not be differentiated using
DNA barcoding. It is unknown as to why the morphological approach was not able to identify

these specimens beyond the family as there are defined criteria for their delineation (68).

For the Catostomus genus, DNA barcoding is clearly able to identify the specimens further than
using morphology, as morphology only identified these specimens to the genus and DNA
barcoding resolved them to the species. DNA barcoding is able to easily differentiate longnose
sucker (Catostomus catostomus) from white sucker (Catostomus commersonii) due to the
variability in their COI sequences. Our analysis showed that there were 52 consistently variable
base pairs between these two species, making their differentiation using DNA barcoding clear
and simple. Contrarily, there was great difficulty to resolve these species beyond the genus using
morphology. This is not a difficulty that has been limited to this study. It has been noted that
morphology cannot differentiate longnose and white sucker until scales have formed on the
specimens (in the juvenile stage of development) (69, 70). This difficulty can partially be
attributed to their lack of difference in their pigmentation and the fact that their myomeres are

too similar at all stages of early development (71).
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3.5.3 Disadvantages to DNA Barcoding

A major problem for potential Great Lakes applications is that DNA barcoding with COI is
unable to differentiate bloater (Coregonus hoyi), kiyi (Coregonus kiyi) and cisco (Coregonus
artedi). COI sequences have no consistent variation between these three species, making their
differentiation using COI barcoding impossible. Consequently, these specimens in our collection
could only be identified to the genus level using the molecular approach. This is a persistent
problem with the Coregonus genus (26, 54, 61). In 2011, April et al. showed that there were 7
species in the Coregonus genus that were indistinguishable when DNA barcoding was used
(including bloater, kiyi and cisco). Bloater, kiyi and cisco specimens comprised 17% of the
collection we assessed, so members of the Coregonus genus had a major influence on our
perception of the performance of DNA barcoding. However, there is no means of confirming the
accuracy of morphological identification of bloater and cisco, so we cannot truly evaluate the
performance of the two techniques for this difficult group. This challenge with COI barcoding
may be fairly widespread for fish. April et al. (2011) found 75 species of 752 species analyzed
(10%) that could not be identified through DNA barcoding of the COI gene. It is therefore
important that a different locus be established and verified for enhanced resolution, such as the
16S subunit, ITS1 or Cytochrome b regions of the genome that have been used previously for
other application (e.g. Real-Time PCR) (72, 73). This could allow for multi-locus DNA

barcoding, thus ensuring that all specimens may be accurately identified to the species.

3.5.4 Identification of Fish Eggs

We were able to generate DNA barcode data from individual fish eggs in over half of the

analysed samples. All of the eggs were identified as walleye, which are a valuable commercial
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and recreational species. Multiple spawning females would have deposited eggs in an area of the
lake near the water intake system, or been physically impinged while gravid. This information
may allow for additional considerations for walleye at this location. However, in assessing
possible reparation measures, it is important to remember that the number of eggs analyzed (103)
was a very small subset of the collected egg population (2381) and that further analysis needs to
be done before drawing any conclusions. The identification of fish eggs in general will provide
industries that utilize lake, river and seawater with a more accurate assessment of their

environmental impact.

3.5.5 Advantages to DNA Barcoding

Another factor to take into consideration is the accuracy of both techniques in terms of
identification at the species level. When DNA barcoding was used to validate morphological
identification in this study, we found that there were morphological misidentifications to the
species level 3.5% of the time (a total of 21, only specimens with species-level identifications for
both techniques were included). While this demonstrates that morphological identifications (by
an expert ichthyologist) are highly accurate, it shows that DNA barcoding is a slightly more
accurate technique, when DNA barcoding is able to identify the specimen to the species (with an
accuracy of 99-100%) (10, 27). Our study shows that lake whitefish, rainbow smelt, and burbot
are the most likely to be misidentified using morphology (71%, 16%, and 5% misidentification
rates respectively). The difficulty associated with morphological identification to the species can
have serious consequences on study results. When there are many false positives, as with lake
whitefish, rainbow smelt and burbot, this can lead to an overestimation of the ecological impact
on these species, and an underestimation of the impact on other species. For environmental
impact studies, these misidentifications can lead to erroneous repopulation efforts, and erroneous
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controls and quotas on these species etc., all of which can result in the mismanagement of the

fish population.

DNA barcoding was able to identify a slightly higher percentage of specimens (96.2%) than
morphological identification (94.4%) when all taxonomic levels were considered. This is
because DNA barcoding does not rely on the physical quality of the specimen appearance and
can accurately identify larval fish independent of the life-stage or specimen condition (10). As
such, barcoding is able to identify specimens that have been damaged, are missing key diagnostic
features, or that are in stages of development that cannot be identified using morphology (10).
All larval fish specimens that could not be identified morphologically were damaged in some
way; e.g., some specimens were not complete, others were not preserved appropriately, etc.
However, DNA barcoding was able to identify 95% of these specimens, demonstrating the
versatility of DNA barcoding. As such, DNA barcoding should be used when the specimen is
damaged in such a way as to limit morphological identification. However, when the specimen is
not damaged, our study shows that both morphological identification and DNA barcoding are

robust means of larval fish identification.

In terms of cost and time invested, the external contractor charged $10 USD to identify each
larval fish (~$13.30 CAD), whercas DNA barcoding, as we ran it, cost $12.68 CAD per
specimen. The cost of DNA barcoding could be lowered considerably (by 50% or more) for
high-throughput situations, and by seeking out lower sequencing costs (as sequencing in this
study cost $6.00 CAD per specimen). In addition, a graduate student could turn around DNA
barcoding data as presented here in days to weeks without specialized training, as DNA
barcoding required ~20 hours of training, whereas it takes years to become an expert larval or

egg ichthyological taxonomist. Finally, damaged specimens can still provide useful DNA for

27



barcoding, even when they are missing all identifying morphological features. Thus, we
conclude that although the performance of the two techniques is very similar in terms of the data
produced, DNA barcoding offers some distinct advantages that make it a potentially more
attractive option in some cases. The capacity for high-throughput DNA barcoding would allow
for a faster, cheaper (when conducted by graduate students) and more efficient method of larval
fish identification. However, for the identification of offshore coregonids, a combination of
morphological identification and DNA barcoding should be used to ensure accurate

identification (as each method struggles to accurately identify different species from this genus).
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3.6 Conclusions

DNA barcoding and morphological identification provide equivocal performance overall in
terms of resolution. However, DNA barcoding has the advantage of being cheaper (when
graduate students are used as the labour source), faster and requiring less training. The procedure
can also be modified for high throughput analyses, further reducing the cost and time required
for the identification of larval fish and fish eggs when large sample quantities are involved. The
discrepancies in identification between the two methods was driven by 3 factors: (1) the lack of
interspecific variability in COI for the Coregonus genus for DNA barcoding; (2) limited
morphological resolution for Catostomus and Cyprinidae; and (3) a remaining 21 scattered

mismatches affecting a variety of species.
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Chapter 4: The development of a novel multiplex TagMan real-
time PCR assay for the detection of lake whitefish (Coregonus
clupeaformis), deepwater sculpin (Myoxocephalus thompsonii)
and round whitefish (Prosopium cylindraceum)

A novel multiplex real-time PCR assay for the detection of lake whitefish (Coregonus
clupeaformis), deepwater sculpin (Myoxocephalus thompsonii) and round whitefish
(Prosopium cylindraceum) in the Laurentian Great Lakes

(Original Research)

Natalie D.J. Taylor, Andrew M. Zarnke, Christopher M. Somers, Richard G. Manzon,

Joanna Y. Wilson, Douglas R. Boreham

[In review for submission in the Journal of Great Lakes Research]
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4.1 Abstract

The accurate identification of larval fish and fish eggs is important for better understanding fish
development, spawning grounds, and migration routes. It can also be a critical part of assessing
the environmental impacts of industrial processes on fish communities. Current identification
methods can be both costly and time consuming. Here we developed a novel multiplex TagMan
real-time PCR assay for the detection and identification of lake whitefish (Coregonus
clupeaformis), deepwater sculpin (Myoxocephalus thompsonii) and round whitefish (Prosopium
cylindraceum), which are considered Valued Ecological Components (VECs) in the Great Lakes.
We used the Cytochrome b gene for lake whitefish and the Cytochrome oxidase I gene for the
other two species to develop species-specific primers and probes for the identification of these
species of fish. We were able to differentiate the target VEC species from all other fish tested
using cut-off C; values (16 reference species used). Our assay was validated through randomized

blind tests, which confirmed 100% sensitivity and specificity.

Keywords:

Real-time PCR, Coreogonus clupeaformis, Myoxocephalus thompsonii, Prosopium cylindraceum
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4.2 Introduction

The accurate identification of larval fish and fish eggs is important for many reasons including:
acquiring a better understanding of the life cycles of fish, food security (e.g. caviar), and
understanding the environmental impact of industrial operations. Historically, larval fish have
been identified through morphology, which can be difficult and inaccurate depending on the skill
of the taxonomist (8-10). Further, larval fish specimens obtained from environmental studies can
be damaged by various processes making their identification much more difficult. The
identification of fish eggs is even more problematic, as it relies on the use of light microscopy,
which is only accurate to the order, family, or to a group of species that share similar

morphologies (11).

The accurate identification of larval fish and fish eggs from the Laurentian Great Lakes is
potentially important for understanding the environmental impacts of industries that use large
volumes of lake water. For example, electrical generating stations often use large amounts of
lake water for once-through cooling systems, which may entrain larval fish and eggs.
Entrainment at various power plants has been an important aspect to environmental monitoring
for many power plants in North America, to ensure that entrainment is not having a significant
impact on the overall biomass equilibrium of various species of fish (74). Lake Huron currently
hosts the largest nuclear power plant in the world (Bruce Power) near Tiverton, Ontario
(44.338°N, 81.573°W). This generating station operates 8§ CANDU reactors that use lake water
drawn directly from Lake Huron as part of their steam-condensing system; the two large water

intakes (175,000 — 190,000 L/s) periodically draw in small fish and eggs. As part of
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understanding the potential environmental impacts of power generation, it is important to know

which species of larval fish and fish eggs are entrained in once-through cooling systems.

It is of principal interest to determine whether entrained fish are members of species that have
been identified as valuable ecological components (VECs) in the Laurentian Great Lakes (41).
Lake whitefish (Coregonus clupeaformis) are a VEC because of their economic and cultural
value to the commercial fishing industry and First Nations groups (41, 43). This species may
spawn in the vicinity of Bruce Power, and is therefore an important species to monitor (41).
Deepwater sculpin (Myoxocephalus thompsonii), also an identified VEC, are listed as a species
of special concern in the Great Lakes, which therefore makes them an important species to
monitor (62). These fish have poorly understood spawning activities, but they are known to
inhabit the deep parts of cold, well-oxygenated lakes. The relative abundance of deepwater
sculpin has been used as an indicator of the status of the deepwater fish community as they are
an important prey species for piscivores, such as burbot (Lota lota) (45). Round whitefish
(Prosopium cylindraceum) are thought to be more thermally sensitive than other fish, such as
lake whitefish (47, 48). They are a species of special interest for Bruce Power as the once-
through cooling system effluent can create a thermal plume in Lake Huron upon discharge (59).
Furthermore, round whitefish have been identified as a VEC for both of the other nuclear
generating stations in Ontario (Pickering and Darlington; (42). Round whitefish are known to
inhabit the Baie du Doré, a bay near Bruce Power, and adults in spawning condition have been
regularly captured in the area during the fall (e.g., (59). It is therefore important to be able to
accurately identify the larval fish and fish eggs of these important species to allow for a better

understanding of the potential impacts of human activity of round whitefish.
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An alternative method proposed for the identification of larval fish and fish eggs (in place of
morphological identification) is DNA barcoding. DNA barcoding relies on the sequencing of a
standard gene, usually the cytochrome oxidase subunit I (COI) gene in the mitochondrial genome
(19). While DNA barcoding has worked well for the identification of many species,
approximately 10% of North America’s freshwater fish species do not have adequate
interspecific variation in their COI gene for accurate discrimination, including several genera
found in the Laurentian Great Lakes (e.g. several species in the Coregonus genus — see Ch. 3)
(26). Real-Time PCR is an alternative technique that provides rapid identification of target
species of fish. Where DNA barcoding requires amplification through PCR which is followed by
sequencing, real-time PCR requires only PCR-based amplification for specimen identification,
which can be done in real time. Real-time PCR can also circumvent the difficulties associated
with a lack of interspecific variation observed in some species when using the COI gene for
DNA barcoding. It can do this by targeting alternative genes with higher interspecific variation
than is seen in the COI gene. DNA barcoding is currently confined to the COI gene, as
comprehensive databases do not exist for the other potential target genes (27). Real-time PCR is

therefore more versatile than DNA barcoding in terms of potential target genes.

Here we develop a multiplex TagMan Real-Time PCR assay that rapidly and specifically
identifies lake whitefish, deepwater sculpin and round whitefish. Our overall objective was to
create a fast and highly specific assay to identify these three VECs, which are of specific
importance for monitoring environmental impacts in Lake Huron. TagMan real-Time PCR was
chosen because it allows for the rapid and sensitive detection of all three species simultaneously
using a fluorescence assay. Overdyk, Braid, et al. (75) recently designed a real-time PCR assay

for the detection of lake whitefish. However, this assay was singleplex, and it was recommended
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that a multiplex assay be developed for the detection of important species. Furthermore, the
primers and probe designed by Overdyk, Braid, et al. (75) did not meet our criteria (in terms of
interspecific variability — there was not an adequate number of variable base pairs between
species). We therefore designed a new primer/probe set for lake whitefish, but on Cyt b. Cyt b
was chosen as the target gene for lake whitefish because it provided an adequate level of
variation between lake whitefish and the congeneric species and has been successfully used
previously to differentiate animal species. For lake whitefish, the COI gene did not have any
sites that met our criteria for potential primer/probe locations (in terms of interspecific
variability). The COI gene was targeted for deepwater sculpin and round whitefish because it has
been widely used for species identification in DNA barcoding (32, 34, 76, 77). We established
cut-off C; values that were used to objectively determine when the DNA from a specimen was
from a target species or not. We were able to develop a novel multiplex TagMan real-time PCR

assay with 100% sensitivity and 100% specificity.
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4.3 Materials and Methods

4.3.1 Larval Fish Sample Collection

Larval fish samples were collected from Bruce Power using 500uM plankton nets. Each net was
0.72m in diameter and anchored 3m below the water surface in the water intake system for 5-140
minutes (median 36 minutes). Specimen collection occurred both during the day and night from
March through December in 2013 and 2014. There were a total of 161 sampling efforts.
Individual larval fish and eggs were given unique identification numbers and stored in 95%
ethanol until analysis. In total, sampling efforts resulted in the collection of 1740 larval fish and

2831 fish eggs, however, not all of these were analysed.

4.3.2 Reference Collection

DNA for the development of this assay was obtained both from larval fish specimens (collected
from Bruce Power) and from adult fish and egg specimens (obtained from various specimen
libraries across Canada and the United States). All larval fish specimens were identified using
both morphology and DNA barcoding, to ensure accuracy of identifications. Morphological
identification of larval fish was performed by an expert ichthyologist, who specialized in
identifying larval fish from the Laurentian Great Lakes (Golder Assosciates). All reference DNA
originated from either adult fish tissue samples (from various museum collections) or eggs that
had been fertilized in vitro by identified parent fish. Species of fish collected, identified and used
as references included: bloater (Coregonus hoyi), burbot, cisco (Coregonus artedi), common
carp (Cyprinus carpio), deepwater sculpin, emerald shiner (Notropis atherinoides), lake

whitefish, mottled sculpin, (Cottus bairdii), mountain whitefish (Prosopium williamsoni), pygmy
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whitefish (Prosopium coulterii), quillback (Carpoides cyprinus), rainbow smelt (Osmerus
mordax), round goby (Neogobius melanostomus), round whitefish, slimy sculpin (Cottus
cognatus), spoonhead sculpin (Cottus ricei), spottail shiner (Notropis hudsonius), white sucker

(Catostomus commersonii), walleye (Sander vitreus), and yellow perch (Perca flavescens).

4.3.3 DNA Extraction

DNA was extracted from (1) individual larval fish, (2) 2-3 fish eggs that were from the same
artificial fertilization effort, and (3) various adult fish muscle tissue and fin clips. When the
larval fish was >12mm, only part of the larval fish was used for DNA extraction. Extractions
were performed using the Qiagen DNEasy Blood and Tissue Kit (Mississauga, ON) following
the guidelines outlined by the manufacturer. Final DNA extraction was performed using MilliQ
Biology Grade water, or Nuclease-Free water. DNA concentration and 260:280 values were

measured to confirm DNA quality using a NanoDrop 1000 spectrophotometer.

4.3.4 DNA Barcoding

Extracted DNA was diluted to 5ng/uL and a PCR reaction was run using the universal fish
primers Fish F1 (5’-TCA ACC AAC CAC AAA GAC ATT GCC AC-3’) and FishR1 (5’-TAG
ACT TCT GGG TGG CCA AAG AAT CA-3’), which amplified a 658bp region of the
cytochrome oxidase I (COI) gene (18). Reaction conditions were similar to those used by Ward
et al. (2005) and consisted of: 1x PCR buffer, 2.5mM of MgCl,, 0.1uM of each primer, 0.05mM
of each dNTP, 0.3125 units of Tag DNA polymerase and 10ng of template DNA in a final
volume of 25uL. The thermal cycling regime consisted of 2 minutes at 94°C, 35 cycles of 30
seconds at 94°C, 40 seconds at 52°C, and 1 minute at 72°C; the final extension was 72°C for 10

minutes. Samples were then held at 4°C until amplification of the COI gene was verified by
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electrophoresis on a 1% Agarose gel. Successfully amplified DNA was purified using the Qiagen
MinElute PCR purification kit (Mississauga, ON) following the guidelines outlined by the
manufacturer. Final elution was performed with MilliQ Biology Grade water or Nuclease Free
water. Samples were sequenced using Sanger sequencing (University of Calgary). COI
sequences were compared to the BLAST database (64) and were considered a match to a species
when they matched an individual species at >98% similarity and had a bit score >1000. When
there was more than one species, or no species, with >98% similarity, samples were identified to
the top-matching genus. Fish species that do not occur in the study region were not included as

potential matches.

4.3.5 Sequence Selection

COI sequences were obtained from the Barcode of Life Database (BOLD) and Cyt b sequences
were obtained from GenBank (29). All sequences from a target species were extracted from
BOLD and GenBank (regardless of geographic origin) to avoid possible polymorphisms (21
sequences for lake whitefish, 11 sequences for deepwater sculpin and 54 sequences for round
whitefish). Reference sequences were extracted from these databases for all North American
congenerics, all Lake Huron confamilials and all other non-related species of fish known to
occur in Lake Huron. Sequences were aligned in SeaView (63) and compared within species to
identify sites with low intraspecific variability. Sites were considered to have low intraspecific
variability when there was <1 base pair difference for potential primer locations and no
differences in the base pairs for potential probe locations. These sequences were then compared
with sequences from other species within the same genus and family to test for interspecific
variability. Species-specific bases were included in primers where possible; however, we
maximized the number of species-specific bases in the probes and required the potential probe
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locations to have > 3 species-specific bases. Sites with both low intraspecific and high

interpsecific variability were manually chosen as candidates for primer/probe locations.

4.3.6 Primer and Probe Design and Verification/Validation

Primers and probes were designed using Primer3Plus (78). Specificity of candidate primer and
probe sequences were verified using the Basic Local Alignment Search Tool (BLAST) (64).
Candidate sequences were also analyzed using OligoAnalyzer 3.1 (79) to estimate the melting
temperature, GC content, and to analyze possible secondary structures and hetero-dimers.
Melting temperatures for primers were targeted for between 40°C and 50°C to assist with
compatibility in multiplex reactions, and between 47°C and 56°C for probes. GC content for all
primers and probes was restricted to between 30% and 55%. The melting temperature of any
possible hairpin was required to be at least 5°C lower than the melting temperature of the
primer/probe. In terms of hetero-dimers, the maximum number of consecutive complementary
bases between different primers and probes was 6. Final primer and probe sequences for all

target species can be found in Table 4.
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Table 4 - The primer and probe sequences for detection of species-specific DNA. Bases
underlined with __ are bases that are variable between the target species and 1 other
congeneric species, base highlighted with G are bases that are variable between the target
species and 2 or more other congeneric species.

Target Target Primer/Probe Reporter Sequence Tn (°C) Amplicon
Species Gene Moiety/Quencher Size (bp)
Lake Cytb Forward 5’-AGT AGC AGA 46.6 101
Whitefish CAT ACT CAT-3”
Reverse 5’-AGA TGG TGA 45.6
AGT AGA TAA C-3°
Probe HEX/Black Hole 2 5-TGT AGA ACA 537
CCC CTT CAT TAT
CAT-3’
Deepwater COlI Forward 5’-GAC CTA ACA 412 89
Sculpin ATC TTC T-3°
Reverse 5’-GGT TTC ATG 40.8
TTA ATG AT-3’
Probe Texas Red/Black 5’-CCT TAC ATC 49.7
Hole 2 TAG CAG GAA TC-3’
Round COlI Forward 5’-AGT ATC AAA 48.1 170
Whitefish CACCCCTTT-¥
Reverse 5’-TAG GTG CTG 469
ATA CAG AAT-3’
Probe FAM/Black Hole 1 5’-CAG GTA TTA 51.1

CAA TAC TGC TTA
CG-3°

FAM, 6-carboxyfluorescein; HEX, Hexachlorofluorescein; T,,, melting temperature; bp, base pairs

The functionality of primer sets was verified by running a PCR reaction followed by

electrophoresis of the product on a 1% Agarose gel to verify amplification. PCR reactions were

prepared on ice and occurred in 25 pL volumes containing 1X iQ Supermix (Bio-Rad

Laboratories, Mississauga, ON), 12.5 pmol of each primer and 157.5 ng of DNA. Reaction

conditions consisted of 95°C for 2 minutes, followed by 40 cycles of 95°C for 11 seconds, 43°C

for 30 seconds and 72°C for 10 seconds. Primers were considered to be functional when there

was a strong band present for the target species on the agarose gel (expected amplicon size in

Table 4). Primers were also verified by running them on an annealing temperature gradient

(between 34°C and 50°C) to ensure efficient annealing at multiplex temperatures. Probes were
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then verified using a Chromo 4 Real-Time PCR thermocycler (Bio-Rad Laboratories,
Mississauga, ON) with the same reaction conditions previously specified, and with the addition
of 7.5 pmol of each probe. Primer and probe sets were considered to be functional when there
was amplification of the target DNA within 30 cycles. The amount of template DNA was kept
consistent to ensure appropriate C; cut-off values, as the C; is dependent on the initial amount of

template DNA.

Once the functionality of each primer/probe set was verified and amplification of the target
species DNA was confirmed, the primer/probe sets were tested for specificity with DNA from 17
non-target reference species. These reference species were chosen either because they were
closely related to the target species (same genus), or they were species of fish that co-occurred in
Lake Huron. When there was no non-specific amplification, reference specimen DNA was run in
a PCR reaction containing fish primers (Fish F1 and Fish R1) to ensure that the DNA was
amplifiable (18). Primer and probe sets were also tested against unrelated fish species that are
known to occur in Lake Huron. Once each individual primer/probe set was verified, they were
combined in a multiplex reaction. The multiplex reaction was validated using a minimum of 3
replicates of each target species DNA and a minimum of 3 replicates of each reference species
DNA. A 10-fold serial dilution was used to generate a standard curve (initial amount of DNA
was 160ng) for each target species. The validation multiplex was run 3 separate times with

different DNA from different specimens each time.

Using the results from these multiplex reactions, we established cut-off C; values for each target
species. Cut-off C; values were needed to establish a definitive point when observed
amplification can be considered to be from a target species. Cut-offs were based on the 95%

confidence intervals (CI) around the average C; of the target species and the next-lowest average
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C; of a reference species. Cut-off values were placed at the mid-point between the upper 95% CI
of the target species and the lower 95% CI of the reference species. To ensure specificity, the
validated multiplex reaction was also run under conditions where the analyst was blind to the

previously established identity of each specimen.
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4.4 Results

4.4.1 Specificity

The average C; for all lake whitefish multiplex assays run was 17.9 (95% Confidence interval
(CI): 16.9 — 18.8) (Table 5). To ensure that the assay could differentiate lake whitefish from
other members of the Coregonus genus, both bloater (Coreognus hoyi) and cisco (Coreognus
artedi) were used as reference specimens. The average C; for Coregonus fish (excluding lake
whitefish) was 28.0 (95% CI: 25.2 — 30.8) (Figure 3). The cut-off C; for lake whitefish was
therefore determined to be at a C; of 22, as this was the approximate median between the upper
95% CI of lake whitefish and the lower 95% CI of the other Coregonus species. With this cut-off
value, we were able to differentiate lake whitefish from other members of the Coregonus genus
in our blind and multiplex validation tests 100% of the time with no false positives. There were
no instances where the C; for lake whitefish DNA was above our cut-off value of 22 (maximum
Ci was 20.11); we therefore had no false negatives. There was also some amplification with other
non-Coregonus species of fish (e.g. round whitefish). However, the C; values for the other
species of fish were always greater than those of the members of the Coreognus genus
(maximum C; for Coregonus specimens was 34.09, minimum C; for non-Coreognus specimens

was 35.98).
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Table 5 - The average C; of target DNA and congeneric DNA using the designed primers
and probes. Maximum and minimum C; values are the maximum and minimum over all
runs and did not necessarily occur in the same test run. SE denotes standard error and N
denotes the number of samples.

Primer/Probe  Relative Average Average Maximum Minimum Cut-off
Target species Target C; C;of C; of C;of Non- C;
(#SE), N Relative Target Target
Species DNA DNA
(£SE), N
Lake Whitefish  Bloaterand 17.9 28.0 20.1 25.6 22
Cisco (£0.4), (£0.9),
31 28
Deepwater Slimy, 19.7 No Cs 234 No Cs 25
Sculpin Mottled (£0.3), detected, detected
and 21 27
Spoonhead
Sculpin
Round Mountain 19.77 34.5 213 27.6 25
Whitefish and Pygmy (£0.3), (£1.6),
Whitefish 31 33

The average C, for deepwater sculpin was 19.88 (95% CI: 19.1 — 20.6) (Table 5). We ran the
assay with DNA from the related species mottled sculpin (Cottus bairdii), slimy sculpin (Cottus
cognatus) and spoonhead sculpin (Cottus ricei); our assay was able to differentiate deepwater
sculpin from congenerics, as well as all other species of fish that were tested (Figure 3). There
was no non-specific amplification detected with non-target DNA when analyzing the deepwater
sculpin results. The highest C; observed with the reference deepwater sculpin was 23.4; we were
therefore established a conservative cut-off C; value of 25 for this species. Using the cut-off C,
our assay was able to discriminate deepwater sculpin with 100% sensitivity and 100%

specificity.
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Figure 3 — Box and whisker plot showing the mean, quartiles and maximum and minimum
C: values for all target and non-target species. Target species are in white, closely related
species are in light grey, and other species are in dark grey.
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The average C; for round whitefish was 19.7 (95% CI: 18.9 —20.4) (Table 5). To ensure that the
assay was specific, we tested it with DNA from both pygmy and mountain whitefish. There was
some amplification with the other Prosopium species; however, the average C; was 34.53 (95%

CI: 30.6 — 38.5) (Figure 3). We therefore established a conservative cut-off C; value for round
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whitefish of 25. With this cut-off C; our assay was 100% sensitive and 100% specific for round

whitefish.

4.4.2 Application of Assay for Larval Fish and Fish Egg ldentification

In order to test the accuracy of the assay for use in the identification of larval fish, we performed
a blind test, where the technician was unaware of the identity of the larval fish (e.g. Figure 4).
The test included fish DNA from 12 different species, including close relatives of the target
DNA. We were able to accurately identify the target specimens 100% of the time when using the

established cut-off C; values described above.

4.4.3 Cost of Real-Time PCR

An important consideration for industries and other scientists is the cost of an assay compared
with the cost of an alternative. We calculated the cost of running our real-time PCR per fish
sample to be $3.98 CAD (Table 6). This included the cost of all the primers and probes, the
DNA extraction, other reagents (i.e. nuclease-free water) and labour. The cost of morphological
identification by the expert ichthyologist was $13.30 CAD per specimen and the cost in our lab
for DNA barcoding was $12.68 CAD per specimen. However, it is important to note that while
morphological identification and DNA barcoding can identify specimens, real-time PCR can
only determine if the target DNA was present or absent in the sample. Real-time PCR was
significantly less expensive than DNA barcoding because it does not require many of the steps

that DNA barcoding requires (e.g. sequencing).
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Figure 4 - Example of a blind multiplex run where identifications were assigned by a blind
technician and then confirmed with the identifications from DNA barcoding. Individual
data points represent individual specimens.
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Table 6 - Cost breakdown for each component of the multiplex TagMan real-time PCR.
Cost per specimen was calculated based on the number of specimens that could be analyzed

with each component.

Item Total Cost (CAD) Number of Cost per Specimen
Specimens that can (CAD)
be Analyzed

Qiagen DNEasy Blood $575.00 250 $2.30

and Tissue Kit

Bio Rad iQ Super Mix  $752.00 1000 $0.752

Lake Whitefish F $9.70 5,858 $0.0017

Primer

Lake Whitefish R $10.10 5,666 $0.0018

Primer

Lake Whitefish Probe $315.00 2,466 $0.13

Deepwater Sculpin F  $8.90 7,720 $0.0012

Primer

Deepwater Sculpin R $9.30 6,505 $0.0014

Primer

Deepwater Sculpin $535.00 1,733 $0.31

Probe

Round Whitefish F $10.00 2,573 $0.0038

Primer

Round Whitefish R $10.00 2,157 $0.0046

Primer

Round Whitefish $414.13 2,586 $0.16

Probe

Nuclease-Free Water $40.24 20,000 $0.002

Labour $500 1,612 $0.31

Total $3.98
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4.5 Discussion

In this study, we designed a multiplex TagMan real-time PCR assay for the presence/absence of
lake whitefish, deepwater sculpin and round whitefish. This assay can be applied to both adult
fish (for forensic applications) as well as fish in the early stages of development, which are the
most difficult to identify (8, 9). It was important that this assay be able to differentiate lake
whitefish from other members of the Coregonus genus, which are notoriously difficult to
differentiate (26, 80, 81). When lake whitefish was the target, there was cross amplification with
bloater (Coregonus hoyi) and cisco (Coregonus artedi) because of high genetic similarity within
the Coregonus genus. Initially, we targeted the COI gene for lake whitefish identification;
however, there were no locations on the COI gene that contained sufficient interspecific
variability to differentiate lake whitefish from other Coregonus species. We therefore targeted
the Cyt b gene, which has been used for species differentiation in other real-time PCR assays (32,
34, 76). We were able to find a location with low intraspecific variability and high interspecific
variability in the Cyt b gene. There were 5 locations on the gene where lake whitefish was
different from the other Coregonus species and these locations were incorporated into the
forward primer and the probe (2 in the forward primer and 3 in the probe). It should be noted that
there were no differences in this region between lake whitefish and Coregnus baunti; however,
Coregonus baunti is only found in Siberia, and therefore does not have an overlapping
distribution with lake whitefish. Thus, our real-time PCR approach is an efficient tool for
identification of lake whitefish early life stages in the Laurentian Great Lakes, and likely

elsewhere in North America.
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We were able to differentiate deepwater sculpin from other sculpin species found in the
Laurentian Great Lakes. This is because of the high number of differences in the COI gene that
we were able to incorporate into the primers and probe (6-7 differences per species). However,
we predict that our assay would not be able to differentiate deepwater sculpin from fourhorn
sculpin (Myoxocephalus quadricornis) because of the similarity in their genetic sequences. There
was only 1 base pair difference between deepwater sculpin and fourhorn sculpin that could be
incorporated into the primers and probe (this difference was incorporated into the reverse
primer). Deepwater sculpin and fourhorn sculpin are closely related species; in fact, there has
been debate about whether deepwater sculpin is a subspecies of fourhorn sculpin (82). However,
fourhorn sculpin and deepwater sculpin do not have overlapping distributions (83, 84).
Therefore, if the geographical context is taken into consideration when identifying these fish,

there should not be any false positives.

Finally, our assay was able to effectively differentiate round whitefish from all other species of
fish. While mountain whitefish does not occur in the Laurentian Great Lakes, pygmy whitefish
does occur in Lake Superior (85). Our assay was able to differentiate round whitefish from these
closely related fish because of the high level of interspecific variability at the primer/probe
locations between round whitefish and mountain/pygmy whitefish (total of 5 and 6 consistent

base pair differences respectively).

Another important part of this study was the identification of cut-off C; values for each target
species of fish. Many other studies have employed the use of cut-off values as an objective way
of separating positive and negative results (86-88). Our cut-offs were determined by comparing
the Cls of the target species with the Cls of the species with the next lowest C;. The cut-off was

chosen so as to balance the likelihood of false positives with the likelihood of false negatives.
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These cut-off values are specific to the amount of template DNA that was used in the reaction. If
a different amount of DNA is used then a new cut-off value will need to be determined as the C;
is partially dependent of the amount of template DNA present, amongst other factors (e.g. the
specificity of the primers and probe). Therefore, should a different amount of template DNA be

used than those reported in this study, new cut-off C; values should be determined.

A potential advantage of real-time PCR is the possibility to estimate the amount of template
DNA. For quantitative real-time PCR, it is important to have efficiencies that are between 90-
105% (89). Our multiplex reaction did not result in an assay where the efficiency was
consistently between 90 and 105% as the reaction conditions were not optimal for all
primer/probe sets. For this reason, we do not recommend these primers and probes for use in
quantitative applications of real-time PCR. However, the purpose of our design of this real-time
PCR assay was not to quantify the amount of template DNA, but rather to differentiate species

based on their DNA.

A major advantage of real-time PCR is that it can be adapted for field-based identifications (90).
The rapid identification of ichthyoplankton in the field would allow researchers to conduct their
research more quickly and efficiently. Rather than sampling multiple sites and hoping that one
would contain the target species, real-time PCR in the field would allow the researcher to be sure
of which sites were of interest (e.g. contained the species of interest), and would therefore allow
them to be more focused in their efforts. Furthermore, the use of a TagMan probe (as opposed to
an intercalating dye such as SYBR Green) adds an additional point of specificity for species
differentiation. By using an internal probe, we were able to add a minimum of 3 additional
species-specific bases for each target species of fish. This allowed us to accurately discriminate

our target species from other species of fish. Finally, real-time PCR also eliminates the need for

51



post-PCR processing, something that is still required in DNA barcoding. This makes real-time

PCR faster and cheaper than other PCR-based methods that require post-PCR processing.

Specifically analyzing the cost of real-time PCR, we determined that it is a cost-effective option
for the identification of larval fish and fish eggs when looking for certain species. Our multiplex
reaction costs $3.98 CAD per fish, which is much lower than the $13.30/fish that it cost our lab
to identify them morphologically, or the $12.68/fish that it cost our lab for DNA barcoding
identification. The most expensive part of real-time PCR is the development of the assay, as it
may take multiple primers and probes to find the combination that is the most effective,
however, once the assay has been developed it is a low-cost option that can be modified for high-

throughput applications.

Our assay is well suited for the identification of larval fish and fish eggs in environmental
assessments for major industries on the Laurentian Great Lakes. It is important to identify
ichthyoplankton in environmental studies for several reasons, including: having a better
understanding of the scale of the environmental impact of human activities and how reparations
may be made, and managing the populations that are impacted by our activities. Our assay is
well suited for these applications because it can rapidly determine if specimens are VECs and in
what abundance compared to other species of fish. In addition, it is also both low-cost and a
good alternative to morphological identification, as well as other molecular identification
methods for the identification of lake whitefish, deepwater sculpin and round whitefish. The use
of real-time PCR will allow for the rapid identification of these species and provide industries on
the Laurentian Great Lakes with a more accurate picture of their environmental impact. Real-

time PCR has a wide breadth of application possibilities. Here, we report another novel
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application for multiplex real-time PCR for use in the identification of larval fish and fish eggs in

environmental samples.
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S Chapter 5: Conclusions and Future Directions

In recent years, molecular techniques have been growing in popularity for the identification of
various types of species (91-93). Prior to the use of DNA and proteins for species identification,
researchers relied solely on morphological techniques for their identifications. Morphological
identification of larval fish and fish eggs is dependent on the gross physical integrity of the
specimens and the expertise of the taxonomist who is responsible for their identifications. These
subjective identifications can result in varying identifications of the same larval fish specimens
by different taxonomists (10). Molecular techniques were developed, in part, to provide a more
objective method for species identification and to provide identifications for specimens that were
no longer grossly intact (e.g. for canned meat product investigations) (17). Even with increased
application of these novel techniques, no studies have previously compared morphological
identifications of larval Canadian freshwater fishes with molecular identifications of the same

specimens.

DNA has been used in many studies to identify different species of fish (13, 16, 54, 72, 94). The
COI gene is widely employed for DNA barcoding and there are comprehensive databases that
exist for the comparison of COI genetic sequences (27-29). We therefore chose DNA barcoding
as the alternative molecular identification technique for comparison with morphological
identifications. The first objective of this project was to test the hypothesis that DNA barcoding
would be able to provide a greater species resolution than morphological identifications. The
resolution of morphological identifications is limited as a result of the subjective nature of
morphological identifications and the difficulty of identifying larval fish specimens. Secondly,

we verified that DNA barcoding could identify fish eggs, as fish eggs are difficult to identify
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morphologically and in general can only be identified to the order or family using morphological

identification (11).

Contrary to our hypothesis, we discovered that the ability of morphological identifications to
resolve larval fish specimens to the species is not significantly different than the ability of DNA
barcoding to resolve ichthyoplankton specimens. The few differences that were seen between the
two techniques were caused by three main reasons: (1) the inability of DNA barcoding to
differentiate bloater, cisco and kiyi — these specimens were therefore only identified to the
Coregonus genus; (2) the inability of morphological identifications to resolve specimens from
the Catostomus genus beyond the genus; and (3) the inability of morphological identifications to
identify specimens from the Cyprinidae family beyond the family level. We also found that
DNA barcoding could identify approximately 50% of the analyzed fish eggs to the species. We
could not compare the morphological identification of eggs with DNA barcoding because the

eggs were not identified morphologically.

We therefore concluded that despite the inability of DNA barcoding to resolve a specific subset
of species (coregonids), it is still a more robust means of species identification than
morphological identification for other taxonomic groups (26). Overall, we found that although
both approaches are not able to completely resolve all species, DNA barcoding has advantages,
including the ability to be modified for high throughput scenarios, it functions well regardless of
the gross physical integrity of the specimen and it is more cost-effective than morphological
identification when graduate students are used as the labour source. We would, however, suggest
that for future use, another gene be used in addition to the COI gene for DNA barcoding. With
the development of next-generation sequencing (NGS) and the various sequencing platforms that

are being developed, it is possible to sequence multiple genes at once, and this could allow for
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multiple loci to be used for identification verification (95). Primers for both the COI gene and
another target gene (e.g. Cyt b) could be run in a multiplex reaction and sequenced
simultaneously so as to not add a significant increase in cost (96, 97). The only barrier to this
would be the development of a comprehensive database for the alternative gene. However,
databases have already been developed for the COI gene, which demonstrates that it is possible

to rapidly assemble a comprehensive database for DNA barcoding.

While DNA barcoding has many benefits as a technique to identify most species of Canadian
freshwater fishes, it is still limited by a relatively high cost per sample as is unable to resolve
specific species in multiple genera. We were particularly interested in identifying VECs as
identified by Bruce Power (41). TagMan real-time PCR 1is a cost effective method for the rapid
identification of targeted species simultaneously in a multiplex reaction. We therefore developed
a novel multiplex TagMan real-time PCR assay that was able to detect lake whitefish, deepwater
sculpin and round whitefish. We utilized cut-off C; values to discriminate our target species from
their closely related congeneric species. When tested in both known and blind multiplex
reactions, our assay (with our cut-off values) was able to detect 100% of the target DNA,
resulting in no false negatives. It was also able to discriminate between the target DNA and DNA
from all other species, which resulted in no false positives. Overall, we were able to design and
validate a novel multiplex TagMan real-time PCR assay that was both sensitive and specific for

the three target species, supporting our original hypothesis.

The scope of a study is directly impacted by the cost of identifications, thus we determined the
exact cost of each form of fish identification approach on a per specimen basis. We found that
morphological identification was the most expensive as it required the skills of a highly trained

ichthyologist with years of training who specialized in the identification of larval fish from the
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Laurentian Great Lakes. DNA barcoding was less expensive than morphological identification
and had the potential for the cost to be reduced further by streamlining the process that was used
(e.g. by doing in-house sequencing of the specimens); however, it was still more than $10 CAD
per larval fish. The cost could potentially be greatly reduced through the use of NGS. NGS
would allow for the simultaneous sequencing of hundreds of specimens, thereby reducing the
sequencing cost per specimen (98). The multiplex TagMan real-time PCR assay was expensive
to develop, but after validation it cost less than $4 CAD for the differentiation of each fish, with
the majority of the cost stemming from the DNA extraction process. The multiplex assay also
has the potential to be used in high throughput applications, which could further reduce the cost.
Therefore, when trying to identify a few species (e.g. VECs), TagMan real-time PCR is the most
cost-effective option. However, if the goal is to identify all ichthyoplankton specimens, DNA
barcoding is the more appropriate option because of its versatility (compared with real-time
PCR), and its advantages over morphological identification, namely in its ability to identify
specimens that had sustained gross damage, lower cost and the decreased amount of training

required.

In the future, in addition to the VECs identified here, there are many other VECs that need to be
rapidly identified by industries on the Laurentian Great Lakes (e.g. smallmouth bass
[Mictopterus dolmieui] and brook trout [Salvelinus fontinalis]) (41). Multiplex assays should be
developed for their detection as well, which could be used concurrently with the assay developed
here. This technology has a wide variety of applications that extend beyond the Laurentian Great
Lakes. DNA barcoding can be used for the identification of any species of animal, as long as
there is a comprehensive database that exists and there is an adequate “barcoding gap” (19, 27).

For real-time PCR, the primers and probes presented here can be used concurrently in multiplex
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format, or individually, further expanding the geographic area in which they are useful for
species differentiation. Overall, this project demonstrated the utility and versatility of molecular

methods for species identification.
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