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ABSTRACT
Following the collapse of the Northern cod stock, there has been much debate regarding
the population structure of Canada’s Northern Atlantic cod (Gadus morhua). The
objectives of the study are: 1) to determine whether the stock exhibits structure or
panmixia and 2) to compare historic cod chromosomal inversion frequency (LG01) to
among historic and modern cod. A whole genome scan on 119 historic cod captured
between 2001 and 2003 was conducted from four locations spanning the range of the
stock and two locations outside the stock. Population structure analysis using 3,907 SNPs
suggests that the stock is a single panmictic population. However, additional analyses on
only LG01 (15) revealed that historic cod had a higher inversion frequency than modern
cod. Taken together, these results provide support for the metapopulation hypothesis and
provide novel information on putative adaptive inversion allele changes over a short
timeframe.
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Chapter Title 1. Comparing genetic variation among Atlantic cod
(Gadus morhua) following the collapse of the Northern cod stock
1.1 Introduction
1.1.1

General concepts of population genetics and chromosomal inversions
Population genetics is the field in which genetic variation within populations is

studied by examining genetic relationships of populations over space and time (Hartl &
Clark, 2007), using a variety of techniques, such as Next-Generation Sequencing (NGS).
Population structure is a predominant component of population genetics; it is the
detection of differences in allele frequencies among the populations or subpopulations of
interest (Patterson et al., 2006). Among the many causes for population stratification,
there are two causes that are the most widely studied due to their ability to have a large
impact on population structure. The first is genetic drift, which is changes in allele
frequencies by chance – causing allele frequencies to randomly change over time
(Hellwege et al., 2017). The second is selection, which is when certain alleles are
favoured (i.e., selected) resulting in species becoming more fit within their specific
environment (Hellwege et al., 2017). Genome-wide sequencing techniques, such as NGS,
have strong power to evaluate population structure at a fine resolution by retaining
polymorphic loci among the considered populations. For instance, one interesting
population genetic pattern that could be detected by NGS data is the prevalence of
chromosomal inversions among populations of the species of interest.
A chromosomal inversion is a form of large-scale structural variation within the
genome, in which a portion of a particular chromosome reattaches itself in reverse
orientation (Sturtevant et al., 1921). The inversion occurs when a chromosome undergoes
1

breakage and fails to place the separated segment in the original orientation (Sturtevant et
al., 1921). There are two forms of inversions: pericentric and paracentric. The former is
an inverted state in which the centromere, DNA sequences that links a pair of sister
chromatids, is included, and the latter is an inverted state in which the centromere is not
included (Wellenreuther & Bernatchez, 2018). Large chromosomal inversions have been
documented to lead to segregation of noninverted and inverted alleles due to meiotic
recombination being repressed between alternate inversion alleles (Stutevant & Beadle,
1936; Dobzhansky & Epling, 1948; Navarro & Ruiz, 1997; Navarro et al., 1997;
Sodeland et al., 2016). Due to the suppression of recombination, inverted regions have
been recognized as “super-gene complexes” given that the alleles travel through
generations as a unit and contain multiple co-inherited genes (Kess et al., 2019; Puncher
et al., 2019). The “super-gene complexes” have the potential to span a large number of
allelic combinations of different genes and attain a selective advantage (Noor et al., 2001;
Hoffmann & Rieseberg 2001; Navarro & Barton, 2003; Sodeland et al., 2016). Thus, the
supergenes may contain adaptations for specific ecotypes (Sodeland et al. 2016).
1.1.2

The Northern cod stock
Atlantic cod (Gadus morhua) is a benthopelagic species found only in the

northern hemisphere of the Atlantic Ocean (Brander, 1994) and has supported fishing
industries of many coastal regions, one of which is the province of Newfoundland and
Labrador (Lear, 1997). The species’ distribution ranges from North Carolina, USA, to
Newfoundland and Labrador, Canada, around Greenland and into the north eastern
Atlantic seas. Cod has supported fisheries on both sides of the Atlantic for hundreds of
years due to its high abundance and economic value (Lear, 1998; Taggart et al., 1994;
Rose et al., 2004). For instance, the province of Newfoundland and Labrador relied
2

heavily upon the cod fishing industry for economic growth, most notably from a highly
productive cod stock, located east of the island of Newfoundland, the Northern cod stock
(Templeman, 1979) (Northwest Atlantic Fisheries Organization (NAFO) Divisions
2J3KL).
Discovered in the 15th century, the Northern cod stock was immediately exploited
for the benefit of the Europeans; however, the stock was not immune from the factors that
govern its productivity – most notably, ocean temperature. Following the 15th century
discovery of plentiful fish shoals within the water of Newfoundland and Labrador, by
John Cabot (Major, 2001; Rose 2003), European countries invested an enormous amount
of resources to conquer the new fishing region by deploying fishermen to travel the
Atlantic, thus claiming it as their own (Rose et al., 2004; Lear, 1998). The early rise of
the fishery can be attributed largely to the French, whose vessels outnumbered that of the
English and Portuguese (Innes, 1941; Major, 2001; Rose, 2003). Beginning in the 16th
century, annual cod catch was consistent at 100,000 tons and was maintained for the
better part of two centuries until catches plummeted for two decades in the early 18th
century, likely due to a period of severe ocean cooling (Innes, 1941, Rose 2003). In
concert with ocean cooling, the stock experienced a period of low productivity which has
been attributed to reduced food availability as a result of the decreased ocean temperature
(Innes, 1941; Rose, 2003). During the latter part of the century, ocean temperature
increased, and the stock rebounded (Rose, 2003). Annual catch gradually increased,
following the 18th century collapse, until the late 20th century.
Unfortunately, the Northern cod stock collapsed in 1992 and the Canadian
Government issued a fishing moratorium on the Northern cod stock (Rose, 1994; Myers
et al., 1997; Rochet, 1998). Due to the socio-economic importance of the cod industry,
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research has focused on determining possible causes for the stock’s collapse (Rose et al.,
1994). Currently, the collapse of the stock has been credited to two key pressures:
overfishing and a decrease in ocean temperature (Rose et al., 1994; Rochet, 1998).
Prior to its collapse, Atlantic cod within the Northern cod stock supported tens of
thousands of jobs, was the backbone to a provincial economy, and was one of the most
heavily exploited marine species (Myers et al., 1997; Lear, 1998; Mason, 2002; Canning,
& Strong 2002; Rose et al., 2004; Kess et al., 2019). At the beginning of the 20th century,
Canadian annual cod catch rose to approximately 400,000 tons and plateaued until the
early 1950’s (Lear, 1998). The fishing industry was recognized as good, stable work with
benefits. With the surplus of employment, the population of the island boomed, doubling
in abundance, from a mere 202,000 prior to the 20th century to 415,000 by the mid 1950s
– largely due to immigration from various provinces within Canada, and from various
countries following World War II (Newfoundland Statistics Agency, 1994). Many of the
newcomers were introduced into the cod fishing industry (Canning, & Strong 2002). The
industry was recognized to be the single most important factor for fostering development
within the province (William, 2005; Lear, 1998). However, by the 1950s, as rapid
advances in technology became more widely available, such as improved boats and
fishing techniques, cod within the stock became ever more exploited as annual cod catch
rose from 1,000,000 tons to a staggering peak in 1968 of 1,900,000 tons (Lear, 1998).
Following its peak in 1968, annual cod catch began to plummet until the early 1980’s
(Lear, 1998). In the subsequent years, 3 cod regions, outside the Northern cod stock,
namely Saglek Bank, Nain Bank, and Makkovik-Harrison Bank were lost due to
intensive shore trawling (Smedbol & Wroblewski, 2002). Thus, the increase in cod catch
during the 1980s exerted pressure on the stock and the removals in general were having a
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large impact on the viability of the stock, thereby contributing to the collapse of the stock
in 1992.
Accompanying the increase in cod catch during the latter part of the 20th century,
the Labrador current, which runs through the Northern cod stock, experienced prolonged
years of ocean cooling (Petrie & Drinkwater, 1993; Drinkwater, 1996; Rose et al., 1994;
Petrie et al., 2010). The Atlantic Zone Monitoring Program (AZMP) Station 27 recorded
two periods of ocean cooling in the latter part of the century, the first in the late 1970s
with a change in temperature by approximately -0.5℃ for a duration of 4-years, and the
second in the late 1980s to early 2000s with a change in temperature that ranged between
-0.5℃ and -1℃ (Petrie & Drinkwater, 1993; Rose et al., 1994; Drinkwater, 1996; Petrie
et al., 2010; Colbourne et al., 2017). Studies have hypothesized a capelin-cod connection
in which capelin is a key species in the overall productivity of Newfoundland cod (Rose
& O’Driscoll, 2002), due to the fact that it is the preferred prey item for cod in the region
(Templeman, 1948). The decrease in ocean temperature has been linked to a change in
distribution in capelin (Lilly, 1994). Furthermore, capelin productive has also
dramatically changed due low levels of abundance (Rose & Rowe, 2015). Thus, the
sudden distribution shift of food availability for cod, which lasted nearly two decades
during the decrease in ocean temperature, and its corresponding decrease in abundance
coupled with the overfishing of the species have been credited with the collapse of the
Northern cod stock.
1.1.3

Post-collapse Northern cod stock genetic structure
The population structure of the Northern cod stock is a highly debated topic as

data from various studies have supported two different hypotheses following its collapse,
the “isolation” and “metapopulation” hypotheses. The Northern cod stock under the
5

isolation hypothesis is composed of various reproductively isolated populations with no
migration between populations, thus allowing neighbouring populations to become
genetically distinct (Beacham et al., 2002). Furthermore, cod were overfished within
these isolated populations and rely upon endogenous sources of recruitment. The
Northern cod stock under the metapopulation hypothesis; however, cod are able to move
from one spawning location to the next and reproduce in the new location, thus the stock
is a large panmictic population rather than isolated populations (Smedbol & Wroblewski,
2002) In addition to the description of the metapopulation hypothesis, it has been
theorized that the cod moved south from the northern regions of the stock, toward the
northern coast of Newfoundland, along with capelin as the temperature in the region
decreased (Rose et al., 2011). Contrary to the isolation hypothesis, in a metapopulation
scenario the stock can rebuild from multiple sources.
Previous research using microsatellites of the post-collapse stock indicated that
offshore and inshore populations are genetically different, thus supporting the isolation
hypothesis (Bentzen et al., 1996; Ruzzante et al., 1996; Beacham et al., 2002). For
example, Beacham et al. (2002) described genetically distinct loci between Placentia Bay
(located in 3Ps, outside of the stock) and offshore northern cod stock regions of
Bonavista Corridor (χ2 < 0.0001), Notre Dame Channel (χ2 < 0.0001), and Hawke
Channel (χ2 < 0.0001). The differentiation was observed at four of the seven
microsatellite loci: Gmo8, Gmo19, Gmo34, and GMo36, as well as the PanI gene.
Furthermore, the microsatellite loci provide evidence of a single inshore population
composed of Conception Bay, Trinity Bay, Bonavista Bay, and Notre Dame Bay (P >
0.5). The authors of the paper linked the population structure to the Isolation by Distance
Hypothesis, which describes populations that are distant to be more genetically distinct
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than those that are in close proximity (Wright, 1943). Bentzen et al. (1996) took a
different approach than Beacham et al. (2002), such that cod individuals from the
northern geographic portion of the stock would be pooled together and referred to as
NORTH (Hamilton, Funk, and Belle Isle banks) and were compared with individuals
from the southern geographic portion of the stock, referred to as the SOUTH (Grand
Bank individuals, sampled from NAFO Division 3L). Of the six microsatellite loci, all
were found to be significantly different (Gmo2 P < 0.001, Gmo4 P < 0.006, Gmo120 P <
0.001, Gmo132 P < 0.001, Gmo141 P < 0.001, and Gmo145 P < 0.001) between the two
groups, when considering the population structure of the stock, using χ2
pseudoprobability tests. Among the hypothesized reasons for the genetic differentiation
within these studies, one possible reason is that inshore overwintering cod have higher
levels of antifreeze within their blood, compared to offshore overwintering cod (Ruzzante
et al., 1996).
More recent research on the population structure of the Northern cod stock have
found evidence against the isolation hypothesis (Rose et al., 2011). Ruzzante et al. (1996)
pooled north and south individuals into two groups prior to testing and determined, using
Slatkin’s RST that the two groups were genetically distinct. RST is a similar technique to
the widely used Wright’s Fixation Index (FST), but instead focuses on the variance in
allele sizes rather than variance of allele frequencies (Wang et al., 2001). Thus, if the
variance of allele sizes is not distributed normally – the analysis can alter the true
population structure findings. Ruzzante et al. (1996) failed to mention if the distribution
of allele sizes were normal. As previously mentioned, the authors found that groupings to
be genetically distinct using RST, yet when they included the FST test, there were no
genetic differences among the considered groupings. The insignificant FST values are
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contrary to the findings of Benzten et al. (1996), who also pooled northern and southern
cod. Regardless, the authors concluded that offshore and inshore northern cod were
genetically distinct. Additional evidence against the isolation hypothesis was disputed by
Rose et al. (2011), who claimed that the antifreeze associated genetic differences found in
papers supporting the isolation hypothesis was only due to the fact that the papers used an
arbitrary antifreeze level as an indication of inshore residency for their inshore individual
groupings. Rose et al. (2011) supported these statements by describing that in the spring
of 2003 fish had likely overwintered inshore, based on acoustic monitoring throughout
the winter and spring; however, these fish had no evidence of elevated antifreeze levels in
their blood (Lilly et al., 2004). Thus, Rose et al. (2011) argues that the marginal
differentiation among locations of the stock and relying upon antifreeze levels differences
of offshore and inshore cod are insufficient evidence to support the isolation hypothesis.
Contrary to the isolation hypothesis, the Northern cod stock, under the
metapopulation hypothesis, is one large genetically similar population with an abundance
of connectivity due to recent findings of marginal to no genetic differentiation between
regions within the stock (Rose et al., 2011). In 1995, a large aggregation of cod appeared
in the Smith Sound – Trinity Bay region and Rose et al. (2011) attempted to explain the
abrupt appearance. Findings from the paper state that the most parsimonious reason for
the appearance was due to recruitment from other regions in the stock, suggesting that
cod from other areas moved towards this region following the cooled ocean temperature
(Rose et al., 1994), and shifting abundance of capelin (Lilly et al., 2004). To support this
claim, pairwise FST found genetic differences among Hawk Channel and Halibut Channel
(FST = 0.0076, P = 0.009), Bonavista Corridor (FST = 0.0037, P = 0.018), and Smith
Sound (FST = 0.0044, P = <0.001), as well as between Smith Sound and Bonavista
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Corridor (FST = 0.0013, P = 0.027), but no genetic difference between Halibut Channel
and Smith Sound (FST = 0.00084, P = 0.200) and Bonavista Corridor (FST = 0.0008, P =
0.19). The authors suggested that that the differentiation between Hawke Channel and the
southern groups was expected due to its geographic separation, which is in accordance
with previous findings (Beacham et al., 2002). However, they noted that the marginal
differentiation between Smith Sound and Bonavista Corridor and the lack of
differentiation between Smith Sound and Halibut Channel, and between Bonavista
Corridor and Halibut Channel, suggests that the Smith Sound aggregation is most likely
due to immigration from these groupings, thus supporting the metapopulation hypothesis
(Rose et al., 2011). Thus, Rose et al. (2011) interpreted Smith Sound, Bonavista Corridor,
and Halibut Channel to be genetically similar based on their hypothesis that Bonavista
Corridor and Halibut Channel contributed to the Smith Sound aggregation in 1995. The
authors concluded that the southern groups had extensive intermixing and there is little to
no evidence that the stock is composed of isolated populations. Additionally, by 2006 the
Smith Sound aggregation began to dwindle and the relatively close offshore region,
Bonavista Corridor, began to rebuild – suggesting the cod moved and this alone also
provides additional support that the initial 1995 aggregation was due to immigration
given that if the cod moved once they may be so inclined to do it again (Rose et al.,
2011). Furthermore, recent otolith analyses have supported the metapopulation
hypothesis by determining that 1990 year-class Smith Sound individuals and those
sampled from Bonavista Corridor experienced near identical environmental conditions
over their life time, suggesting connectivity between the regions (Neville et al., 2018).
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1.1.4

Atlantic cod chromosomal inversion
Chromosomal inversions in cod have been considered within several studies due

to its impact on genetic structure within the northwest Atlantic (Bradbury et al., 2010,
2013; Sinclair-Waters et al., 2018), northeast Atlantic (Kirubakaran et al., 2016) and
across the entire Atlantic (Berg et al., 2017). Genomic analyses have identified the
rearrangements on four linkage groups within the cod genome (LG01, LG02, LG07, and
LG12) (Berg et al., 2016; Sodeland et al., 2016; Berg et al., 2017) with two adjacent
inversions within LG01 (Kirubarkaran et al., 2016; Kess et al., 2019). Single nucleotide
polymorphisms (SNPs) that have a high level of linkage disequilibrium (LD), which is
the nonrandom association of alleles from different loci and can provide insight into the
size of the inversion on a particular chromosome (Bradbury et al., 2014; Berg et al.,
2017). The inversions on each of the chromosomes vary in size and number of genes:
LG01 with at least 18.5 Mb and 785 genes; LG02 with ~ 6 Mb and 293 genes; LG07 with
at least 10 Mb and 324 genes; LG12 with ~ 13 Mb and 419 genes (Berg et al., 2017). The
combined total of the divergent regions accounts for > 50 Mb (~ 6% of the genome) and
contains > 1900 genes (Berg et al., 2017). For each of the chromosomes, pairs of
segregating and highly divergent alleles have been identified with little to no gene
exchange between them, suggesting that the inversion is retained with a high degree
(Sodeland et al., 2016). Recent sequence comparisons have indicated that the common
evolutionary origin of inversions arose in the eastern Atlantic dating back 100,000 years
ago (Berg et al., 2017) to as far back as 1.6 to 2 million years ago (Kess et al., 2019).
Research has been conducted to explain why the inversion has been maintained within
the genome for hundreds of thousands to millions of years with results suggesting that
selection may be responsible (Berg et al., 2017).
10

Extensive research has documented that SNPs within the inverted chromosomes
could be ecologically significant (Bradbury et al., 2010, 2014; Berg et al., 2015; Sodeland
et al., 2016; Puncher et al., 2019) and some are under selection (Berg et al., 2016;
Sodeland et al., 2016; Berg et al., 2017). The ecologically significant loci on LG12 have
been linked to environmental gradients (Bradbury et al., 2010; Berg et al., 2015), and
behaviour (Hemmer-Hansen et al., 2013); Karlsen et al., 2013). Sodeland et al., (2016),
contributed by providing evidence of allelic differences on LG02 and LG12 between
coastal and oceanic environments, suggesting local adaption. Following these findings,
Puncher et al., (2019) found a potential link between LG01 outlier loci and their
associated genes for environmental gradients. The loci were associated with genes of a
wide variety including those that are responsible for fin development and morphogenesis
(plog1a), cilium movement and inner dynein arm assembly (dnah12), kidney
development and renal filtration (kcnq1), and various metabolic processes (tktb), among
others. However, there has yet to be a quantitative gene function analysis of the genes on
the cod inversions.
Recently, Kess et al., (2019) aimed to connect whether loci associated with
migratory phenotypes were related to the effective population size of the three inversion
genotypes (homozygous inverted, heterozygous, homozygous non-inverted) from coastal
and offshore regions of the Northern cod stock. The authors noted that the two adjacent
inversions within LG01 are capable of differentiating between offshore migratory and
coastal nonmigratory populations (Bradbury et al., 2013; Kirbakaran et al., 2016;
Sinclair-Waters et al., 2018a; Sinclair-Waters et al., 2018b) and previous publications
proposed that the migratory phenotype has an increased vulnerability to overfishing
(Hutchings et al., 1996). Thus, they examined the LG01 haplotype frequency and created
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a model that indicated the inversion-specific effective population size and how it
decreased overtime (Kess et al., 2019). The authors found 24 SNPs associated with
migratory phenotypes within the inverted region of LG01. Regarding the effective
population size, results showed a similar historical (year 1860) effective population size
for each inversion genotype, but different patterns of expansion and decline thereafter,
suggesting different selective histories acting upon the genotypes (Kess et al., 2019).
Effective population size was observed to increase among LG01 homozygous noninverted and heterozygous groups whereas the homozygous inverted group declined
(Kess et al., 2019). Therefore, distinct genetic consequences may have been imposed
following the overfishing of the Northern cod stock. These results suggest that in fact
individuals with the inversion allele were most vulnerable to overfishing, possibly due to
the association with migratory phenotypes (Kess et al., 2019). However, these results
should be taken with caution, because individuals from different areas were combined
into genotype groups.
1.1.5

Rationale for the study
Currently, much of the research pertaining to the population structure of the

Northern cod stock has related almost exclusively on pairwise metrics such as FST or RST.
However, there is still a debate regarding whether the population structure matches that
of the isolation hypothesis or metapopulation hypothesis. Thus, a new and/or
supplementary means of determining population structure is necessary to provide
conclusive evidence for either of the hypotheses.
In tandem with FST, the chromosomal inversion frequency among cod caught
from 2001 to 2003 (referred to as historic cod for the remainder of the thesis) and cod
caught in 2015 (referred to as modern cod for the remainder of the thesis) can be studied,
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by determining whether the frequency changed over time. Results from the comparison
could provide insights regarding the hypotheses depicting the population structure of the
Northern cod stock. The chromosomal inversion frequency among modern cod has been
described for three Northern cod stock spawning aggregations in 2015: Hawke Channel,
Notre Dame Channel, and Bonavista Corridor (Puncher et al., 2019). Thus, if the
chromosomal inversion frequency was also described for the same sampling regions for
historic cod, one could depict the population structure of the stock and compare the
inversion frequency across both space and time.
Next-Generation Sequencing (NGS), has potential for great power and resolution
to identify whether populations within the stock exhibit panmixia or structure (Pujolar et
al., 2014). The technique is capable of considering whole genomes by sequencing
millions of small DNA (deoxyribonucleic acid) fragments that can be aligned with a
reference genome (Behjati & Tarpey, 2013). Following the alignment, SNPs can be
identified (Behjati & Tarpey, 2013). SNPs are a common genetic marker used in many
NGS studies and are the substitution of a single nucleotide base (e.g. adenine (A),
thymine (T), cytosine (C), or guanine (G)) (Peterson et al., 2012; Syvanen, 2001). It is
key to note that these SNPs have the potential to exhibit direct effects and to be linked on
the expression or structure of certain genes (Bush & Moore 2012). In order to produce the
genotypes, a targeted enzymatic digestion is used to cut restriction sites in DNA
fragments (Davey, 2011). Double digested restriction site associated DNA (ddRAD)
sequencing is an NGS technique that uses two restriction enzymes to digest DNA,
thereby increasing the discovery of genetic markers (i.e., SNPs) at a moderate cost,
compared to the more expensive whole genome sequencing (Peterson et al., 2012).
Another benefit of NGS studies is the smooth transition from loci filtering into data
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analysis by exporting files (e.g., genepop, structure) that can be used in downstream
analyses for a wide variety of analyses, including the ability to detect population structure
to be able to compare inversion frequencies. Therefore, NGS is an ideal technique to
determine the population structure of the Northern cod stock and provide support for
either of the two hypotheses.
1.1.6 Objectives and Predictions
The objectives of this thesis are to:
1) Determine whether the genetic structure of historic Atlantic cod (Gadus morhua)
supports either the isolation hypothesis or the metapopulation hypothesis
2) Determine whether the chromosomal inversion frequency changed since the
collapse of the stock by comparing historic and modern cod data.
Based on the literature, my predictions are that:
a) Historic cod sampling locations within the Northern cod stock will exhibit
panmixia;
b) The historic population structure of the Northern cod stock will support the
Metapopulation Hypothesis;
c) Each of the three LG01 inversion genotypes will be present among all of the
sampling locations;
d) Reduced frequency of the inversion allele (heterozygous and inverted genotypes)
will be observed among historic individuals compared to modern individuals.
This project is the first to explicitly test and provide support for one of the two
conflicting hypotheses regarding the population structure of the Northern cod stock. This
project is also the first to test whether chromosomal inversion genotype frequencies

14

between historic and modern cod within the Northern cod stock changed following the
collapse of the Northern cod stock.
1.1 Methods
1.1.6

Sampling
During January, April, and June of 2001, 2002, and 2003, a total of 200 fin clips

were collected from cod caught in four Northern cod stock regions: Hawke Channel
(NAFO) Division 2J; n = 41), Notre Dame Channel (NAFO Division 3K; n = 12),
Bonavista Corridor (NAFO Division 3KL; n = 55), Smith Sound (NAFO Division 3L; n
= 60), and two potential outgroup regions: Halibut Channel (NAFO Division 3Ps; n = 7),
and Placentia Bay (NAFO Division 3Ps; n = 25; Figure 1; Table 1) (Rose et al., 2011).
These individuals are referred to from this point forward as historic cod individuals. In
May 2015, 139 heart tissue samples were obtained from cod caught in three Northern cod
stock sampling locations: Hawke Channel (n = 75), Notre Dame Channel (n = 21), and
Bonavista Corridor (n = 43; Figure 1; Table 1) (Puncher et al., 2019). These individuals
are referred to from this point forward as modern cod individuals. The modern cod data
were only used when analyzing and identifying the chromosomal inversion with the
open-access genepop file (available at doi: https://doi.org/10.5061/dryad.98sp59j). All
cod captured were identified from acoustic returns and targeted with a Campelen 1800
research trawl (Rose et al., 2011; Rose and Rowe, 2015; Puncher et al., 2019). The
gonads from all individuals were examined macroscopically to determine the sex and
maturity stage, based on gross morphology (Templeman et al., 1978). Fin clip and heart
specimens for both historic and modern samples were either preserved in 95% ethanol.
Additional information for each historic individual analyzed can be found in Appendix 1.
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Figure 1: Northern cod stock populations from 119 (200) historic Atlantic cod
(Gadus morhua) samples (black dots), collected in 2001-2003 from four identified
Northern cod stock regions (HC = Hawke Channel, n = 26 (41); NDC = Notre Dame
Channel, n = 9 (12); BC = Bonavista Corridor, n = 41 (55); SS = Smith Sound, n =
34 (60)) and two southern regions (PB = Placentia Bay, n = 12 (25); and HAL =
Halibut Channel, n = 6 (7)). Modern tissue samples (grey dots) (HC n = 73; NDC n
=18; BC n = 42) that were collected in 2015 from 133 Atlantic cod. Solid numbers
represent the number of retained well-genotyped samples and the numbers in
parentheses are the number of original attempted samples.
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Table 1: Origin of analyzed historic Atlantic cod (Gadus morhua) samples, (latitude and longitude ranges are given in decimal
degrees). Solid numbers represent the number of retained well-genotyped samples and the italicized numbers in parentheses
are the number of original attempted samples.
Sampling Location

Sampling Time

Latitude

Longitude

Sample Size

Hawke Channel

17 June 2001

N52.6-N53.0

W52.6-W53.9

26 (41)

19-20 June 2002
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Notre Dame Channel

16 June 2001

N50.6

W53.3

9 (12)

Bonavista Corridor

13-17 June 2001

N48.9-N50.1

W50.0-W50.6

36 (55)

N48.1-N48.2

W53.4-W53.6

30 (60)

16 January 2002
26-27 January 2003
Smith Sound

11-15 June 2001
13-15 January 2002
19-20 January 2003

Halibut Channel

11 January 2002

N45.0-N45.1

W-54.4

7 (7)

Placentia Bay

5-13 April 2001

N47.5-N47.7

W54.0-W54.4

11 (25)

1.1.7

Laboratory processing: DNA Extraction
The NGS pipeline, as described below, is a modified protocol from Poland et al.,

2012. The first step of the NGS Pipeline is DNA extractions. Fin clips from
approximately equal numbers of randomly selected fish from different size groups (e.g.
21-30 cm, 31-40 cm), spanning the length range of the fish caught, were selected for
extraction. DNA was extracted using the QIAGEN DNeasy ® Blood & Tissue Kit
(Qiagen, Valencia, CA, USA), following the protocol guidelines provided by the
manufacturer with two modifications. First, during the digestion phase of the extraction,
samples were shaken overnight, instead of the recommended 3-hour period. Second, a
volume of 75 µL AE elution buffer, instead of the recommended 100 – 200 µL, was used
to elute the DNA, thus concentrating the product. Once extractions were completed,
Thermo Fisher Scientific ® Nanodrop 2000, BioTek ® Take 3, and Thermo Fisher
Scientific ® Picogreen, were used to quantify DNA concentrations of each sample.
1.1.8

Laboratory processing: Normalization
Following sample quantification, normalization was performed to dilute each

DNA sample to a normalized value of 20 ng/µL. By doing so, each individual would
have an equal concentration, thus no individual would be favoured during subsequent
sequencing and no individuals would be poorly sequenced due to the unequal proportions
of DNA. All extracted DNA samples were made into a working stock solution by diluting
them to 100-150 ng/µL using the elution buffer, Buffer AE, from the QIAGEN Kit. To
determine the quantity of double-stranded DNA (dsDNA), Picogreen analysis was
conducted with the aid of the Gen5 ® v. 2.09 program, by plating 4 µL of DNA from
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each sample and a volume of 196 µL 1XTE buffer (composed of 10Mm Tris-HCl Tris
pH buffer and EDTA [Ethylenediaminetetraacetic acid]) into a 96-well plate. Standards
were prepared in six microcentrifuge tubes, the first containing 343 µL of 1XTE buffer
and 7 µL of 2ng/µL stock DNA. A volume of 375 µL 1XTE buffer was pipetted into the
remaining 5 microcentrifuge tubes. A serial dilution was performed by pipetting 125 µL
from the former microcentrifuge tube to the latter with extensive mixing. Thus, the
standards were prepared using a ratio of 1:4. A master mix of Quant-IT Picogreen
dsDNA reagent was prepared by diluting the Picogreen reagent by a ratio of 1:199 with
1XTE buffer. Each well of a 96-well costar was filled by pipetting 100 µL of diluted
sample, standards, and blanks (1XTE buffer) into their pre-determined wells, which
corresponded to the pre-prepared GEN5 mapped plate. Once the prepared plate matched
the corresponding Gen5 ® plate, a volume of 100 µL of diluted 1:199 Quant-IT
Picogreen dsDNA reagent was placed into wells containing either samples, standards, or
blanks. Prior to loading the plate onto Gen5 ® for analysis, a volume of 200 µL of
autoclaved nanopure water was pipetted into any empty wells that were not occupied by
either a sample, standards, or blanks. The addition of the water reduced light reflection
from the plate for accurate readings during analysis. Therefore, each well on the 96-well
Costar plate contained a volume of 200 µL; 100 µL of diluted 1:199 Quant-IT Picogreen
dsDNA reagent and 100 µL of either: diluted 1:49 sample, standard, or blank. Once all
the wells were filled, the plate was set to incubate a room temperature, covered by a dark
plate cover, in a dark cupboard, for a period of 5-minutes, prior to analysis. Following the
incubation period, the costar plate was loaded into the BioTek ® Synergy HTX multimode reader for picogreen analysis using Gen5 ®. Once the concentration for each
individual was determined, samples were diluted to 20ng/µL with the elution buffer
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(10mM Tris-HCl; pH = 8) with the Eppendorf ® epMotion 5075 automated robot. By
doing so, each individual will have an equal concentration, thereby reducing a risk of
sequencing bias. Once completed, samples were placed in a -20 oC freezer, unless the
digestion and ligation protocol was performed within the next couple days, then it was
stored in a +2 oC fridge.
1.1.9

Laboratory processing: Digestion & Ligation
Following the normalization of each individual to 20 ng/µL, digestion and

ligation was performed. Digestion consisted of two restriction enzymes: PstI and MspI,
which were used to cut the template DNA at specific sites so that two individual-specific
barcodes (adaptors 1 & 2) could later be ligated to these cut regions. In short, adaptor 1
ligated to Pst1 cut regions, whereas adaptor 2 ligated to the Msp1overhangs. Digestion
was executed by first creating a master mix, composed of 1X NEB Buffer 4, 0.01 M PstI,
0.01 M MspI, 0.33 M of normalized DNA, and autoclaved nanopore water, within a 1.5
mL microcentrifuge tube. The entire digestion protocol was performed within a large icefilled polystyrene container to keep the reagents and DNA template chilled. The master
mix was thoroughly mixed prior to a volume of 20 µL of the master mix and a volume of
10 µL of the normalized DNA was added into an Axygen ® 96-well plate, contributing to
a final volume of 30 µL in each well of the plate. The plate was sealed with Axygen ®
brand strip-caps with thorough mixing and multiple plate inversions. The plate was then
centrifuged at 1000 rpm for 1-minute to ensure the entire volume, in each well, was
displaced at the bottom. Using an Agilent ® thermocycler, the plate was incubated for
two hours at 37 oC for digestion to commence, followed by a period of 20-minutes at
80oC to inactivate the enzymes in each sample.
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Immediately following the digestion procedure, ligation was conducted. As
previously mentioned, ligations attached unique adapters (Y adaptors) onto each
individual sample for later identification. The procedure was conducted by first creating a
master mix, within a 1.5 mL microcentrifuge tube, containing: 3.3X T4 DNA Ligase Rxn
Buffer, 0.1 T4 DNA Ligase, and autoclaved Nanopure water. Similar to the digestion
protocol, the ligation protocol was also performed within a large ice-filled polystyrene
container, thus keeping the reagents, DNA template, and plate containing the Y adaptors
chilled. A volume of 15μL from the established master mix was added to the 96-well
Axygen plate which underwent digestion, increasing the volume in each well from 30 to
45 μL. Next, a volume of 5 μL from a pre-prepared plate of unique Y adaptors, was
pipetted into their corresponding wells on the freshly digested plate. By the end of
ligation, each well should have consisted of 50 μL containing the mixture of barcodes,
adaptors, DNA, and the master mix. Once the plate was sealed with Axygen brand stripcaps, it was vortexed thoroughly with multiple plate inversions. To ensure the absence of
bubbles, each filled plate was centrifuged at 1000 rpm for 1-minute and placed back in
the Agilent thermocycler. The plate was incubated at 22oC for 2 hours, then 65oC for 20
minutes. Ligation products were then stored in the -20oC freezer, unless pooling was
performed within the next couple days, then it was stored in a +2 oC fridge.
1.1.10 Laboratory processing: Pooling
The fourth step of the NGS pipeline, pooling, was only conducted following the
ligation of a unique barcode onto each sample. Pooling was performed by combining all
adaptor-DNA samples together into multiple libraries and replicates, thus having a
barcode attached to each DNA sample was essential for identification during sequencing.
The volume of each DNA sample within the library must be equal, thereby eliminating
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individual bias during sequencing. Pooling was conducted with the aid of the Eppendorf
epMotion 5075 automated robot by including the freshly ligated 96-well Axygen plate
containing the DNA with ligated adaptors. NGS libraries of 60 individuals were prepared
by transferring a volume of 6 μL from each well into two 8-well Axygen strip tubes, per
library, thus constructing two replicates per library (i.e. one 8-well Axygen strip tube per
replicate). The strip tubes were then thoroughly mixed and centrifuged at 1000 rpm for
15-seconds. Once spun down, a volume of 60 μL, from each well on the 8-well strip tube,
was transferred into a single 1.5 mL microcentrifuge tube. Finally, the tube was vortexed
and centrifuged to ensure proper mixing. The one library, one replicate was then stored in
a -20 oC freezer, thus could be used if a mistake occurred during a later part of the
pipeline. The other replicate, per library, was kept in a +2 oC fridge prior to moving to the
next step in the pipeline.
1.1.11 Laboratory processing: Purification
Using one replicate per library purification was performed. Purification was
essential for two reasons; 1) to purify and concentrate the pooled DNA libraries by
removing enzymes, single-stranded DNA (ssDNA), and buffers, and 2) to reduce the
library volume to 40 μL, which was required for the subsequent size selection step. To
begin the purification, the NucleoMag ® NGS Clean-up and Size Select beads were
removed from the fridge, well in advance of the planned purification, to allow the beads
to reach room temperature and homogenize the mixture with periodic inversions. Once
reaching room temperature, a volume of 120 μL of the bead mixture was pipetted into
four 1.5 mL microcentrifuge tube, per library. An equivalent 120 μL of the pooled DNA
was pipetted into the corresponding microcentrifuge tube with the bead mixture. The
tubes were then placed on a Life Technologies ® DynaMag 2 magnetic for a period of 522

minutes to allow the pellet-containing DNA to be separated from the supernatant.
Without disturbing the pellet, the supernatant was removed while on the magnetic
separator. A rinse with a volume of 200 μL of 80% ethanol was used to rinse the pellet,
followed by a short incubation period of 30-seconds a room temperature. The ethanol was
then removed, and a second rinse was performed. After removing the ethanol, a second
time, the tubes were left on the magnetic separator, at room temperature, to allow trace
ethanol to be removed as indicated by the colouration of the pellet turning from a shiny,
light brown to an opaque, dark brown (roughly 30-minutes). To rehydrate the pellet, a
volume of 10 μL of elution buffer (10mM Tris-HCl; pH = 8) was added by thoroughly
mixing with the pipette until a homogeneous mixture was obtained. Next, the four 10 μL
of elution buffer (10mM Tris-HCl; pH = 8) mixtures, per library, were combined into a
new 1.5mL microcentrifuge tube at a volume of 40μL and placed back on the magnetic
separator for a period of 5-minutes. Once the pellet formed, the remaining liquid, the
supernatant, contained the purified DNA library. The supernatant was then transferred
into a new 1.5mL microcentrifuge tube and stored in the +4oC fridge prior to size
selection.
1.1.12 Laboratory processing: Size selection
Unlike Poland et al. (2012) fragment size selection was performed before, instead
of after, amplification. To perform size selection, the Sage Science ® Pippin Prep
platform was utilized and the provided protocol from the manufacturer was followed for
the procedure. The size parameters were set to 500 base pairs. A volume of 30μL of DNA
library along with 10μL of the loading solution (marker mix K) was loaded and the
protocol was followed from there. The finalized purified and size selected DNA was then
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pipetted from the elution well into a 1.5mL microcentrifuge tube and kept in the +4oC
fridge.
1.1.13 Laboratory processing: Polymerase Chain Reaction (PCR) amplification
Following size selection, Polymerase Chain Reaction (PCR) amplification was
performed on the size-selected fragments of DNA with the aid of a master mix of
reagents. It is essential to use the correct number of cycles during amplification (in this
case 12), as too little would cause result in insufficient copies of amplified DNA and their
corresponding adaptors, whereas too many can create sequence errors. The PCR
amplification protocol consists of a master mix constructed from autoclaved nanopore
water, 5X Buffer Q5, GC Enhancer, dNTPs, forward and reverse Illumina primers, and
Q5 HiFi Polymerase. The reagents were mixed thoroughly in a 1.5mL microcentrifuge
tube, which was within an ice-filled polystyrene container, thus keeping the reagents
chilled. A volume of 45 μL of the established master mix was transferred into an Axygen
8-well strip tube with a volume of 5 μL of the size selected DNA. The task was
performed a subsequent 7-times until a volume of 50 μL was in each well of the strip
tube. The strip tube was then vortexed and centrifuged prior to its loading into the Agilent
thermocycler. The thermocycler was programmed with the correct conditions for the run,
as follows: a 5-minute period at 72 oC, 30-seconds at 98 oC, followed by 12 cycles of
three different temperature steps; 98 oC step for 10-seconds, a 65 oC step for 30-seconds,
and a 72 oC step for 30-seconds. Finally, the run was finished with a 5-minute period at
72 oC, prior to the final storage temperature at +4 oC. Once the run was complete, the
PCR products were then stored in the +4 oC fridge.
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1.1.14 Laboratory processing: Polymerase Chain Reaction (PCR) purification
Following amplification, a second round of purification was necessary to purify,
concentrate, and decrease the final volume of the PCR products. The protocol for the
procedure was similar to the previous purification step, but with a slight modification.
Instead of the DNA template being in a 1.5 mL microcentrifuge tube, the DNA was
contained in an Axygen 8-well strip tube due to the previous PCR step. Given that each
well of the strip tube contained 50 μL, two wells of the strip tube were combined into one
microcentrifuge tube consisting of 100 μL. Thus, per one 8-well strip tube, 4
microcentrifuge tubes were used and contained 100 μL of amplified DNA and adaptors.
Instead of the previous 120 μL of added bead mixture, a volume of 100 μL of the bead
mixture was added to each microcentrifuge tube in a 1:1 ratio. From here, the previous
purification protocol, detailed on page 24, was followed. The product is a 40 μL purified,
size selected and amplified NGS-Ready DNA library within one microcentrifuge. It could
then be assessed for purity and imaged with a bioanalyzer prior to sequencing.
1.1.15 Laboratory processing: Bioanalyzer & purity assessment
The final step, prior to sequencing, was the purity test and imaging the NGSReady product. An Agilent ® 2100 bioanalyzer was used to verify that the targeted
fragment lengths were amplified. The manufacturers protocol was followed to conduct
the verification. To assess the purity of the DNA for each library, Nanodrop was utilized.
More specifically, the 260/280 ratio of the Nanodrop represents the absorbance at 260 nm
and 280 nm, a value between 1.8-2.0 was accepted as pure. In addition, the 260/230 ratio
is a secondary measure for DNA purity and are often higher than the former ratio,
yielding results of 2.0-2.2. If a library is deemed impure, another round of purification
was performed. The purity of each library yielded within the recommended ratios; thus,
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each library was pure prior to sequencing. A total of 4 libraries were then sequenced with
150 bp pair-end reads on an Illumina HiSeq 4000 at the McGill University and Génome
Québec Innovation Centre.
1.1.16 Analysis of sequence data
Raw reads, obtained from the McGill University and Génome Québec Innovation
Centre, were cleaned by removing ambiguous and low-quality reads with a phred score of
33 as a threshold for sufficient quality with FASTQC v. 0.11.5 (Andrews, 2010). The
adaptors were trimmed with Cutadapt v. 1.13 (Martin, 2011). The raw reads were then
de-multiplexed with the process_radtags application and script in STACKS v. 1.46
(Catchen et al., 2013). The STACKS workflow and scripts, developed by Éric
Normandeau (available on github: https://github.com/enormandeau/stacks_workflow),
were used and modified, accordingly, to process the data. The STACKS workflow is a
series of computational inputs that can be used, via UNIX command line, to process large
data files, such as genomic data. Given the large size of the raw data files and subsequent
data files that are made throughout the workflow, all the data were processed via off-site
servers. Reads were then aligned to a cod reference genome (Tørresen & Nederbragt,
2016; Tørresen et al., 2017) with the aid of BWA-mem v. 7.15 (Li & Durbin, 2009).
Following alignment, the STACKS workflow was followed. The first step of the
workflow is pstacks, which groups the data from each individual into loci and identifies
the polymorphic nucleotide sites. This task was accomplished by combining all the reads
and stacking them one on top of the other to the same part of the genome, given a
mismatch threshold of 2 (Catchen, 2013). For the analysis, a minimum depth coverage of
two was used to construct a stack. Prior to pstacks, it is essential to remove individuals
with low sequence data because they would reduce the overall number of SNPs, thus
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individuals with less than 125 Mb of sequence data were discarded, retaining 119
individuals. The total retained individuals per population were Hawke Channel (n = 27),
Notre Dame Channel (n = 9), Bonavista Corridor (n = 36), Smith Sound (n = 30), Halibut
Channel (n = 7), and Placentia Bay (n = 11) (Figure 1; Table 1). Next, cstacks constructs
a catalogue of loci from all the individual files (Catchen, 2013). Loci were then grouped
together across each individual to construct a working catalogue, which will be used and
modified throughout the workflow. For the analysis, loci containing a sequencing depth
of six or more reads, in at least one individual, contributed to the catalogue. One
mismatch, between stacks was allowed when formulating the catalogue. In the module
sstacks, matches were aligned with genomic locations rather than sequence identity. An
initial run of populations was conducted with a requirement of a minimum stack depth of
5. A loglikelihood model was produced in rxstacks which assigned nucleotide bases to
each locus of the catalog, based on a statistical confidence score (Catchen, 2013). The
model represented the frequency that a log likelihood value was present within the
obtained SNPs, and as the log likelihood values increasd, SNP quality or “confidence”,
increased as well (Catchen, 2013) (Figure 2). The STACKS modules cstacks and sstacks
were rerun to construct a new catalog and re-genotyped each individual following the
removal of a number of loci in rxstacks. The final module of the STACKS workflow is
populations, which can be performed multiple times, each time performing a different
task to further filter the quality of loci. The first quality filter that was performed was to
only retain loci for further analysis if they had an inbreeding coefficient (FIS) greater than
-0.3. This effort was done in order to eliminate SNPs with an excess number of
heterozygotes, as they may be paralogs (Li & Horvitz, 1953; Hohenlohe et al., 2011). The
second quality filter conducted was by calculating the minor allele frequencies (MAF),
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with the aid of VCFTools v. 0.1.15 (Danecek et al., 2011), to remove any loci with MAF
less than 1 %. Each SNP possess two alleles and the minor allele frequency is the
frequency of the less common allele, if it is low (1 %) then it states that the most common
allele has a high frequency and is most likely fixed and meritless in our SNP discovery.
The final quality filter step was done by calculating linkage disequilibrium (LD) for all
pairs, with the aid of PLINK v. 1.07 (Purcell et al., 2007), with an R2 threshold of 0.2. By
calculating LD, we are able to filter out loci that are close enough together that they are
not being inherited independently. A single locus from each of the identified linked pairs
were excluded from population structure analysis. A final populations run was conducted
to develop the necessary files, containing only the retained loci (3,907), for downstream
analysis (e.g., genepop, structure).
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Figure 2: Frequency of loglikelihoods from rxstacks historic Northern cod, showing
that the exponential growth begins at the selected value of -40.
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1.1.17 Data analysis
Following quality filtering of sequence data, the remaining high-quality
individuals and loci underwent various analyses to determine the population structure of
the historic cod and to identify any chromosomal inversions. Genepop files, outputted by
STACKS, were converted into Arlequin input files (.arp) using PGDSpider v. 2.1.1.0
(Lischer & Excoffier, 2012). Hardy-Weinberg Equilibrium (HWE) were performed on
each locus in Arlequin v. 3.5.2.2 under the Windows graphic version (WINARL;
Excoffier & Lischer 2010), with 10 K dememorization steps, 1000 batches, and 10 K
iterations. Bonferroni correction was subsequently implemented. Pairwise Fixation Index
(FST), calculated by the Arlequin software, is a common population genetics measure of
population differentiation based on the variance of allele frequencies and on the
probability of identity by descent (Excoffier & Lischer 2010). The index ranges from 0 to
1; 0 indicates that the populations are genetically similar and 1 indicates that they’re
genetically different. The resulting score from the test is associated with a P-value
informing the researcher whether the probability of the alternative hypothesis is
significantly larger than the null (FST=0) or not.
Two multivariate analyses, principal component analysis (PCA) and discriminant
analysis of principal components (DAPC) were used to determine the population
structure of the stock. Both of the analyses were performed using R v.3.5.2 on R Studio v
1.1.456 (RStudio Team, 2016; R Core Team, 2018) with the R package Adegenet v. 3.4.4
(Jombart, 2008). Multivariate analyses summarize a multivariate dataset into a few
synthetic variables called orthogonal variables. PCA is a statistical procedure that
identifies uncorrelated orthogonal eigenvectors called principal components, which retain
the majority of the dataset variability and summarize the overall variability among
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individuals (Jombart, 2008). Based on their genomic data, individuals that are more
similar will cluster together, whereas individuals that are more genetically different will
be separated. Similar to PCA, DAPC also yields synthetic variables but instead
maximizes the between-group variability while minimizing the within-group variability
of the pre-determined groups (i.e., populations) within the dataset (Jombart, 2010). In
other words, DAPC summarizes the genetic differentiation between groups only. Thus,
these applications are necessary to ensure that variability from both perspectives are
interpreted.
The final program used to determine the population structure of historic cod
samples was STRUCTURE. STRUCTURE is model-based Bayesian clustering analysis
for inferring the population structure based entirely on the genotypic data of the dataset
(Pritchard et al., 2000). It assumes a model of K populations, characterized by the allele
frequencies at each locus, and individuals are assigned (probabilistically) to a population.
Loci are assumed to be in Hardy-Weinberg equilibrium and linkage equilibrium. Before
commencing the STRUCTURE run, the resulting genepop file from STACKS must first
be converted into a structure file (.str) with a 3-code language, using PGDSpider v.
2.1.1.0. All STRUCTURE runs were performed in R v.3.5.2 with ParallelStructure v.1.0
(Besnier & Glover, 2013). Clustering parameters for the analysis was conducted with 100
K burn-in, 500 K iterations, 5 independent replicates for each simulation of K, and no
priors given. All STRUCTURE runs were assessed using Structure Harvester (available
at http://taylor0.biology.ucla.edu/structureHarvester/) (Earl & von Holdt, 2012), which
collates results from the compressed data folder from ParallelStructure. The program
visualizes likelihood values for each K value to detect the number of genetic groups. The
resulting K value and corresponding cluster figure indicates the number of distinct
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colour-coded genetic groups within the dataset. Graphically, each individual is
represented by an individual bar.
To detect the chromosomal inversion within the historic individuals, loci were
subset to only consider linkage group 1 (LG01). We focused on LG01 due to the fact that
the inversion has been reported in various previous studies (Berg et al., 2015; Sodeland et
al., 2016; Puncher et al., 2019). Subsetting was done by collecting the sumstats.tsv file
from STACKS, which is a detailed document that contains a list of all of the loci, from
each chromosome, for a given populations run. The list is then matched in a Rscript with
the specific genepop file, from that particular run, to output a file with only LG01 loci
that is present in both files. The list of LG01 loci are then placed into another Rscript to
output a new genepop file with only LG01 loci for that specific run.
Using the LG01 subset genepop file, the historic chromosomal inversion can be
identified using PCA, DAPC, and STRUCTURE. As previously mentioned, the inversion
contained in LG01 has three genotypes; homozygous non-inverted, heterozygous, and
homozygous inverted. Thus, these software enables individuals with the same inversion
genotype to cluster together – resulting in three clear clusters that represent the
genotypes. We then use latitudinal gradients of previous publications to identify the
genotypes.
To compare the historic inversion genotype frequencies and allele frequencies to
modern cod, the Chi-Squared Goodness-of-Fit test was used (Figure 3). Given that there
are three of the same sampling locations present between this study and for the known
modern cod inversion frequency data (Puncher et al., 2019), the degrees of freedom (df)
is 2. The observed count (Oi) is the number of historic individuals for a particular
inversion genotype or allele and the expected count (Ei) is the number of modern
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individuals for a particular inversion genotype or allele. Each run will result in a specific
test statistic which can then be compared with the Chi-Squared Goodness-of-Fit test chart
to determine the significance. This test was performed for each of the inversion genotype
frequency and allele frequencies comparisons possible between the historic and modern
datasets. Finally, to test if the historic inversion conforms to HWE, the expected
inversion genotypes were calculated from the observed allele frequency and then
compared with the observed inversion genotypes in a Chi-Squared Goodness-of-Fit test.
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, df = k-1

Figure 3: Chi-Squared Goodness-of-Fit Test Equation, where Oi = observed
frequency count in each category, Ei = expected frequency counts in each category,
and k = number of categories
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1.2 Results
1.3.1 Sequencing Results
The historic Atlantic cod fin clips from 200 individuals were sequenced at the
McGill University and Génome Québec Innovation Centre following the library
preparation of lanes 1 through 3 in June 2018 and the 4th lane in November 2019.
Sequencing was performed on an Illumina HiSeq 4000 PE 150 sequencer and resulted in
Phrap quality scores of 36-37 (out of 40), indicating high quality for each lane. Lane 1
had a total of 359,478,641 fragments amplified, while Lane 2 and Lane 3 had
358,458,502 and 357,426,260, respectively. The later sequenced Lane 4 had 321,809,791
fragments. The total amount of nucleotide bases identified were 107,843,592,300,
107,537,550,600, 107,227,878,000, and 96,542,937,300 for Lane 1 through 4,
respectively. The size of the sequences, ranged from 10M to 18G, indicating that
sequencing for all samples was not uniform, thus individuals of a threshold below 125M
were eliminated, resulting in a total of 119 individuals being retained.
The initial catalogue contained 456,000 loci (Table 2). Filtering through the
STACKS pipeline removed loci based on log likelihood and only kept log likelihoods of 40 and greater. Loci with low FIS values and nonpolymorphic loci and a minor allele
frequency of 0.01 were kept, resulting in the retention of 3,907 polymorphic loci (Table
2). Each non-inversion locus was found to be in HWE and FIS was 0.0247.

35

Table 2: Number of loci for each step in the Stacks pipeline.
Stacks Step

Number of Loci

pstacks

456,000

cstacks

404,503

sstacks

347,666

rxstacks

210,812

rxstacks (with log likelihood threshold)

172,463

cstacks

27,458

sstacks

20,156

populations

3,907
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1.3.2 Population Structure of the Northern cod stock
The population structure of the Northern cod stock, following its collapse, was
determined by conducting pairwise FST, STRUCTURE, PCA, and DAPC analyses for
each of the considered six sampling regions. The majority of pairwise FST estimates were
not significant, indicating that most pairs of sites were genetically similar (Table 3).
However, the analysis revealed weak but statistically significant structure between
Hawke Channel and Bonavista Corridor (FST = 0.0033; P = 0.000) (Table 2). As well as
between Notre Dame Channel and Smith Sound (FST = 0.0065; P = 0.000) and Halibut
Channel (FST = 0.0103; P = 0.009) and between Bonavista Corridor and Halibut Channel
(FST = 0.0052; P = 0.045) (Table 2). Notably, sample size of Notre Dame Channel,
Halibut Channel, and Placentia Bay are low and may have impacted these results.
Bayesian cluster analysis, with STRUCTURE suggested 5 genetically distinct clusters
(Appendix 2, Appendix 3) among all samples, thus matching the pairwise FST results.
However, the results from PCA and DAPC found the Northern cod stock regions and the
southern regions of Placentia Bay and Halibut Channel were panmictic when considering
all 3,907 loci (Figure 5; Figure 6).
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Table 3: Pairwise FST of 3,907 loci among historic Atlantic cod sites: Hawke Channel (HC), Notre Dame Channel (NDC),
Bonavista Corridor (BC), Smith Sound (SS), Halibut Channel (HAL), and Placentia Bay (PB). P-values are shown in
parentheses, with significant values presented in bold.
HC

NDC

BC

SS

HAL
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HC

0.0000

NDC

0.0028 (0.234)

0.0000

BC

0.0033 (0.000)

0.0009 (0.540)

0.0000

SS

0.0003 (0.333)

0.0065 (0.000)

-0.0033 (0.945)

0.0000

HAL

0.0070 (0.054)

0.0103 (0.009)

0.0052 (0.045)

0.0041 (0.252)

0.0000

PB

0.0039 (0.090)

0.0036 (0.288)

0.0016 (0.252)

0.0046 (0.063)

0.0037 (0.198)

PB

0.0000

____________________________________________________________________________________________________________
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Figure 4: K=5 STRUCTURE plot with 3,907 loci from lanes 1-4 among 119 historic Atlantic cod individuals. Site labels are:
HC = Hawke Channel, NDC = Notre Dame Channel, BC = Bonavista Corridor, SS = Smith Sound, HAL = Halibut Channel,
and PB = Placentia Bay, each bar represents one individual within the given cluster.

Figure 5: PCA with 3,907 loci from lanes 1-4 among 119 historic Atlantic cod
individuals. Each coloured dot represents an individual, coloured by their sampling
location: Hawke Channel (Black), Notre Dame Channel (Red), Bonavista Corridor
(Green), Smith Sound (Blue), Halibut Channel (Light Blue), and Placentia Bay
(Pink).
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Figure 6: DAPC with 3,907 loci from lanes 1-4 among 119 historic Atlantic cod
individuals. Each coloured dot represents an individual, coloured by their sampling
location: Hawke Channel (Blue), Notre Dame Channel (Grey), Bonavista Corridor
(Gold), Smith Sound (Yellow), Halibut Channel (Orange), and Placentia Bay (Red).
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1.3.3 Historic inversion identification and comparison with modern dataset
A chromosomal inversion in LG01 of Atlantic cod is well documented (Bradbury
et al., 2010, 2014; Hemmer-Hansen et al., 2013; Karlsen et al., 2013; Berg et al., 2015;
Sodeland et al., 2016; Puncher et al., 2019), thus loci on the linkage group were subset to
only retain inverted loci (loci between SNPS: 8401_74 – 13761_14 & 16800_85 –
17035_70) (Puncher, G., personal communication). PCA and DAPC were used to
identify the three inversion genotypes: homozygous non-inverted (left cluster),
heterozygous (middle cluster), and homozygous inverted (right cluster) (Figure 7). Each
of the inversion genotypes were represented among all of the regions (Table 4; Figure 7;
Figure 8). Inversion genotypes were identified and double checked using both methods to
ensure no individuals changed genotypes from one analysis to the next. The identification
of each inversion genotype is in accordance with previous studies using PCA and DAPC
to identify cod inversion genotypes (Puncher et al., 2019). The homozygous inverted
genotype is much less common overall, which is evident in the PCA and DAPC, but also
in the STRUCTURE analysis (Figure 9). Despite the low overall frequency, there was
some variability across sampling regions. Specifically, Hawke Channel and Bonavista
Corridor had more individuals with the homozygous inverted genotype compared to the
remaining regions (Table 4). Therefore, the homozygous inverted genotype is more
common among northern regions and less common among southern regions.
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Figure 7: PCA of only LG01 inversion loci, 15 loci, for lanes 1-4 and 119 historic
Atlantic cod individuals, indicating the three inversion genotypes among historic
cod; homozygous inverted (right), heterozygous (middle), and homozygous
noninverted (left). Each coloured dot represents an individual, coloured by their
sampling location: Hawke Channel (Black), Notre Dame Channel (Red), Bonavista
Corridor (Green), Smith Sound (Blue), Halibut Channel (Light Blue), and Placentia
Bay (Pink).
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Figure 8: DAPC of only LG01 inversion loci, 15 loci, for lanes 1-4 with 119 historic
Atlantic cod individuals, indicating the three inversion genotypes among historic
cod; homozygous inverted (right), heterozygous (middle), and homozygous
noninverted (left). Each coloured dot represents an individual, coloured by their
sampling location: Hawke Channel (Blue), Notre Dame Channel (Grey), Bonavista
Corridor (Gold), Smith Sound (Yellow), Halibut Channel (Orange), and Placentia
Bay (Red).

44

45
Figure 9: K=2 STRUCTURE plot of 15 inversion LG01 loci from 119 historic cod individuals, indicating the inversion
genotype per individual for each sampling region. Each cluster represents a sampling region, where HC = Hawke Chanel,
NDC = Notre Dame Channel, BC = Bonavista Corridor, SS = Smith Sound, HAL = Halibut Channel, and PB = Placentia Bay.

Following the identification of the inversion, the modern and historic number of
inversion alleles were compared, using the Chi-Squared Goodness-of-Fit test. The total
number of individuals, inversion genotype, inversion alleles, and allele proportions are
described in Table 4. The number of inversion alleles was significantly greater in historic
samples than in modern samples (Figure 10, 11). The inversion was treated as a single
locus and HWE expected genotype values were calculated (Table 5). The inversion was
in HWE, based on a Chi-Squared Goodness-of-Fit test comparing the observed (historic)
and the expected (modern) inversion genotypes (Figure 13-15), based on the HWE
equation (Figure 12).
Chi-Squared tests were also conducted on the three inversion genotypes possible
for each sampling location to determine whether genotype frequencies differed among
historic and modern samples. Each comparison found that historic individuals had
significantly more homozygous inverted and heterozygous and less homozygous noninverted genotypes than the corresponding modern samples (Appendix 4).
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Table 4: Modern cod, from Puncher et al., 2019, and historic cod samples (current study) considered in the LG01 inversion
comparison; including the sampling location, number of individuals, the inversion genotype count, the inversion allele count,
and the proportion of the inversion allele per sampling location.
____________________________________________________________________________________________________________
Sampling Location

Number of individuals

Inversion genotype

Inversion allele

Proportion of inversion

Homozygous inverted: 12

Inverted: 32

(32/73) = 43.836

Heterozygous: 40

Non-inverted: 41

(41/73) = 56.164

Homozygous inverted: 8

Inverted: 11.5

(11.5/18) = 63.888

Heterozygous: 7

Non-inverted: 6.5

(6.5/18) = 36.111

Modern cod
47
Hawke Channel

73

Homozygous non-inverted: 21

Notre Dame Channel 18

Homozygous non-inverted: 3

Bonavista Corridor

42

Homozygous inverted: 2

Inverted: 13.5

(13.5/42) = 32.142

Heterozygous: 23

Non-inverted: 28.5

(28.5/42) = 67.857

Homozygous non-inverted: 17

Historic cod
____________________________________________________________________________________________________________
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Population

Hawke Channel

Number of individuals

26

Inversion genotype

Inversion allele

Proportion of Inversion

Homozygous inverted: 8

Inverted: 16.5

(16.5/26) = 63.461

Heterozygous: 17

Non-inverted: 9.5

(9.5/26) = 36.538

Homozygous inverted: 1

Inverted: 4

(4/9) = 44.444

Heterozygous: 6

Non-inverted: 5

(5/9) = 55.555

Homozygous non-inverted: 1

Notre Dame Channel

9

Homozygous non-inverted: 2

Bonavista Corridor

36

Homozygous inverted: 10

Inverted: 19

(19/36) = 52.777

Heterozygous: 18

Non-inverted: 17

(17/36) = 47.222

Homozygous non-inverted: 8
____________________________________________________________________________________________________________

Smith Sound

30

Homozygous inverted: 4

Inverted: 12

(12/30) = 40.000

Heterozygous: 16

Non-inverted: 18

(18/30) = 60.000
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Homozygous non-inverted: 10
____________________________________________________________________________________________________________

Halibut Channel

7

Homozygous inverted: 2

Inverted: 4

(4/7) = 57.143

Heterozygous: 4

Non-inverted: 3

(3/7) = 42.857

Homozygous non-inverted: 1
____________________________________________________________________________________________________________

Placentia Bay

11

Homozygous inverted: 2

Inverted: 3.5

(3.5/11) = 31.818

Heterozygous: 3

Non-inverted: 7.5

(7.5/11) = 68.181

Homozygous non-inverted: 6
_________________________________________________________________________________________________________
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df = 2

(63.461 − 43.836)"
(44.444 − 63.888)"
(52.777 − 32.142)"
4+,
4+,
4
43.836
63.888
32.142
= 13.2476, : < 0.00001

Figure 10: Chi-Square Goodness-of-Fit comparison for the proportion of inverted
alleles between historic individuals and modern individuals of Hawke Channel,
Notre Dame Channel, and Bonavista Corridor (in order). Where the historic
samples are Oi and the modern samples are Oi and the modern samples are Ei.
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(36.538 − 56.164)"
(55.555 − 36.111)"
(47.222 − 67.857)"
,
4+,
4+,
4
56.164
36.111
67.857
= 23.6027, : < 0.00001

Figure 11: Chi-Square Goodness-of-Fit comparison for the proportion of noninverted alleles between historic individuals and modern individuals of Hawke
Channel, Notre Dame Channel, and Bonavista Corridor (in order). Where the
historic samples are Oi and the modern samples are Ei.
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Table 5: Calculations for the expected historic cod inversion genotypes based on HWE per population.

Sampling location

Observed Inversion Allele

Genotype Proportions based

Proportion

on Observed Inversion

Expected Genotypes

Allele Proportion
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Hawke Channel

p = 0.63461

p2 = 0.40272

Homozygous inverted (p2) =

q = 0.36538

2pq = 0.46377

0.40272 x 26 = 10

q2 = 0.13350

Heterozygous (2pq) =
0.46377 x 26 = 12
Homozygous non-inverted (q2) =
0.13350 x 26 = 4

Notre Dame Channel

p = 0.44444

p2 = 0.19752

Homozygous inverted (p2) =

q = 0.55555

2pq = 0.49384

0.19752 x 9 = 2

q2 = 0.30863

Heterozygous (2pq) =
0.49384 x 9 = 4
Homozygous non-inverted (q2) =
0.30863 x 9 = 3

Bonavista Corridor

p = 0.52777

p2 = 0.27854

Homozygous inverted (p2) =

q = 0.47222

2pq = 0.49846

0.27854 x 36 = 10

q2 = 0.22299

Heterozygous (2pq) =
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0.49846 x 36 = 18
Homozygous non-inverted (q2) =
0.22299 x 36 = 8

!" + 2!% + % " = 1
Figure 12: Hardy-Weinberg Equation, where p2 = frequency of homozygous
dominant genotype, 2pq = frequency of heterozygous genotype, and q2 = frequency
of homozygous recessive genotype.
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Figure 13: Chi-Square Goodness-of-Fit comparison for historic Hawke Channel
observed inversion genotype count and the expected genotype count based on HWE,
where the historic inversion genotype counts are Oi and the expected genotype
counts, based on HWE, are Ei.
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Figure 14: Chi-Square Goodness-of-Fit comparison for historic Notre Dame
Channel observed inversion genotype count and the expected genotype count based
on HWE. Where the historic inversion genotype counts are Oi and the expected
genotype count, based on HWE, are Ei.
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Figure 15: Chi-Square Goodness-of-Fit comparison for historic Bonavista Corridor
observed inversion genotype count and the expected genotype count based on HWE,
where the historic inversion genotype counts are Oi and the expected genotype
counts, based on HWE, are Ei.

58

1.3 Discussion
1.4.1 Overall Conclusions
In hopes to better characterize patterns of genetic variation in the Northern cod
stock following its collapse and during subsequent rebuilding, historic cod from the stock
and southern regions were analyzed to determine population structure and to compare
chromosomal inversion alleles with a modern cod dataset. The results demonstrate 1)
support for the metapopulation hypothesis due to a lack of genetic structure and 2)
significantly greater frequencies of inverted alleles within historic cod than modern
samples which also supports the metapopulation hypothesis. By analyzing individuals’
characteristics, we were able to provide support for the metapopulation hypothesis and
frequency of the LG01 inverted allele decreased over time.
1.4.2 Detection of population structure
Evidence for a panmictic Northern cod stock and the two southern outgroup
regions of Placentia Bay and Halibut Channel was found to be genetically similar due to
the lack of genetic differentiation among the historic cod samples, these results support
the metapopulation hypothesis depicted by Smedbol & Wroblewski (2002). Various
analyses were used in the study to determine the population structure of the stock rather
than relying upon one mode of determination. The Fixation Index was the primary mode
of population structure determination given that it provides a pairwise measure. PCA,
DAPC, and STRUCTURE were used to further determine the population structure of the
stock and put the pairwise FST analysis into perspective. The majority of the significant
FST values are comparisons when northern regions (i.e., Hawke Channel, Notre Dame
Channel) are included (Table 3). For instance, Hawke Channel was found to be
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genetically distinct to Bonavista Corridor, and Notre Dame Channel was found to be
genetically distinct to Smith Sound and the outgroup region of Halibut Channel (Table 3).
Similarly, to pairwise analysis, STRUCTURE was also able to identify differentiation
within the stock by identifying 5 distinct clusters (Figure 3). However, the distinction
between the regions is marginal as PCA and DAPC analyses were unsuccessful to pick
up structure among the sampling locations (Figure 4, 5). Given that Smith Sound samples
included individuals sampled from both January and June, a subsequent STRUCTURE
run was conducted to determine whether the differing seasons had an impact on the
results. Even though STRUCTURE identified two distinct clusters among these
individuals, given the appearance of the plot (Appendix 5 - 7), it is more likely that the
individuals are genetically similar. A major setback of STRUCTURE is the K=2
conundrum (Janes et al., 2017), which is when STRUCTURE is unable to identify a lack
of structure within a dataset. Thus, all subsequent analyses considered the Smith Sound
individuals as one population. The overall low FST values between regions is in
agreement with previous FST analysis describing marine species (Waples, 1998), thus the
low FST values were expected. Furthermore, it is expected that a population with a high
effective population size would have subtle genetic differences, which is present in the
current study (Waples, 1998). Overall, the stock is described to have no structure,
therefore it is a panmictic population. The Northern cod stock is also genetically similar
to the 3Ps outgroup regions of Placentia Bay, given that PCA, and DAPC clustered the
sampling locations together.
The support for the metapopulation hypothesis is in accordance with recent
genetics studies depicting the population structure of the Northern cod stock (Rose et al.,
2011; Rose & Rowe, 2018; Puncher et al., 2019). Rose et al. (2011) studied the
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population structure of the stock using four regions; Smith Sound, Bonavista Corridor,
Hawke Channel, and Halibut Channel, all of which are included in this study. Thus, this
study and that of Rose et al. (2011) collect from the same locations, at the same times,
thus some samples may have been examined in both studies, but with a different
technique. However, with the use of NGS, rather than microsatellites, more fine-scale
pairwise FST should have been obtained. Thus, Similarly to Rose et al. (2011), pairwise
FST was used to determine the population structure of the stock and the test yielded
similar results; Hawke Channel was found to be genetically distinct to Bonavista Corridor
(Table 3). The majority of the significant pairwise FST comparisons incorporated Hawke
Channel and Notre Dame Channel, which is consistent with the findings of Rose et al.
(2011). Therefore, the differentiation between the northern regions (i.e., Hawke Channel
and Notre Dame Channel) and the southern regions was expected based on their
geographic separation, which is consistent with various earlier studies (Ruzzante et al.,
1996; 1999; Beacham et al, 2002).
The finding that Smith Sound is genetically similar to Halibut Channel (which is
located on the other side of Newfoundland island) than the closer northern sampling
location of Notre Dame Channel (Table 3), may suggest of connectivity between Smith
Sound and Halibut Channel. Neville et al. (2018), who tested for the connectivity
between Smith Sound and found that otolith (𝜹 Ooto) signatures did not differ nor did the
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signatures between Smith Sound and Bonavista Corridor. Thus, these statements and
findings from the present study supports the comments made by Rose et al. (2011) which
hypothesized that the 2007 rebound of Bonavista Corridor cod was largely due to
recruitment from Smith Sound. In other words, these results support the claim that Smith
Sound cod contributed to the rebound of Bonavista Corridor. The evidence for panmixia
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supports the comments made by Rose & Rowe (2018), who suggested that rebuilding
within the stock is due to exogenous origin rather than endogenous sources. Additional
research would be needed to obtain knowledge of similar connectivity between Smith
Sound and Halibut Channel by means of otolith analysis, as well.
The finding that the stock is genetically similar is contrary to previous research
that found differentiation among cod locations within the stock and interpreted the stock
as composed of isolated populations (Beacham et al., 2002); however, this may be due an
advancement in technology and the discovery of additional evidence to suggest that the
stock is panmictic. As previously mentioned, Beacham et al. (2002) found genetically
distinct loci between inshore Placentia Bay and offshore Bonavista Corridor (χ2 <
0.0001), Notre Dame Channel (χ2 < 0.0001), and Hawke Channel (χ2 < 0.0001), whereas
the present study only found differentiation among Bonavista Corridor and Hawke
Channel (Table 3). However, there is general consensus that large amounts of loci, such
as the present study, will enhance the detection of genetic structure, albeit strong or subtle
structure (Allendorf et al., 2010; Landguth et al., 2012; Dorant et al., 2019). Beacham et
al. (2002) relied upon a total of seven microsatellite loci to describe the entire stock. The
improved technology of NGS to retain comparably more loci enhance the ability to
describe the true structure of the stock. For instance, D’Aloia et al. (2020) described that
microsatellites, which were used in the Beacham et al. (2002) study, are an effective tool
to describe population structure, however, structure, even those of which are very strong,
are hard to capture when relying upon <10 microsatellite loci. Relying upon few genetic
markers thus has the potential to skew results. Thus, by relying on few microsatellites,
Beacham et al. (2002) may have inadvertently described the stock as isolated.
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There is a general consensus that relying upon more than one means to determine
population structure would reveal informative and impactful results (Allendorf et al.,
2010; Landguth et al., 2012; Dorant et al., 2019. In addition to the pairwise probability
tests, Beacham et al. (2002) conducted a chord (CSE) distance analysis. The analysis
showed little to no differentiation among Placentia Bay, Halibut Channel, and Trinity
Bay (which encompasses Smith Sound) even though pairwise probability tests indicated
genetically distinct loci among the regions. CSE has a high power to detect isolation by
distance using genetic data to a level that rivals the robust nature of FST (Séré et al.,
2017). The lack of meaningful differentiation between Placentia Bay, Halibut Channel,
and Trinity Bay by CSE mirrors the findings of PCA, DAPC, and STRUCTURE in the
present study – which all found the regions to be panmictic. Thus, the findings from
Beacham et al. (2002) highlight the importance of using multiple methods to determine
population structure (e.g., PCA, DAPC, STRUCTURE) of an organism to ensure that all
avenues have been exhausted before discussing the results.
1.4.3 Inversion frequency comparison between historic and modern cod
Following the findings from publications which have identified the LG01
chromosomal inversion within individuals from Hawke Channel, Notre Dame Channel,
and Bonavista Corridor within the Northern cod stock (Bradbury et al., 2013, 2014;
Puncher et al., 2019), this study compared the modern LG01 inversion allele frequencies,
from Puncher et al. (2019) with historic cod individuals. Genetic variability within the
inversion genotypes affected the axis in the PCA analysis (Figure 7), however, the
genotype assigned to each individual was double checked with the help of the DAPC
analysis (Figure 8). No individuals possessed different inversion genotype between the
two analyses. Historic cod from the Northern cod stock were found to contained more
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inverted alleles than modern cod (Figure 10 – 11). By far the most abundant inversion
genotype was the heterozygous genotype, which is also consistent with the modern cod
(Table 4). The inversion genotype was present within all historic sampling locations
(Figures 8 – 13; Table 4). Individuals from more northern regions of the stock,
particularly Hawke Channel had a higher inverted allele proportion than individuals from
more southern regions of the stock, such as Smith Sound (Table 4). Each loci was found
to be in HWE, even inversion loci, which is consistent with previous findings (Puncher et
al., 2019).
Both the present study and Kess et al. (2019) found that inverted individuals have
become less common overtime, this may be due to offshore rebuilding via movement
from inshore areas, such as Smith Sound. Thus, movement from southern and inshore
regions, which this study showed had lower inverted individuals than northern regions, to
the northern regions of Hawke Channel and Bonavista Corridor by the time the 2015
modern cod sampling occurred would explain the decrease in modern cod inversion
frequency. Such movement was proposed by Rose & Rowe (2018) and was partially
reported by Rose et al. (2011) and Neville et al. (2018), all of whom suggested that Smith
Sound cod moved to Bonavista Corridor in the mid-2000s (after the present study’s 20012003 sampling times). Thus, the change in inversion frequency supports the population
structure analyses by indicating a mixing, panmictic northern cod stock that may have
relied on the redistribution of cod from 3L regions.
1.4.4 Potential limitations
There are several limitations associated with my study that may have an influence
on my overall findings and conclusions. Firstly, there were small sample sizes from Notre
Dame Channel, Halibut Channel, and Placentia Bay. These sample sizes have an impact
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on the total number of polymorphic loci that are retained in STACKS given that when
populations with low sample sizes are added it results in fewer retained polymorphic loci.
With the addition of more samples, additional loci could have been retained to provide a
more comprehensive analysis for each of the downstream analyses. For example, the low
sample sizes of the three regions may have impacted the pairwise FST comparisons for
each of the regions, even those with larger sample sizes (>30), due to the fact that FST is
sample size dependent. Thus, the comparisons with the three regions could be inflated.
However, the pairwise FST comparisons outside any comparison involving these three
populations would not be affected. Another limitation to the project is the differing total
number of individuals for the chromosomal inversion comparison. The Chi-Squared
Goodness-of-Fit is also sample size dependent, thus when the total number of each
category are not equal to each other, results may be inflated even if the total sample size
for each category is >30. Therefore, the statistic itself is a limitation. Furthermore, given
that only three regions were compared using the Chi-Squared Goodness-of-Fit, the
degrees of freedom are a mere 2. Due to the low number of degrees of freedom, the
overall power of the comparison is therefore low. It would have been superior if more
regions could be considered in the total comparison, but only regions that were both
present in this historic study and the recently published modern cod study (Puncher et al.,
2019) could be analyzed using this statistic. Finally, the overall loss of many historic
individuals following the quality filtering raises questions regarding the quality of the
initial samples. The historic samples were stored in both 95% ethanol and dry conditions
prior to their analysis and dried samples were less likely to pass the quality filtering. It is
key to note that samples that were stored in dry conditions was not intentional but rather
could have been due to the shipping of the samples prior to their arrival at the University
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of New Brunswick. The loss of individuals may also raise questions regarding the
effectiveness of the overall normalization – individuals that were sequenced better than
other may have been the result of unsatisfactory normalization or poor sequencing.
However, given the fact that many individuals on lanes 1-3 that did not pass the quality
filtration were re-sequenced on a fourth lane but were still inadequate may reflect about
the overall sample quality and storage rather than the normalization and sequencing.
1.4.5 Conclusions and future research
This study provides a comprehensive genetic analysis of the Northern cod stock
spawning regions soon after the collapse with the goals of better understanding the
historic population structure and comparing the inversion allele frequency between
historic and modern cod. The study demonstrates extensive panmixia throughout the
stock and supports the metapopulation depiction of the Northern cod stock population
structure. The study also demonstrates that the chromosomal inversion allele frequency
changed from historical to modern levels as historic cod had significantly higher
inversion allele frequencies than modern. Based on the support for the metapopulation
hypothesis, the stock should be recognized as a single dynamic mixed stock containing
multiple genotypes.
This project establishes that LG01 inversion changed in allele frequency within a
short timeframe. Additional measures are needed to determine the connectivity of the
stock. This can be done via tagging of post-collapse cod of both Northern cod stock
locations and 3L locations. By doing so, one can obtain the level of resident and
migratory cod between the locations and provide novel insights on the dynamic
properties of the stock. Finally, the chromosomal inversion frequency of Smith Sound,
Halibut Channel, and Placentia Bay modern cod should be assessed to determine whether
66

the redistribution of cod resulted in modern cod having a lower inversion frequency than
historic cod. Future studies and management strategies should also consider the stock as
single dynamic mixed stock containing multiple genotypes including the southern regions
of Placentia Bay and Halibut Channel.
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Appendix I

Raw data for all 119 historic Atlantic cod individuals included in lanes 1 – 4.

Sample name

Lane

Population (abbrev)

Year

Matstage

PS40F15

3

HC

2001

partly spent

QS41F3

2

HC

2001

partly spent

QS41F6

2

HC

2001

spentp

QS41F7

2

HC

2001

spentp

QS41F8

1

HC

2001

partly spent

QS41F9

1

HC

2001

partly spent

QS41F13

1

HC

2001

spentp

QS41F17

3

HC

2001

spentp

QS41F26

1

HC

2001

spentp

QS41F60

1

HC

2001

spentp

QS42F2

2

HC

2001

spentp

QS43F7

1

HC

2001

spentp

QS43F140

3

HC

2001

spentp

QS43F141

3

HC

2001

spentp

JS15F4

1

HC

2002

spentp

JS15F11

2

HC

2002

spentp

JS15F21

3

HC

2002

spentp
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JS15F43

3

HC

2002

spentp

JS15F3

2

HC

2002

spentp

JS16F8

2

HC

2002

spentp

JS20F1

3

HC

2002

partly spent

JS22F91

3

HC

2002

spentp

JS24F1

3

NDC

2002

matbp

PS39F3

3

NDC

2001

spentp

PS39F6

3

NDC

2001

partly spent

PS39F9

3

NDC

2001

partly spent

PS39F10

3

NDC

2001

spentp

PS39F28

2

NDC

2001

partly spent

PS39F31

3

NDC

2001

spentp

PS39F36

2

NDC

2001

partly spentp

HS10F107

2

BC

2002

matp

HS10F111

1

BC

2002

matp

HS10F115

1

BC

2002

matp

IS11F1

2

BC

2002

matp

IS11F4

1

BC

2002

matp

IS11F22
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Appendix II
Plot of Delta K analysis results from Bayesian clustering analysis, using 3,907 SNPs and
119 Atlantic cod, which suggest 5 genetic clusters. See Figure 4 for STRUCTURE plot
based on these results.

87

Appendix III
Plot of Evanno Method analysis results from Bayesian clustering analysis, using 3,907
SNPs and 119 Atlantic cod, which suggest 5 genetic clusters. See Figure 4 for
STRUCTURE plot based on these results.
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Appendix IV
A) Chi-Square Goodness-of-Fit comparison between historic and modern
homozygous inverted genotypes per population; (Hawke Channel), and (Notre
Dame Channel), and (Bonavista Corridor).
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16.438
44.444
4.761
; < 0.00001

B) Chi-Square Goodness-of-Fit comparison between historic and modern
heterozygous inverted genotypes per population; (Hawke Channel), and (Notre
Dame Channel), and (Bonavista Corridor).
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; < 0.00001

89

C) Chi-Square Goodness-of-Fit comparison between historic and modern
homozygous non-inverted genotypes per population; (Hawke Channel), and
(Notre Dame Channel), and (Bonavista Corridor).
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D) Chi-Square Goodness-of-Fit comparison between historic and modern genotypes
(homozygous inverted, heterozygous, homozygous non-inverted) for only Hawke
Channel
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E) Chi-Square Goodness-of-Fit comparison between historic and modern genotypes
(homozygous inverted, heterozygous, homozygous non-inverted) for only Notre
Dame Channel
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F) Chi-Square Goodness-of-Fit comparison between historic and modern genotypes
(homozygous inverted, heterozygous, homozygous non-inverted) for only
Bonavista Corridor
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Appendix V

K=2 STRUCTURE plot with 3,907 loci among 30 Smith Sound, broken down by sampling season. Site labels are: Smith Sound
January sampling season (SS-Jan) and Smith Sound June sampling season (SS-June).
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Appendix VI
Plot of Delta K analysis results from Bayesian clustering analysis, using 3,907 SNPs and
30 Smith Sound Atlantic cod separated by sampling season, the figure suggests 2 genetic
clusters. See Appendix V for STRUCTURE plot based on these results.
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Appendix VII

Plot of Evanno Method analysis results from Bayesian clustering analysis, using 3,907
SNPs and 30 Smith Sound Atlantic cod separated by sampling season, the figure suggests
2 genetic clusters. See Appendix V for STRUCTURE plot based on these results.
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