A MITOGENOMIC STUDY OF FOUR AT-RISK MARINE FISH SPECIES
ATLANTIC WOLFFISH , SPOTTED WOLFFISH, NORTHERN WOLFFISH,
AND ATLANTIC COD, WITH SPECIAL EMPHASIS ON THE WATERS OFF

NEWFOUNDLAND AND LABRADOR

by

O Linda Amy Lait

A Thesis submitted to the

School ofGraduate Studies

in partial fulfilment of the requirements for the degree of

Doctor of Philosophy

Department of Biology

Memorial University of Newfoundland

October 2016

St. John's, Newfoundland and Labrador



ABSTRACT

High-resolution mitogenomics caanswer questions as to how species survived
the last glacial maximum, and can also address contemporary factors such as physical
barriers, isolation, and gene flow. This study examines the population genomic structures
of two genera of ARisk marine fishspecies found across the North Atlantic Ocean,
Atlantic cod Gadus morhupand wolffish Anarhichasspp). Despite their sympatric
distribution, the two taxa exhibit very different life history characteristosl have very
different patterns of geneticariation and structureP?opulations of Atlantic cod show
high levels of genomic variation, with eight major clades found across most populations
and transAtlantic differences. The Arctic lake population (Lak¥asigialiminiq) was
significantly different fom all other populationgiT = 0.15 to 0.3% and comprised two
distinct and essentially monomorphic clades. The Baltic and Barents Sea populations
showed high levels of diversity, extensive variation among samples, and significant
pairwise differences ith many Northwest Atlantic populationsir = 0.03 to 0.18)

Within Atlantic Canada there was no evidence of differentiation in Newfoundland waters
or between trankaurentian populationsit = 0.0 to 0.0%. High diversity levels, the
absence of Europedish in the most recent clades, and the presence of basal lineages
support a European origin to the postglacial expansion, with a second smaller refugium
likely in North America.Atlantic wolffish (Anarhichas lupusand the congeneric spotted

and northern wolffish A. minor and A. denticulatus each compris two or three

haplogroups dating back to the Pleistocene glaciations P2B kya). The haplogroups

werenot structurd geogr aphicall y: i n Atstveas 0.05@andwo | f f



pairnise values ranged from 0.0 to 0.24. A similar pattern of distinct but shallow groups
was seen in spotted wolffish, while northern wolffish exhibited two deeper lineages. This
suggests isolation in multiple glacial refudidikely three nearby regions inuEopean
waters (Atlantic and spotted) or two more distant refugia (northierfgllowed by
secondary admixture during recolonisation of the Northwest Atlahtie.two taxa show
very different patterns of variation and structure, with greater variatigktlamtic cod

and greater structure in the sedentary wolffish species.
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CHAPTER ONE - GENERAL INTRODUCTION

Population genetics is the study of genetic variation within a species, how this
variation is distributed across space, and how it changes ove(Ainse et al. 1987
Avise 2004. Genetic variation is influenced by four evolutionary phenomena:
mutation, natural selection, iftr and migration. Phylogeography, a branch of
population genetics, studies the distribution of genetic variation on a geographic scale.
It looks at whether there is any pattern to the variation, how this corresponds to the
physical landscape, and whatdenlying processes may be responsil#igise et al.
1987 Avise 2000Q. For example, population genetics can identify cryptic spécies
organisms previously classified as a single species based on morphology or life history
can be separated through identification of intraspecific dive(sityntresoret al.
2003 Hebertet al. 2004). Alternatively, organisms previously classified as separate
species based on differences in morphology can be identified as different ecotypes of
the same specie@llendorf & Leary 1988 Johannessomt al. 1993. Patterns of
dispersal and the identity of source populations can also be elucidatdder
populations generally contain higher levels of diversity and a greateber of unique
genotypes, with decreasing diversity and loss of alleles as the populations disperse due

to founder effects and bottlenedksgure 1.1;Burget al.2003 Avise 2004.



1.1 Population Genetics

There are a number of processes, both historical and contemporary, that
influence how variation is distributed among populations: major geological events
(e.g., the rising of the Isthmus of Panama), major climatic events (e.g., the glaciations
of the Pleisocene Epoch), and contemporary physical bar(eig, mountain ranges,
deserts, and large bodies of watvjse 2004. For example, thesing of the Isthmus
of Panama both connected and separated populations: it created a migration path for
terrestrial species between North and South America, and it formed a barrier to gene
flow in marine specieflessios 2008Baconet al. 2015. The Pleistocene glaciations
played a major role in the survival and resulting genetic structure of the majority of
contemporary speciemuch of the Northern Hemisphere waariodicallycovered by
large ice sheets, temperatures wggaerallya great deal colder than today, and many
areas were uninhabitab(Elint 1947; Nilsson 198Fielou 1991 Hewitt 2000.

Populationgenetics is also an important consideration in conservation biology.
A number of factors can contribute to the decline, and resulting genetic structure, of a
species or population: habitat loss, introduction of-native species, overharvesting,
and envionmental chang@Nilson 1988 Frankham 1996 Many species of plants and
animals have been locally extirpated have gone extinct as a result of habitat
degradation and destructigimm & Raven 2000 The introduction of imasive
species, both accidental (e.g., zebra musBetsssena polymorphaand deliberate
(e.g., purple loosestrifeythrum salicarig, has contributed to the loss of dozens of

native speciefMooney & Cleland 2001 Overexploitation has heavily impacted
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species as far removed as elephants in Africaxddonta spp.), the great auk
Pinguinus impennisn North America, and the northern elephant skfdounga
angustirostrisin the Pacific Ocean. Emenmental pressures, such as pollution or
climate change, often act in concert with other factors to push an already threatened
species to extinction. The species that do manage to survive often suffer population
bottlenecks and loss of genetic diversififrankham 1996 Severe population
bottlenecks may result in extreme reduction of genetic variability within species (e.qg.,
northern elephant seal, Hoelzel 1999; Hawaiian monk Mealachus schauinslandi
Schultz et al. 2009) This loss of genetic diversity may result in reduced fitness,

reduced fecundity, or the inability to respond to dis¢bssenkham 1996

1.2 The Marine Environment

Much of what we know about population genetics has come from terrestrial
and freshwater species. This is because both environments contain clear boundaries,
connections, and delineatis, andsupport populationshat are easily accessed and
characterised. To a large extent reproduction occurs in a confined area, and where it
doesn't (e.g., fungal spores or flower pollen) it is generally limited in the distance
gametes can travel by theeterogeneity of the landscape. The extent of population
genetic structure in the marine environment, however, remains much more uncertain.

Marine species, particularly animal species, often have large distributions,
extensive dispersal capabilitieend high levels of gene flofiPalumbi 1992Bradbury

et al.2008. Marine invertebrates can undergo dramatic changes from pelagic larvae to
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sedentary or benthic adult forms, while fish can experience extreme transformations
from larvae to juvenile to adulthogd@horson 1950Pecheniket al. 1998 Hamilton et

al. 2008. Species with pelagic or plankti larvae often show high dispersal rates and

as a result little or no population genetic structiifalumbi 1992Ward et al. 1994).
Conversely, more sedentary species, those with strong natal philopatry, or those found
in regions with barriers to larval dispersal, can exhibit much higher levels of
population genetic structu&auners et al. 1986 Bowen & Karl 2007 Lee et al.

2007 Bradburyet al.2008.

While there are generally feweahysical barriers in the marine environment
compared to on land, a number of factors have been shown to influence population
connectivity and gene flow. Differences are seen between the Atlantic and Pacific
Ocean basins separated by large land ma&&asck & Gaskin 1987 Chow et al.
200Q Bowen & Karl 2007, ocean currents and upwellings have been shown to
prevent larval dispers@Barberet al.2002 Henriqueset al. 2014, and long distances
between suitable habitat has been shown to prevent movement in a number of marine

organismgLaveryet al. 1996 King et al.2001).

1.2.1 The North Atlantic Ocean

The North Atlantic Ocean originated ca. 18290 million years aggmya)
when the large supercontinent Pangaea began to break into smaller land masses
(Berggren & Hollister 194). This initial opening was followed by deemter
circulation and the establishment of the North Atlantic Ocean as a pelagic ecosystem

ca. 50- 60 mya. The lower species richness and minimal endemism in the North

1-4



Atlantic Ocean supports a colonisatirom the Pacific Ocea(Briggs 190). While
continuing continental shifts have changed the conditions and constituents of the
ocean, two recent events played a noteworthy role in the oceanic conditions and
species makep: the rise of the Isthmus of Panama, whitsentially severed
movement between the Atlantic and Pacific Oceans and created the Gulf Stream, and
the Pleistocene glaciations, which generated the Labrador Current and shaped the
biogeographic history of many marine spe¢®srggren & Holliger 1974.

More recently, the North Atlantic has undergone more than 400 years of
intense commercial fishing, first by smalbat European fisheries and currently by
hightech fishing fleets from all over the world. The advent of more efficient fishing
technologies, in combination with a lack of effective management, has led to
catastrophic population declines in the majority of marine spg@&ese 200Y.
Changes in sea surface temperatures may have exacerbated the PRider2007
Hutchinson 2008 Some of the more notable species declines occurred in Atlantic cod
Gadus morhuaa large predatory fish upon which many fisheries were built, and
capelin Mallotus villosus a small pelagic fish thas the main prey of many other
Atlantic species (e.g., whales, birds, and other fish).-tdogeted speciewere also
affected as a result of habitat destruction anddigh.

The North Atlantic ecosystem, particularly the Northwest Atlantic and the
watas off Newfoundland and Labrador (Canada), has a number of distinctive
characteristics which make it an ideal system for studying population genetics. The
location of the Grand Banks and the Flemish Cap, at the confluence of the warm Gulf

Stream and the écold waters of the Labrador Current, has created an immense

1-5



upwelling of nutrients from deeper waters. This enrichment, coupled with the fact that
the shallow banks receive sunlight across the ocean floor, has led to a wealth of
phytoplankton, zooplanktg and the marine creatures which they sudf@mse 2007

and references therginA number of other areas in the North Atlantic have also
benefitted from the upwelling and productivity related to this region: the coast of
Labrador, the Gulf of St. Lawrence, and the Bay of Fundy are allimienarine life

(Rose 200Y. Similarly, high levels of phytoplankton and species richness are see
where different aquatic fronts meet, whether rivers, ocean currents, or open oceans

(Angel 1993 Haoet al 201Q Taylor & Ferrari 201}

1.3 The Pleistocene Epoch

The Pleistocene Epoch, the first epoch in the (current) Quaternary Period,

consisted of a series of glacial and interglacial stages beginni@dgp8anya (Gibbard

et al. 2010) The most recent glacial period, tNearctic Wisconsinan dpalaearctic

Wirm glaciation (ca. 110 12 thousand years ago (kya)), affected much of the
Northern HemispheréPielou 1991 Barendregt & Irving 1998 While many of the

more extreme cases were seen on land, the glaciations also had a profound effect on
marine environments. 8devel drops of 120 m or more exposed many continental
shelves and slopes including the Baltic Sea, North Sea, and Grand Banks, uncovering
20% more land than today. Ice sheets extended over most of the emerged shelves (as

far south as 40N in North Ameri@ and 52N in Europe), ocean currents were



disrupted or ceased altogether, and sea surface temperatures dropped to levels
preventing winter icgpack from melting and reaching average temperatofe3°C

colder than winter sea temperatures todaiynt 1947 Pielou 1991 Hewitt 2004

Shaw 200h At its greatest extent, the last glacial maxim(@_GM) that occurred
between 21 and 18 kya, more than 4ivwds of North America was covered with ice

(Barendregt & Irving 1998Dyke et al.2002 Clark et al.2009.

1.3.1 Glacial refugia

In order to survive the Pleistocene glaciations, both marine and terrestrial
species had to retreat to iftree regions known aglacialrefugia. These were typically
found at lower latitudes, such as southern North AmdRealou 199}, the Balkan,
Iberian, and Apennine PeninsulesEurope, and the Caucasus Mountains of Eurasia
(Hewitt 2004 Provan & Bennett 2008 However, more recent evidenaksosuppors
the occurrence of northenmeriglacialrefugia, such as the Carpathian Mountains in
Europe ad the Rocky Mountains, between the Laurentide and Cordilleran ice sheets,
in North America(Stewart & Lister 2001Provan& Bennett 2008

Marine refugia are less wallefined, although phylogeographic evidence
suggestsseven putative refugia in Europe: three regions south of the ice sheets and
four periglacial locationgMaggset al.2008. To the south, neither the Azores off the
coast of northwest Africa, nor the Atlantic coast along the IbdPamnsula, were
heavily impacted by the lasglaciation, and although the Mediterranean Sea

underwent significant sea level drops, it likely acted as a marine glacial refugium.

Studies of seaweeds support Amarine | akes¢c
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Channel, and potential habitat near theep Porcupineseabight off the partially
unglaciated region of southwest Irelafidrovanet al. 2005 Hoarauet al. 2007
Provan & Bennett 2008 Farther north still, it has been suggested that both the
Icelandic coast and the Lofoten coast of Norway may have supported marine species
(Wares & Cunningham 2001IMaggs et al. 2008, although the presence of an
Icelandic coastal refugiuns contested(Ingolfsson 2009) In North Amerca two
glacial marine refugia are suggested: a southern region heading frotatitoide
United States south into the Gulf of Mexico, and a periglacial region in Atlantic
Canada(Bernatchez 1997Maggset al. 2008. A number of studies have suggested
that the Flemish CafShaw 2006Bigg et al. 2008, a marine seamounbstheast of

the island of Newfoundland, may have actedaaglacial refugium, while others

suggest a Scotian Shelf refugéunget al.2002).

1.4 Study Species

Two species found across the North Atlantic Ocean are the Atlantic wolffish
Anarhichas lupusnd the Atlantic codadus morhuaBoth are classified in the taxon
Acanthomorpha, a group of teleosts (bony fishes) that includes over 14,000 species
(Chen et al. 2003. Within this group Atlantic wolffish are -classified as
Acanthopterygii and Atlantic cod are Paracanthopterygii, which is basal within
AcanthomorphdFigure 1.2; Nelson 2006The two groups shared a common ancestor

ca. 140 mya.



1.4.1 Anarhichadida

The Anarhichadidae family (wolffishes), in the order Perciformes, is a group of
large predatory marine fish found across the North Atlantic, Arctic, and North Pacific
Oceans(Barsukov 1959 The family comprises two genera: the wolfeel in the
monotypicAnarrhichthys ocellatugAyres, 1&5), andAnarhichaswith four specie$
the Bering wolffishA. orientalis (Pallas, 1814), the Atlantic wolffisiA. lupus(L.,
1758), the spotted wolffish. minor (Olafsson, 1772), and the northern wolffish
denticulatugKrgyer, 1845) (Figure 1.3&arsukov 1959).

In contrast to the majority of marine fish, Anarhichadidae is more speciose in
the Atlantic Ocean than in the Pacific; this originally led to the suggestion that
Anarhichadidae may have originated in the Atlantic Ocean, similar to Gadidiae a
Clupeidae (Barsukov 1959) However, the molecular and biogeographic evidence
places the Bering wolffish from the North Pacific and Arctic Ocean as outgroup to the
other three, and the wolfeel as sister to the other genus, which suggests a Pacific origin

(Barsukov 1959Johnstonet al.2007 McCusker & Bentzen 2010b

1.4.1.1 Distribution

The wolfeel and Bering wolffish are found in the Pacific Ocean, with ranges
extending from Japan and Russia in the west to Canada and the United States in the
east(Barsukov 1959FishBase 2013d2013). The Bering wolffish is found farther
north, not extending past Aka to the south, while the wolfeel is found as far south as
California. Although the two species tend to prefer similar habishallow water with

a stony bottoni they are generally not found togettiBarsukov 1959
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The Atlantic, spotted, and northern wolffish are found in the NAttantic
Ocean, and in a small area of the Arctic Ocean where it meets the Af{stiBase
2013, 2013, 201%). The ranges extend from New England and Atlantic Canada in
the west, to the Bay of Biscay and the Barents Sea in théBaaistikov 1959J6nsson
1982. Some of the highest densities are seen in Atlantic Canatkasyoff the coast
of Newfoundland(O'Dea & Haedrich 2002 Spotted and northern wolffish are
generally found farther north than Atlantic wolffish, though their ranges are sympatric
across much of the North Atlantic. Some exceptions are in the White Sea at the far
south of the Barents Sea, where the Atlantitffigh is the only wolffish present, the
North Sea, where spotted and northern wolffish are rare, and the Flemish Cap, where

the Atlantic wolffish is not foun@Barsukov 1959FishBase 2013b

1.4.2 The Atlantic, spotted, and northern wolffish
1.4.2.1 Description and habitat

Wolffish are large fish, growing up to 145 cm long and weighing more than 25
kg (Jénsson 1982Templeman 1986ka). They can live for up to 20 years in the wild,
although most caught are much younger, and reach sexual maturity anywhere from 2
to 10 years oldJonsson 1982Templeman 1986bScott & Scott 19880'Dea &
Haedrich 2002 As adults they have few predatdrthe main one being the Greenland
sharkSomniosus microcephaliighough young fh are often eaten by Atlantic cod or
saithePollachius virengBarsukov 1959Scott & Scott 1988 They are a nocturnal
species, generally spending the days sheltering in crevices, bodlders, or in caves,

and coming out to feed at nighidnsson 1982Keatset al. 1985. While the three
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species have a similar body form, Atlantic wolffish are characterised by a slight bluish
colour, and by dark transverse stripes aldrgrtlength, spotted wolffish are covered
by distinct spotting, and northern wolffish are brownish or grey with no discrete spots
or stripegBarsukov 1959Templeman 1986¢

The three wolffish species all reside on the continental shelves of North
America and Europe (Figure 1.4). Atlantic and spotted wolffish generally inhabit the
shallower slope waters up to depthsaabbut 450 m and 550 m respectively, while the
northern wolffish range extends to much deeper waters, up to about 1,000 m
(Barsukov 1959 Albikovskaya 1982 Jénsson 1982Dutil et al. 2014). Atlantic
wolffish occupy the shallowest habitat, and haaxolved genes for antifreeze proteins
that allow them to cope with the cold wintéBesjardinset al. 2006 Desjardinset al.
2007). The three speciesegenerallyfound inslightly different habitat$ the Atlantic
preferring aharder, stony bottom, the spotted a stony/sandy bottom, and the northern a
soft, muddy bottom(Barsukov 1959 Jonsson 1982 This may help to minimise

competition among the three sympatric species, and limit interspecific hybridisation.

1.4.2.2 Migation and reproduction

Wolffish tend to be solitary and sedentary creatures, and have even been seen
to defend a territory(Jonsson 1982Keats et al. 1985. They do not generally
undertake long migrations; the majority of tag recaptures are within 10 nautical miles
of the original tagging sitéBarsukov 1959Konstantinov 1961Albikovskaya 1982
Jonsson 1982Riget & Messtorff 1988 although afew instances of longistance

migration have been observed in all three spegiéasson 1982Templeman1984
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Riget & Messtorff 1988 Short-distance seasonal gmatiors between feeding and
spawning groundsire commonly observedBarsukov 1958 In North America, the
wolffish move inland in late summer before pairing up and breeiiegnpleman
1984 Keatset al. 1985. In Iceland and the White Sea (Russia) the movement is
reversed; fish move from shallow feeding grounds to deeper spawning grounds in
August(Jonsson 198ZPavlov & Novikov 1993

Unlike most fish species, wolffish begin the spawning season by forming pairs
and finding nesting hole@Keatset al. 1985. The females have internal fertilisation
and lay large demersal eggs that produce relatively large y@ahginnesseat al.
1993 Pavlov & Novikov 1993 The egg masses are large, containing from a few
hundred to tens of thousands of eggs and measurindl4@m in diameter, and are
guarded by the mald¢donsson 198XKeatset al. 1985 Templeman 1986b The eggs
hatch in approximately 1,000 degree ddislk-Petersenet al. 1990. Unlike the
demersal eggs and adults, the larvae can be pelagic, often being found in open ocean
and feeding on common pelagic plankt@®midt 1981 Templeman 1984Falk-
Peterseret al. 1990. In other cases the larvae will remain close to the bottom where
they were hatchef©'Dea & Haedrich 2002

The different wolffish species breed at approximately the same time and in
similar locatons; as such hybrids have been sugge¢tethmann 1954 Barsukov
1959 Jonsson 198G audreatet al. 2009. Atlantic-spotted hybrids have been created
artificially in the lah showing that théwo speciesare compatible. In these cases the
hybrids are morphologically identical to the spotted wolffish, although microsatellite

analyses confirm the hybrid parentg@audreatet al. 2009. In the wild, individuals
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have been found who show intermediate morphology to spotted and northern wolffish
T body shape, deition, vertebral numbers, and fiay numbers like that of the
northern wolffish, but clearly spotted skin like that of the spotted wolffigmpleman
19869. Genetic analysihas shown that these are a result of hybridisation between the
male of the spotted wolffish antie female of the northern wolffish (Genge, Lait &

Carr, unpublished data).

1.4.2.3 Dentition and feeding behaviour

Wolffish are demersal benthivores, feeding on botthmelling organisms such
as molluscs, echinoderms, and crustacd@assukov 1959 Templeman 1985 In
order to deal with these hasthelled organisms, wolffish have an extensive and
unusual dentition system, for which the species are named. They have powerful teeth
lining their jaws and pharynx; canines to strip organisms off the bottom substrate,
molars to crush hard shells, and incisors to catch more mobile(Paeegukov 1959
Albikovskaya 1983 These teeth are replaced annually, all at once, just after the
spawning season; during this time the female wolffish feeding decreases and the males
feed little or not at alfJénsson 1982rempleman 1986Hk.iao & Lucas 200],

The three species have slightly different dentition, and as a result feed on
different organisms. The Atlantic wolffish has larger and stronger teeth, and feeds
more on large molluscs and crustaceans such as whelks, scallops, andTtlams
spotted wolffish is intermediate in jaw strength, and eats mostly smaller molluscs,
crustaceans, and echinoderms including crabs, brittle stars, and sand dollars. The

northern wolffish has the weakest dentition, feeding on smaller and more molile pre
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such as echinoderms, ctenophores, and jellyfBarsukov 1959 Jonsson 1982
Albikovskaya 1983 All three species eat fish as a lesser part of their diet, particularly
Atlantic redfishSebastes norvegic8scanius, 1772) and Atlantic cgdlbikovskaya
1983 Templeman 1985 The wolffish are the top benthic predaitotheir habitat, and
may in fact be a keystone species for benthic invertebrates in the Atlantic Q@eEan

& Lucas 2000.

1.4.2.4 Fishery and population status

While not targeted commercially in the Northwest Atlantic, there have recently
been specific wolffish fisheries in Greenland and Iceland, and previously in Canada,
the Soviet Unia, and East German{D'Dea & Haedrich 2002 In Iceland, wolffish
catches increased following a lull during World War 1, with the highest catch rates
seen in 196ZJonsson 1992 In Greenland, the wolffish fishgrincreased following
the decline of the cod fishery, with a high in the 1950s, but has since declined with a
shift to shrimp fishing{Smidt 198). The wolffish were originally targeted for their
skins which were tanned and used as a light leather (e.g., fes,dbags, and cases),
while the meat can be used fresh, dried, smoked, or pi¢Bladukov 1959 Smidt
1981). Only the Atlantic and spotted wolffish were caught for fédthe meat of the
northern wolffish is considered jellied and unpleag@#rsukov 1959 Templeman
1984. Presently, wolffish are caught as bycatch to a number of trawl fisheries
including the cod, haddock, and herring fisher{@arsukov 1959 Smidt 1981

Albikovskaya 198

1-14



Despite the fact that wolffish escaped the overfishing seen in other North
Atlantic directed fisheries, their populations were heavily impacted as bycatch by the
trawlers used in fisheries, and the resulting damage to the h@hising & Norse
1998 O'Dea & Haedrich 2002 Populations began declining in the 1960s and 1970s,
with smaller fish being seen and overall biomass decreasing from th&980d
onwards(Riget & Messtorff 1988 All three wolffish speciebavesuffered extensive
population declines since the late 19TCOSEWIC 200020013 b). Between 1978
and 1994 the number of Atlantic wolffish in Newfoundland waters decreased by an
estimated 91%; in argle year (from 1978 to 1979) the abundance dropped by over
25% (O'Dea & Haedrich 2002 Even greater drops were seen in the other two species
(96% in spotted wolffish, 98% in northern wolffish). Accordingly, wolffish were the
first marine species to be designated as At Risk by the Committee on the Status of
Endangered Wildlife in Canada (COSEWIC) under the Canadian Species at Risk Act
(SARA): Atlantic wolffish were assessed as Special Concern in 2000, followed the
next year by both spotted and northern wolffish as ThreatéGESEWIC 2000
20013 b). These assessments were all reviewed and sustained in(QOBEWIC
2012¢ b, a). The species are not listed by the International Union for the Conservation
of Nature (IUCN) or the Convention on International Trade in Endangered Species
(CITES). The chance of a status upgrade, however, has improved following a recent
IUCN assessment of European marine fish species that identifies northern wolffish as
Endangered, spotted \iiish as NeaThreatened, and Atlantic wolffish as Data

Deficient(Nieto et al.2015. The assessment only looked at fish in European waters.
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1.4.2.5 Previous genetic work

A few previous studies have attempted to define the population genetic
structure in the three North Atlantic wolffish species, and to a lesser extent the Bering
wolffish. Imsland et al. (2008 used allozymes andestriction length fragment
polymorphisms (RFLPSs) to look at spotted wolffish in the North Atlantic. They found
significant differences among their three groups (North America, theAttadtic, and
Norway), although isolatichy-distance was weak. The gtest differences were seen
with the Norwegian (Barents Sea) individuals.

A similar study using microsatellites and amplified fragment Ilength
polymorphisms (AFLPs) again saw differences between the Barents Sea and other
populations in both spotted and rmtn wolffish (McCusker & Bentzen 2031 In
Atlantic wolffish a general separation of eastern (Europe) andtewe (North
America) Atlantic populations was seen, with isolatiprdistance and low genetic
diversity evident(McCusker & Bentzen 2010aThe population structure was more
pronounced in North erica, with the exception that Rockall Bank off the west coast
of the British Isles was distinct. This may be due to physical isolation of this
population by deep waters, while the others are all connected along the continental
shelves, or it may repredean older lineaggMcCusker & Bentzen 201Qaln
Icelandic waters no population structuring was fo(fPa@mpouliest al.2012).

A phylogeographic study was also conducted which used two mitochondrial
loci (ND1 and the control region) and nuclear AFLPs. Little to no structure was found
across the ange of each wolffish species, with shared haplotypes between North

American and European populations and algtarphylogeny(McCusker & Bentzen
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20101. The study showed the relationship among the three North Atlaotitish
species, with Atlantic and spotted wolffish as sisfgecies(previously identified in
Johnstonet al. 2007 using mitochondrial genomeand concluded that the Northwest
Atlantic populations were of postglacial origin (i.e., < 10,000 years) from a single

glacial refugium in Europe, possibly near Rockall BévicCusker & Bentzen 2010b

a).

1.4.3 Gadidae

The Gadi dae f a)mn the orderiGadiformes, dsoadgsoap of
bottomdwelling sea fish found along continental shelves and slopes in temperate and
cold water environments around the world. While the phylogeny remains
controversial, the current estimate is that the familyaioatl3 genera and 24 species
(Eschmeyer et al. 2016, including the commercialimportant Gadus
Melanogrammusand Pollachius(Figure 1.3b). Gadids are second only tog&idae
(herrings, sardines, and anchovies) in terms of total biomass fished. Gadidae is
speciegich in the Atlantic Ocean, several species occur in the Arctic Ocean, and few
species are found in the Pacific, with only 3 enderfcott & Scott 1988Carret al.
1999. Both biogeographic and molecular evidence indicate an Atlantic origin for the

family (Svetovidov 1948Carret al. 1999.

1.4.4 Atlantic cod
The Atlantic cod is a large demersal (rbattom) sea fish in the family

Gadidae. It is one ofhree species in the gen@adus along with the Alaska (or
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walleye) pollockGadus chalcogrammuand the Pacific codsadus macrocephalus
(Figure 1.3b). A fourtiGadusspecies, Greenland c@hdus ogagcis now considered
conspecific withG. macrocephalu@Carret al. 1999 Coulsonet al.2006

Atlantic cod are the largest of the gadids, reaching up to 1.8 m in length and
100 kg in mass, and they can live up to 25 y¢acott & Scott 1988Moyle & Cech
Jr. 2000 Rose 200Y. In many regions Atlantic cod atke apex predatory fish, and
may in fact act as a keystone species. As with most gadids, Atlantic cod typically have
elongated body shape, small curved scales, no spines, and aaffosedn bladder
(Scott & Scott 1988Moyle & Cech Jr. 2000Nelson 200k They are brown, grey, or
greenish in colour, exhibit a distinctive lateral line, and have a chin barbel used to help
find food. Atlantic cod are coldwater fish generally found in shallow waters. They
prefer water temperaturégtween 0 and 5 °C, and can produce antifreeze proteins to
allow survival in sukzero temperatureHew et al. 1981, Rose & Leggett 1988

Goddardet al.1994.

1.4.4.1 Distribution and habitat

Atlantic cod are found in relatively shallow waters across the continental slopes
and shelves of the North Atlantic Ocean. Their distribution extends from North
Carolina on the east coast of the United States, rtbhrbugh Atlantic Canada to
Greenland, east across Iceland and the Faroe Islands, and as far as Svalbard and the
White Sea in northern EurogBigure 1.5; Rose 200.7Atlantic cod are found in the
North Sea, Baltic Sea, Danish Belt Sea, and Barents Sea, and also in three coastal

Arctic fjords on Baffin IslandNunavut, Canada: Lake Ogac located near Igaluit on
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Frobisher Bay, and Lakes Qasigialiminiq and Tariujarusiq near Pangnirtung on
Cumberland Soun¢Hardie 2003. The three Arctic lake populations are unusual; the
lakes are a combination of fresh and saltwater (meromietnc) there are currently no
marine populations of Atlantic cod nearby. The lake populations are small, estimated
at 500- 1,000 fish, and cod are the only fish in the lakes. This has resulted in a very
different life history strategy for these cod, widrder body size and higher rates of
cannibalism. The Baltic Sea population is also unusual; the Baltic Sea is a brackish sea
with a salinity less than a third that of seawdterl% compared to ~3.5% salinity;
Howes 1991Meier & Kauker 2003 It is on the margin of suitable habitat for Atlantic

cod, and yet it supports a large and healthy populét@sling & Westin 199Y.

1.4.4.2 Migration, feeding, and reproduction

Atlantic cod are large omnivores, commonly migrating in large shoals of year
class between offshore wintering grounds and inshore feggloughds(Rose 200Y.
Long distance migration is not uncommon in cod; tagging studies have found
extensive movement within the Northwest Atlantic, and a cod tagged in the North Sea
was caught four years and over 3,000 km later on the Grand Banks off Canada
(Gulland & Williamson 1962J0nsson 1996Robichaud & Rose 20040ther studies
suggest that cod generally stay in a single refiear 1984. A review of cod tagging
data by Robichaud & Ros@004 showed that there are four migration strategies
employed in Atlantic cod: sedentary (~40%), accurate and inaccurate homing (~40%),

and widespread dispersal (~20%). Thal&o exists sedentarpopulations of cod in
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inshore bays around Newfoundland and LabrgBoarhorn 1969Ruzzanteet al. 1996
Rose 200Y.

Atlantic cod are generalist predators, feeding opporticaist on any available
food source(Moyle & Cech Jr. 2000Rose 20@). Juvenile and small cod feed
primarily on large zooplankton (including amphipods, tunicates, and ctenophores),
capelin, and shrimg@Konstantinov 196;1Savenkoffet al. 2006§. Fish make up over
80% of the diet of adult cod, with capelin their preferred prey. Redfish, herring,
crustaceans (particularly crabs), and large zooplankton also contribute to the diet.
Populations in the United States feed primarily on herring, sasdarel invertebrates
(Powles 1958Rose 200Y. The Arctic lake populations subsist on inebrates, such
as echinoderms and molluscs, as well as smaller(laiiquin 1967 Hardie 2004
Hardie & Hutchings 2011 Camibalism has also been seen in marine cod popuation
accounting for ~5% of the di¢Bavenkoffet al.2006.

Atlantic cod mature at anywhere from two to seven years, and spawning occurs
continuously from this point onwarqRose 200Y. Reproduction occurs by broadcast
spawning, with large numbers of eggs released and low survival(Raes 200Y. A
female cod may hold 110 million eggs which she releases over a period of weeks;
larger and older females carry more and higher quality eggs, and larger males have
greater fecunditfRose 200Y. Spawning continues over a period of months in the
spring, and continues even as the fish move towards fegdigds(Hutchingset al.

1993 Myerset al. 1993. The fertilised eggare sufficiently buoyant to float near the
surface, and they drift for weeks in the currgiiese 207). Once hatched the larvae

are pelagic and continue to float aimlessly.
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1.4.4.3 Population status

Atlantic cod have been a favourite food fish species since at least the 15th
century, and were (and in some places still are) the basis for many fistioms
2007). Many people targeted cod due to their large size, their population abundance,
and their ease of captu(®oyle & Cech Jr. 2000 Early stories told of a plethora of
Atlantic cod as far as the eye could see; it seemed unthinkable that this resource would
ever cease. Today, the cod fisheries in North America are essentiatgxistent,
while those abroad are greatly redu¢btbyle & Cech Jr. 2000

Atlantic cod were fished extensively throughout the 19th and 20th centuries
using a variety of fishingechniquege.g., longlines and otter trawlers; Pinhorn 1969
Severe population declines arose first in Europe then in North Ameifihe
population crash in the Northwest Atlantic occurred from the 1960s to 1980s, and a
moratorium on commerciatod fishing was introduced in Canada in 1992. Limited
fisheries have been reopened in some inshore regions around Newfoundland, and
ongoingsentinel and recreational or fodidheries remain in operatiofRose 200Y.
Russian and Norwegiasod stocks fared better with effective management regulations
allowing both stocks to recover. It has been suggested that Atlantic cod populations
have been slow to recover due to a combination of climate and oceanographic
conditions (Beaugrandet al. 2003 Koster et al. 2005 Hiddink et al. 2008. Other
potential causes include very low starting numbers, reduced peelatahty, and
increased predation.

By the latter half of the 20th century Atlantic cod populations had declined by

> 90% in many regions, and by > 99% in the northeast Newfoundland and Labrador
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stock (the "Northern Cod" complexCOSEWIC 2003 Rose 200Y. In response,

Atl antic cod were <classi fi edst(terafiomal|l ner ab
Union for Conservation of Nature 2011). Northwest Atlantic cod are currently
separated into six regions by COSEWIC; the Laurentian North, Laurentian South,
Newfoundland and Labrador, and Southern populations have all been assessed as
AEmadgeredo, lakkee APAopuiations as ASpeci al C
popul ati on as (COIEWICaR01D Pdspite theefactt thiat Atlantic cod

have been assessed under SARZpecies at Risk Public Registry 2016he
recommendation was not accepted by the Ministet,so the species is not currently

protected under SARA.

1.4.4.4 Previous population work

Given its importance as a food fish, and the dramatic population changes it has
undergone, Atlantic cod kea been extensively studied. By the early 20th century
scientists were interested in whether Atlantic cod were a large homogeneous group, or
whether they separated aloggographical omorphological lines. Meristic analyses
suggested regional races in EtegBchmidt 1930 and found discrete differences in
the Northwest AtlantiqTempleman 19621979. In particular, cod from southern
populations tend to have a lower mean vertebral count than those in woitlearn
waters, inshore fish have lower numbers than offshore fish, and Flemish Cap cod have
fewer vertebrae relative to the nearby Grand Ba8tanek 1968Lear et al. 1979
Templeman 1981Lear & Wells 1984 Pepin & Carr 1998 Subsequent tagging

studies also supportethe idea that cod in the North Atlantic form distinct stocks
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despite high dispersal capabilities and observed-ttistgnce migratio{(Gulland &
Williamson 1962 Lear 1984 Swain et al. 2001, Robichaud & Rose 2004 Other
morphological characteristics, such as colour and otolith shape, have also been used to
differentiate races or stockislgller 1966 1968 Love 197Q Jonsdottiret al. 2006).

With the introduction of molecular techniques, studies turned to genetic
relationships. Early studies employed protein markers to compare cod populations.
Sick (1965h a) and Frydenberget al. (1969 studied cod from across the North
Atlantic using haemoglobin markers. They id&atl frequency differences across the
different populations, and suggested that there were six distinct regions: North
America, Greenlandceland, Faroes, North S&manish Sedelt SeaKattegat Fjord
Skagerrak, Baltic Sea, and Norway (Barents Sea). Tmaimsfstudies identified
Atlantic Canada as unique from European populations, while a combination of
transferrin and phosphoglucose isomerase showed further separation within Canadian
waters (into north Laurentian, south Laurentian, and Flemish Qapjieson 1967
1975 Cross & Payne 1978 Later studies that employed a wide variety of protein
markers, however, detected only weak differentiation, and suggested that early
findings may have been due to selection at the markers (Medk et al. 1985
Jamieson & Birley 1989Mlagnussen 1996

The late 1980s and early 1990s introduced mitochondrial DNA (mtDNA)
studiesi first through RFLP analysis, and then to direct sequencing. RFLPs allowed
the mitochondrial genome to be scanned for specific changes in the restriction enzyme
cut sites. Restrion analyses showed significant differences in Norway, between

coastal and Arctic sampléPahle 199}, and either strong separation consistent with
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isolationby-distance(Pogsonet al. 1995, or little differentiation among populations
studied, even on the large scq@mith et al. 1989 Arnasonet al. 1992. It was
suggested that recent divergence was the likely cause of the low variation observed in
RFLPs.

The first population study to sequence cod mtDNA looked at a short fragment
of the cytochromé locus (CYTB); 298 base pairs (bp) were sequenced from Norway
and NewfoundlandCarr & Marshall 1991ga The study identified allele frequency
differences between the two regions, and Newfoundland showed lower diversity than
Norway. A follow-up study expanded the sequenced region to 307 bp fromssatm®
Northwest Atlantic. A single common haplotype was identified in many individuals,
with all other samples one to eight variable sites a{@ayr & Marshall 1991p This
short section of MtDNA has since been sequenced in thousands of cod from across the
North Atlantic (Arnasonet al. 1992 Pepin & Carr 1993Carret al. 1995 Arnason &
Palsson 1996Arnasonet al. 1998 Carr & Crutcher 1998Arnasonet al. 200Q
Sigurgislason & Arnason 20p8rnason 2004 The majority of samples show one of
five high-frequency haplofyes,'A’, 'C', 'D', 'E’, or'G', each only a few bases different.
There exists a trapAtlantic cline in allele frequency with much higher diversity in
eastern populations: haplotyf# is the dominant genotype in Newfoundland, with a
haplotype frequencyf over 80%, and decreases in frequency as we move east to
~20% in the Baltic Sea; similarly, haplotyft€ is at low frequency in Newfoundland
and increases to more than 50% in the Baltic (Beaason 2004 MtDNA does not
support the separation of inshore and offshore cod stocks in Newfoundland, nor does it

support the separation of coastal and Arctic populations in Nof@as et al. 1995
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Arnason & Pélsson 19960verall there is a starburst pattern of variation, indicative of
a recent rapid expansigArnason 2004pAvise 2004,

A recent study used the complete mitochondrial genome to evaluate population
structure in Atlantic cod. The study looked at 32 samples from four populations (three
in Atlantic Canada and one in Neay) and found a unique sequence in each
individual (Carr & Marshall 2008g Six major groups were identified, although there
was little correlation to geographical origin. They noted wizat had originally been a
single widespread haplotype (CYTB haplotyp®) was actually a paraphyletic
assemblage. The study showed that there was much more variation in Atlantic cod than
we have seen so far in mtDNA, and that the population divergemeech deeper than
previously believed.

Nuclear markers tell a slightly different story. One study using minisatellites
showed strong population differences, particularly among -#dastic populations,
and higher diversity in Europ&alvin et al. 1995. Differences were also seen within
regions (e.g., among the different Norwegian fjpragath greater divergence among
the European populations than in North Amer8ame nicrosatellite markers suggest
rangewide isolationby-distance and structure at the regional s¢hlelsenet al.

2001 O'Learyet al. 2007). In North America at least five distinct groups have been
identified: northeastern Newfoundland and southern Labrador (North), the Grand
Banks (South), the Flemish Cap, the %o Shelf, and Georges BafRentzenet al.

1996 Ruzzanteet al. 1998. Differences have also been seen among inshore and
offshore wintering fisRuzzanteet al. 1996 Beachanet al. 2002, between Georges

Bank and the southern Nantucket Sho@lage et al. 2004, and among the three
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landlockedArctic populationgHardieet al. 2006. In contrast, using a different suite
of microsatellites Hardiet al. (2006 found no differences among the Atlantic Canada
populations, whe Beachamet al. (2002 found no differences in the Newfoundland
offshore fish. In Europe, microsatellites have identified differences among spawning
sites in tle North Sea, English Channel, and Outer Hebrides, but not among those in
the Irish or Celtic Sea@Hutchinsonet al. 2001), a hybrid zone was located between
the North Sea / Belt Sea and the Baltic 8¢ielsenet al. 2003, and populations in
Norway show significant differences from each offkarutsenet al.2003 Dahleet al.
2006. A recent study suggests that the differences observed with microsatellites,
particularly withGmo 132 are likely overvalued as there is evidence of hitchhiking
selectionwhere deutrab microsatellite markersare linked to loci under selection
(Nielsenet al.2006

A number of other nuclear markers are also being investigated. Studies have
looked at the vesicle membrane protein pantophysin | YPBifferences have been
observed among Norwegian coastal and Arctic @@Volden & Pogson 1993997,
Icelandic spawning site€lonsdéttiret al. 2002, the Flemish Cap, Gilbert Bay (an
inshore region in Labrador ), (Beachametie wf ound I
2002, and between U.S. shodlsageet al. 2004). Further research into this marker
suggests strong positive selectionstigalarly in the two intravesicle domains, in
Atlantic cod and other gadid®ogson & Mesa 2004The pantophysin locus is likely
linked to temperature, salinity, and/or dep@aseet al. 2005. Using genome scans,
an exploratory study identified and characterised 318 single nucleotide polymorphisms

(SNPs) in cod from NorwagMoen et al. 200§. Genome scans have identified eight
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(Nielsen et al. 2009 and 40 (Bradbury et al. 2010 SNPs associated with either
temperature or salinity, and suggest adaptive population divergence. Astatge
genome scan using 1,405 SNPs identified five groups with neutral markers only
(eastern Atlantic, western Atlantic, Lake Tariujarusiqg, Lake Ogad,Gilbert Bay), or

six groups when outliers under selection were inclydegaration of western Atlantic

into Scotian Shelf/Georges Bank and Gulf of St. Lawrence/Newfoundland/Flemish
Cap; Bradburyet al.2013. When the eastern Atlantic samples were run with all SNPs,
including outliers, the Davis Strait afhrents Sea separated from the more southern
populations, indicating that the markers may be under temperature selSatdar

results have been seen with among the Northeast Arctic and Norwegian coastal cod
populations (Berget al. 2016) with signifi@ant differences among the two ecotypes
caused by SNPs across three distinct genome regions. Arnason & Halldérsdottir (2015)
identified frequency differences among northern and southern populations based on the
creatine muscle kinase type A locus. Again $hggestion was that the locus is under

temperature selection and provides evidence of natural selection and local adaptation.

1.5 Molecular Markers

As molecular techniques are advancing, increasingly complex evolutionary
guestions can be addressed. Blirgequencing remains ubiquitous, whether by Sanger
or figheerxetr at i on o0 s e(§angemtcal 1997 Sheadurk & di 2008
Metzker 2010, and genome scans targeting geoh regions of the genome are

allowing large numbers of SNPs to be identified and magBedumont & Balding
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2004 Baird et al. 2008. A growing number of markers and methods are available
allowing previously elusive solutions to be reassessed.

The current study usedhd complete mitochondrial genome to study the
population genetics and phylogeography of Atlantic cod and three wolffish species in
the Northwest Atlantic. MtDNA has been used extensively in both phylogeographic
and phylogenetic studies due to its simpledmof inheritance and its general lack of
recombination, which allows historical patterns of movement to be tracked and tested
(Avise 1992 2004). The majority of studies to date have incorporated one or a few loci
(usually < 2,000 bp). Even these short fragments have allowed postglacial expansion
to be studied and genetic discontinuities to be discovered in a humber of vertebrate
species(e.g., Avise 199 More recent studies hawaoved to use the complete
mitochondrial genome, again taking advantage of the benefits of mtDNA inheritance,

and increasing resolution by incorporating the ~16,500 bp it cor{faise 2004.

1.5.1 Mitochondrial DNA

Mitochondrial DNA has a number of characteristics which make it an excellent
marker for studying evolutionary hasty both within and among species. The
mitochondrial genome is a circular molecule that contains 13 protein coding regions,
22 transfer RNAs, 2 ribosomal RNAs, and a +owodling control regior(Figure 1.6;
Wilson et al. 1985 Avise 2004. With few exceptions it is uniparentally inherited,
predominantly maternally, and it typically does not undergo recombination. This
allows the pattern of inheritance to be followed without extraneous complications.

MIDNA has a high mutation rate comparedmany singlecopy nuclear genes, with
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an estimated mutation rate of ~2% per million years, enabling variation to accrue in a
relatively short time periodBrown et al. 1979 Wilson et al. 1985. As it is
uniparentally inherited and haploid, mtDNA has an effective population size four times
smaller than nuclear DNA, thus allowing fixation of alleles more quickly via increased
sensitivityto genetic drif{ Palumbiet al. 2001, Brito & Edwards 2009

MtDNA is not without limitations. Although the genome contains multiple
coding and noftoding regions, the loci are physically linked (inherited as a single
unit); the mitochondriaenome should therefore be treated as a single locus, albeit a
high resolution marker. Homoplasy and heteroplasmy may also play @\filden et
al. 1985 Aviseet al. 1987 Avise 2004. Homoplasy occurs when two individuals with
the same sequence are assumed to be identical by descent, but instead are identical due
to a reverse mutation (e.g., a nucleotide has mutatd @ A T). Heteroplasmy is
when a single cell contains multipteitochondrial sequences (or haplotypes). This can
occur through mutation or biparental inheritance (or paternal leakage), and is due to
the fact that unlike with nuclear DNA each cell can contain hundreds of copies of the
mitochondrial genome as cells haveiltiple mitochondria (e.g., 10100), and each
mitochondrion can contain multiple copies of the gengwélson et al. 1985.
Heteroplasmy can be observed through multiple chromatogram pedkk
homoplasy is difficult to detect.

Following years of debate over the use of a single locus gene tree as a species
tree, studies have moved to include multiple loci such as mitochondrial DNA in
combination with nuclear genes or microsatellite mark&he use of the complete

mitochondrial genome (mitogenomics) has recently emerged as aelsghtion
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marker in intraspecific studiegCarr & Marshall 2008pPopeet al. 2017). Highly
vagile species such as marine fish often show low population structure with traditional
markers. Mitogenomics provides a new perspective on phylogeographic and

population genetic studi¢dvise 2004 Carr & Marshall 2008a

1.5.2 Whole mitogenome studies
Complete mitochondrial genome studies were first used to study the
phylogenetic relationship between humans and épesai et al. 1995, and to expand
on traditional control region studies in our understanding of human evo(lrtigman
et al. 200Q Tanakaet al. 2004). Phylogenetic relationships among other higher order
taxa (e.g., tetrapods, hexapods, and placental mammals) have estigated
(Curole & Kocher 1999Nardi et al. 2003 Arnasonet al. 2008, as have relationships
within taxa(Cooperet al. 2001, Inoueet al. 2001, Miya et al. 2001, Miya et al. 2003
Minegishi et al. 2005 Coulsonet al. 2006 Ursvik et al. 2007 Lin et al. 2012. In
many cases phylogenies have been rearranged, and additional branches resolved.
Intraspecific studies have used mitogenomics to clarifigbiguous or
undefined genetic structure. These studies often contradict earlier single locus studies
that have found little or no variation. For example, Knausl. (201]) identified a
highly endangered population of fishekéartes pennantias distinct with whole
mitogenome analysis that had been overlooked with traditional control region studies,
while Feutryet al. (2014 found differences among three river drainages in speartooth
sharks Glyphis glyphis where control region studies hadosvn homogeneity.

Mitogenomics has been used to study domestication in {oats et al. 2014, pigs
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(Wu et al. 2007, and yakgWanget al. 2010, has given improved divergence date
estimates in mammal&ilbert et al. 2008 Stoneet al. 2010, and has elucidated
previously unknown variation in marine figfanagimotoet al. 2004 Roqueset al.
2006 Carr & Marshall 2008aCarr & Marshall 2008pTeacheret al. 2012 Jacobsen
et al. 2014), reptiles(Shamblinet al. 2012, and mammalgMorin et al. 201Q Carret

al. 2015.

1.6 Thesis Aims

This thesis uses complete mitochondrial genome sequences to evaluate the
population genetic structure in two fish taxa whose distributions span the North
Atlantic Ocean. While many studies have attempted to discern the structure in Atlantic
cod (Carr & Marshall 1991aBentzenet al. 1996 Ruzzanteet al. 1998 Arnason
20043, and to a lesser extent in the three wolffish spe@sCusker & Bentzen
201(, b, 20117), results remain inconclusive. In addition, few studies have focussed on
the waters surrounding Newfodland and Labrador, an area of special concern due to
the recent population crashes and the ongoing fishery moratorium.

In order to look at the population genetic structure in these species, | applied
phylogenetic analyses to complete mitochondrial DNehame sequences. MtDNA
has been used extensively in population genetic studies as it is a good marker to follow
historical patterns and movemeffivise et al. 1987 Avise 2009. The use of the

complete genome ensures that all variation is included, and minimises any
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ascertainment bias from choosing only polymorphic markers. It also allows me to
compare how useful different loci are for uncovering structure in different species.
The study expands upon the previous mitogenomic data in AtlantitCerd &
Marshall 20085 and introduces new data for wolffigMcCusker & Bentzen 2010b
For the Atlantic wolffish, samples were collected from 14 sampling locations across
therangei off Newfoundland and Labrador, the midlantic (Greenland & Iceland),
and eastern Atlantic (Europé)with the focus on Newfoundland and Labrador. In
spdted and northern wolffish, samples were collected from six locations (five in each)
in the Northwest Atlantic. For the Atlantic cod, samples were collected from 14
sampling locations including the waters off Atlantic Canada from Labrador to the
Georges Bak, a landlocked fjord population on Baffin Island, Canada, as well as the

Baltic and Barents Seas in Europe.

1.7 Predictions

The distribution of all four species is similar, extending along the continental
shelves and slopes from the Barents Sea andoB#&jyscay in the east to the Grand
Banks and Georges Bank in the west (Figures 1.4 and 1.5). A comparison of the
genetic structure between two fishxa that live in the same ecosystem but have
different life-history characteristics will provide insightgo how different species are
using this environment. Despite the sympatric range, the genetic structure is expected
to be different between the cod and wolffish, but similar among the three wolffish

speciegsee Pele@t al. 2009) Atlantic, spotted, andorthern wolffish share similar life
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history characteristics: they are solitary creatures that have minimal dispersal as they
are fairly sedentary and have demersal eggs and larvae. This suggests that the
population genetic structure may be stronger that seen inmany marine fish
species. Atlantic cod, on the other hand, live in large migratory shoals and exhibit high
dispersal capabilities with longjstance migrations and millions of pelagic larvae.
They are expected to show weak population genetictsre and extensive gene flow.

Previous results in Atlantic wolffish have shown no diversity in the
mitochondrial ND1 and control region loci, and limited structure with microsatellites
(McCusker & Bentzen 20EH)201(, 2011). | predict that incresed variation will be
identified, both among and withipopulations, and that traglantic differences may
be evident. Diversity patterns will provide information as to whether a single or
multiple glacial refugia were present, and where the refugiahaay beenocated In
the spotted and northern wolffish | expect to see much greater genetic variation than
previously found in the two mitochondrial loci, as was eluded to in the nuclear markers
in Europe (McCusker & Bentzen 2010&011). The structure will likely reflect
previous findings, with less structure found in the spotted wolffish and greater
differentiation in the more specialisorthern wolffish.

Atlantic cod have shown contrasting patterns with mtDNA and microsatellites,
likely due to the nature of the markers (i.e., different inheritance modes and mutation
rates). Microsatellites have suggested strong population structure thighNorthwest
Atlantic (Bentzenet al. 1996 Ruzzanteet al. 1998, while mitochondrial DNA hs
consistently supported a traAdlantic cline in allele frequenes but little

differentiation at the local scal@rnason 2004aCarr & Marshall 2008a | predict
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thatthere will be trangAtlantic differences in Atlantic cod, with higher diversity in the
eastern Atlantic, and few differences among the Northwest Atlantic populations. The
exception is with the isolated Arctic population where physical isolation sincenthe e

of the Pleistocene will cause the population to show significant differences and
heterogeneity. The inclusion of fish from the Barents Sea, the Baltic Sea, the Flemish
Cap, and Baffin Island, all of which have previously been identified as unique
populdions, will further allow us to test how the cod survived the LGM, and where the

current populations may have originated.

1.8  Thesis Organisation

The thesis is presented in five chapters. The first provides a general
background to the research questiowtat drives population genetic structure in
temperate species, particularly marine species, and what patterns are commonly seen?
It also looks at what molecular methods are used to study population genetic structure,
and gives a thorough background onshely species in question. The second looks at
the population genetic structure in Atlantic wolffish using mitogenomics, addressing
whether the species shows evidence of structuring or homogeneity, and what factors
may have influenced the patterns seeafayjo It also includes a population study where
an additional 80 Atlantic wolffish samples were sequenced for a targeted 1,690 bp
region. Chapter ®egins toexamine thecongenericspotted and northern wolffish. |
look at whether there is evidence of anypplation structure when the mitochondrial

genome is sequenced, and whether any regions of the genome are heavily influencing

1-34



this structureThis chapter represents preliminary work on thesespeciesbased on
sampls from Newfoundland and LabradoChater 4 addresses the question of
population genetic structure and phylogeography in Atlantic cod. Samples from across
the range are compared to identify barriers to dispersal, to test current stock
designations, and to elucidate evolutionary history. Tim& thapter summarises the

main findings of Chapters 2, 3, and 4, and discusses why the findings are different
among the four species. | address possible reasons for any similarities and differences,

and identify potential future research.
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Figure 1.1.How diversity is predicted to change with increasing distance from a
source population. (a) If there is a single source, diversity will be highest near the
source population and will decrease with increasing distance. As species move away
from the source there is a loss of diversity due to founder effect and bottlenecks. (b)
With two or more sources, diversity will be high in the source populations and any
secondary mixing points (where the different sources m&&g. colours represent

different genotypes.
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Figure 1.2. A phylogeny of select teleosts with estimated divergence times. The
Gadiformes (Atlantic cod) and Perciformes (Atlantic wolffish) are highlighted in bold.
Both orders belong to the Acanthomorpha. Figure modified from Miyal. (2003

and Neaet al.(2012.
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(@)

Anarrhichthy®cellatus

Anarhicha®rientalis

Anarhichaslenticulatus

Anarhichas minor

Anarhichas lupus

(b)

Microgadusproximus

Pollachiuyirens

Melanogrammuseglefinus

Merlangiusmerlangus

Boreogadusaida

Arctogaduglacialis

Gadusnacrocephalus

Gadushalcogrammus

Gadusnorhua

Figure 1.3. A more nuepth look at teleost phylogeny for (a) the Anarhichadidae
(wolffish), and (b) Gadidae (cods and codfish). Figure modified from McCusker &
Bentzen(2010h and Coulsoret al.(2008.
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Figurel.4. The distribution(shaded)pf the (a) Atlantic wolffish (b) spotted wolffish and (c) northern wolffish in Noethwest
Atlantic. Approximate sampling locationk J are shownAdditional Atlantic wolffish samples were collected in the Northeast
Atlantic (shown in Figure 2.1Pistributions are modified from FishBag2013,2013, 201%).

1-39



Figure 15. The distribution(shaded)of the Atlantic cod across the North Atlantic.
Approximate sampling location$ () areshown Distributionis modified from FishBase
(20134).
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Figure 1.6. The standard structure of the teleost mitochondrial ge(matD®&A) with 13
coding regions (white), two ribosomal RNA regions (yellow), 22 transfer RNAs

(coloured), and the necoding control region (grey).
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2.1 Introduction

The population genetic structure of marine species is often enigmatic. Widespread
fish species, particularly those in temperate environment® traditionally displayed
limited or no population structur@Vard 1995 Vis et al. 1997). Those with a pelagic
habit7 whether larval and/or aduit tend to show extensivaigration andgene flow.

This has beemttributed to large ranges, high dispersal capability, and few barriers to
dispersalPalumbi 1992 Species found in tropical or coastal regions, however, are more
likely to be limited in their movements due to habitat and resaestections, resulting

in greater population structuringhulman &Bermingham 1995Wilson 200§. While
population connectivity and presence or absence of physical barriers significantly affect
population genetic structure, species found in the Northern Hemispheralse heavily
influenced by the effects of the Quaternary glaciations, particularly those of the
Pleistocene and the most recent glacial ev@as200- 10 kya;Hewitt 200Q Pflaumann

et al.2003 Hewitt 2004 Shaw 200%

The degree of population genetic structure and its underlying causes is particularly
importantwhen considering species of conservation concern. A species' ability to deal
with negative pressures, such as habitat degradation or overharvesting, is a direct result of
their life history traits. Large marine fish species with long lives, slow growth |ata
maturity, for example the roughhead grenadMacrourus berglaxor the roundnose
grenadierCoryphaenoides rupestridiave been shown to be particularly vulnerable to
overfishing and habitat destruction such as that seen in th&Gthdcentury(Bakeret al.

2009. These same characteristics can affect the recovery potential of species.
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The Atlantic wolffishAnarhichas lupugL. 1758) is a large demersal fish found
acrossthe North Atlantic Ocean. Along with two sympatric congeners, the spotted
wolffish A. minorand the northern wolffisiA. denticulatus Atlantic wolffish suffered
severe population declines in the late 1970s and early 1980s due to a combination of
overharvesting as bycatch in directed fisheries for other species (primarily Atlantic cod
Gadus morhup and to habitat destruction by the tooh trawls used in such fisheries
(Watling & Norse 19980'Dea & Haedrich 2002 Populations decreased by 91%, 96%,
and 98% for Atlantic, spotted, and northern wolffish respectif€@SEWIC 2000
2001a 2001b). Based on these data, the three wolffish species were the first marine fish
species to be listed by the Committee on the Status of Endangered Wildlife in Canada
(COSEWIC) under th€anadian Species at Risk Act (SARA). The Atlantic wolffish was
assessed as Special Concern in 2000, and spotted and northern wolffish were assessed as
Threatened in 200(COSEWIC 20002001a 2001b). The three species were reviewed in
2012 and the designations were confirfl€@®SEWIC 20122012, 201Z). The fourth
species in the genus, the Bering wolffi8harhichasorientalis is designated as Data
Deficient; that is, with data insufficient to assess its conservation @QSEWIC
2002.

The distribution of Atlantic wolffish extendfrom New England and
Newfoundland in the Northwest Atlantic, across Greenland and Icelaridprway and
Russia in the Northeast Atlantic (Figure 2.1). They are found in relatively shallow waters
along the continental shelves, typicatlg deepethan 450 m(Barsukov 1959J6nsson
1982 Templeman 1984 Wolffish are solitary creatures, spending much of their time

hiding in crevices and under boulders, coming out at night to feed on benthic
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invertebrates such as molluscs and crustacg@msson 198Albikovskaya 1983Keats

et al. 1985. Atlantic wolffish are large marine predators that can grow up to 145 cm long,
live up to 20 years, and mature anywhere from 20 years a (Jonsson 1982
Templeman 1986 Atlantic wolffish undergo internal fertilisation and lay large demersal
egg masses. The eggs hatch into \delleloped young which can undertake a short
pelagic stage or may remaifose to their hatching sifdohannesseet al. 1993 Pavlov

& Novikov 1993. Movement in this species is limited; tagging studies show mainly
shortdistance movements in dthy primarily seasonal migration between feeding and
spawning ground@arsukov 1959Templeman 198&Keatset al. 1985.

Due to the unique life history characteristics, such as sedentary lifestyle and
demersal spawning, Atlantic wolffish may be expected to show strong population genetic
structure, be susceptible toegative influencesincluding fishing pressures and
environment al changes, and to recover mo r
population genetic structure is therefore imperative to devise an optimal protection and
recovery plan. Previous results, however, are aadlictory. A rangewide
phylogeographic study using two mitochondrial DNA (mtDNA) loci found low diversity
levels and a stdike phylogeny (McCusker & Bentzen 2010b With nuclear
microsatellite markers, however, McCusk&r Bentzen (20103 found evidence of
divergence between populations in the Northeast and Northwest Atlantic, with higher
within-group structure in the Northwest. Pampouké al(2012, using the same
microsatellite markers, found population homogeneity off Iceland.

As molecular techniques have advanced, previously unknown patterns of

population divergence have been revealed in marscisp. For example, as we

2-4



progressed from allozymes and restriction enzymes, through sequencing of mitochondrial
genes, to microsatellites and nuclear SNPs, the sensitivity and resolution of markers has
identified increasing levels of structure. Given thek of population genetic structure
seen in Atlantic wolffishto date, clarification requires molecular markers capable of
detecting more subtle structure. Mitochondrial DNA has been used extensively in
phylogeographic and population genetic studies; lewauntil recently only a fraction of
the genome has been analysed (usualll2%). Many single locus studiésve infered
population homogeneity, when in fact it may be undersampling of the genome. The
advent of mitogenomics has allowed the evolutignhistory of species to be more
thoroughlyexamined.Studies of completentDNA genomeshaveclarified evolutionary
relationships in mammaldorai et al. 1995 Arnasonet al. 2008, birds (Cooperet al.
2001, and fish(Inoue et al. 200L Miya et al. 2001 Miya et al. 2003, and have
identified previously hidden diversity in huma&anakaet al. 2004 Popeet al. 2011),
chimpanzee¢Stoneet al. 2010, fishers(Knauset al.2011), cod (Carr & Marshall 2008
and shaks (Feutryet al.2014).

The present study examines thepulation genetic structure of Atlantic wolffish
by means of complete mitogenomic sequences (16,512 bp). The degree of population
genetic structure in Atlantic wolffish was tested to determirieafdifferent populations
are genetically distinctthus forming discrete groups, or whether they are genetically
homogeneousSampling was concentrated on the watdéf§Newfoundland and Labrador
(Canada), with additional samples from Europe and theAtiahtic to allow for trans
Atlantic comparisonsAtlantic wolffish may beexpected to show much greater variation

in the complete genome than has been seen previously in this species. Studies on Atlantic
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cod (Carr and Marshall 2008) and harp s@agophilus groenlandicu&Carr et al. 2015),

on a similar geograptal scale, showed that every individual had a unique genomic
sequence. A comparison of singteus, targeted muHbcus, and complete genome
analyses will show how much of the genome is required to produce the maximum
resolution of mitogenomic structuie Atlantic wolffish. | predict that the comparison

will show that in arecentspecies with low levels of diversity such as the wolffish, a
significant portion of the genome may kexjuired to fully appreciate and elucidate the
presence of variation andrscture. The use of targeted muticus analyses using loci
selecteda posteriorifor their variability will allow additional samples to be analysed
quickly and easily. Fisheries and Oceans Canada currently have a monitoring and
recovery plan for Atlanti wolffish in the Northwest Atlantic; an 4depth population

genetics analysis of the sites in this area is crucial for informangagemendecisions

2.2 Materials and Methods

2.2.1 Sample collection

A total of onehundred and fortpne Atlanticwolffish samples were collected by
Fisheries and Oceans Canada between August 2002 and November 2003. The fish were
caught from seven sampling locations along the coast of Newfoundland and Labrador
(Figure 2.1): LABC (central Labrador), LABSduthern Latador), NENL (nortleastern
Newfoundland), NGB (ndhern Grand Banks), SEGB (soathtern Grand Banks),
SWGB (soutlwestern Grand Banks), and SNL (southern Newfoundland). Hearts were

removed and stored a20°C. A further 23 samples were provided by Dr. PAahtzen
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(Dalhousie University), which represented seven new sampling locations from Europe
(RK (Rockall Bank), NS (North Sea), and BS (Barents Sea)), theAttadtic (WG (west
Greenland), EG (east Greenland), and IC (Iceland)), and Nova Scotia (SS n(Scotia
Shelf)), and three additional samples from NGB. These samples were provided as
extracted DNA; they had previously been collected as part of research surveys by
Fisheries and Oceans Canada between 2002 and 2005, with the exception of the North
Sea samplesvhich came from a fish market in Scotlafgee McCusker & Bentzen

20103.

2.2.2 DNA extraction

DNA from most samples used in this study had been extracted previously by
members of the Carr lab using the methods below. Where insufficient material was
available, | reextracted DNA from the original tissue sample using the same procedure.
DNA was extracted from heart tissue using the Qiagen DNeasy Bloodissuk Kit
accordilg to the manufacturer's protocol (Qiagen, Hilden, Germany). A siisalie
sample (~25 mg tissue) was added to pBOBuffer ATL (<10% SDS)with 20 pL
prateinaseK (20 mg/mL) and incubated overnight at 8o digest the protein and other
cell componentsTo help isolate the nucleic acids and remove any nuclea8espL
Buffer AL (<50% guanidinium chloride) @200 pL 99% ethanol were added and
incubated for a furthet0 min at 56C. Theextractedsamplewastransferred to a DNeasy
Mini spin columnwhich wascentrifuged at 8,000 rpi®,000x g)for 1 min, washed with

500 pL Buffer AW1 (>50% guanidinium chloridedy centrifugation forl min at 8,000



rpm (6,000x g) and given a final wash in 500 [Ruffer AW2 with a 3 min 14,000 rpm

(21,000x g)centrifugatio. The DNA was eluted from the column in a final volume of

200puL Buffer AE (10 mM TrisCl, 0.5 mM EDTA pH 9) and stored &0 C.

2.2.3 DNA amplification

The complete mtDNA genomes of 50 Atlantic wolffish had been amplified by the
polymerase chain reacti (PCR) prior to this study. | amplified an additional 34 Atlantic
wolffish mitogenomes. Each genome was amplified in a series ef2D8overlapping
fragments ranging from 6981,503 base pairs (bp). In some cases, two of the longest
fragments were amified as two smaller pieces. The fragments overlapped-b535% bp,
with an average overlap of 245 bp. Primers were those used previously with Atlantic
wolffish (Johnstoneet al. 2007) or Atlantic cod(Coulsonet al. 2006), or were designed
specifically for this study based on the reference Atlantic wolffish genome sequence
obtained by Johnstone et al. (20G&nbank Accession Number EF42791®&)mer pairs
and sequences are given in Table 2.1.

PCR reactions were c@&d out using Qiagen PCR kits with either Taq, HotStar
Taq, or TopTag DNA polymerase. In each case the PCR reactiorL]2®ntained 10X
PCR buffer, 2 mM MgGCl(Qiagen), 0.2 mM dNTP (Qiagen), 0@ each of the forward
and reverse primer, 1 unit DNA polgrase (Qiagen), and i of the genomic DNA
extract. The PCR profile was as folloves initial cycle of 3 min at 95°C (15 min at @&
for HotStar and TopTagq), followed by 40 cycles of 30 s at 94°C, 45aspamerpair-

specific annealing temperaturéaj, 1 minat 72°C; and a final extension at 72°C for 10



minutes. & varied from 49- 58 C according to the primer pair us€@iable 2.1). All
PCRs were performed in an Eppendorf Mastercycler epGradient S thermocycler
(Eppendorf, Hamburg, Germany). PCR products were visualised under UV light on a 1%
agarose gel with 0.89/mL ethidium bromide.

Two shorter fragment$1,690 bp)were amplified inan additional 80 Atlantic
wolffish samplesone with he primers w08f1 and g0&nd one withwl14f2 and strl4r
(Table 2.1). The amplifications were carried out with the Qiagen TopTag DNA

polymerase kit using the conditions described above.

2.2.4 Sequencing

PCR products (51.) were purified with an Ex®AP clean up procedure. The
PCR products were incubated 3Z°C for 15 minwith 0.1 U exonucleas€@USB) to
remove excess primers and 0.1 U shrimp alkaline phosph&i&8&} {0 dephosphorylate
any unincaporateddNTPs. This was followed by5 min at 80°C to denature both
enzymesPurified products were then sent to Genome Quebec (McGill University, QC)
for Sangersequencing with both forward and reverse primers. For fragments with
extensive overlap, or where setges showed no ambiguities, a single sequencing primer

(either forward or reverse) was used.

2.2.5Microarray sequencing
An additional 50 samples had been previously amplified and sequenced with

Affymetrix GeneChi® CustomSe® resequencing multispecies microarrays, the



A Ar k C(Carmpebal. 2009. The samples were sequenced as part of twd four
species experiments, alongside Atlantic ,codrp seal and Newfoundland caribou
Rangifer tarandus(see Duggan 200Q7Carr et al. 2008. Amplicons were pooled in
equimolar quantities, fragmentddpelled, and sent to the Centre for Applied Genomics
(Toronto, ON) where they were hybridised to the microarray chips and scanned with an
Affymetrix GeneChi® scannefDuggan 200Y. Signal intensity data were exported to a
Microsoft Excel spreadsheet program.

The microarray DNA sequences were checked using adadlgeg algorithm
consisting of a comparison of fluorestesignal intensity relative to the microarray
reference sequence and a set of empirical rules to identify sequence polymofglaems
et al. 2008 Carret al. 2009. For each site the hybridised product was compared to the
reference sequence such that the central nucleotide of a 25 bp fragment was altered
between the four possible bases. The signal intensity was measured for htve WéelR
product hybridised to each possible sequence. This was done in both directions, giving
two calls for each base. The intensities were then compared to the reference sequence.
When a signal was stronger for one base than any otharlbgstl3% itwas considered
a"strong call, if the difference was 1012.9% it was dwealer" but still reliablecall. In
order for a polymorphism to be called, both strands had to afreet the site was

excluded from further analysis

2.2.6 Data analyse
The dideoxy DNA sequences were checked by visual inspection of the

chromatograms using the program Sequencher v4.9 (Gene Codes Corporation, Ann
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Arbor, MI). All sequences were aligned in Sequencher v4.9 and MEGA(Vé&rGuraet

al. 2013. Variable sites were doubtihecked against microarray calls or chromatograms
and any ambiguous calls veeremoved. Sequences were aligned to the Atlantic wolffish
reference sequendqdohnstoneet al. 2007, coding region annotations were confirmed
against the chicken mitochondrial genof@esjardins& Morais 1990 and the Atlantic
cod partial genoméJohanseret al. 1990, and the location of each variable site was
recorded. Haplotypes (shared DNA sequences) were assigned using TCSGi&radnt

et al.2000 and confirmed with Arlequin v3.5(Excoffier & Lischer 201D

2.2.7 Mitogenomic analyses

To measuregenetic diversityfor each population, both nucleotidep) and
haplotype Hqd) diversities were calculated in Arlequin v3.§Bxcoffier & Lischer 201D
and DraSP v5.1(0Librado & Rozas 200P Nucleotide diversity was calculated ‘as

By @& where xand x are the frequenes of the I" and [ sequencepj is the

number of polymorphisms between the pvands is the number of sequencebserved
(Nei & Li 1979). Haplotype diversityvas calculateés©O — p B w wherex
is the frequency of thd'ihaplotypen is the population sample sjzndh is the number
of haplotypegNei & Tajima 198).

An analysis of molecular variance (AMOVA) was performed in Arlequin v3.5.1
(100,000 permutation€Excoffier et al. 1992 Excoffier & Lischer 201D to determine
whether the genetic variation was found within or among populations. The AMOVA was

run on the complete dataset (n = 84) and a reduced subset containing only the North
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American populations with ®9 (LABS, NENL, SENL, NGB, SGB, and SNL; n = 63).
Population pairwise genetidistances(l st valueg were calculated in Arlequin v3.5.1
(Excoffier & Lischer 201D on the reduced dataset described above. Paitvgsealues

a haploidspecific measure of genetic diversity based on Wright's fixation if\deight

1965, can range from O (where populations are completely homogeneous) to 1 (where
populations are completely isolated from each other). A modified false discovery rate
procedure(FDR; Benjamini & Yekutieli 200) and the sequential Bonferroni method
(Holm 1979 were used to correct the criticavplue(Perit) for multiple tests.

The degree of isolatiehy-distance was measured in Genepop vdl@,000
permutationsRaymad & Rousset 1995Rousset 2008using a Mantel test to compare
genetic and geographic distances among North American locd&tatkin 1993. The
average GPS coordinates for each location were used to calculate geographic distances in
the Geographic Distance M@x Generator v1.2.3Ersts 201% Geographic distances
were calculated both as straight line "as the crow flies" and shortest marine "as the fish
swims" distances. Linearised st values (calculated above) were used for genetic
distances.

An unrooted statistical parsimony network was assembled in TCS (@l@hent
et al. 2000. The network allows visualisation of the relationskimong haplotypes
connected based on their DNA sequences. The network was obtained using a 95%
connection limit, and all connections were evaluated by visual inspection. A principal
coordinates analysis (PCoA) was performed in GenAlEx (Beakall & Smouse 2006
Peakall & Smouse 20)2The PCoA allows visualisation of genetic differences based on

individual genotypes with na priori population information, and shows the distribution
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of variation along the major axes. Clustering analysis was conducted uairg§ 26
(Bayesian Analysis of Population Strut; Corandeet al.2008. BAPS uses a Bayesian
analysis to assign individuals to clusters based on genetic data vétpriayi population
information. As the datare single genom&composed of many completely linked loci,
the clustering with linked loci option and the codon model of linkage were (ssed
Corander & Tang 20Q7 The number of clusters, K, was varied fromol120, and the
optimal K was determined based on the log marginal likelihood of thevisdsd
partitions. The significance of the distribution of groups was tested using both a standard
chi-square § ?) test and a modified Monte Carlchi-square testlesgned for small
population sizes(Roff & Bentzen 198% The PCo0A and clustering analgsavere
undertakeron both the complet@ = 84)and reducedn = 63)datasets.

Phylogenetic analyses of the relationship among haplotypes was analysed using
both Bayesian and distance methods. A Bayesian tree was construbteBayes v3.2
(Huelsenbeck & Ronquist 200Ronquist & Huelsenbeck 20p3ising the generalised
time reversible model of substitution and garmigiributed rate variation allowing for
invariable sites (GTR 4 + 1). The analysis used two simultaneous runs with eight chains
for 5,000,000 generations, with a 25% burnfinal ESS > 1,000, PSRF > 0.999, and
standard deviation of split frequencies < 0.005. A neighfmomg tree (NJ) was
constructed in PAUP* v4.1(Bwofford 2003 based on the absolute number of nucleotide
differences (10,000 bootstrap replications). In all cases the congeneric spotted and
northern wolffish were used to root the trees (Genbank accession numbers EF427917 and

EF427918).
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2.2.8 Divergence time estinest

Divergence times among haplogroups were estimated using two Bayesian
methods: a Bayesian tree based on the strict clock model was MnBiayes v3.2
(Huelsemeck & Ronquist 2001 Ronquist & Huelsenbeck 20p3and a constant
population modelwas runin BEAST v2.3 (Bouckaertet al. 2014). For MrBayesthe
model was run as above, withT® + i+ | and uniform branch lengths. In BEAST the
HKY (Hasegawa, Kishino, and Yano) & + | model with a strict clock was run for
10,000,000 MCMC steps, sampled every 10,000 steps, with a 1,000,000 stap Birn
ESS parameters were > 1,000. In botkesathe trees were calibratading a normal
distribution with ameandivergence time between the congeneric spotted and northern
wolffish of 2 million yearsand a standard deviation dd.5 million years A separation
date of 12 million years agorfyad has been suggested based on the separation of the
Atlantic Ocean wolffish species from the Pacific Ocean wolffish specie$ rBya with
the last opening of the Bering Strdi¥icCusker & Bentzen 201Qb This gives an

approximate mutation rate of 0.972% per million ye8&L(SNPs in 16,516p).

2.2.9 Individual loci

To test whetheany of the individual loci were able to detect structure in Atlantic
wolffish, an AMOVA was run separately on each of the 13 coding regions, the two
rRNAs, and the control region. Population pairwisg comparisons were obtained from
the reduced datasé¢h = 63) described above. For each locus a statistical parsimony
network was constructed and NJ trees were assembled to visualise any detected variation.

All analyses were carried out using the methods described above.
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2.2.10 Expanded sample for tfragment (1,690 bp) study
In order to further evaluate the population genetic structure in Atlantic wolffish,

two shorter fragments were amplifiél an additional 80 samples The two fragments
were a 903 bp fragment ofhe cytochrome oxidase 1 (CQ) gene and a 787 bp
fragmentspanninga portionof the NADH dehydrogenase subunitM¥4) gene(46 bp),
thethree contiguoutRNAs histidine (69 bp), serine (67 bp), and leucine (73 bp)53&ad

bp of the NADH dehydrogenase subunitM{5). These are hereinafteeferred to as the
COX1 and ND5 fragments, respectively. Tgenetic analyseslescribed abovevere
conductedor the combined 1,690 bp from tli&4 wolffish (84 complete and gtartial

sequences

2.3 Results

2.3.1 Complete mitochondrial sequences

Compgete mtDNA genome sequences were obtained for 84 Atlantic wolffish from
14 locationgGenBank Accession Numbers KX11792KX118005. The mitogenomes
were 16,512 bp in length, and the sequences contained the expected 13 coding regions,
12S and 16S rRNA ragns, 22 tRNAs, and the naroding control region. There were 11
overlapping fragments consisting of 60 bp, and 12 short intergenic regions totalling 104
bp including the 37 bp origin of light strand replication OThe average nucleotide
composition otthe heavy strand was 26.7% A, 28.1% C, 17.8% G, and 27.4% T ([G + C]

= 45.9%).
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Among the 84 complete sequences there were 257 variable sites including 111
parsimony informative sites (found in more than one individual) and 146 singletons
(Table 2.2). Therewere 224 transitions, 29 transversions, and 4 insedibetions
(indels). Coding regions contained 75% of the variable sites, and almost 15% were found
in the 12S and 16S rRNA regions. The majority of the changes in the coding regions were
third position transitions (137 out of 193). There were no frameshift or nonsense
mutations (i.e., no unexpected stop codons). All SNP variants occur in one of two states,
except for a single site in the 12S region that occurred in three variant forms (C, G, and
T). The indels were all found in neroding regions: two in the 16S rRNA, one in the
tRNA tyrosine, and one in an intergenic region. The distribution of the variable sites is
given in Table 2.2.

A total of 74 distinct mitogenome sequences (haplotypes or mitotypes) were
identified, 71 of which were found only in one individual and three of which were shared
by two or more fish (Table 2.3). Of the shared haplotypes, two were found in two
individualsand one was shared by nine individuatsn five North American populations
(Figure 2.2a). No haplotypes were shared between North American and European
individuals. Haplotype diversity ({1 was very high in all populations (0.6672..000) as
most individuals had a unique DNA sequence. Nucleotide divergjyrdnged from
0.00065 to 0.00149 (Table 2.3). The lowest diversity values were seen in SNL and RK,

while the highest were in NS and BS.
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2.3.2 Population structure

The overall AMOVIR2IJpe=W0O1135), and allocated 94.8% of
the variance within populations andstr5. 2%
values ranged from 0 among the three Grand Banks populations (NGB, SEGB, and
SWGB) and between NGB and SNL, to 0.236 betwe&BS and SNL (Table 2.4). The
| o we srtvalués occurred between geographically proximal locations, and no
neighbouring populations were significantly differentiated. Only three comparisons were
significant after correction for multiple tests: LABS vs. B.G.ABS vs. SNL, and NENL
vs. SNL. The two correction methods used gave criticahlpes of 0.0151 for the
modified FDR and 0.0102 for sequential Bonferroni. The method used did not affect the
number of significant values. There was evidence of weak drusignificant isolation
by-distance when marine swimming distances were compared to genetic distances (p =
0.076, f = 0.418; Figure 2.3). When straigiiie distances were used there was no
correlation between geographic and genetic distances (p = €2236,028).

The statistical parsimony network showed two divergent groups radiating from a
central group with a starburst pattern (Figure 2.2a). These three groups are also identified
in the multivariate, clustering, and phylogenetic analyses, and evéglfter be referred to
as haplogroups A, B, and C. There is no correlation between haplogroup membership and
geographical origin of the samples, with the exception that haplogroup A was not found
in LABS or the three mid\tlantic populations (WG, EG, ankf). Haplotype diversity
was high in all three groups ¢B 0.9), and nucleotide diversity was high in groups B and

C (Tabl e 2. 3) st compgaresons aniong ihe sheee haplogroups were all
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significant (p < 0.0001) with values of 0.4014 between gsdd and C, 0.4610 between
A and C, and 0.6084 between A and B.

The PCoA separated the samples into three groups with no apparent association to
geographical origin (Figure 2.4a). Haplogroup A separated from the other two along the
first coordinate (30.8%of the variation), while haplogroups B and C separated along
coordinate 2 (21.3% of theariation). Coordinate 3 explained 6.3% of the variation.
Results were similar in theeduced dataset (not shownyith 79.3% of the variation
explained by coordinatels(42.6%), 2 (26.8%), and 3 (9.9%)

Bayesian clustering analysis identified the same three groups found across all
populations (with the exceptions noted above for A). The highest log maximum
likelihood values were3,247.6 (K = 3);3,309.1 (K = 4), and3,390.4 (K = 5), resulting
in a probability of three clusters of p > 0.999. The distribution of haplogroups across
populations varied considerably (Table 2.3, Figure 2.1). Whether the relative frequencies
of haplogroups were significantly different acrgegpulations was tested using a standard
chi-squared test and a test modified for small sample sizes. The distribution was not
significantly different fr ®m388oadfdademp=by t he
0.056); however, the modified test (10 reptes) showed a significant departure from
r and dm30(63-54.87, mean = 41.6, p = 0.027).

The Bayesian (Figure 2.5) and neighbining (Figure 2.6) analyses both
showed two distinct groups with higévels of support and a third assemblagasistng
of the remaining individuals. These correspond to the same three haplogroups found in
the population analyses (i.e., statistical parsimony network, BAPS, and PCoA) with high

posterior probabilities (1 for A and B) and strong bootstrap support (79 @5 #/qr B)
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for haplogroups A and B. Haplogroup C is an collection of the remaining sequences, and
contains at least three stiaplogroups with high statistical confidence. These groups all
converge to a central individual found in haplogroup C, as seethenstatistical
parsimony network (Figure 2.2a). The Bayesian and NJ trees show identical structure
among the three main groups, with the exception of a single NENL individual that is
closer to haplogroups A and B in the Bayesian analysis, but fallsaptodroup C in the

NJ tree. Within groups the structure is essentially conserved in haplogroups A and B, with

some differences between the two methods seen in haplogroup C.

2.3.3 Divergence time estimates

On the assumption that northern and spotted vgblffiiverged approximately two
million years ago, the three haplogroups can be estimated to have diverged approximately
160,000- 220,000 years ago (MrBayes; Figure 2.5) or 93,00808,000 yearsago
(BEAST, 95% Highest Posterior Density (HPD)). HaplogroApsnd B divergedround
145,000years ago95% HPD =93 - 197 kyg while they both diverged from C between
151,000and 153,000 years ago (95% HPD = 10@08 kya) This puts the separation
time well within the Pleistocenglaciations (200- 10 kya). Within each haplogroup,
particularly in haplogroup C, there is evidence of additional divergence occurring less

than 100,000 years ago, again during the last glacial event.

2.3.4 Individual loci
The analysis of molecularvarinc e at the indivi dusal | oc

values ranging from 0 to 0.21 (Supplementary Table 2.1). Only COX3, ND3, and ND5
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showed si gl df thesa result flom an uneven distribution of haplotypes
between the SNL population and ther&ean populations. An AMOVA on the reduced
dat as e srvapesvrem Oito 0.158 (Supplementary Table 2.1). Analysis of just the
six North American locations identified the same three loci as well as COX1 and ND1
wi t h s i givalues. Tha majoytdf pairwise comparisons on the reduced dataset
were not significant, with 12S, COX1, and ND5 showing the greatest number of
significant comparisons (Supplementary Table 2.1). All significant pairwise differences
involved the LABS, NENL, and SNL populatis.

The statistical parsimony networks for the individual loci generally showed a
single common haplotype and a starburst pattern with the exception of COX1
(Supplementary Figure 2.1). A number of the networks showed some limited diversity;
for example, 13 and ND1 showed multiple common haplotypes while CYTB and ND5
showed numerous unique haplotypes radiating from several shared haplotypes. None of
the networks suggested population structure.

The neighboujoining trees for the individual loci (SupplementaFigure 2.2)
varied from homogeneity in ATP8 and ND6 haghly variablewith COX1. None of the
trees indicated any population structure. When the samples were -cotled as
haplogroug, 11 of the 16 trees showed some degregradip structuring. Haplogup A
could be detected by 12S, COX1, ATP6, COX3, ND3, and ND5; haplogroup B by COX1,
COX2, ND4, CYTB, and CR; and haplogroup C by ND1 and COX1. The only locus to
identify the presence of all three groups was COX1. None of the trees showed strong

bootstrg support; values range from < 50 to 79.
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2.3.5 Twefragment study

DNA sequences from two fragments (1,690 bp) were obtained for 80 additional
Atlantic wolffish from seven sampling locations (GenBank Accession Numbers
KX118112- KX118271). All analysesvere also performed with the original 84 samples
alone for the shorter fragment; results were similar and are not sfib@f803 bpCOX1
fragment contained 21 variable sites while the 787NDb5 fragment contained 15
variable sites; there were seven amino acid substitutions: one in COX1, one in ND4, and
five in ND5 (Table 2.5)When the two fragments were concatenated there was a total of
36 variable sites: 33 transitions and three transwessiNo site had more than two base
variants. There were 38 haplotypes, 12 shared between two or more individuals and 26
unique to a single individual. Six of the 12 shared haplotypes were found only in the
North American populations, one in North Amerarad West Greenland, while the other
five were found across the range (Table 2.6). No haplotypes were shared among the most
eastern (NS and BS) and western (SS and SNL) populations. Haplotype diversity was
above 0.7 in nine populations, between 0.6 andrOtfiree (SNL, SS, and EG), and 0 in
the RK population (Table 2.7). Nucleotide diversity ranged from 0 in RK to 0.00276 in

NS and 0.00296 in BS (Table 2.7).

2.3.6 Population analyses with two fragments

Thetwoef r agment A MGY0.06083v(e= 0819)) allocating 93.9%
of the variance within populations and 6.1% among populations. When the AMOVA was
run on the six North American populations with n > 15 (LABS, NENL, NGB, SEGB,

SWGB, and SNL; n s7E40.24P16 (pt=10.86047) allecated 2% of the
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variance within populations and 4s7val¥s among

(Table 2.8) were similar to those obtained with the complete mitochondrial genomes,
ranging from 0 among the Grand Banks populations to 0.196 between LABSNiIn

The | osywalgesoccurredbetween neighbouring populations. The four significant
comparisons (after correction for multiple tests with the modified FDR) all involved
LABS (versus NGB, SEGB, SWGB, and SNL). After sequential Bonferroni correction
only two comparisons were significant: LABS vs. NGB and LABS vs. SNL. Comparison
of genetic and geographic distances among locatstiwsved evidence of significant
isolationby-distance both with the shortest marine swimming distanées @561, p =
0.017; Figure 2.3) and the straigline distances r= 0.246,p = 0.025).

Statistical parsimony analysis of the tfragment datasetlentified three groups
connected by two or three changes through a central NENL individual (Figure 2.2b).
These groups correspond to the three haplogroups identified in the complete mitogenomic
analyses. Both haplogroups A and B contained a common hp@lgty= 52 and n = 7,
respectively) with the other group constituents differing from them b8 $ubstitutions.

In haplogroup C there were three closslated common haplotypes with all other
haplotypes differing from them by one or two substitutioAs. in the complete
mitogenomic analyses there was little correspondence between sample origin and
haplogroup membership. The exceptions were that only four samples from northern
Newfoundlandand Labrador(LABC and NENL) and Europe (BS and NS), and no
sampes from the mieAtlantic (WG, EG, and IC) were found in haplogroup A. Haplotype

and nucleotide diversities (Table 2.7) were highest in haplogroupqdB- H869,p =
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0.00109) and lowest in haplogroup A «H 0.360, p = 0.00035). The pairwise
comparisons ammg the three haplotypes were all significant (p < 0.0001; Table 2.8).

The PCoA of the twdragment dataset explained 81.1% of the variation along the
first three axes, and separated the samples into the same three groups seen above (Figure
2.4b). There was no correlation to geographical origin except as mentioned above.
Haplogroups A and C separated along the first coordinate (49.5% of the variation), while
haplogroup B separated from the other two along coordinate 2 (17.6% \cdrta#on).
Coordinate 3 explained 124 of the variationThe PCoA was also run on the reduced
dataset (n = 142); results were similar with 49.6% of the variatgplained by
coordinate 117.4% by coordinate 2, and 15.4% by coordinate 3.

Bayesian clustering analysis identified the same three groups found in the
statistical parsimony and principaioordinates analyses. These three haplogroups
correspond to those found in the complete mitogenomic analyses with two exceptions: a
NENL individual identified as haplogroup C in the mitogenomic analyses was assigned to
haplogroup Bin the twoefragment analses, and a SEGB individual identified as
haplogroup B in the mitogenomic analyses was now assigned to haplogroup A. All other
samples were consistent between the two analyses, and the additional 80 samples were
also assigned to one of these three grotips. highest log maximum likelihood values
were-623.0 (K = 3),-625.0 (K = 3), and632.3 (K = 4), giving a probability of three
clusters of p > 0.999. The distribution of haplogroups across populations is given in Table
2.6. As with the mitogenomic anabs haplogroup B had the fewest individuals (n = 27),

while the other two groups had similar numbers (n = 65 for A, n = 72 for C). Both the
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standard chs g u ar e d= 42.865 df = 46jp = 0.024) and the modified test for small
sampl e 2sb0z7&df = 26jp = 0.0025) supported the distribution of haplogroups
as significantly different than random. The modified test was run for 10 replicates giving
an aveéofag®0j 7wlues targed frgm 39.01 to 63.73.

The Bayesian analysis identified/di groups supported by posterior probabilities
from 0.58 to 0.94 (Figure 2.7). These correspond to haplogroup A, and twypy@auyis
each within haplogroups B and C. As with the mitogenomic data, haplogroups A and B
were weltdefined, while haplogroup C regsented the remaining samples. Only
haplogroup A was supported by a posterior probability value > 0.5 (p = 0.87). In contrast,
the NJ analysis showed two distinct groups: one consisting of haplogroup A and some
individuals from haplogroup B, and the otheonsisting of haplogroup C and the
remaining individuals from B (Figure 2.8). Although within the two groups haplogroup B
was found clustered together, across the tree it appeared to be paraphyletic. None of the
NJ groups were supported by bootstrap valtleere were no values over 80%, and none

of the haplogroups show bootstrap support over 30% (values not shown).

2.4 Discussion

The 74 haplotypes identified in Atlantic wolffish include three that are shared
between two, two, and nine individuals. Thattern contrasts with that seen in previous
mitogenomic studies of widespread marine fish species such as Atlanti€Caod&
Marshall 2008 and Atlantic herringClupea harengugTeacheret al. 2012, in which

every fish examined had a unique genome sequence. Howeveml@mof marine
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species have shown shared haplotypes among indivi(Mahn et al.201Q Shamblinet

al. 2012 Feutryet al.2014). This may be attributed to the recent separaifdhe species
from its closest relativeJohnstoneet al. 2007), recent recovery from loss of variation in
glacial refugia, and/or a relatively low mutation rate resulting in low levels of divergence
among individuals. Extremely low mutation rates have been suggested for (dharts

et al. 1992 and the giant squidrchiteuthissp.(Winkelmannet al.2013.

2.4.1 Population genetic structure

Analysis of complete mitochondrial genomes identified three recognisable groups
of haplotypes among Atlantic wolffish. Distribution of these groups over 14-trans
Atlantic locations did notsupport separation of the populations, nor did it support
separation by region (i.e., North America, the +Aithntic, and Europe). There was a
|l ack of s i g n istfvalles antong papulations, svith thé exception of the
southern and northern extnes of Newfoundland and Labrador (Table 2.4). McCusker
and Bentzer§2010h &) previously found no population structure based on 1,830 bp from
the mitochondrial ND1 and control region, but did redorited geographic structure
with nuclear microsatellites and AFLPs.

The absence of pofaiion genetic structure in Atlantic wolffish could be the
result of extensive gene flow among populations or incomplete lineage sorting due to a
recent colonisation of the North Atlantic following the Pleistocene glaciations. Although
the distribution ofAtlantic wolffish is continuous along the continental shelves from
Europe to Greenland to North America, it is unlikely that movement or gene flow is

extensive between distant populations or regions. Tagging studies have found only
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occasional longlistancemovements in wolffish, with no evidence of trafantic
movemeni{Barsukov 1959Templeman 1984 The sedentary nature of Atlantic wolffish,
coupled with theweak isolationby-distance (Figure 2.3), are consistent with the
expectation of reduced gene flow in this species.

The Bayesian clustering analysis (Figure 2.1) identified three haplogroups that
also occur in the statistical parsimony network (Figure, 2 principal coordinates
analysis (Figure 2.4), and are partially supported by Bayesian and neigbining trees
(haplogroups A and B; Figures 2.5 and 2.6). The distribution of cladessdtars
Atlantic populations isveakly butsignificantly noar a n d & m41(6jp = 0.027), with
the two smaller haplogroups (A and B) found predominantly in the western Atlantic
(27/29 and 14/15 respectivelyfihe scarcity of European samples in haplogsod and B
may either be due to the small European sample sizes or a North American origin for
these groups (seBection 2.4.3 below). McCusker and Bentz@910g found three
groupsi Atlantic Canada, North Atlantic, and RockBEnki which do not correspond to
those found here. The microsatellite data suggest that Atlantic Canada forms one (or
more) heterogeneous groups, the #tthntic and Europe a second homogeneous group,
and Rockall Bank a third isolated group. The idecdifion of Rockall Bank as a separate
population is likely due to the contemporary isolation of this location. The absence of
diversity in RK, with the lowest mitogenomic diversity (Table 2.3) and no diversity in the
two-fragment analysis (all samples anehiaplotypg; Table 2.7 and Figure 2.2), question
Rockall Bank as a source population, although additional samples are required to confirm
this. The difference in pattern seen between the markers is likely due to the different

mutation rates of the marlerWhile nuclear markers typically evolve at a slower rate
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than mtDNA, hypervariable microsatellites can allow recent patterns to emerge more
quickly (Zhang & Hewitt 2003Zink & Barrowclough 2008Brito & Edwards2009.

The pattern seen in Atlantic wolffish is not unprecedented. Species typically show
either complete panmixia, suggesting extensive gene flow and/or recent expansion from a
single source populatiagffulgarinR & Burg 2012 Dohms & Burg 2013Winkelmannet
al. 2013 Jacobsenret al. 2014, or distinct separation into clades corresponding to
population membehsp, suggesting low levels of gene flow and/or colonisation from
multiple isolated sourceg®yun et al. 1997 Lait et al. 2012 Lait & Burg 2013 Feutryet
al. 2014). The pattern observed here of multiple clades that do not correspond closely to
geographic location has been seen in a number of mitogenomic studies in both marine
(Carr & Marshall 2008 Teacheret al. 2012 Carr et al. 2015 and terrestrial species
(Wang et al. 2010. For example, Teacheast al. (2012 identified three distinct but
widespread clades in 98 Atlantic herring in the Baltic region, while €aal. (2015
found six major clades among 52 harp seals from four discreteAtkamdic breeding
and whelping grounds. Inokh cases the structure is explained by historical isolation pre
dating the postglacial expansion of the species. Isolation of three (or more) groups of
Atlantic wolffish prior to the end of the last glacial maximum (LGM) likely explains the
separation seein this species. This is supported by the estimated divergence dates of
93,000- 208,000 yeardf we considered an earlier opening of the Bering Strait we would
see a divergence time of -34 mya among the three wolffish species, pushing the

divergenceamong haplogroups even further into the Pleistocene glaciations.
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2.42 Wholegenomeversus singléocus ortwo-fragmentanalyses

Mitogenomics has been extremely helpful in resolving both phylogenetic and
phylogeographic questions that could not previpusé determined by singlecus
methods. It has proved useful in resolving evolutionary relationghipseet al. 2003
Nardi et al. 2003 Coulsonet al. 2006 Arnasonet al. 2008, narrowing estimates of
divergence tnes (Minegishi et al. 2005 Stoneet al. 201Q Knauset al. 2011), and
revealing hidden phylogeographic struct¢@arr & Marshall 2008Gilbert et al. 2008
Feutryet al. 2014). Variation along the mitogenome is not evenly distributed, with some
regions contributing little to the uncovering of structure, and others contributing
diagnostic SNPs. For example the highly variable 16S rRNA region centairsites
fixed among the haplogroups while three of the eight changes in the ND3 coding region
identify haplogroup A. We can therefore ask if the lack of structure in the dowle
analyses of Atlantic wolffish and the weak structure in the-fragment study is a
consequence of marker choisee Coulsoet al.2006.

The analysis of each individual gene region showed the advanfagsing
multiple loci or complete mitogenomes in evaluating the population genetic structure of
species, particularly those with low divergence rates or recent evolutionary histories. The
markers commonly used in phylogeographic and population studieEB @¥d CR, as
well as those used in the previous study on Atlantic wolffish, ND1 (and CR), do not
identify the structure seen with complete mitogenomes (Supplementary Figure 2.2);
CYTB and CR were each able to separate haplogroup B from A and B from @awhe
ND1 separated haplogroups A and B (together) from C. The only gene region that

identified the three separate mitochondrial haplogroups was COX1, although membership
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was not entirely concordant with the mitogenomic structure. Other mitogenomic studies
have also found that the majority of gene regions did not provide sufficient information to
resolve the underlying patterns of variation. For example, Fetitay. (2014 were able

to identify previously undiscovered structure in the speartooth SBbshis glyphis

when individual loci were analysed eight regions were invariable, two showed no
structure four showed partial structure, and only two (12S and ND5) supported the same
pattern as the whole mitogenome.

Johnstoneet al. (2007 identified the ND2, ND4, and CYTB genes as the most
variable regions among the three wolffish species found in the North Atlantic Ocean, and
the COX2, ND3, and ATP8 as the least. While ND2, ND4, and CYTB do have some of
the highest numberof variable sites (though 16S, COX1, and ND5 have the same or
higher; Table 2.2), none of these three markers (nor the three combined) identify the
haplogroup structure in Atlantic wolffish: ND2 shows no structure, and ND4 and CYTB
are able to differerdite haplogroup B but not the other two (Supplementary Figure 2.2).
The most variable marker among Atlantic wolffish, ND5, is only able to differentiate one
of the haplogroups (A). In a study of 10 walleye pollo@Gedus chalcogrammus
Yanagimotoet al. (2004 identified ND1, ND5, and CRas all being highly variable;
however, when the polymorphisms between the Japan Sea and the Bering Sea were
examined only a single fixed difference was found (in ND4). This shows that the number
of variable sites is not a direct measure of a locus' alditglucidate genetic structure,
and that patterns of polymorphism among closelgted species do not necessarily

reflect patterns within those species.
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By identification of gene regions containing fixed differences between the three
identified haplogrops we were able to devise a targeted mattus (twoefragment)
study of the population genetic structure in 164 Atlantic wolffish. Focus on the two
fragments that come from two of the most variable regions (COX1 and ND5) produced
the same thregroup patérn as that found in the mitogenomic analysis (Figure 2.2). In
contrast, however, there were only three polymorphisms separating the three haplogroups,
and there was no bootstrap support for any of the clades. This lack of resolution can lead
touncertaing regarding the valididg comparisons dithe c| ad ¢
groups show significant differences (Table 2.8). The use of complete mitogenomes
provides the statistical support required to confidently identify the three clades in this
species;however, this could be combined with a targeted nhodtis approach to
increase sample sizes at minimal expeigih additional locior longer fragments the

resolution may be improved.

2.4.3 Consequences of Pleistocene biogeography

During the last glaal maximum (ca. 20 kya) there was a large drop in both sea
surface temperatures and sea levels which reduced the available marine habitat and
disrupted the spatial distribution of marine spedie®lou 1991 Rohling et al. 1998
Hewitt 200Q. On both sides of the North Atlantic Ocean, marine spediesrenoved to
more suitable regions, primarily to the south, or died off. There is evidence that some
marine fish species may have survived in small northern cryptic refugia on either side of
the Atlantic(Maggset al. 2008 Provan & Bennett 2008 The pattern found in Atlantic

wolffish is three distinct lineages with relatively recent divergence @2 kya) and no
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strong biogeographic structure (Figures 226). Ths may be explained by a number of

a priori scenarios:

(1) persistence in multiple refugia on both sides of the North Atlantic Ocean;

(2) use of multiple refugia in Europe followed by recolonisation of the western Atlantic;
(3) persistence in multiple rejia in the Northwest Atlantic, followed by recolonisation

of the eastern Atlantic;

(4) occupation of a single glacial refugium by three already genetically divergent groups
of wolffish; or

(5) use of a single glacial refugium by a genetically panmictic population, with
subsequent diversification as three lineages following deglaciation.

In each case we would see multiple distinct groups; however, the patterns of diversity and
the extent of divergexe would differ. | now consider each of the five scenarios in turn.

If Atlantic wolffish survived the LGM on both sides of the Atlantic Ocean we
would expect to see high levels of diversity in both eastern and western Atlantic
populations. While haplotypéiversity is high in all populations as most individuals have
a unique genome sequence, nucleotide diversity is highest in NS, BS, and SEGB, and
lowest in RK and the two most westerly populations (SS and SNL; TableAZhdg the
European populations hawmall sample sizes that may bias the diversity levels, and
increased sampling is required to confirm the diversity patterns, thdragment
analysis also supported lower diversity in the southern populations (TableTRig).
pattern of diversity suggesthat the wolffish likely survived the LGM in the eastern
Atlantic rather than on both east and west. It is possible, however, that while the majority

of the wolffish survived in European refugia, a remnant population survived in a small
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periglacial refgium in Atlantic Canada and upon deglaciation this small refugial
population recolonised North America with little movement into the-ramtd eastern
Atlantic. It has been suggested that the Flemish Cap may have acted as a marine glacial
refugium during tis time (Pflaumanret al.2003 Shaw 200§ and it has been shown that
small refugia can result in low diversity levels due to founder effect and persistent small
population size$Maggset al.2008. Evidence supporting an Atlantic Canadian refugium

is the fact that haplogroup A is found predominantly in the North American populations
(Table 2.3 and Figur2.1) and is only in two European individuals and no-#iléntic
populations. These two samples could representdistgnce migration or colonisation
events. It is also possible that the lack of haplogroup A individuals in Europe is due to
incomplete sapling in these populations. Evidence suggests that the marine red algae
Palmaria palmatasurvived the LGM in both multiple European refugia and in a cryptic
North American refugium, possibly in Atlantic Cana@Rovanet al. 2005. The small
sample size does not, however, explain the lack of haplogroup A in the LABS population
(n = 9), nor the single 'A' sample in the NENL population (n = 9). A similar situation
could be suggested for hagroup B, with most of the samples being found in North
America and Greenland, and a single individual in the NS population. The pattern in
haplogroup B suggests a second cryptic refugium in the northern region, perhaps near
southern Greenland, as there &w 'B' individuals in the southwestern populations. The
presence of a Greenland refugium is unlikely, and there is currently no evidence to
support this suggestion. It is more likely that the distribution of haplogroup B is the result

of migration froman eastern refugium.
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The second scenario, that Atlantic wolffish persisted in multiple glacial refugia in
the eastern Atlantic Ocean or Mediterranean Sea, is the most likely explanation given the
observed pattern of diversity (Table 2.3) and distributibaplotypes (Figures 2.2
2.6). The fact that the three haplogroups are found across all regions suggests that
admixture occurred following prolonged isolation but before recolonisation of glaciated
regions. Genetic diversity is high in the two Europpapulations (BS and NS) despite
low sample sizes (Table 2.3). This suggests that the source of the recolonisation may have
originated in Europe. Seven putative glacial refugia have been suggested for marine
species in the Northeast Atlantic: the Azoresdisilantic west of Portugal), the Iberian
Peninsula, the Mediterranean Sea, the English Channel, southwestern Ireland, Iceland and
the Faroe Islands, arile Lofoten Coast of NorwaMaggset al. 2008. While there is
insufficient data to determine which of the periglacial refugia may have played a role in
the survival of Atlantic wolffish, it is likely that three (or more)pported wolffish
populations during the LGM. This pattern has been seen in a number of marine species
including the green cralarcinus maenagRoman & Palumbi 2004 the red algae
Palmaria palmata(Provan et al. 2009, and the brown algaucus serratugHoarauet
al. 2007. Unlike the pattern seen in the above species, however, the haplogroup
membership in Atlantic wolffish does not correspond to the geographical origin of the
samplesHaplogroup C is widespread and diverse, while haplogroups A and B are located
primarily in the westerfA and B)and mid (B) Atlantic Ocean. This suggests at least
partial admixture of the three groups before recolonisation of the rest of Europe and the
Northwest Atlantic. The fact that the diversity levels are lower in haplogroups A and B

may be a result of smaller glacial populations followed by a leading edge founder effect.
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A similar pattern is seen in yaRos grunnienswhere there are three differated
lineages with no correlation to geographical oriffidanget al. 2010. In this case the
authors suggested that the variation had arisen in isolated Pleistocene refugia with a
subsguent reunion into a single gene pool following deglaciation.

The persistence of Atlantic wolffish in multiple western Atlantic refugia is
unlikely for two reasons. The genetic structure in the wolffish suggests three source
populations; however, there isurrently evidence supporting only two main North
American refugia: one in or near Atlantic Canada, and a large refugium in the south,
possibly off the southeast coast of the United St@#aumanret al. 2003 Shaw 200k
We have seen above that haplogrodipmay have survived in an Atlantic Canada
refugium, while haplogroup B could suggest a previously unidentified Greenland
refugium. This would leave haplogroup C persisting in the large southern refuge. The
pattern of diversity does not support this scemadiversity is higher in Europe than in
North America despite the higher sample size in the western Atlantic, and within North
America diversity is lowest in the two southern populations. It has also been suggested
that the southern refugium did not havsolid substrate which is required for the feeding
habits of Atlantic wolffish, and therefore despite being unglaciated this region may not
have provided suitable habitat for this spedidkggs et al. 2008. While there is
evidence of some marine species surviving in multiple western Atlantic refugia, for
example the hermit craBagurus longicarpusikely survived predominantly in the south
with a small refugial population in Atlantic Cana@oung et al. 2002, this is not

reflected in the distribution of haplotypes nor in the diversity values fanAt wolffish.
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The final two scenarios, the use of a single glacial refugium either by three
divergent groups or by a panmictic population that diverged following the LGM, can both
be ruled out. If the separation of the three haplogroups had occurre@ liefolast
glaciation we would expect to see much greater divergence among the haplogroups with a
higher number of fixed differences (Figure 2.2). Divergence time estimates place the
separation of the three clades from-9308 kya, well within the lastlgcial cycle. This
supports the idea that separation occurred during the last gladiagibiner in separate
refugia or as separate pockets within a single refugium (essentially forming multiple
refugia) If a panmictic population had survived in a singjlcial refugium, and
separated after deglaciation we would expect to see a strong correlation between

haplogroup membership and population of origin.

2.4.4 Conclusions

The Atlantic wolffish is a sedentary marine species that occurs along the
continentakhelves across the North Atlantic Ocean. Its life history characteristics suggest
a priori a strong population structure, with little or no movement during either larval or
adult stage; however, this has been shown not to be the case. Examinationrapk4eco
mitogenomes from 14 sampling locations, supplemented by an additional 80 two
fragment (1,690 bp) sequences, instead shows an absence of population genetic structure
across the range of Atlantic wolffishlthoughthere is evidence atolationby-distance
instead of uniform panmixia. We identified three distinct haplogroups supported by
traditional population statistics, distance methods, and Bayesian analyses. The three

haplogroups shogd no significant association with geographical origin of sasple
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suggesting historical isolation with subsequent admixture. This result is consistent with
previous studies of nuclear gene loci over a similar rdNg&€usker & Bentzen 2010a
The use of the coptete mitochondrial genome has allowed greater resolution of structure

than seen in any singlecus or multilocus analysesf wolffish to date
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Table 2.1. Primers used for PCR amplifioa of Atlantic wolffish. Primer pairs are
given; in some cases g03F was used with g04R=(%4 C) and w17F with wcytbR

= 54 C). Primers were designed f@adus morhudg) or for Anarhichas lupugw or str).
Annealing temperatures £), location of 5>most base of the primer, and primer sources
(ref) are given.

Primer Sequence (5'to 3) Ta loc ref
Name (O

gO1F CTGAAGATATTAGGATGGACCCTAG 49 29 1
gO2R CTATTCATTTCACAGGCAACCAGCT 49 1498 1
gO3F ACCCCGAAACTGAGCGAGCTACTCC 55 1,37 1
gO3R TAAGCCCTCGTGATGCCATTCATAC 55 2175 1
gO4F TTTACCAAAAACATCGCCTCTTG 49 2018 1
g04R TGAACCTCTGTAGAAAGGGCTTAGG 49 2,84 1
wO4F TTCAGACCGGAGTAATCCAGGTCAG 56 2,617 2
gO5R ATGTTCGGGGTATGGGCCCCAAGAGC 56 4,020 1
wO6F GTGCTTCCACTACACCACTTCCTAG 54 39% 2
wO7R CTGGTTTGAGCGCTTAGCTGTTAAC 54 52 2
gO7F AAACTAGACCAAGGGCCTTCAAAGC 55 5106 1
wO8R CAGAGGTAAAGTAAGCGCGTGTGTC 55 6,400 2
wO08F1 CCCTTCACCTAGCAGGAATTTCTTCAATCC 53 5924 2
gO8R TAACCCACAATTCTGCCTTGACAAG 53 7,158 1
wO8F ACAACGAATGTGGAGTGACTACACG 49 6,943 2
gO9R ACCCATATTAGCTTCTTAGTGAGG 49 7893 1
wO9F GGCCATCAGTGGTACTGAAGCTATG 49 74 2
gl0R AGAGGGCGAATGAATAAACTAATTG 49 859 1
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w10F1
wllR
wllF
wl2R
wW12F
WND43R
wND44F
WND45R
wl4F2
Str14R
w15F
W16R
w16F
wl7R
wl7F
wi18R
w18F
wcytbR
g19F
g19R
W19F

g20R

ATGCGAAACCAACCAACCCATGCTC
TTGATCTCCTCAGGGTAGCGGGAGTAGTAG
CTACACTTGACCCATTTGAAGTGCC
TGTAGACCCTAGTTGCAAGGTCCAC
GCTAGGATTAACCGGCCTGGCCTTTCAT
CGATGAGCGACTTCAAATCTGTGTG
TAGACCCATTAACCCAGGAGCTAAG
AAGACCAGCGGATGAGCTGTTATCC
GAACATCTTCTTATGGCCCTTCACC
GGTTGTAGACGACGGCTTGAAGAGC
TCGCCATAGTCATTCTAGTGACAGC
GCTTGTTTGTTAGGGAGGCTAGTTC
CCACAGCTTGAATGACGAGCAAGAC
TAACGCGAGGATTAAGTCGAGGAAC
TTTACCACTCCACCACTTCTCCAAC
AGCAAAGGCCGAGTAGGGAACCAAAGTTTC
CCGCTACAACAACCAACCCTAAAGC
GTTGTCAACTGAGAAGCCTCCTCAG
GAGGAGGTTTCTCAGTAGATAATGC
GTTTAATTTAGAATTCTAGCTTTGG
TGAATTGGCGGTATACCCGTAGAAC
GGCAGGACATTAAGGGCATTCTCAC

58
58
56
56
54
54
53
53
53
53
53
53
54
54
54
54
55
55
49
49
54
54

8,45/

9,887

9,133

10,224
10,1
11,214
11,104
11,908
11,62
12,488
12,339
13496
13,006
13,823
13,516
14499
14196
14,8H
14,872
15,61
15,387

160

PN DN DN DN N DN D DN WO DN OW W w NN NN

[EEN

1 (Coulsonet al.2006)

2 (Johnstonet al.2007)

3 This study

2-38



Table 2.2. Distribution of variable sites across the complete mitochondrial genome of 84
Atlantic wolffish. Total numbers of variable sites (VS), parsimorfgrmative sites (Pl),
transitions (Ts), traversions (Tv), and insertietieletions (D) are given. For coding
regions: coding position 1, 2, or 3, and status as synonymous (S) -@ymamymous

(NS) substitutions, are indicated.

Region | VS Pl Ts Tv ID 1 2 3 S NS
12S 14 8 10 4 0

16S 24 12 20 2 2

ND1 15 5 13 2 0 4 0 11 11 4
ND2 22 9 20 2 0 2 3 17 17 5
COX1 25 8 21 4 0 1 0 24 23 2
COX2 9 5 9 0 0 0 0 9 9 0
ATP8 1 0 1 0 0 0 0 1 1 0
ATP6 12 5 11 1 0 0 0 12 12 0
COX3 8 4 8 0 0 1 0 7 8 0
ND3 8 4 8 0 0 2 0 6 6 2
ND4L 4 2 3 1 0 3 0 1 2 2
ND4 24 7 21 3 0 7 5 12 12 12
ND5 41 22 37 4 0 8 2 31 32 9
ND6 5 1 4 1 0 1 0 4 4 1
CYTB 19 9 16 3 0 3 1 15 16 3
tRNA 17 6 15 1 1

CR 6 4 6 1 0

other 3 0 2 0 1

Total 257 111 224 29 4 32 11 150 153 40
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Table 2.3. Sample size (n), number of haplotypes (h), haplotype divergifyn(idleotide
diversity (), and assignment to haplogroup ¢AC) for 84 complete mitochondrial

genomes among 14 sampling locations of Atlantic wolffish. Refer to Figure R.1 fo

locations.

Population n h Hd p A B C
LABC 1 1 1.000 n/a 1 0 0
LABS 9 9 1.000 0.00104 0 3 6
NENL 9 9 1.000 0.00108 1 1 7
NGB 12 11 0.985 0.00095 8 2 2
SEGB 13 13 1.000 0.00122 4 2 7
SWGB 10 10 1.000 0.00101 4 2 4
SNL 10 7 0.867 0.00069 7 1 2
SS 3 3 1.000 0.00069 2 0 1
WG 3 3 1.000 0.00101 0 2 1
EG 3 3 1.000 0.00085 0 1 2
IC 3 3 1.000 0.00077 0 0 3
NS 3 3 1.000 0.00149 1 1 1
RK 3 2 0.667 0.00065 0 0 3
BS 2 2 1.000 0.00121 1 0 1
A 29 21 0.911 0.00044

B 15 14 0.990 0.00072

C 40 39 0.999 0.00082

Total 84 74 0.989 0.00106| 29 15 40
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Table 24Popul at i o mrvauas(belowidiagenaland corresponding-palues
(abovediagonal) based on 100,172 permutatitorscomplete mitogenomes from (a) six
North American populations of Atlantic wolffish, and (b) three identified haplogroups (A
- C). Significantp-values after modified FDRnd sequential Bonferrooorrectiors (Perit

= 0.0151,Perit = 0.0002, respectivg) are shown in boldRefer toFigure 2.1for locations.

(a) LABS NENL NGB  SEGB SWGB  SNL
LABS * 0.1174 0.0036 0.4275 0.1646  0.0027
NENL | 0.0366 * 0.0306 03133 0.3693  0.0102
NGB 0.1530  0.0966 * 0.1448 0.4377  0.4346
SEGB | 0.0013 0.0058 0.0273 * 0.8678  0.0936
SWGB | 0.0400 0.0062 0.0000 0.0000 * 0.1533
SNL 0.2355 0.1891 0.0000 0.0527  0.0425 *

(b) A B C

A * <0.0001 <0.0001

B 0.6084 * <0.0001

C 0.4610  0.4014 *
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Table 25. Distribution of variable sites the two-fragment study oftlantic wolffish.
Total numbers of variable sites (VS), parsimanfprmative sites (PI), transitions (Ts),
and tramsversions (Tv) are given. For coding regions: coding position 1, 2, or 3, and

amino acid change for any negnonymous substitutier{Sub) are gien

Region Length(bp) (VS| Pl | Ts | Tv | 1 2 3 Sub

COX1

- COX1 903 21| 9 |19 2 1 0O 20| Pro z

ND5

- ND4 46* 1 1 1 0 1 0 0 Val y4

- tRNA His 69* 1 0 1 0

- tRNA Ser 67 2 0 210

- other 4 1 /01 )|0

- tRNA Leu 73 0 0 0 0

- ND5 532 10| 5 9 1 4 1 5| Val z
Val 2
Val z
Hi s z

Total 1,690 6|15/ 32| 3|6 1 32

* ND4 and His overlap by 5 bp
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Table 2.6. Distribution of shared and unique haplotypes among 14 Atlantic wolffish
populations for the twdragment study, with sample size (n) and number of haplotypes
(h). The populations are grouped as North America (NA);Atiantic (mid), and eastern
Atlantic (Eur). The haplotypes are grouped by haplogroup membershipa wélialling

in haplogroup Af - h in haplogroup B, and- | in haplogroup C. Refer to Figure 2.1 for

locations.
a o NA mid Eur
s | §

g § -
5l El282088 z
* SS22855933802%40°
a 1 1] 2
b 2 1 3
A c 1 2 6 9 9 13 10 2 52
d 1 1 2
e 1 1 2
f 1 1 2 1 5
B g 2 1 3 1 7
3 1 1 1 6
i 5 2 1 1 1 1] 11
j 6 2 2 3 1 2 1 2 1 3 23
¢ k 2 6 3 4 5 2 1 23
I 1 1 2
# unique 1 4 5 1 5 4 1 0 2 1 1 1 0 0] 26
h 2 12 13 9 11 12 5 2 3 2 3 3 1 2] 38
n 2 26 25 23 25 27 16 3 3 3 3 3 3 2 |164
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Table 2.7. Sample size (n), number of haplotypeshédplotype diversity (&, nucleotide
diversity (), and distribution among haplogroups {AC) for the twefragment dataset

across 14 populations of Atlantic wolffish. Refer to Figure 2.1 for locations.

Population n h Hd p A B C
LABC 2 2 1.000 0.00118 2 0 0
LABS 26 12 0.905 0.00150 4 8 14
NENL 25 13 0.893 0.00184 7 4 14
NGB 23 9 0.826 0.00155| 13 5 5
SEGB 25 11 0.847 0.00153 11 2 12
SWGB 27 11 0.749 0.00169 14 2 11
SNL 16 5 0.608 0.00126| 10 2 4
SS 3 2 0.667 0.00118 2 0 1
WG 3 3 1.000 0.00158| O 2 1
EG 3 2 0.667 0.00118 0 1 2
IC 3 3 1.000 0.00118| O 0 3
NS 3 3 1.000 0.00276 1 1 1
RK 3 1 0.000 0.00000| O 0 3
BS 2 2 1.000 0.00296 1 0 1
A 65 9 0.360 0.00035

B 27 12 0.869 0.00109

C 72 17 0.780 0.00082

Total 164 38 0.855 0.0017 65 27 72
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Table 28Popul at i o mrvaguas(belowidiagenalyand corresponding-palues
(abovediagonal) based on 100,172 permutatitorsthe twefragment study from (a) six
North American populations, and (b) three identified haplogroups (). Significant
values after modified FDR correctionc{P= 0.0151) are shown in boldfor sequential

Bonferronicorrection Rt = 0.0038). Refer toFigure 2.1for locations.

(@) LABS NENL NGB SEGB SWGB SNL
LABS * 0.1022 0.0013 0.0145 0.0041 0.0008
NENL 0.0290 * 0.0364 0.4193 0.2412 0.0327
NGB 0.1443  0.0651 * 0.1683 0.4033 0.8278
SEGB 0.0781 0.0000 0.0210 * 0.5610 0.2146
SWGB 0.1107 0.0100 0.0000  0.0000 * 0.4012
SNL 0.1961 0.0896 0.0000 0.0188 0.0000 *

(b) A B C

A * <0.0001 <0.0001

B 0.5462 * <0.0001

C 0.7470  0.7283 *
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Suppl ement ary Tash and pvalued (ns =Onot sigaificant) for the
AMOVASs on individual loci for the complete (n = 84) and reduced (n = 63) datasets. The
number of significant population pairwise comparisons (SP), afteeatarn for multiple

tests, and which populations are involved (pop), are given for the reduced dataset.

n=384 n =63

Region | 0 st p 0 st p SP pop
12S 0.074 ns 0.060 ns SNL

3

16S 0.036 ns 0.000 ns 0 n/a
1
0

ND1 0.073 ns 0.072 <0.05 LABS
ND2 0.064 ns 0.000 ns n/a
LABS
COX1 | 0.071 ns 0.095 <0.01 5
NENL
COX2 | 0.008 ns 0.000 ns 0 n/a
ATP8 0.216 ns 0.000 ns 0 n/a
ATP6 0.076 ns 0.064 ns 1 SNL
COX3 | 0.210 <0.001| 0.158 <0.01 2 LABS
LABS
ND3 0.160 <0.01 | 0.126 <0.05 1
SNL

ND4L 0.054 ns 0.000 ns 0 n/a
ND4 0.024 ns 0.000 ns 0 n/a

LABS
NENL

ND5 0.117 <0.001| 0.103 <0.01 4

ND6 0.000 ns 0.001 ns 0 n/a
CYTB 0.022 ns 0.000 ns 0 n/a
CR 0.000 ns 0.000 ns 0 n/a
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Figure 2.1. Distribution of Atlantic wolffish in the North Atlantic (shaded) and the 14 sampling locations. Pie chartseshow t
geographic distribution of the three haplogroups identified in BAPS v6: A (red), B (blue), and C (yellow). Figure mautified fr
FishBasg2013.
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Figure 2.2. Statistical parsimony netwark (a) complete mitogenomes and (b) the -two
fragment dataset for Atlantic wolffish. Each symbol represents an individual, samples are
colourcoded by sampling location, and shared haplotypes are encased by black boxes.
The black dots are inferred or ungaed haplotypes, and each connection represents one
nucleotide change. The dashed boxes correspond to the haplogrougs) (®und in

BAPS v6. Refer to Figure 2.1 for locations.
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Figure 2.3. Mantel test of isolatidyy-distance showing the associatibatween genetic
distance @ s/ (1-U s1)) and shortest marine swimming distance (km), for the mitogenome
(B and the tweragment analysis®(). The mitogenome analysis shows a weak
correlation (f = 0.4179) as compared with the tfragment analysis {= 0.561).
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Figure 2.4. Principal coordinates analysis (PCoA) of (a) complete mitogenomes and (b)
the twoefragment dataset for Atlantic wolffish. Sampling locations are coded as per

Figure 2.2, and dashed boxes outlin@plogroups (A- C) identified by BAPS V6.
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Supplementary Figure 2.1. Statistical parsimony networks for each individual locus for 84cAilalitish samplesShared
haplotypes are represented by clusters of squaagsping locationsarecolourcodedas in Figure 2.2.
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Supplementary Figure 2.2. NJ analyses for each individual locus fatl&4tic wolffish samplesBootstrap values > 50% are
given (10,000 replicatesamples are colowoded byhaplogroups identified in BAPS v6 (A red, B blue, C yellowhe
rooting is the same when either of the other two Northwest Atlantic specieslis use
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CHAPTER THREE

Variation among the mitochondrial genome sequences oo threatened marine
fish, the spotted wolffish Anarhichasminor) and the northern wolffish (A.

denticulatug, detects patterns of isolation and reintegration

L.A. Lait' and S.M. Carr

Department of Biology, Memorial University ofNewfoundland, St. John's,

Newfoundland and Labrador, A1B 3X9



3.1 Introduction

Understanding population structure and genetic diversitpeisessaryfor the
conservation and recovery of endangered species. While it has long been accepted that
maintenance fobiodiversity is crucial for sustaining ecosystem health and function
(Chapin et al. 200Q Hooper et al. 2005, it is now becoming clear that preserving
intraspecific diversity among populations is also an important means of conservation
(Schindleret al.2010. This is particularly true for species subject to overexploitation and
habitat degradation. Lack of genetic diversity in a species limits their ability to effectively
respond to and recover from environmental threats such as disease, pollution, and
parasitegFrankham 1995Amos & Harwood 1998 and maintenance or enhancement of
variation can help mitigate the effects of climatic extremes and environmental changes
(Hilborn et al.2003.

The marine environment has been heavily impacted by overexploitatibitath
destruction, and climatic chang&incethe advent of improved fishery technologies in
the late 20th century, marine fish stocks worldwide have declined by as much as 99%
(Hutchings 2000 Marine fish species were historically regarded as resilient species that
would recover quickly and easily due to their large population sizes, high fecundity, and
extensive dispersal capabilitiéBalumbi 1992 Hutchings 200p However, in most fish
species this has not been the case. In the North Atlantic Ocearesspalgject to intense
commercial exploitation, such as Atlantic c@ddus morhuaghaddockMelanogrammus
aeglefinus and pollockPollachius virens have all undergone significant population

declines since the 196@QBranket al. 2005. Other norcommercial species, such as the
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