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Commercial whaling during the 20th century drastically reduced many
populations of great whales in the Southern Hemisphere. The Antarctic blue whale, for
example, is estimated to have been reduced to less than 0.1% of its original abundance
based on catch records and population dynamic models. Despite this population
bottleneck, several contemporary populations of great whales are characterized by a
relatively high mitochondrial DNA (mtDNA) diversity, potentially as a result of the long
life span and the short duration of the exploitation bottleneck. However, few studies have
attempted to compare historical diversity from artifacts of early commercial whaling to
contemporary samples of living populations of whales.
In this dissertation, I explored the impact of 20th century commercial whaling on
the genetic diversity of great whales in the South Atlantic, using bones from early
whaling stations that operated around the Antarctic Peninsula and the South Atlantic
island of South Georgia at the beginning of the 20th century. Over 200,000 whales were

taken from these stations from 1904 to 1965. The number of most species in the vicinity
of the former whaling stations still remains low today. In Chapter Two, I used ancient
DNA methods to extract and amplify mtDNA control region sequences to identify the
species of a collection of 94 whale bone samples from the Antarctic Peninsula and South
Georgia. I successfully identified to species 67 of the 94 whale bones collected from 12
locations of former whaling stations; eight on the Antarctic Peninsula and four on South
Georgia. The species composition of the bone collection from South Georgia and the
Antarctic Peninsula was similar to the catch history of the early years of whaling in the
Antarctic region, supporting my inference that these bones represent ‘pre-whaling’
diversity. I then added the sequences from the samples to a collection of 231 whale bones
from a previous study to provide the largest collection to date of historical DNA from
great whales.
In Chapter Three, I compared historical and contemporary mtDNA control region
diversity of three great whale species exploited at South Georgia during the 20th century:
the blue, humpback and fin whale. For this, I also had access to mtDNA diversity
estimates from contemporary whales in the South Atlantic and Southern Ocean.
Comparisons of historical and contemporary mtDNA control region haplotypes identified
maternal lineages not present in the contemporary populations that may have been lost
due to exploitation. I identified a significant difference in mtDNA haplotype frequencies
of contemporary and historical samples in the blue and humpback whale. These results
combined with the lack of return of great whales to South Georgia suggested a loss of
feeding aggregations from this region.

In Chapter Four, I used next-generation sequencing to assess the quality and
quantity of endogenous DNA in the historical bone samples of Antarctic blue whales. I
used a shotgun-sequencing approach to assess endogenous content in 30 samples.
Eighteen of the 30 samples were sequenced using two different methods for ancient DNA
extraction. The historical Antarctic blue whale bone samples had a variable endogenous
DNA content as measured by reference mapping to the closest relative with a genome
available, the North Pacific minke whale. The modified ancient DNA extraction protocol
increased the endogenous content from an average of 6.26% to 15.69%. The highest
endogenous content in an historical sample was ~48 %. I quantified the single-copy
nuclear DNA in the extracts using 384 genomic loci described in a North Pacific blue
whale to confirm the endogenous content in the extracts. The average mitochondrial
DNA content within the samples was similar between extraction methods and accounts
for 0.13% of the endogenous DNA. I reconstructed near-complete mitochondrial
genomes for 20 bone samples, providing the first mitochondrial genome sequences of
Antarctic blue whales at the onset of 20th century commercial whaling. A comparison of
these to an unpublished collection of contemporary mitochondrial genome sequences
showed no surviving maternal lineages. The description of mitochondrial and nuclear
DNA in the historical Antarctic blue whale samples demonstrated the potential for future
descriptions of historical Antarctic blue whale diversity using NGS.
The research presented in this dissertation describes the historical genetic
diversity of ‘pre-whaling’ populations in the Southern Hemisphere and provided the first
evidence of a loss of mtDNA diversity in the South Atlantic humpback and Antarctic

blue whales. The value of this ‘molecular archive’ preserved in these beached bones was
further confirmed with the genomic sequencing described in Chapter Four and stressed
the importance of preservation of this resource with the impending threat of climate
change in the Antarctic.
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CHAPTER ONE: GENERAL INTRODUCTION
Impact of bottleneck on genetic diversity
Changes in demographic history leave a signature on the genetic diversity of a population
(Nei et al. 1975). As individuals are removed from the population, there is a reduction in
heterozygosity, a loss of alleles and random changes in allele frequencies (Frankham et
al. 2010). These signatures of a bottleneck remain in the recovering population following
the bottleneck and can be used to detect and explore the severity and timing of the
bottleneck. Population genetics theory predicts that heterozygosity is lost at a rate of
1/2Ne for nuclear DNA each generation, where Ne is the effective population size of the
bottlenecked population (Allendorf and Luikart 2013). For maternally inherited mtDNA,
Nef is substituted for 2Ne to account for the maternal inheritance; where Nef is the female
effective population size (Frankham et al. 2010). However, as the impact of a population
bottleneck on heterozygosity is dependent on both the length of the population bottleneck
in terms of generations of the species and severity of the bottleneck, heterozygosity or
haplotype diversity, can be an insensitive measure of a bottleneck (Allendorf 1986).
Bottlenecks of short duration do not have a great effect on heterozygosity, but,
greatly reduce the number of alleles in the population. However, the loss of alleles is
difficult to predict as it is dependent on both the number and frequency of alleles within
the population (Allendorf 1986). A random change in allele frequencies can also result
during a population bottleneck due to reduced effective population size and the effect of
genetic drift. In complete isolation, genetic divergence among subpopulations (FST) is
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expected to increase relative to Ne; where FST = 1-(1-1/2Ne)t (Allendorf and Luikart
2013).
Loss of heterozygosity and alleles impact the potential for the population to
respond to selection in a changing environment and for long-term adaptation (Allendorf
and Luikart 2013). In a severe bottleneck, where a population is reduced to a few number
of individuals, the remnant population is at a higher risk for an ongoing loss of genetic
diversity and the fixation of alleles due to genetic drift and inbreeding, which can result
in a loss of evolutionary potential and increase the probability of extinction (Frankham et
al. 2010). In a small population, deleterious mutations can accumulate in the absence of
strong selection (Lynch et al. 1995). This increase in the rate of fixation of deleterious
mutations in the population is referred to as a ‘mutational meltdown’ (Lynch et al. 1995).
Over the last century, many wild animal populations have been reduced in size
due to human impact either through exploitation and overhunting or reduction of habitat.
One of the most devastating examples of human exploitation is the 20th century
commercial whaling industry, which resulted in a removal of more than two million
whales in the Southern Hemisphere between 1900-1999 (Table 1.1) (Rocha et al. 2014).
The exploitation of great whales in the Southern Hemisphere by the commercial whaling
industry quickly reduced great whale populations to minimal abundances which have
shown limited evidence of recovery (Thomas 2015).
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Southern Hemisphere commercial whaling
At the beginning of the 20th century, commercial whalers ventured into the Southern
Hemisphere equipped with steam ships and explosive harpoons enabling the pursuit of
the faster great whales, the humpback, fin and blue whale (Tønnessen and Johnsen 1982).
During the 20th century, over 360,000 blue whales (including over 340,000 Antarctic
blue whales, Branch et al. 2008), over 200,000 humpback whales and over 720,000 fin
whales were killed (Rocha et al. 2014).
Exploitation in the Southern Ocean began in the waters surrounding the South
Atlantic island of South Georgia (Figure 1.1), where the first commercial whaling
stations were established in 1904 (Tønnessen and Johnsen 1982). Throughout the 61-year
commercial whaling industry at South Georgia, over 175,250 whales were killed. This
included 41,525 blue whales (Balaenoptera musculus), 26,754 humpback whales
(Megaptera novaeangliae) and 87,555 fin whales (Balaenoptera physalus) (Headland
1984). Blue and fin whale catch locations from around South Georgia can be seen in
Figure 1.2 showing the close proximity of the whale catches to the island. Hunting at
South Georgia drew attention to the potential of commercial whaling in this region and
commercial whaling quickly expanded to the South Shetland Islands and the Antarctic
Peninsula (Figure 1.1). The first whaling season in the South Shetland Islands began in
1905/06 at Admiralty Bay on King George Island (Hart 2006). Whaling in the South
Shetland Islands and Antarctic Peninsula killed 84,741 whales between 1905 and 1931,
which included 33,016 blue whales, 38,617 fin whales and 11,412 humpback whales
(Hart 2006). Blue and fin whale catch locations from waters around the South Shetland
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islands and the northern region of the Antarctic Peninsula can be seen in Figure 1.3.
Hunting in the waters surrounding South Georgia, the South Shetland Islands and
Antarctic Peninsula greatly depleted whale populations on the Southern Ocean feeding
grounds, leading to a close of the commercial whaling industry in the region (Headland
1984, Hart 2006).

Target species of the 20th century commercial whaling industry
The 20th century commercial whaling industry in the Antarctic began in a pursuit of
southern right whales (Tønnessen and Johnsen 1982). However, unable to find this
species due to depletion during the 19th century and now equipped with advancing
technology such as steam ships and explosive harpoons, commercial whalers primarily
caught blue, humpback and fin whales (Hart 2006). Many sei and sperm whales also were
caught at South Georgia (Headland 1984, Hart 2006). The catch record history of
whaling at South Georgia and the Antarctic Peninsula shows a trend of serial depletion of
many of the great whale species (Figure 1.4 and 1.5). Humpback whales accounted for a
larger percentage of the catch during the early years of whaling, but were soon replaced
by the larger rorquals, the blue and fin whales in both regions (Headland 1984, Hart
2006).

Assessing the recovery of great whale populations
During the 20th century, these once abundant great whale populations went through a
severe demographic bottleneck. In the extreme case of the Antarctic blue whale, over
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99.9% of the population was killed (Branch 2008). The International Whaling
Commission (IWC) has reviewed the status and recovery of great whale species in annual
reports and as a part of a Comprehensive Assessment. The Comprehensive Assessment
includes a historical reconstruction of past population abundances (Jackson et al. 2008).
Population dynamic models have been used to assess the impact of commercial
whaling on population abundance of exploited whale species through time, e.g. the
southern right whale (Eubalaena australis, Jackson et al. 2008). These logistic population
dynamic models are based on whaling catch records, an intrinsic rate of growth and the
contemporary population abundance estimate and are constructed to fit three points in
tim: the pre-exploitation abundance, the minimum population abundance at the point of
the bottleneck and the contemporary abundance (Jackson et al. 2008).
The IWC Comprehensive Assessment for the Southern Hemisphere humpback
and blue whales indicate signs of recovery, albeit with considerable variation in rates and
distribution (Branch 2008, Jackson et al. 2015). No Comprehensive Assessment has been
conducted for the Southern Hemisphere fin whale to date as very few data have been
collected for the contemporary population (IWC 2017). Despite indications of species
recovery, there is little evidence of a return of these great whale species to South Georgia
waters (Moore et al. 1999, Richardson et al. 2012).
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Review of life history and recovery of the main target species:
Blue whale
Blue whales are believed to be migratory, however, no breeding area has been
documented. Within the Southern Hemisphere, there are two recognized forms of blue
whale, the Antarctic blue whale (B. m. intermedia) and the pygmy blue whale (B. m.
brevicauda). These two forms were initially distinguished from each other based on
morphology and geographic distribution (Branch et al. 2007). The Antarctic blue whales
are greater in length than the pygmy blue whales and are typically found in waters further
south (south of 60°S) than the pygmy blue whales which are found primarily north of
55°S (Branch et al. 2007). Blue whales that fed in the waters surrounding South Georgia
were presumed to be Antarctic blue whales based on catch record data (Branch et al.
2007) although latitude does not exclude pygmy blue whales.
For the Antarctic blue whale, historical reconstructions have estimated an original
abundance of 235,000-307,000 whales. This was reduced to 396 (95% CL 235-804)
individuals in 1972 (Branch 2008). The most current abundance estimate of 2,280 (95%
CL, 1,160–4,500) individuals indicates some recovery, however, the population still
remains at less than 1% of its original abundance (Branch 2008).
The genetic diversity and population structure has been assessed for the
contemporary feeding population of Antarctic blue whales in the Southern Ocean
(Sremba et al. 2012). Within the Southern Ocean feeding groups, weak population
structure has been described based on mtDNA diversity differentiation between the IWC
recognized management Areas I-VI (Sremba et al. 2012). These management Areas were
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established by the IWC based on blue and fin whale distributions during the commercial
whaling era (Mackintosh 1942, Donovan 1991).

Humpback whale
Humpback whales in the Southern Hemisphere migrate annually from breeding areas in
low latitude tropical waters to feeding areas in high latitude Antarctic waters. The IWC
currently recognizes 7 breeding stocks or populations in the Southern Hemisphere
(Jackson et al. 2015). Two breeding stocks have been described in the South Atlantic,
Breeding Stock A (BSA) and Breeding Stock B (BSB), with further division of BSB into
BSB1 and BSB2 (Jackson et al. 2015). The few humpback whales that have returned to
South Georgia waters have shown a migratory connection to BSA, a breeding population
off the coast of Brazil (Engel and Martin 2009, Cypriano-Souza et al. 2010). BSB, a
breeding population of humpback whales off the coast of Gabon (Rosenbaum et al. 2009)
is believed to have a migratory connection with Antarctic waters south of this region
(Rosenbaum et al. 2014). A contemporary feeding population of humpback whales that
feed off the coast of the West Antarctic Peninsula has also been described near South
Georgia (Olavarria et al. 2007). This feeding population has a migratory connection to a
breeding population of humpback whales of the coast of Colombia, Breeding Stock G
(Albertson et al. 2017).
The humpback whale breeding off the coast of Brazil (BSA) was not only subject
to whaling on the Southern Ocean feeding areas, but also hunted in coastal waters of
Brazil prior to the 17th century (Williamson 1975). However, the majority of catches
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were recorded at South Georgia, where ~26,000 humpback whales were taken between
1904 and 1920 (Headland 1984). From historical reconstructions, BSA was estimated to
have been reduced to less than 5% of its estimated original abundance of 20,000-28,000
whales in the 1950s, but is showing a trend of recovery (Zerbini et al. 2006b, Jackson et
al. 2015). The most current population abundance from 2005 was estimated at 6,404
(CV=0.11) individuals (Andriolo et al. 2006). Model projections suggest the current
abundance of 11,672 (95% CL 6,649-16,864) in 2015 (Jackson et al. 2015).

Fin whale
There are few data on contemporary fin whale distribution and migratory behaviors in the
Southern Hemisphere. Two subspecies of fin whale have been described based on
morphology in the Southern Hemisphere, B. p. quoyi (Fischer 1829) and the pygmy fin
whale, B. p. patachonica, originally described by Burmeister (1865) and more recently
(Clarke 2004). The genetic relationship of these subspecies have not yet been explored,
but Clark suggested the pygmy subspecies is found primarily north of 55°S (Archer et al.
2013). The largest dataset of contemporary Southern Hemisphere fin whales has been
described by Archer et al. (2013) in a comparison of worldwide populations. These
samples were collected south of 45°S and primarily in Area III (0°-70°E) and believed to
be B. p. quoyi as no samples were visually confirmed to be B. p. patachonica (Archer et
al. 2013). No estimates of pre-exploitation abundance or recovery trends for this
population exist, but over 720,000 fin whales were killed during the 20th century (Table
1.1) (Rocha et al. 2014). The most recent abundance survey was conducted between
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1978/79 and197/98 south of 60°S and estimated there were 5,500 (CV=0.53) fin whales
in the Southern Hemisphere (Branch and Butterworth 2001).

Assessing the impact of exploitation as inferred from contemporary genetic diversity
The diversity of mitochondrial DNA (mtDNA) in contemporary populations has been
used to assess the impact of exploitation on the genetic diversity of great whale
populations. MtDNA is a maternally inherited molecular marker and is often used in
population genetics within cetacean species (Baker et al. 1993) due to its rapid mutation
rate (Wilson et al. 1985).
Prolonged and intense exploitation is thought to have reduced mtDNA haplotype
diversity (h) in the Western North Atlantic right whale (Eubalaena glacialis) (h=0.69;
Waldick et al. 2002), the North Pacific right whale (Eubalaena japonica) (h=0.60; LeDuc
et al. 2001), and the western Pacific gray whale (Esrichtius robustus) (h=0.70; LeDuc et
al. 2002). However, several great whale populations have retained a high level of mtDNA
diversity. The South Atlantic humpback whale populations and the Antarctic blue whale
do not appear to have lost considerable genetic variation due to exploitation, h = 0.97
(Rosenbaum et al. 2009) and h = 0.96 (Sremba et al. 2012), respectively. Given the
brevity of bottleneck, the long generation times and life spans of humpback (generation
time: 15 years; longevity: 55+ years; Taylor et al. 2007) and blue whales (generation
time: 22 years; longevity: 65+ years; Taylor et al. 2007), in addition to the overlapping
maternal generations with the bottleneck, these populations may have escaped a greater
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loss of genetic diversity. Amos (1996) questions the measurable loss of genetic diversity
in many great whale species given the severity and duration of the bottleneck.

Assessing the impact of exploitation as inferred from historical genetic diversity
The impact of 20th century commercial whaling on mtDNA diversity has been described
for several whale populations in the Northern Hemisphere through comparisons of
historical or ancient and contemporary haplotype diversity. DNA extracted from
historical material, such as whale bone or baleen, is referred to as ‘ancient’ DNA.’
Historical DNA often refers to DNA extracted from historical materials generally less
than 100 years old. Ancient or historical DNA has preserved the genetic diversity of preexploited populations and provides the opportunity to assess the impact of exploitation on
genetic diversity through measures of historical diversity and comparison to
contemporary populations.
Remains of whales from archeological sites and whaling stations have been used
for the study of pre-whaling populations, offering the opportunity to obtain large
historical sample sizes for comparisons to contemporary populations (Alter et al. 2012a;
Alter et al. 2012b). In the Northern Hemisphere, several studies have used mtDNA
sequences to explore the relationship between historical and contemporary genetic
diversity in the North Pacific and North Atlantic bowhead whale (Borge et al. 2007, Alter
et al. 2012b, McLeod et al. 2012) and the Eastern North Pacific gray whale (Alter et al.
2012a). The majority of ancient DNA samples used in these studies are over 100 years
old. Several species have shown similar levels of historical and contemporary genetic
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diversity despite a history of whaling. High mtDNA haplotype diversity is described in an
historical eastern North Pacific gray whale population that shows a similar level of
haplotype diversity to the contemporary eastern North Pacific gray whale population, but
both of these populations have a higher haplotype diversity than the contemporary
western North Pacific gray whale population (Alter et al. 2012a). In a comparison of
historical and contemporary bowhead whale populations, no change in haplotype
diversity and low or no genetic differences was detected (Borge et al. 2007, McLeod et
al. 2010), suggesting no loss in genetic diversity due to commercial whaling.
Exploitation bottlenecks may alter haplotype frequency distributions, which can
lead to an appearance of spatial population structure in a comparison to a bottlenecked
population (Alter et al. 2012a, Alter et al. 2012b). Differences in mtDNA haplotype
frequencies between historical and contemporary populations must be interpreted with
caution. A significant differentiation (FST) between historical and contemporary
populations was used to provide evidence of a potential loss of local subpopulations in
the eastern Pacific gray whale, although authors note through simulations that the
observed FST value could also result from a population bottleneck followed by rapid
growth (Alter et al. 2012a).

Genetic diversity of great whale bones of South Georgia
In the Southern Hemisphere, bone samples collected from whaling stations provide
access to one of the largest samples for the study of pre-exploited great whale populations
at the initial onset of exploitation in the early 1900s (Sremba et al. 2015). Bone remains
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of whales killed at South Georgia lie scattered on the shores, preserving the genetic
diversity of pre-exploited great whale populations. Previous research has successfully
extracted DNA from historical bone specimens from South Georgia demonstrating their
utility for further analyses of pre-exploitation diversity (Lindqvist et al. 2009, Sremba et
al. 2015). Among a collection of 289 whale bones from South Georgia, 231 samples were
identified to species using mtDNA sequencing. This identified 158 humpback whales, 51
fin whales, 18 blue whales, two sei whales, one southern right whale and one elephant
seal (Sremba et al. 2015). Comparisons of genetic diversity from historical South Georgia
and contemporary great whale populations of the Southern Hemisphere offer the
opportunity to assess a loss of diversity due to exploitation by the commercial whaling
industry.

Dissertation objectives
In this dissertation, I explore the impact of exploitation by the 20th century commercial
whaling industry on the genetic diversity of three great baleen whale species in the South
Atlantic. I describe the species composition and historical genetic diversity of whale bone
samples from early whaling stations in the Southern Hemisphere and compare historical
estimates of genetic diversity to contemporary populations. Specifically, I ask:
1. Are the remains of pre-exploitation whales from the Antarctic Peninsula
representative of the species composition of the early period of whaling in the
Antarctic region? i.e., do these bones represent the populations before the impact
of whaling?
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2. Was there a loss or differentiation of mtDNA control region genetic diversity in
the blue, humpback or fin whale populations in the South Atlantic?
3. What is the preservation of whale DNA in the historical Antarctic blue whale
bone extracts? Can the bone samples be used to assess genomic diversity
(mitochondrial and nuclear) using next-generation sequencing (NGS) methods?

Scope of thesis and proposed co-authors
In Chapter Two, I identify to species a collection of 94 whale bones from the
Antarctic Peninsula and South Georgia and present the first description of species
composition of whale bones collected from the Antarctic Peninsula. I describe the species
composition of these two regional historical populations from former whaling stations
and determine the most likely time period of catch for the whale bones. Whale bones in
the Antarctic represent a ‘molecular archive’ of the genetic diversity in the great whale
populations killed during the early 20th century commercial whaling industry. Proposed
co-authors include bone collectors Robert Pitman, Peter Wilson and Anthony Martin and
C. Scott Baker.
In Chapter Three, I explore the impact of 20th century commercial whaling on
three great baleen whales in the South Atlantic, the blue, humpback and fin whale,
through a comparison of historical genetic diversity to genetic diversity of contemporary
populations. The historical species population is characterized by DNA extracted from
whale bone samples from early whaling stations on the island of South Georgia (Sremba
et al. 2015 and Chapter 2). Each historical species population is compared to the most
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comprehensive dataset of the contemporary South Atlantic population. MtDNA genetic
diversity is compared on an ocean basin and regional scale where data are available. A
potential loss of genetic diversity is tested through comparisons of historical and
contemporary mtDNA diversity. Proposed co-authors include bone collectors Anthony
Martin, Robert Pitman and Peter Wilson. Contemporary mtDNA datasets were
constructed in collaboration with Ana Lucia Cypriano de Souza, Marcia Engel, Sandro
Bonatto, Howard Rosenbaum, Tim Collins, Carlos Olavarria, Debbie Steel and, Eric
Archer. C. Scott Baker supervised this project.
In Chapter Four, I use NGS to assess the quantity and quality of endogenous
DNA in the historical Antarctic blue whale extracts (Chapter 2 and Chapter 3). I use a
shotgun-sequencing approach to assess the endogenous DNA content in 30 historical blue
whale bone samples. I compare the endogenous content of DNA in replicate samples
extracted using two ancient DNA extraction protocols. I quantify single-copy nuclear
DNA within the extracts and reconstruct near-complete mitochondrial genomes for
samples with a sufficient endogenous content. Proposed co-authors include bone
collectors Anthony Martin, Robert Pitman and Peter Wilson. Shotgun-sequencing data
analysis was supervised by Nedda Saremi and Beth Shapiro. Aimee Lang contributed
contemporary Antarctic blue whale mitochondrial genome sequences as references for
historical mitochondrial genome reconstructions. Phil Morin contributed the 384 genomic
loci. C. Scott Baker supervised the project.
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In Chapter Five, I discuss conclusions from the presented research and provide an
outline for future work. I consider limitations in this research and provide
recommendations for future sample collection.

Data archiving and availability
Electronic data files with sequence data for each chapter are discussed in Appendices and
are embargoed for two years or until publication. A written request for access to this file
must be made to A. Sremba and C.S. Baker. This request must include a formal proposal
for collaboration.
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Table 1.1. Catch record history of the Southern Hemisphere 1900-1999 (Rocha et al.
2014).
Species
Blue whale
Fin whale
Sperm whale
Humpback whale
Sei whale
Bryde’s whale
Minke whale
Right whale
Unspecified/Other
Total

Balaenoptera musculus
Balaenoptera physalus
Physeter macrocephalus
Megaptera novaeangliae
Balaenoptera borealis
Balaenoptera brydei
Balaenoptera bonaerensis
Eubalaena australis

Number of whales killed
363,648
726,461
406,535
215,848
204,589
7,913
117,213
4,452
7,297
2,053,956
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Figure 1.1 Locations of two regions of early Antarctic whaling: the South Atlantic island
of South Georgia and the region of the Antarctic Peninsula which includes the South
Shetland Islands and northern region of the Antarctic Peninsula.
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Figure 1.2. Distribution of fin and blue whale catches around the island of South Georgia
from Kemp and Bennet (1932).
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Figure 1.3. Distribution of fin and blue whale catches around the South Shetland Islands
and the northern region of the Antarctic Peninsula from Kemp and Bennet (1932).
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Figure 1.4. Annual catch record history of the South Atlantic island of South Georgia (Headland 1984).
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Figure 1.5. Catch record history of the South Shetland Islands and Grahams Land (Hart 2006).
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CHAPTER TWO: GENETIC SPECIES IDENTIFICATION AND HISTORICAL
CATCH OF BONES FROM WHALING STATIONS OF SOUTH GEORGIA AND
THE ANTARCTIC PENINSULA
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Early in the 20th century, modern commercial whaling expanded into the Southern

12

Hemisphere in pursuit of unexploited populations of great whales. Initial whaling

13

factories were established on the South Atlantic island of South Georgia but quickly

14

expanded to the South Shetland Islands and the northern region of the Antarctic

15

Peninsula. Within the next 70 years, great whale populations were severely reduced in

16

abundance; in the extreme case of the Antarctic blue whale, the population was reduced

17

to less than 0.1% original abundance. Here, I identified to species a collection of 94

18

whale bones from 2 regions of former 20th century whaling stations in the Antarctic, four

19

locations on South Georgia and eight locations in the South Shetland Islands and the

20

Antarctic Peninsula. Using my previously validated methods for ancient DNA extraction,

21

amplification and sequencing of the mitochondrial DNA (mtDNA) control region, I

22

identified the species and confirmed the catch record history of 67 whale bone samples.

23

Among the 29 Antarctic Peninsula whale bones, I identified 12 humpback, five blue, 11

24

fin and one minke whale. Among the 38 South Georgia whale bones, I identified 27

25

humpback, seven blue, three fin and one sperm whale. The frequency of species

26

represented by whale bone collections from the Antarctic Peninsula and South Georgia
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showed a similar composition to the early years of whaling in the Southern Hemisphere.

28

Through comparisons to species composition of the catch record, I confirmed the

29

influence of efforts to select bones from larger rorquals in the field. The description of

30

historical species composition within the bone collection and the potential to describe

31

historical genetic diversity from the bones, highlights the urgency to preserve these whale

32

bones from the imminent threat of climate change in the Antarctic.

33
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Introduction
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37
38
39
40
41
42
43
44

“The Antarctic adventure, set on foot by whaling, is the most remarkable in the history of
mankind…. The island and oceans around the South Pole were annually invaded by a few
thousand men, who gorged themselves on the indescribable wealth of the ocean.”

45

Over 2 million whales were killed by the commercial whaling industry during the 20th

46

century in the Southern Hemisphere (Rocha et al. 2014). Several great whale species

47

were severely exploited including the humpback (Megaptera novaeangliae), fin

48

(Balaenoptera physalus) and blue whale (Balaenoptera musculus) (Rocha et al. 2014)

49

(Table 2.1). The Antarctic blue whale (B. m. intermedia) was one of the most heavily

50

exploited species, with over 340,000 killed during the 20th century (Branch et al. 2008).

51

The population is estimated to have been reduced to less than 0.1% of its original

52

abundance in ~70 years (Branch 2008). Within the Southern Hemisphere, many great

53

whale populations were reduced to low numbers (Branch 2008, Jackson et al. 2015).

(Tønnessen and Johnsen 1982)

“Even today, many of the bays and inlets are edged with ramparts of bleached bones,
skulls, jaws, backbones and ribs, memorials to the ‘uncontrolled’ slaughter until the
Government intervened to stop it. They bore witness…’to the greed and folly of mankind’
(Ommanney, 1971)” (Hart 2006)
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54

Within the South Atlantic, the status of several of these great whale populations remain

55

‘data deficient’, but both the Antarctic blue whale and fin whale remain endangered with

56

little evidence of recovery on the International Union for the Conservation of Nature

57

(IUCN) red list (Antarctic blue whale, Critically Endangered; fin whale, B. physalus sp.,

58

Endangered (recovery assessed on a worldwide scale) (Thomas 2015)).

59

Exploitation by the commercial whaling industry began on the South Atlantic

60

island of South Georgia and various locations in the South Shetland Islands and along the

61

Antarctic Peninsula in the early 1900s (Hart 2006). During the 20th century, 175,250

62

whales were killed at South Georgia between 1904-1961, which included a total of

63

41,252 blue whales, 26,754 humpback whales and 87,555 fin whales (Headland 1984) .

64

Between 1904-1931, 84,741 whales were killed in the Antarctic Peninsula region which

65

includes the South Shetland Islands and Graham’s Land, referred to as the northern

66

region of the Antarctic Peninsula (Hart 2006). This included 33,016 blue whales, 11,414

67

humpback whales and 38,617 fin whales (Hart 2006). Humpback whales were the

68

predominant species caught in the early years of whaling on South Georgia and the

69

Antarctic Peninsula. This species was described as the preferred catch as it was found

70

close to shore, was slower and calmer than the faster rorquals such as the blue and fin

71

whale and floated when killed to ease towing and processing (Hart 2006).

72

Many whaling stations operated throughout this region during the first half of the

73

20th century (Tønnessen and Johnsen 1982, Headland 1984, Hart 2006). During the early

74

years of hunting in the Antarctic, whales were killed and processed on floating factories

75

which were large ships anchored in the safe harbors close to shore (Headland 1984, Hart
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2006). At these floating factories, the blubber was removed from the whale and the

77

carcass was discarded (Headland 1984, Hart 2006). The remains of these whales have

78

persisted along the shores and abandoned whaling stations in this region (Hart 2006).

79

Deception Bay and Admiralty Bay in the South Shetland Islands were referred to

80

as the ‘center point’ of Antarctic whaling due to the large number of factories that

81

operated in this region during the first 20 years of whaling in the Antarctic (Hart 2006).

82

In 1931, the pelagic factory ship was introduced, resulting in the abandonment of

83

Norwegian whaling stations in the Antarctic (Hart 2006). The whaling industry at South

84

Georgia was abandoned in 1965 when all species from the surrounding waters had been

85

driven to commercial extinction (Headland 1984).

86

Previous research has successfully extracted DNA and identified to species whale

87

bones collected from South Georgia island in 2006 (Sremba et al. 2015). A total of 231 of

88

the 281 whale bones were identified to species. Of these, 158 were identified as

89

humpback whale, 18 as blue whale, 51 as fin whale, one as a southern right whale, two as

90

sei whale and one as an elephant seal. As the species composition of the whale bone

91

collection was more similar to the species composition of the early decades of whale

92

catches at South Georgia, the whale bones are considered to be representative of whales

93

killed during the early years of hunting at South Georgia as compared to the composition

94

of whale catches in the later years of whaling (Sremba et al. 2015). As these early

95

catches represented pristine populations, these whale bones have preserved the genetic

96

diversity of the pre-exploitation populations.
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Here, I use previously developed methods (Sremba et al. 2015) to expand the

98

sampling of historical whale bones. I include eight locations of historical whaling in the

99

Antarctic Peninsula and add to the previous collection at South Georgia through inclusion

100

of bone sampling at four locations of former whaling factories. As whale bones at many

101

other sites within the Antarctic region have yet to be described, I provide the first

102

description of the species composition of whale bones from the Antarctic Peninsula.

103

Through comparison of the species composition of the South Georgia and Antarctic

104

Peninsula bone collections to their respective catch records, I confirm the most likely

105

time period of catch of these whale bones. As sample sizes were too low to allow within

106

region comparisons, I compare the species composition between regional collections. I

107

review the results in the context of selection preference of large baleen whales.

108
109

Methods

110

Sample Collection

111

Whale bone samples were collected from the Antarctic Peninsula and South Georgia by

112

collaborators Robert Pitman and Peter Wilson from February 9, to March 1, 2016, under

113

permits SG RAP 1026/008 and ACA 2016-006. Larger bone fragments were targeted for

114

collection and subsamples of bone were taken using a small saw. Whale bones were

115

targeted that appeared to be large baleen whale skulls or vertebrae. This was in attempt to

116

avoid multiple bone collection of the same individual and target larger bones where DNA

117

was presumably better preserved. In addition, the selection of larger rorqual bones was

118

one of the primary objectives of this dissertation.
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DNA extraction and mitochondrial DNA sequencing

120

Whale bones were transferred to Oregon State University (OSU) and drilled in a facility

121

that had never been exposed to modern cetacean DNA. The drilling was conducted at the

122

slowest speed possible and drill bits were sterilized with bleach between samples. DNA

123

was extracted from a sub-sample of 0.06 g of bone powder. DNA extraction followed a

124

modified silica column based protocol (Qiagen DNeasy). Inhibitors were removed from

125

DNA extractions using a Zymo clean up column (Zymo). The mitochondrial DNA

126

(mtDNA) control region was amplified using a standard sequencing protocol described in

127

Sremba et al. (2015) using a nested PCR approach. The first round of amplification used

128

forward primer M13Dlp1.5 (5’ TGTAAAACGACAGC CAGTTCACC CAAAGCTG

129

RARTTCTA 3’; (Dalebout et al. 1998)) and reverse primer Dlp5 (5’ CCAT CGWGAT

130

GTCTTATTTAAGRGGAA 3’; (Dalebout et al. 1998)). A 1:10 dilution of the first PCR

131

product is used as template in a second round of amplification with forward primer

132

M13Dlp1.5 and reverse primer Dlp4 (5’ GCGGGWTRYTGRTTTCACG 3’). PCR

133

thermocycler conditions for nested PCR reactions are described in Sremba et al. (2015).

134

PCR products were cleaned with shrimp alkaline phosphotase and exonuclease I (SAPEX

135

- Amersham Biosciences), or Ampure XP beads. PCR products were prepared for Sanger

136

sequencing with a dye termination sequencing reaction using BigDye Dye Terminator

137

Chemistry v3.1 (Applied Biosystems Inc.), following the manufacturer’s protocol.

138

Unincorporated bases and dyes were removed using CleanSEQ (Beckman Coulter

139

Genomics) and the cleaned product was run on an ABI 3730xl. MtDNA control region

140

sequences were visually inspected in Sequencher v.4 and trimmed to a consensus bp
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length for each species. Species identification was confirmed by a single high quality

142

(>90% Phred score) forward sequence as assessed in Sequencher v.4 (Gene Codes

143

Corporation) (Ewing et al. 1998).

144
145

Species identification and species composition

146

Species were identified from the mtDNA control region sequence in the web-based

147

program DNA Surveillance, version 4.3 (http://www.cebl.auckland.ac.nz:9000/) (Ross et

148

al. 2003) and validated through a BLAST search of GenBank. The species frequency of

149

the whale bone collection from the Antarctic Peninsula was compared to the catch record

150

history of the Antarctic Peninsula region, which included South Shetland islands and

151

Graham’s Land (Hart 2006) to determine the most likely time period of catch (Table 2.2).

152

The most likely time period of catch was established for the whale bone collection from

153

South Georgia through comparison to the catch record (Headland 1984) (Table 2.3) and

154

the bone collection described in Sremba et al. (2015). The similarity of the two bone

155

collections was assessed in a comparison of the 2016 Antarctic Peninsula bone collection

156

to the 2016 South Georgia whale bones and the previously described bone collection

157

from Sremba et al. (2015), as the whale bones are hypothesized to represent the whales

158

killed during the early years of whaling in the Antarctic.

159
160

Results and Discussion

161

A total of 94 whale bones were collected near 12 historic whaling stations on the

162

Antarctic Peninsula and South Georgia from February 9 through March 1, 2016 (Table
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2.4, Figure 2.1). A total of 37 bones were collected from eight locations on the Antarctic

164

Peninsula (Table 2.4, Figure 2.2) and 57 bones were collected from four locations on

165

South Georgia island (Table 2.4 Figure 2.3). Whale bones were selected based on size,

166

targeting larger bones of presumably rorqual whales (example, Figure 2.4).

167

From the sequences of the mtDNA control region, I identified 67 of the 94 whale

168

bones to species (71% success): 39 humpback whales, 12 blue whales, 14 fin whales, one

169

minke whale and one sperm whale (Table 2.5). MtDNA sequences used for species

170

identification are listed in electronic Appendix I. Species of whale bone samples are

171

listed in Appendix II.

172

Twenty-nine of the 37 (78% success) whale bones collected from the Antarctic

173

Peninsula and 38 of the 57 (67% success) whale bones collected from South Georgia

174

were identified to species (Table 2.5). Humpback whales were the species most

175

frequently identified within the bone collection, although fin whales were reported at a

176

higher frequency in the catch record of the Antarctic Peninsula (Table 2.5).

177

Whale bones were successfully identified to species from most locations where

178

collection took place (Table 2.6). The majority of the humpback whales were identified

179

among bones collected from Grytviken, South Georgia (Table 2.6). The highest number

180

of fin (four) and blue (four) whales were identified among the whale bone collected from

181

Mikkelsen Harbor on the Antarctic Peninsula (Table 2.6).

182

The bone samples from the Antarctic Peninsula showed a similar species

183

composition to the South Shetland Island and Graham’s Land catch record from 1905/06-

184

1914/15 (Hart 2006) (X 2= 1.27, df = 3, p = 0.735, Figure 2.5) and differed significantly
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185

from other decades. The species composition of the 2016 South Georgia bone collection

186

was significantly different from decadal increments of the catch record of the early years

187

at South Georgia (Table 2.7, Figure 2.6), due to the high frequency of blue whales

188

identified in the bone collection. However, the composition of the bone samples from

189

South Georgia shows concordance with the species frequency to the early years of

190

whaling at South Georgia (1904/05-1913/14; Kendall's coefficient of concordance W =

191

0.877, F = 7.120, prob. of F = 0.042; 1914/15-1923/24; Kendall's coefficient of

192

concordance W = 0.862, F = 6.260, prob. of F = 0.052) (Figure 2.6). The species

193

composition of the 2016 South Georgia bone collection differed from the published 231

194

whale bone collection from South Georgia from 2006 (X 2= 13.799, df = 5, p = 0.017,

195

Figure 2.7) (Sremba et al. 2015). The proportions of the species in the 2016 South

196

Georgia bone collection may have differed from the catch record and the 2006 South

197

Georgia bone collection with the high number of identified blue whale bones in the

198

collection, but still shows the greatest concordance with the first decade of whaling due

199

to the predominance of humpback whales.

200

As expected from the differences in the catch records, the species composition of

201

the 2016 Antarctic Peninsula bones (n = 29) differed to the collection of whale bones

202

from the 2016 South Georgia described in this study (n = 38) (X2 = 11.676, df = 4, p =

203

0.020, Figure 2.8). The Antarctic Peninsula bone collection also differed from the

204

combined collection of South Georgia whale bones (n = 268) (X2 = 18.093, df = 6, p =

205

0.006, Figure 2.9), showing a higher number of fin and blue whale bones identified in
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their respective collections. This may reflect the different whaling history in the region or

207

the selection of larger rorquals in the small samples collected.

208
209

Conclusion

210

The Antarctic Peninsula and South Georgia catch histories show a similar trend of

211

species depletion throughout the years of whaling within each region, with humpback

212

whales the most frequently caught species during the early years of whaling (Table 2.2

213

and Table 2.3). The species composition of the 2016 whale bone collection from the

214

Antarctic Peninsula shows a similarity to the catch record history of the early years of

215

whaling in the Antarctic. Humpback whales were the most common identified species

216

within the bone collection, which is consistent with the catch record of the early years of

217

whaling. The 2016 South Georgia bone collection differed significantly from the species

218

composition of rolling decadal increments of the catch record presumably due to the

219

selection of larger bones (Figure 2.6). However, the 2016 South Georgia bone collection

220

shows the greatest concordance with the two earlier decades of whaling at South Georgia

221

(1904/05-1913/14 and 1914/15-1923/24).

222

The 2016 collections of bones from South Georgia and the Antarctic Peninsula

223

differed significantly in species composition from each other. The identification of a high

224

number of fin whale bones at the Antarctic Peninsula and a high number of blue whale

225

bones at South Georgia may reflect the different whaling history in the region or the

226

preferential selection of larger rorquals in the bone collection. However, the high

227

frequency of humpback whale bones within both the Antarctic Peninsula and South

36
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Georgia bone collection provide strong evidence for the bones as representative of whales

229

killed during the early period of whaling in the Antarctic where whales were processed

230

on floating factories.

231

The species identification of ~71% of the whale bones collected from South

232

Georgia and the Antarctic Peninsula indicate the extensive potential of this ‘molecular’

233

archive. These 12 locations are just a small representation of the potential of this research

234

to archive pre-exploitation populations of South Atlantic whales. Between 1905 and

235

1931, eight whaling harbors operated on South Georgia, 36 whaling harbors in Graham’s

236

Land in the Antarctic Peninsula and 17 whaling harbors in the South Shetland Islands

237

taking more than 165,000 whales (Headland 1984, Hart 2006). This study has indicated

238

potential areas where a higher number of blue and fin whale bones may be preserved, e.g.

239

Mikkelson Harbor, for future whale bone collection of larger rorqual whales of relevance

240

to one of the primary objectives of this dissertation. The potential for an almost unlimited

241

number of blue whales could provide for a historical reconstruction of unprecedented

242

accuracy.

243
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Table 2.1. Catch record history of the Southern Hemisphere 1900-1999 (Rocha et al.
2014).
Species
Blue whale
Fin whale
Sperm whale
Humpback whale
Sei whale
Bryde’s whale
Minke whale
Right whale
Unspecified/Other
Total

Number of whales killed
363,648
726,461
406,535
215,848
204,589
7,913
117,213
4,452
7,297
2,053,956

Balaenoptera musculus
Balaenoptera physalus
Physeter macrocephalus
Megaptera novaeangliae
Balaenoptera borealis
Balaenoptera brydei
Balaenoptera bonaerensis
Eubalaena australis

Table 2.2. Decadal catch record history of great whales from the South Shetland Islands
and Grahams Land from 1905-1931 (Hart 2006).

Year

Blue

Fin

Humpback

Other

Total

1905/06-14/15

5252

7849

9361

1444

23906

1915/16-24/25

12174

14578

1020

87

27859

1925/26-30/31

12148

12558

285

120

25111

Table 2.3. Decadal catch record history of great whales from the island of South Georgia
from 1904-1965 (Headland 1984).
Year
1904/05-13/14
1914/15-23/24
1924/25-33/34
1934/35-43/44
1944/45-53/54
1954/55-65/66

Blue
1738
20719
15555
2534
926
43

Fin
4776
16814
22361
9602
18508
15495

Humpback
21894
3548
723
155
432
2

Sei
94
467
1248
1260
5196
6863

Sperm
39
202
224
599
1426
1226

Other
463
115
2
1
1
0

Total
29004
41865
40113
14151
26489
23629
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Table 2.4. Collection location of 94 whale bone samples from whaling stations in the
Antarctic Peninsula (AP) and South Georgia (SG) in February and March 2016.
Location
Walker Bay, Livingstone Island, AP
Mikkelsen Harbor, AP
Bill's Island, Port Lockroy, AP
Goudier Island, Port Lockroy, AP
Jougla Point, AP
Port Lockroy Seabed, AP
Barrientos Island, AP
Cuverville Island, AP
AP subtotal
Stromness, SG
Grytviken, SG
Leith, SG
Salisbury Plain, SG

Date
9-Feb-16
11-Feb-16
14-Feb-16
14-Feb-16
14-Feb-16
14-Feb-16
19-Feb-16
20-Feb-16
29-Feb-16
29-Feb-16
29-Feb-16
1-Mar-16

SG subtotal
Total

Bones collected
3
20
1
2
8
1
1
1
37
4
42
10
1
57
94

Table 2.5. Species identification of whale bones from South Georgia and the Antarctic
Peninsula collected in February and March 2016.
Species
Blue whale
Fin whale
Minke whale
Humpback whale
Sperm whale
Total

AP
5
11
1
12
0
29

SG
7
3
0
27
1
38

Total
12
14
1
39
1
67
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Table 2.6. Species identification of 94 whale bones collected from various locations on
the Antarctic Peninsula and South Georgia in February and March 2016. Species
identified include Balaenoptera musculus (Bmus), Balaenoptera physalus (Bphy),
Balaenoptera bonaerensis (Bbon), Megaptera novaeangliae (Mnov) and Physeter
macrocephalus (Pmac).
Location
Antarctic Peninsula
Barrientos Island
Bill's Island, Port Lockroy
Cuverville Island
Goudier Island, Port Lockroy
Jougla Point
Mikkelsen Harbor
Walker Bay, Livingstone Island
South Georgia
Grytviken
Leith Harbor
Port Lockroy Seabed
Salisbury Plain
Stromness
Total

Bmus

Bphy

Bbon

Mnov

Pmac

Total
0
1
1
0
8
15
3

1
1

4

6
4
1

3
3
1
1

3

12

14

1

2
7
2
24
1

1

2
39

1

30
5
1
1
2
67

Table 2.7. Chi-square test of independence of the species composition of the historical
South Georgia bone collection (n=38) and the first 6 rolling decadal increments of the
South Georgia catch record.
Decade
X2
df
p
1905/06-1914/15
24.67
5
<0.001
1906/07-1915/16
29.05
5
<0.0001
1907/08-1916/17
20.52
5
0.001
1908/09-1917/18
18.54
5
0.002
1909/10-1918/19
20.92
5
0.001
1910/11-1919/20
27.39
5
<0.0001
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Figure 2.1. Two regions of sampling of whale bones in the Antarctic: the South Atlantic
island of South Georgia and the Antarctic Peninsula.

43

Figure 2.2. Locations of the collection of whale bone from the Antarctic Peninsula.

44

Figure 2.3. Locations of the collection of samples of whale bone from South Georgia.

45

Figure 2.4. Example image of whale bone subsampled for bone collection. Photo
courtesy of Robert Pitman.
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Figure 2.5. Species composition of the 2016 whale bone collection from the Antarctic
Peninsula compared to decadal increments of the catch record from the South Shetland
islands and Grahams Land on the Antarctic Peninsula (Hart 2006).
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Figure 2.6. Species composition of the 2016 whale bone collection from the island of
South Georgia compared to decadal increments of the catch record from South Georgia
(Headland 1984).
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Figure 2.7. Species composition of the 2016 whale bone collection (Mnov = humpback,
Bphy = fin, Bmus = blue, Pmac = sperm, Eaus = southern right, Bbor = sei) from the
South Georgia whale bones identified in this study (n = 38) and the 2006 whale bone
collection from South Georgia from previous research (n = 231) Sremba et al. (2015)
were significantly different (X2 = 13.799 p = 0.017).
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Figure 2.8. Species composition of the 2016 whale bone collection (Bmus = blue, Bphy =
fin, Bbon = Antarctic minke, Mnov = humpback, Pmac = sperm) the Antarctic Peninsula
(n = 29) and the 2016 whale bone collection from South Georgia (n = 38) were
significantly different (X2 = 11.676 p = 0.020).
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Figure 2.9. Species composition of the 2016 whale bone collection (Mnov = humpback,
Bphy = fin, Bmus = blue, Bbon = Antarctic minke, Pmac = sperm, Eaus = southern right,
Bbor = sei) from the Antarctic Peninsula (n = 29) and the combined collection of the
2006 and 2016 whale bones from South Georgia (this study and Sremba et al. (2015) n =
268) were significantly different (X2 = 18.093 p = 0.006).
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Abstract
The 20th century commercial whaling industry severely reduced great whale populations
in the Southern Hemisphere. The effect of this exploitation on genetic diversity and
population structure remains relatively undescribed. Here, I explore the impact of
exploitation on the genetic diversity of three great whales in the South Atlantic, the blue,
humpback and fin whale. Genetic diversity of great baleen whales prior to exploitation
has been preserved in whale bones scattered near abandoned whaling stations on the
South Atlantic island of South Georgia. Contemporary genetic diversity of these species
has been described from living whales in the Southern Hemisphere and offers the
opportunity to explore the impact of exploitation on genetic diversity through
comparisons to historical samples. Through comparisons of historical and contemporary
mtDNA control region sequences, I showed evidence of a probable loss of mtDNA
lineages in the blue, humpback and fin whale, despite relatively high levels of genetic
diversity in the contemporary populations. The contemporary blue and humpback whale
populations showed a significant change in mtDNA haplotype frequencies from the
historical population. This, combined with the lack of return of these species to South
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Georgia in the great numbers once present, provided evidence of a loss of a local feeding
population due to exploitation.

Introduction
Over 2 million whales were killed in the Southern Hemisphere during the 20th century
commercial whaling era (Rocha et al. 2014). This included 345,775 Antarctic blue
whales (Balaenoptera musculus intermedia) (Branch et al. 2008), 215,848 humpback
whales (Megaptera novaeangliae) and 726,461 fin whales (Balaenoptera physalus)
(Rocha et al. 2014). This exploitation resulted in a demographic decline, where in the
extreme case of the Antarctic blue whale, less than 0.1% of the population is estimated to
have survived (Branch 2008). The impact of this exploitation bottleneck on genetic
diversity or population structure remains unknown.
Most studies of the impact of whaling on genetic diversity have relied on
interpretations or inference from the diversity or lack of diversity of contemporary
populations. For this, sequences of the mitochondrial DNA (mtDNA) control region have
been the most common marker of choice because of the maternal, haploid mechanism of
inheritance. Over the last several decades, the mtDNA diversity of contemporary
populations has been characterized using samples from a relatively large number of living
whales (e.g. (Baker et al. 1993, LeDuc et al. 2007, Olavarria et al. 2007, Rosenbaum et
al. 2009, Sremba et al. 2012, Archer et al. 2013)). Several of these exploited whale
populations have low mtDNA diversity hypothesized to have resulted from exploitation
(Baker et al. 1999, Waldick et al. 2002). Other populations of great whales, however,
have retained a relatively high mtDNA diversity (Baker et al. 1993, Sremba et al. 2012).
Some authors have questioned the impact of whaling on genetic diversity given the long
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life spans and generation lengths of whales in relation to the duration of the bottleneck
(Amos 1996). In addition, individual whales that survived the bottleneck may still be
alive today, such that the loss of genetic diversity may be ongoing (Sremba et al. 2012).
Several studies have attempted to compare contemporary genetic diversity to
direct measures of historical genetic diversity (Rastogi et al. 2004, Rosenbaum et al.
2009, Alter et al. 2012a, Alter et al. 2012b). These studies have been limited by the
relatively small number of historical samples available for most species and the technical
challenges of recovering DNA from a representative collection of sufficient size for
statistical comparison.
In the Northern Hemisphere, a few studies have used mtDNA sequences to
explore historical and contemporary genetic diversity in the North Pacific and Atlantic
bowhead (Borge et al. 2007, Alter et al. 2012a, Alter et al. 2012b, McLeod et al. 2012)
and the Eastern North Pacific gray whale (Alter et al. 2012a). In theses studies, the vast
majority of ancient DNA samples is over 100 years old and offers the opportunity to
explore changes in population genetic diversity prior to whaling in the 17th through 20th
century.
Demographic bottlenecks are believed to impact mtDNA diversity through a
reduction in haplotype diversity or by affecting haplotype frequency distributions. This
can lead to an appearance of spatial population structure in a comparison to a
bottlenecked population (Alter et al. 2012a, Alter et al. 2012b). In the grey whale,
significant genetic differentiation between historical and contemporary populations was
used to provide evidence of a potential loss of local subpopulations in the eastern Pacific
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gray whale, although authors note through simulations that the observed FST value could
also result from a population bottleneck followed by rapid growth (Alter et al. 2012a).
In the Southern Hemisphere, the vast number of whale bones scattered along the
coast of the island of South Georgia in the South Atlantic offer the opportunity to explore
the impact of the 20th century commercial whaling industry on genetic diversity. The
first commercial whaling industry was established at Grytviken, South Georgia, in 1904
(Headland 1984). During the early years of whaling at South Georgia, floating factories
were the predominant whaling stations on the island (Headland 1984). At these stations,
moored in harbors, whales were processed and their carcasses were discarded after being
flensed. Bones from carcasses washed up to shore and remain there today. Later whaling
made full use of the carcass and bones, presumably ending the contribution to this
‘molecular archive.’ Throughout the 61-year commercial whaling industry at South
Georgia, 175,250 whales were killed (Headland 1984). This included 41,525 blue whales,
26,754 humpback whales and 87,555 fin whales (Headland 1984).
Previously, Sremba et al. (2015) confirmed the utility of these bones for
characterizing historical mtDNA diversity. Using a relatively large sample of whale
bones collected from South Georgia, they establish the most likely time of catch of the
whale bones as ‘pre-whaling,’ as the species composition of the bones is most similar to
the catch record of the early years of whaling on South Georgia (1905-1914). Here, I
extend the sequence length for mtDNA haplotypes from the South Georgia whale bones
(Sremba et al. 2015), focusing on the three species that formed the backbone of
commercial whaling, the blue, humpback and fin whale. I take advantage of three largescale surveys of mtDNA diversity in living whales sampled after the 1982 moratorium on
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commercial whaling was put into effect in 1986. I assemble mtDNA haplotypes from
published surveys of contemporary diversity in the regional populations of the South
Atlantic and throughout the Southern Hemisphere. For humpback whales, I also review
and validate the contemporary mtDNA diversity through collaborative access to the
primary data. I compare historical and contemporary mtDNA diversity and test for a
potential loss of genetic diversity or change in population structure due to exploitation in
the Antarctic blue whale, South Atlantic humpback whale and the Southern Ocean fin
whale population. Below I provide background on the three species and the structure of
comparisons. I chose the mtDNA control region as a molecular marker in this comparison
due to its maternal inheritance. The mtDNA control region is a common marker used in
population genetic studies of whale populations as it reflects maternal lineages within
populations and maternal fidelity to feeding and breeding grounds.

Structure of historical and contemporary comparisons:
Antarctic blue whales
As no breeding areas have been identified for blue whales within the Southern
Hemisphere, assessments of blue whale recovery by the International Whaling
Commission (IWC) have described populations on their feeding grounds (IWC 2017).
There are several recognized subspecies of blue whales within the Southern Hemisphere:
the Antarctic blue whale, the Chilean blue whale (un-named subspecies) (SMM
Committee on Taxonomy 2017) and the pygmy blue whale (B. m. brevicauda) (LeDuc et
al. 2007, Sremba et al. 2012, Torres-Florez et al. 2014). These were described initially
from morphology and distribution but have been characterized by differentiation in
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mtDNA haplotype frequencies and microsatellite alleles. The blue whales that were killed
at South Georgia were presumed to be Antarctic blue whales based on catch records and
location of catch. The IWC Comprehensive Assessment evaluates the recovery of the
Antarctic blue whale on a global scale. Although there is some evidence of population
structure based on mtDNA differentiation of the IWC management Areas I-VI (Sremba et
al. 2012), the IWC has only attempted a Comprehensive Assessment for the circumpolar
population (IWC 2007). These management Areas were established based on feeding
aggregations of blue and fin whales during the commercial whaling era (Mackintosh
1942, Donovan 1991).
The Comprehensive Assessment of the Antarctic blue whale population estimates
the historical population was 256,000 (95% CL 235,000-307,000) individuals and was
reduced to an estimated 396 (95% CL 235-804) whales in 1972 (Branch 2008) (Table
3.1). The most recent abundance estimate of 2,280 (95% CL 1,160-4,500) individuals in
1998 shows a trend of recovery, however, the population still remains at less than 1% of
its original abundance (Branch 2008) (Table 3.1). The mtDNA control region diversity of
the Antarctic blue whale has been described for the global contemporary population on
the Southern Ocean feeding grounds (Sremba et al. 2012). Here, I compare the historical
South Georgia blue whale population to the global contemporary feeding aggregation
(Figure 3.1). I also compare historical mtDNA diversity to the contemporary diversity at
an ocean-basin scale (Area II and III in the South Atlantic) and at a regional scale (IWC
management Areas I-V).
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South Atlantic humpback whales
Populations of humpback whales in the Southern Hemisphere have been managed by the
IWC on a regional scale within the South Atlantic and South Pacific ocean basins
(Jackson et al. 2015). The IWC current recognizes 7 breeding stocks described from
geographic distribution, historical ‘Discovery’ marks, photo-identification and
differentiation of mtDNA (Jackson et al. 2015). In the South Atlantic, the IWC
recognizes two breeding stocks Breeding Stock A (BSA) in the west and Breeding Stock
B (BSB) in the east with further subdivision of BSB into BSB1 and BSB2 (Jackson et al.
2015). The few humpback whales that have returned to South Georgia waters have
shown a migratory connection to Breeding Stock A, a breeding population off the coast
of Brazil (Zerbini et al. 2006a, Engel and Martin 2009).
The IWC Comprehensive Assessment of humpback whales have estimated that
the pre-whaling population size (K) of BSA at 24,558 individuals (95% CL 22,79131,1118) and was reduced to 502 (95% CL 232-3,951) individuals in the late 1950s
(Zerbini et al. 2006b) due to exploitation (Jackson et al. 2015) (Table 3.1). The projected
abundance in 2015 shows evidence of recovery with an estimate of 11,672 (95% CL
6,649-16,864) individuals (Jackson et al. 2015) (Table 3.1).
I compare the historical mtDNA diversity of humpback whales from South
Georgia to the contemporary feeding population off the coast of Brazil (Figure 3.2).
However, as there is no documentation of humpback whale migratory connections prior
to exploitation, I also compare to another humpback whale breeding population in the
South Atlantic, BSB1, a breeding population of humpback whales off the coast of Gabon
(Rosenbaum et al. 2009) (Figure 3.2). This population represents a breeding population
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that is not thought to have a contemporary migratory connection to South Georgia
(Rosenbaum et al. 2014) in the South Atlantic. The pre-exploitation abundance (K) of
BSB1 is estimated to have been 18,282 (95% CL 13,435-36,452) individuals (Jackson et
al. 2015) (Table 3.1). This population was estimated to have been reduced to 1,510 (95%
CL 366-6,363) individuals and is now thought to have increased to 12,973 (95% CL9,
709-15,096) in 2015 (Jackson et al. 2015) (Table 3.1).
As humpback whales have not shown a strong return to South Georgia waters
(Moore et al. 1999, Cypriano-Souza et al. 2010, Richardson et al. 2012) I am unable to
make a direct comparison to contemporary South Georgia humpback whales. Instead, I
compare the historical feeding population of humpback whales at South Georgia to a
contemporary population of humpback whales that feed off the Antarctic Peninsula
(Olavarria et al. 2007) (Figure 3.2). As the contemporary feeding aggregation of
humpback whales off the Antarctic Peninsula shows a strong migratory connection to the
humpback whale population breeding off the coast of Colombia, Breeding Stock G
(Albertson et al. 2017), I hypothesize that this feeding ground belongs to a distinct
population that is differentiated from South Georgia, with little or no historical migratory
connection. Breeding stock G was also depleted by 20th century commercial whaling,
where the IWC Comprehensive Assessment for humpback whales estimate the historical
abundance (K) of 11,584 (95% CL10, 590-14,878) was reduced to 732 (95% CL 2382,960) (Jackson et al. 2015). The population projected estimation for 2015 is 9,687
(8,520-10,202) (Jackson et al. 2015) (Table 3.1).
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Southern Hemisphere fin whales
There are limited data on the contemporary population genetic diversity, abundance or
population structure for the Southern Hemisphere fin whale (IWC 2017). There has been
no attempt to undertake a Comprehensive Assessment of the Southern Hemisphere fin
whale by the IWC, although this is currently under discussion (IWC 2017). The only
abundance estimate of the contemporary Southern Hemisphere population is 5,500 (CV
0.53) individuals within the population from line-transect surveys between 1978/79 and
1997/98 (Branch and Butterworth 2001). Consequently, I am limited to testing for a loss
of mtDNA diversity through a comparison of the historical population of fin whales from
South Georgia to a contemporary sample of fin whales collected primarily in Area III (0°70°E) in the South Atlantic (Archer et al. 2013) (Figure 3.3).

Test for a loss of mtDNA diversity
The availability of mtDNA sequences from historical and contemporary samples allow
for several tests for loss of change. First, I test for a change in haplotype or nucleotide
diversity in the contemporary populations or where available, regional populations in the
South Atlantic. I interpret a loss in haplotype or nucleotide diversity as a result of a
population bottleneck due to exploitation. I identify the number of unshared haplotypes in
the historical and contemporary population and identify the number of historical
haplotypes not found in any worldwide population. I interpret the number of historical
haplotypes not found in any worldwide population as a potential loss of ‘rare’ haplotypes.
To test this further, I use a rarefaction approach to estimate the probability that the
number of haplotypes identified in the historical population is greater or less than the
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contemporary taking into account differences in sample size. I interpret the difference in
the number of haplotypes as the potential loss of lineages as a result of the exploitation
bottleneck (Allendorf 1986). Finally, I test for a significant differentiation in haplotype
and nucleotide diversity between the historical South Georgia whale bone samples and
those from the contemporary regional populations. A significant change in haplotype
frequencies may be due to random genetic drift (lost at a quicker rate due to exploitation)
or due to change in population structure in the absence of contemporary samples from the
surviving South Georgia populations. I interpret a significant FST or ϕST as a change in
population structure due to a local extirpation of a population unit (Clapham et al. 2008).
For each of these three tests, I consider different geographical scales for the
contemporary comparison depending on limitations of available datasets.

Methods
Description of historical species populations
The historical dataset is represented by blue, humpback and fin whale bones collected
from abandoned whaling stations on South Georgia. These whale bones were collected in
2006/07 as described in Sremba et al. (2015). For this initial analysis, species
identification was based on relatively short mtDNA control region sequences (174 - 194
bp). Populations included in this study have sample sizes greater than 10: the blue whale
(n=18), the humpback whale (n=158) and the fin whale (n=48) (Sremba et al. 2015). The
South Georgia blue whale sample is supplemented by 7 whale bones collected at South
Georgia in 2016 by collaborators Robert Pitman and Peter Wilson (Chapter Two). The
species of whale bones were identified using mtDNA control region sequences as
described in Chapter Two.
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Validation of historical mtDNA haplotypes
To confirm mtDNA haplotype diversity, the chromatograms of mtDNA control region
haplotype sequences were visually inspected and edited using Sequencher v4 (Gene
Codes Corporation). Quality of each sequence was assessed using ABI quality control
Phred scores as analyzed by Sequencher v4. Sequences reporting more than 10% of base
pairs with a Phred score of < 20 were repeated or excluded from the final data set (Ewing
et al. 1998).
For each species population, the historical mtDNA control region haplotypes were
trimmed to the longest consensus length possible given the amplification of the
fragmented DNA. The contemporary mtDNA haplotypes were trimmed to the consensus
sequence length of the historical sequences. The mtDNA haplotypes described by only
one sample were re-sequenced to validate the identity. Historical mtDNA haplotypes for
each species can be found in electronic Appendix III.

Contemporary mtDNA diversity
I assembled datasets of mtDNA control region diversity from contemporary Antarctic
blue, South Atlantic humpback, and Southern Ocean fin whale populations described
from published sources and Oregon State University (OSU) Cetacean Conservation and
Genomics Laboratory (CCGL) research program. See Table 3.2 for contemporary
population sample size, number of haplotypes identified at original consensus bp length
and reference used in this analysis (Engel et al. 2008, Rosenbaum et al. 2009, Sremba et
al. 2012, Archer et al. 2013, Cypriano-Souza et al. 2017). Due to collaboration with
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leading authors, humpback whale mtDNA control region diversity described in Engel et
al. 2008 and Rosenbaum et al. 2009 was reviewed and validated (Appendix IV). See
Figure 3.1 (blue whale) Figure 3.2 (humpback whale) and Figure 3.3 (fin whale) for
geographical distribution of contemporary samples in relation to the South Atlantic island
of South Georgia.

mtDNA diversity and differentiation
Haplotype and nucleotide diversity was calculated for each population in Arlequin v3.5
(Excoffier et al. 2005).To assess a loss of mtDNA diversity, I tested for a reduced
haplotype or nucleotide diversity in the contemporary population using a permutation
procedure in R (genetic_diversity_diffs v1.0.3; (R Core Team 2015, Wickham 2015,
Alexander 2017)). I identified shared and unshared haplotypes through a comparison of
the identity of the mtDNA haplotypes described in the historical and contemporary
populations on a global and regional scale. I identified haplotypes in the historical South
Georgia populations that were not found in any other worldwide population through a
BLAST search in GenBank.
I used a rarefaction approach to test for a loss of haplotypes in the contemporary
population using a custom R program HapBoot (Emma Carroll, pers. comm). Due to
sample sizes of contemporary populations available for comparison, I tested for a loss of
the number of haplotypes at a global and/or ocean basin scale in the blue and humpback
whale. I provided evidence of a loss of haplotypes through an estimation of the
probability that the number of haplotypes identified in the historical populations is higher
than what exists in the contemporary population today.
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Finally, I tested for differences in mtDNA haplotype frequencies and genetic
distance of haplotypes between the historical and contemporary populations using a
pairwise FST and ΦST analysis performed in Arlequin v.3.5 (Excoffier et al. 2005).

Results
Blue whale
The mtDNA diversity of the historical blue whale population was described from 18
bones collected in 2006/07 as reported in Sremba et al. (2015). Extension to the 343 bp
sequence did not further resolve any of the 16 previously described haplotypes at the 174
bp sequence (Sremba et al. 2015). This sample of n = 18 was supplemented by seven
bones collected from South Georgia in 2016 and identified as blue whale (Chapter Two).
The total dataset of 25 historical blue whales represented 21 haplotypes at 343 bp. The
historical South Georgia blue whale population was characterized by a high haplotype
and nucleotide diversity (h = 0.987, π = 2.11%, Table 3.3).
For the 343 bp consensus sequence available for the historical samples, the
sample of 183 Antarctic blue whales in the contemporary global Southern Ocean
population resolved the same 52 haplotypes described by this shorter sequence, i.e., the,
length did not collapse any of the haplotypes resolved at the 410 bp haplotype sequence
(Sremba et al. 2012). The contemporary Antarctic blue whale population was also
characterized by a high haplotype diversity (h = 0.969, π = 1.69%; Table 3.3).
At the circumpolar scale, there was no significant loss of haplotype diversity in
the contemporary population (1,000 simulations, p = 0.130) compared to the historical
South Georgia population. However, the contemporary population was characterized by a
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significantly lower nucleotide diversity than the historical population (1,000 simulations,
p < 0.05).
In comparison of mtDNA haplotype identity between the historical and
contemporary population of Antarctic blue whales, only seven haplotypes were shared
(Table 3.4), i.e., 14 historical South Georgia blue whale haplotypes were not found in the
sampled contemporary Antarctic blue whale population. A BLAST search identified one
additional haplotype on GenBank (Hap q, LeDuc et al. 2007), resulting in 13 historical
haplotypes found only in the South Georgia population (GenBank search July 2017).
A rarefaction analysis showed that the number of haplotypes in the historical
sample (21 in 25) was higher than the expected from resamples of the circumpolar
population (52 in 183), 90.83% of the re-samplings of the contemporary population
resulted in fewer haplotypes than observed in the historical population (10,000
simulations, Figure 3.4a). This effect was much stronger if the comparison was restricted
to the contemporary sample from Area II and III (the South Atlantic). In a comparison to
the IWC management Areas II and III in the South Atlantic (n = 111, hap = 39; 10,000
simulations, Figure 3.4b), 99.87% of the res-samplings included fewer haplotypes than
the South Georgia pouplation.
Finally, the sample of historical South Georgia bones differed significantly at both
the haplotype (FST = 0.013 p= 0.018) and nucleotide (ϕST = 0.018, p = 0.052) (Table 3.5)
level in comparison to the circumpolar sample of contemporary Antarctic blue whales.
This effect was also evident in pairwise comparisons of the historical South Georgia
population to the IWC management Areas I-VI in the Southern Ocean, the historical
South Georgia population was significantly different from Areas II, III, IV, V and VI (p <
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0.05, Figure 3.1, Table 3.6). However, only Area III was significantly different in a
pairwise comparison based on ϕST (Table 3.6).

Humpback whale
The historical South Georgia humpback whale population was represented by 158 bone
samples. From a consensus sequence length of 278 bp of the mitochondrial control
region, a total of 64 haplotypes were resolved in the historical South Georgia population.
This described the historical South Georgia humpback whale population with a high
haplotype and nucleotide diversity (h = 0.963, π = 3.19%, Table 3.3).
The contemporary humpback whale dataset is represented by published sequences
from breeding populations of Brazil (BSA) (Engel et al. 2008, Rosenbaum et al. 2009,
Cypriano-Souza et al. 2017) and Gabon (BSB1) (Rosenbaum et al. 2009), and a feeding
population from the Antarctic Peninsula (AP) (Olavarria et al. 2007). The contemporary
South Atlantic humpback whale populations were described by a large number of
haplotypes at a consensus length of 278 bp (Brazil sample size (n) = 158, number of
haplotypes (hap) = 51; Gabon n = 466, hap = 87, AP n = 64, hap = 21 (Table 3.3). The
contemporary humpback whale populations of Brazil and Gabon were characterized by a
high haplotype and nucleotide diversity (h = 0.971, π = 3.24%; h = 0.971, π = 3.25%,
respectively) (Table 3.3).
In a comparison of haplotype and nucleotide diversity among the contemporary
populations, the contemporary feeding population at the Antarctic Peninsula was
characterized by a significantly lower haplotype diversity than the two contemporary
breeding areas of Brazil and Gabon (AP h = 0.926, p < 0.001). The Antarctic Peninsula
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had a lower nucleotide diversity in comparison to Brazil (Brazil p = 0.090) but a similar
nucleotide diversity to Gabon (p = 0.049). There was no measurable loss of haplotype or
nucleotide diversity in the contemporary breeding populations of Brazil and Gabon in
comparison to the historical South Georgia population (1,000 simulations; Brazil
haplotype diversity p = 0.180, nucleotide diversity p = 0.685; Gabon haplotype p = 0.119,
nucleotide diversity p = 0.503). The contemporary feeding population in the Antarctic
Peninsula was characterized by a significantly lower haplotype diversity than the
historical population of South Georgia (p < 0.001) but not nucleotide diversity (p =
0.180).
Although neither the haplotype and nucleotide diversity of Brazil and Gabon were
significantly lower than South Georgia, a large number of haplotypes identified in the
historical South Georgia bones were not found in the contemporary datasets. In a
comparison of the identity of the historical South Georgia mtDNA haplotypes to the
contemporary breeding populations, 22 were shared with Brazil, 27 were shared with
Gabon and four were shared with the Antarctic Peninsula (Table 3.4). A total of 33 of the
64 haplotypes described at South Georgia were not found in either of the contemporary
feeding populations in the South Atlantic or the Antarctic Peninsula (Table 3.4) and 25 of
these 33 haplotypes were not found in a BLAST search of GenBank (July 2017).
A loss of mtDNA lineages was also suggested by the rarefaction analysis. The
historical South Georgia population had a higher number of haplotypes when compared
to the combined breeding populations in the South Atlantic (Gabon and Brazil), where
85% of re-samples of the contemporary population of the South Atlantic had fewer
haplotypes than South Georgia (10,000 simulations, Figure 3.5).
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Finally, the contemporary South Atlantic humpback whale breeding populations
and the Antarctic Peninsula were significantly differentiated from each other based on a
comparison of mtDNA haplotype frequencies (Table 3.7). Only the Antarctic Peninsula
was significantly different than contemporary South Atlantic breeding populations based
on a comparison of genetic distances of haplotypes (ϕST). The historical South Georgia
humpback whale population mtDNA haplotype frequencies were significantly different
from the contemporary populations of Brazil, Gabon and the Antarctic Peninsula (FST =
0.012, 0.007 and 0.043 respectively, Table 3.5) but did not differ in a comparison of the
genetic distances of haplotypes (ϕST).

Fin whale
The mtDNA diversity of the historical fin whale population was represented by DNA
from 49 whale bone samples. The 288 bp consensus sequence length resolved 34 mtDNA
control region haplotypes compared to the 20 reported in Sremba et al. (2015). The
longer mtDNA control region sequence described an additional 14 haplotypes in the
historical South Georgia population. The historical South Georgia fin whale population
was characterized by a high haplotype diversity (h = 0.984, π = 1.50%, Table 3.3).
The contemporary population was characterized by 46 individual fin whales
sampled from primarily Area III in the Southern Ocean (0°-70°E). A total of 38 mtDNA
control region haplotypes were identified among the contemporary sequences at 288 bp,
collapsing one haplotype described at 412 bp by Archer et al. (2013). The contemporary
fin whale population was also characterized by a high haplotype diversity (h = 0.991, π =
1.68%, Table 3.3).

68
The historical South Georgia fin whale population and contemporary fin whale
population did not differ in mtDNA haplotype or nucleotide diversity (p=0.152, p=0.234,
respectively) (Table 3.5). However, only 13 mtDNA haplotypes were shared between the
two populations (Table 3.4), resulting in 21 haplotypes unique to South Georgia. These
21 haplotypes were not found in any worldwide population in a BLAST search on
GenBank (September 2017). The historical South Georgia fin whale population and
contemporary fin whale population were not significantly different in a comparison of
mtDNA haplotype frequencies and genetic distances of mtDNA haplotypes between the
populations, (FST = -0.001, p = 0.393, ϕST = 0.001, p = 0.386) (Table 3.5).

Discussion
High levels of historical and contemporary mtDNA diversity
The historical populations of blue, humpback and fin whales as represented by the bone
samples from South Georgia were characterized by a high haplotype diversity. Despite a
history of intense exploitation, the contemporary Antarctic blue whale, South Atlantic
humpback whale and Southern Ocean fin whale populations were also characterized by a
high haplotype diversity. This is consistent with previous studies suggesting the great
whales survived exploitation with little loss of haplotype diversity (Amos 1996). The loss
of haplotype diversity in a population bottleneck is dependent on the duration of the
bottleneck in terms of generation of the species and the population size at the point of the
bottleneck (Nei et al. 1975, Allendorf and Luikart 2013). The high genetic diversity in the
contemporary population may be due to the long life span of the species and the
relatively short duration of the bottleneck for some populations (Table 3.1). Whaling in
the Southern Hemisphere did not begin until the early 1900s and there was a cessation of
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humpback whaling in the Southern Ocean in 1963 (Jackson et al. 2015). The Antarctic
blue whale, the longest-lived species of the three included in this study (Taylor et al.
2007), was protected in 1966. Given the long generation spans of great whales (Taylor et
al. 2007), this time span of exploitation is a relatively short duration. The estimates of
minimum abundance at the point of the bottleneck have wide confidence intervals
indicating that the bottleneck may not have been as narrow (Table 3.1). As all three
species are also long lived, the effect of exploitation on genetic diversity may be still
ongoing (Sremba et al. 2012).

A loss of ‘rare’ haplotypes
A more sensitive measure of a genetic bottleneck is a loss of rare alleles. I found
evidence of a potential loss of mtDNA haplotypes. First, I detected mtDNA control
region haplotypes, or maternal lineages, within the historical species populations that
were no longer present in the contemporary population samples of the Antarctic blue,
South Atlantic humpback, and Southern Ocean fin, nor in a search of GenBank
representing worldwide populations (13, 25 and 21 haplotypes, respectively). Second, a
rarefaction approach was used to determine the probability that the number of haplotypes
identified in the historical population is higher than what is observed in the sample of the
contemporary for the blue and humpback whale. Depending on the scale of comparison,
this test identified a high probability that there has been a loss of mtDNA lineages within
the Antarctic blue and South Atlantic humpback whale population.
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Loss of diversity or loss of local populations?
The historical South Georgia blue whale population was described by a significant
differentiation of mtDNA haplotype frequencies when compared to the contemporary
population both as a circumpolar population (Table 3.5) and in a comparison with the
IWC management Areas (Table 3.6). The change in mtDNA haplotype frequencies may
be due to a reduced population as a result of exploitation or the historical South Georgia
population may be a local feeding population extirpated by the commercial whaling
industry. The larger proportion of mtDNA haplotypes or maternal lineages not detected
in the contemporary population and the high probability of lost haplotypes indicated by
the rarefaction analysis may reflect a loss of cultural memory from the population. A loss
of a local subpopulation and cultural knowledge from the population may explain why
few blue whales have returned to South Georgia in comparison to the high numbers they
were once found (Moore et al. 1999, Clapham et al. 2008, Richardson et al. 2012).
In a comparison of mtDNA haplotype frequencies the historical population of
humpback whales from South Georgia showed a low difference to the contemporary
breeding population of Gabon and breeding population of Brazil (Gabon FST=0.007;
Brazil FST=0.012). The differentiation as measured by FST may be an effect of increased
genetic drift following a bottleneck or may suggest a potential change in population
structure through the loss of a local subpopulation. Although the contemporary breeding
population of Brazil is believed to have a migratory connection to the few contemporary
humpback whales that have shown a return to South Georgia (Moore et al. 1999),
potentially, the historical population of humpback whales from South Georgia (c. 1900)
is representative of a different population or subpopulation of humpback whales than
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those that are returning to South Georgian waters today. The historical population of
humpback whales from South Georgia was significantly differentiated from the
contemporary breeding population of the Antarctic Peninsula. This seems to be consistent
with the assumption that the Antarctic Peninsula is not a feeding ground for the South
Atlantic, now or in the past. Connectivity within this region should further be explored
through the collection of contemporary samples of the humpback whales that have shown
a return to South Georgia. This study did provide evidence of a loss of mtDNA
haplotypes from the combined South Atlantic populations suggesting a loss of diversity
from this region that is further supported by the lack of return of humpback whales to this
region today (Moore et al. 1999, Richardson et al. 2012).
The mtDNA diversity of the historical population of South Georgia fin whales
did not differ from the largest contemporary sample of fin whales representative of Area
III in the Southern Ocean. However, only 13 of the 34 historical haplotypes were shared
with the contemporary population with 62% of the historical haplotypes unique to South
Georgia.
These analyses may be limited by the high mtDNA diversity in the historical and
contemporary population. Little is known about the contemporary Southern Hemisphere
fin whale population distribution and population structure. Further sampling of the
contemporary fin whale population will help to evaluate the potential for local or
circumpolar loss of lineages. At this point in time, this historical South Georgia sample
represents one of the largest sample sizes of fin whales in the Southern Hemisphere.
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Conclusion
Given migratory routes are influenced by early maternal experience in baleen whales, a
loss as high as 99% of the population in some species may have led to a cultural loss of
known feeding areas and migratory routes among the greater population (Clapham et al.
2008). Maternal cultural traditions are reflected in distribution and diversity of mtDNA in
great whale populations. Differentiation of historical and contemporary mtDNA diversity
presented in this study combined with the lack of return of great whales in the high
numbers they were once present suggests a loss of local feeding aggregations of blue and
humpback whales from South Georgia. However, South Georgia remains a productive
area and sightings of some species seem to be increasing (R. Pitman, pers. comm.). It will
be important to monitor these populations as they recover. This provides a natural
experiment in ‘restorative genetics.’ Genetic monitoring of these populations may
suggest the returning populations are a remnant of the historical South Georgia
populations or are a representative of a re-discovery of a feeding location.
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Table 3.1. IWC Comprehensive Assessments of estimations of pre-exploitation abundance, minimum population abundance, and
population recovery for the Antarctic blue whale and South Atlantic contemporary population of humpback whales from BSA and
BSB1. Humpback whale abundance estimates are taken from the IWC Comprehensive Assessment (Jackson et al. 2015) except where
noted1. Antarctic blue whale abundance estimates are from Branch (2008). Generation length estimates are from Taylor et al. (2007).

Antarctic
Blue
Year of pre-exploitation abundance
pre-exploitation abundance
Year of predicted minimum population
abundance
minimum population abundance
Year of recovery abundance from
surveys
recovery abundance from surveys

95% CL
1900

256,000

95% CL

Gabon (BSB1)
Humpback

1900
235,000307,000

1972
396

Brazil (BSA)
Humpback

24,558

1900
2,2791-31,118

18,282

1960
235-804

502

1,510

20051

NA

2,280

6,5051

NA

Year of estimated recovery abundance

NA

2015

estimated recovery abundance

NA

11,672

Year of protection

1966

1963

1963

generation length

21.70

14.50

14.50

1. Andriolo et al. 2010

13,34536,452

1960
232-3,951

1998
1,160-4,500

95% CL

366-6,363

2015
6,749-16,864

12,973

9,709-15,096

79

Table 3.2. Contemporary population datasets for the Antarctic blue, South Atlantic humpback and Southern Hemisphere fin whale
used in historical and contemporary comparison of mtDNA diversity.
Species
Antarctic blue whale

Contemporary
population
Southern Ocean

published
n bp length haplotypes
183
410
52

South Atlantic humpback whale

Brazil (BSA)

158

464

54

Gabon (BSB1)
Antarctic Peninsula

466
64

486
470

100
22

Southern Ocean

46

412

39

Southern Hemisphere fin whale

Reference
Sremba et al. 2012

Engel et al. 2008,
Rosenbaum et al. 2009,
Cypriano et al. 2017
Rosenbaum et al. 2009
Olavarria et al. 2007
CCGL research program
Archer et al. 2013
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Table 3.3. Estimates of mtDNA diversity in the historical South Georgia and contemporary Antarctic blue, South Atlantic humpback,
and Southern Hemisphere fin whale populations, including sample size (n), length of mtDNA consensus region sequence (bp),
number of haplotypes, haplotype diversity and nucleotide diversity.
Population
Southern Ocean

n
183

bp
343

South Atlantic humpback whale

South Georgia
Brazil

25
158

343
278

21
51

0.987±0.0148
0.971±0.0044

2.11±0.0115%
3.24±0.0166%

Gabon
Antarctic
Peninsula
South Georgia
Southern
Hemisphere
South Georgia

466
64

278
278

87
21

0.971±0.0027
0.926±0.0170

3.25±0.0166%
2.99±0.016%

158
46

278
288

64
38

0.963±0.0079
0.991±0.0066

3.19±0.016%
1.68±0.0093%

49

288

34

0.984±0.0072

1.50±0.0084%

Southern Hemisphere fin whale

haplotypes
52

Haplotype diversity Nucleotide diversity
0.969±0.0038
1.67±0.0089%

Species
Antarctic blue whale
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Table 3.4. The number of haplotypes described in the historical South Georgia and contemporary populations of blue, humpback, and
fin whale populations. The number of haplotypes shared between the historical population of South Georgia and each contemporary
population is listed.
Species
Antarctic blue whale
South Atlantic
humpback whale

Southern Hemisphere
fin whale

Population

Number of contemporary
haplotypes shared with SG

n

bp

Haplotypes

Southern Ocean

183

343

52

7

South Georgia

25

343

21

-

Brazil

158

278

51

22

Gabon
Antarctic Peninsula
South Georgia

466
64
158

278
278
278

87
21
64

27
4
-

Southern Ocean
South Georgia

46
49

288
288

38
34

13
-
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Table 3.5. Genetic differentiation indices (FST, ϕST) for comparisons of the mtDNA diversity of the historical South Georgia to
contemporary populations of Antarctic blue whales, South Atlantic humpback whales and Southern Hemisphere fin whales.
Species
Antarctic Blue whale

Population
Southern Ocean

FST
0.0128
p=0.018

ϕST
0.018
p=0.049

South Atlantic humpback whale

Brazil (BSA)

0.012
p<0.005

0.004
p=0.110

Gabon (BSB1)

0.007
p<0.005
0.043
p<0.005
-0.001
p=0.393

0.001
p=0.200
0.050
p<0.005
0.001
p=0.386

Antarctic Peninsula
Southern Hemisphere fin whale

Southern Ocean
(primarily Area III)
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Table 3.6. Regional comparison of mtDNA diversity in the Antarctic blue whale. IWC management Areas are compared to the
historical population of South Georgia (SG). Sample size for each Area are listed below population. FST is listed below the diagonal
and ϕST is listed above; permutation p-value listed below test statistic. Exact test p-value is listed below permutation p-value.
Significant differentiation between populations is denoted in bold.
I
II
III
IV
V
VI
SG
n=4
n=10
n=101
n=20
n=39
n=11
n=25
I
0.0214
0.0794
0.0000
0.0347
0.0258
0.0000
0.3553
0.0881
0.6218
0.2443
0.3258
0.8907
II

III

IV

V

VI

SG

0.0525
0.1790
0.1697
0.0232
0.2043
0.0101
0.0355
0.2607
0.2465
0.0136
0.3151
0.1433
0.0542
0.1297
0.0953
0.0000
0.6467
0.6443

0.0000
0.5345
0.0335
0.0324
0.0505
0.0534
0.0281
0.0575
0.0519
0.0098
0.0089
0.0731
0.0265
0.0310
0.0367
0.0104
0.1809

0.0282
0.0049
0.0046
0.0242
0.0003
p<0.001
0.0581
0.0023
p<0.001
0.0195
0.0085
p<0.001

0.0402
0.1259

0.0013
0.4011

0.0152
0.3667

0.0118
0.2854

0.0487
0.0055

0.0024
0.3020

0.0339
0.0787

0.0347
0.0088

0.0420
0.0289

0.0569
0.0641

0.0000
0.5841

0.0034
0.3622

0.0195
0.0817

0.0213
0.0484
0.0527
0.0386
0.0549
0.1529
0.0216
0.0319
0.0629

0.0177
0.1559
0.1180
0.0244
0.0053
0.0001

0.0239
0.1620
0.0460
0.0005
0.0294
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Table 3.7. Genetic differentiation of historical South Georgia (SG) and contemporary humpback whale populations (Brazil, Gabon,
and the Antarctic Peninsula) in the South Atlantic. FST is listed below the diagonal and ϕST is listed above. Significant differentiation
between populations is listed in bold.

South Georgia
Brazil
Gabon
Antarctic Peninsula

Antarctic
South Georgia Brazil
Gabon
Peninsula
n=158
n=158
n=466
n=64
0.004
0.001
0.050
0.110
0.200
p<0.005
0.012
0.007
0.063
p<0.005
0.017
p<0.005
0.007
0.007
0.049
p<0.005
p<0.005
p<0.005
0.043
0.046
0.043
p<0.005
p<0.005
p<0.005
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Figure 3.1. Sample locations of contemporary blue whales in relation to historical
population of South Georgia (denoted by star). Regional populations of blue whales as
recognized by the International Whaling Commission management Areas I-VI marked in
darker lines (Area I 120°W-60°W, Area II 60°W to 0°, Area III 0° to 70°E, Area IV 70°E
to 130°E, Area V 130°E to 170°W, and Area VI 170°W to 120°W).
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Figure 3.2. Locations of the contemporary breeding populations Breeding Stock A (BSA)
off the coast of Brazil and Breeding Stock B1 (BSBI) off the coast of Gabon in relation to
the contemporary feeding aggregation of humpback whales off the coast of the West
Antarctic Peninsula and the historical feeding population of South Georgia.
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Figure 3.3. Sample locations of contemporary fin whales in relation to historical
population of South Georgia (denoted by star). Regional populations of blue whales as
recognized by the International Whaling Commission management Areas I-VI marked in
darker lines (Area I 120°W-60°W, Area II 60°W to 0°, Area III 0° to 70°E, Area IV 70°E
to 130°E, Area V 130°E to 170°W, and Area VI 170°W to 120°W). Samples for
contemporary fin whales are primarily located in Area III.
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Figure 3.4. Rarefaction subsampling simulation showing the distribution of the number of
haplotypes a.) within a subsample of 25 individuals from the circumpolar population of
the Southern Ocean contemporary Antarctic blue whale population (n=183) and b.) from
the combined contemporary population of the Antarctic blue whale in the South Atlantic
(IWC management Areas II and III (n=111). A total of 21 mtDNA haplotypes was
identified among the 25 historical whale bones.
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Figure 3.5. Rarefaction subsampling simulation showing the distribution of the number of
haplotypes within a subsample of 158 individuals from the combined contemporary
sample of humpback whales of breeding areas off the coast of Brazil and Gabon. A total
of 64 haplotypes were described among the 158 historical whale bones.
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CHAPTER FOUR: SEARCHING FOR GENOMIC DIVERSITY IN THE ANTARCTIC
BLUE WHALE: NEXT-GENERATION SEQUENCING OF HISTORICAL DNA
EXTRACTS FROM BONE SAMPLES
Angela L. Sremba
Proposed journal submission: Molecular Ecology Resources
Proposed Co-authors:
Anthony Martin, Robert Pitman, Peter Wilson, Aimee Lang, Phil Morin, Nedda Saremi,
Beth Shapiro, C. Scott Baker
Abstract
Advances in next-generation sequencing (NGS) technology have enabled access to entire
genomes of non-model organisms. However, limitations still remain in the application of
some these methods to ancient genomics due to the low quantity and variable quality in
DNA extracts from ancient or historical specimens. Here, I use a shotgun-sequencing
approach to assess the quality and quantity of historical DNA in 30 bones from Antarctic
blue whales (Balaenoptera musculus intermedia) collected near former whaling stations.
First, I compare the quantity of endogenous DNA content in 18 replicate samples using
two different extraction methods. Second, I use the improved DNA extraction method to
extract and assess the quality and quantity of DNA in the 30 samples. For each sample, I
assess (1) the percentage of endogenous DNA; (2) the presence of DNA damage in the
endogenous DNA reads (3) the detection of specific nuclear loci characterized in modern
specimens; and (4) the recovery of mitochondrial genome sequence. The endogenous
DNA content was assessed by reference mapping reads to the most closely related
available genome, the North Pacific minke whale (Balaenoptera acutorostrata
scammoni). The improved method for DNA extraction, showed an increase in the
endogenous content from an average of 6.26% to 15.69% in 18 replicate samples. I
estimated a range of 0.21-48.6% endogenous DNA content in the 30 historical Antarctic
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blue whale bone samples. Examination of the 3 prime and 5 prime ends of the
endogenous DNA showed no evidence of DNA damage characteristic of ancient DNA.
The endogenous DNA was further assessed by a BLAST search for 384 nuclear loci (301
bp in length) previously characterized in a modern North Pacific blue whale sample. The
detection of these loci confirmed the utility of these historical samples to provide data
that can be analyzed in a comparative framework with modern samples. Shotgunsequencing reads that mapped to a reference mitochondrial genome from a contemporary
Antarctic blue whale were used to reconstruct near-complete mitochondrial genomes for
20 bone samples. A comparison of historical mitochondrial genome sequences to
contemporary mitochondrial genome sequences of Antarctic blue whales validated the
methodology presented here and illustrated the power of NGS to further elucidate
mtDNA control region haplotypes previously defined by Sanger sequencing. Overall, my
results demonstrated the utility of this workflow for assessing the quality of DNA
extractions from historical samples and confirmed the potential of future genomic
research to describe historical mitochondrial and nuclear diversity from ‘pre-whaling’
bone samples.

Introduction
Advances in the technology of next-generation sequencing (NGS) have enabled the
sequencing of entire genomes of non-model organisms (Ellegren 2014), including ancient
specimens (Green et al. 2008, Orlando et al. 2013). This has changed the scope of
population genetics (Luikart et al. 2003, Andrews and Luikart 2014). The ability to target
thousands of loci can increase the power of population genetic studies with otherwise
limited sample sizes and improve inferences of population demography and evolutionary
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history (Luikart et al. 2003, Shapiro et al. 2004, Morin et al. 2010, Foote et al. 2011). In
marine mammal species, many different approaches have been trialed in this transition,
including reduced representation sequencing (including Restriction-site associated DNA
sequencing (RADSeq), SNP microrrays and Target sequence capture), whole genome
sequencing and transcriptome sequencing, with each approach having strengths and
limitations (Cammen et al. 2016).
Ancient genomics adds another set of challenges to examining population
genetics questions using NGS. DNA extracted from ancient specimens often has low
endogenous quantity. This low endogenous DNA is characterized by short, damaged
fragments that are potentially contaminated from the environment, where the sample was
preserved or by present-day environmental contamination (Heintzman et al. 2015).
Although these technologies have become adapted for low DNA input, (Knapp and
Hofreiter 2010, Rizzi et al. 2012), several constraints still remain when working with
DNA of lower quantity and quality.
A shotgun-sequencing approach has been used in ancient genomics to assess
endogenous content of ancient DNA extracts (Skoglund et al. 2012) and reconstruct
mitochondrial DNA sequences, e.g. Neanderthal (Green et al. 2008), passenger pigeon
(Ectopistes migratorius) (Hung et al. 2013), and Siberian mammoth (Mammuthus
primigenius) (Gilbert et al. 2007). The success of downstream data analysis is dependent
on the success of historical DNA extractions, which makes assessing quality, quantity,
and endogenous DNA content of these extractions important.
The Antarctic blue whale population went through an extreme demographic
bottleneck due to exploitation by the 20th century commercial whaling industry. The
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circumpolar population is estimated to have been reduced to less than 0.1% of its original
abundance, a decline from 256,000 (95% CL 235,000-307,000) to 396 (95% CL 235804) individuals in 1972 (Branch 2008). The most recent abundance estimate of 2,280
(95% CL 1,160-4,500) individuals indicates the recovery of this population remains at
less than 1% original abundance (Branch 2008). Remnants of the 20th century
commercial whaling era have been preserved on the South Atlantic island of South
Georgia and the Antarctic Peninsula in the form of bones scattered along beaches of
former whaling stations (Lindqvist et al. 2009, Sremba et al. 2015) (Chapter Two). DNA
extracted from blue whale bones from the South Atlantic island of South Georgia and
assessed using Sanger sequencing has confirmed that these historical samples are
representative of ‘pre-whaling’ populations, i.e., these bones are representative of the first
decade of hunting from pristine populations (Sremba et al. 2015) (Chapter Two). The
historical mtDNA diversity described via Sanger sequencing of the South Georgia
Antarctic blue whales suggests a loss of mtDNA lineages from the contemporary
Antarctic blue whale population due to the likely loss of a local feeding aggregation from
South Georgia (Chapter Three). However, efforts to date have been limited to a short
fragment of the mtDNA control region. Additional molecular markers could be used to
further explore the loss of blue whale genomic diversity due to whaling, which makes
these historical samples a focus for genomic sequencing via NGS.
Here, I assess the quality and quantity of DNA in historical Antarctic blue whale
bones. I quantify nuclear and mitochondrial DNA in the bone samples, using an
expanded collection of whale bones (described in Chapter Two and Chapter Three). In
addition, I evaluate the success of two different DNA extraction protocols.

94
For the historical bone samples, I first identify the endogenous DNA within the
shotgun-sequencing reads and estimate the endogenous DNA content in the historical
Antarctic blue whale DNA samples. For this, I use reference-guided assemblies to a
published minke whale genome (Yim et al. 2014), the closest relative to the blue whale
with a sequenced genome available. I compare the estimates of endogenous DNA content
in replicate extracts from two DNA extraction protocols. Second, I assess the quality of
the historical DNA through a test for DNA damage at the end of the endogenous DNA
reads. Third, I estimate the percentage of the endogenous DNA that is mitochondrial and
assess the presence of nuclear loci identified in a modern North Pacific blue whale.
Finally, for samples with a sufficient number of mitochondrial DNA reads, I assemble
historical Antarctic blue whale mitochondrial genomes and compare these sequences to
34 contemporary Antarctic blue whale mitochondrial genome sequences to validate their
authenticity and for an initial comparison of lineage identity and loss.

Methods
Historical bone sample collection
Eighteen historical blue whale bone fragments were collected in 2006 from the South
Atlantic island of South Georgia (Sremba et al. 2015). An additional seven blue whale
bone fragments were collected from South Georgia and five blue whale bone fragments
were collected from the Antarctic Peninsula in 2016 (Chapter Two). All 30 historical blue
whale bone samples were identified to species using Sanger sequencing of the mtDNA
control region as described in Sremba et al. (2015) and Chapter Two. Photographs of blue
whale bones collected in 2016 are listed in Appendix V.
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DNA extraction of historical bone samples
Bone samples were drilled in preparation for DNA extraction. The 2006 whale bone
samples were drilled at the British Antarctic Survey and bone powder was shipped to
Oregon State University (OSU) Hatfield Marine Science Center (HMSC). The drilling
procedure is described in Sremba et al. (2015). The drilling for the 2016 blue whale
bones was preformed at OSU HMSC, where drilling was performed at the slowest speed
possible. The outer 1-2 mm of bone powder was discarded to minimize environmental
contamination. Drill bits were sterilized with bleach between samples.
Historical DNA was extracted using two methods; a modified Qiagen DNeasy
protocol and a modified ancient DNA extraction method described in Dabney et al.
(2013). The 2006 whale bones were extracted using both methods (n = 18). The 2016
blue whale bones (n=12) were extracted only using the Dabney et al. (2013) protocol.
Methods for the modified Qiagen DNeasy extraction protocol are described in Sremba et
al. (2015). Briefly, a total of 0.01 g was used per extraction. The extraction was set up
with a five-hour digest at 37°C prior to following the standard Qiagen DNeasy extraction
protocol. DNA was eluted in 200 μl and concentrated to 50 μl.
For the Dabney et al. (2013) protocol, a total 0.06 g of bone powder was used for
each extraction. Prior to extraction, bone powder was pre-treated in a 10 minute soak in 1
ml 0.5% bleach followed by three washes in distilled water (Korlević et al. 2015). Bone
powder was digested in a 1 ml solution of prot-K and EDTA overnight at 30°C with
rotation. After digestion, the sample was spun down (16,000 × g) and DNA was extracted
following the protocol detailed in Dabney et al. (2013). The supernatant was added to 13
ml of Binding Buffer. The Binding Buffer contained 5 M guanindine hydrochloride, 40%
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(vol/vol) isopropanol, 0.05% Tween-20 and 90 mM sodium acetate (pH5.2) (Dabney et
al. 2013). The digest was filtered through a Qiagen MinElute column using a Zymo
reservoir. The Zymo reservoir was removed from the Zymo column and fitted to a
Qiagen MinElute column. The reservoir and column were placed in a 50 ml Falcon tube.
The samples were centrifuged for 4 min at 1,500 × g. After initial spin, samples were
rotated and spun again for 4 min at 1,500 × g. If volume still remained above the column,
this step was repeated until all the volume had passed through the filter into the reservoir.
The Qiagen MinElute filter was transferred to a clean 2 ml collection tube and washed
twice with 750 μl of PBE buffer centrifuging at 3,300 × g. After the final wash, the
column was dry spun at 3,300 × g prior to elution. DNA was eluted in 12.5 μl of water.
DNA was incubated for 30 s prior to spin at 12,450 × g to elute DNA. This step was
repeated for a total extraction volume of 25 μl. All historical Antarctic blue whale
extracts were confirmed as blue whale through amplification of the mtDNA control
region and Sanger sequencing as described in (Sremba et al. 2015).

Evaluation of quantity and quality of DNA extracted using two methods: DNA quantity
and DNA fragment
To assess the quantity of historical blue whale extracts prior to NGS library prep, the
Qubit was used to measure DNA concentration for a subset of the Qiagen DNeasy
extracts and the 30 Dabney et al. (2013) extracts. A comparison of DNA extraction yield
was measured from the total DNA extracted from each method. DNA fragment lengths of
extracts were visualized for two of the samples from the Qiagen DNeasy extraction and
all 30 of the samples from the Dabney et al. (2013) extraction using the Bioanalyzer. The
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comparison of the DNA fragment length distribution of two samples allowed a limited
comparison between the extraction methods to assess DNA quality. The Bioanalyzer
traces for the 30 samples extracted using the Dabney et al. (2013) protocol were
inspected for evidence of short DNA fragments (<100 bp) indicative of poor
preservation.

Next-generation sequencing shotgun library preparation
The 18 extractions with the Qiagen DNeasy protocol were prepared for NGS shotgun
sequencing using an NEB Ultra library prep kit (New England Biolabs). The 30
extractions from Dabney et al. (2013) method were prepared for NGS shotgun
sequencing using an NEB Ultra II library prep kit (New England Biolabs). As the bone
fragments are believed to be about 100 years old, extracted DNA was assumed to be
fragmented. Therefore, DNA was not sheared nor libraries size-selected during library
prep. Libraries were enriched with a total of 5-8 rounds of PCR. The presence of adapter
peaks and fragment size of libraries was checked on the Bioanalyzer prior to sequencing.
Libraries of samples that had evidence of adapter peaks were cleaned with an additional
round of AmpureXP beads until no adapters were present. Libraries for each sample were
barcoded with NEB Ultra dual indices (New England Biolabs) and pooled. Libraries with
unique indices were pooled in sets of 15-20 samples and sequenced on an Illumina
HiSeq3000 in a paired end (2 x 150 bp) sequencing run at OSU Center for Genomics and
Bioinformatics (CGRB).
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Quality control and data filtering
Reads were filtered for quality control following methods described in Heintzman et al.
(2015), where detected reverse adapters were trimmed, reads were merged based on a 15
bp overlap and filtered for length in SeqPrep2 (<25 bp)
(https://github.com/jeizenga/SeqPrep2). Reads were then filtered for complexity in
PrinSeq (Schmieder and Edwards 2011).

Estimation of endogenous DNA content – mitochondrial and nuclear
Endogenous nuclear DNA content of each sample extraction was estimated in a
reference-guided assembly of complexity filtered merged and unmerged reads to the
minke whale genome (Yim et al. 2014) (2.44 GB, GenBank accession
NW_006724458.1). Reference guided assemblies were generated using Bowtie2 v2.3.2
(Langmead and Salzberg 2012) and BWA v0.7.12 (Li and Durbin 2009). The
endogenous content was calculated from the number of mapped reads to the minke whale
genome with duplicate reads removed. The estimation of the endogenous content from
the two assembly programs was averaged for each sample. Quality filtered reads of
endogenous DNA were assessed for DNA damage using mapDamage2.0 (Jónsson et al.
2013), which assesses damage by detecting an increase frequency of C to T transitions at
the 5 prime end and G to A transitions at the 3 prime end of the sequenced reads.
The percent of endogenous DNA that was mitochondrial was estimated in a
reference-guided assembly to a contemporary Antarctic blue whale mitochondrial
genome made available through collaboration with Aimee Lang of Southwest Fisheries
Science Center (SWFSC) (Appendix VI). The percentage of endogenous DNA that was
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mitochondrial was estimated using BWA and Bowtie2 following the same methods for
the nuclear genome presented above. The ratio of the number of mapped complexity
filtered reads to a contemporary Antarctic blue whale mitochondrial genome
(mitochondrial DNA) to the number of mapped complexity filtered mapped reads to the
minke whale genome and the Antarctic blue whale mitochondrial genome (nuclear DNA
and mitochondrial) was calculated to estimate the percent of endogenous DNA that was
mitochondrial averaged across the two assembly programs.
To assess the quantity of single-copy nuclear DNA in the samples, the complexity
filtered reads were queried in a BLAST search against 384 genomic loci (301 bp in
length) designed to target SNPs identified in a North Pacific blue whale. These were
made available through collaboration with Phil Morin at SWFSC (Appendix VI). The
content of the single-copy nuclear DNA was assessed as a count of the total number of
queried ‘hits’ to the 384 genomic loci for each sample as well as the total number of
unique nuclear loci that were found in each sample.

Historical mitochondrial genome reconstruction
Mitochondrial genomes were constructed in a BWA reference-guided assembly to a
contemporary Antarctic blue whale mitochondrial genome (Z0051460) following
methods described above. To improve the assembly depth at the 5 prime and 3 prime end
of the mitochondrial genome after it was linearized, the reference assembly was run
twice, where the reference mitochondrial genome split at position 13,806 for the second
assembly. The consensus sequence for the mitochondrial genome was constructed from a
table exported from Integrated Genome Viewer (Robinson et al. 2011, Thorvaldsdóttir et
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al. 2013), which reported the depth of each bp (A, G, T, C, N) mapped at each position in
the reference-guided assembly (example table in Appendix VII). A relaxed and strict
consensus sequence was constructed from the two mitochondrial genome sequences
(Z0051460 start position: bp 1 and Z0051460 start position: bp 13,806). The relaxed
consensus sequence was called using a custom R script (Appendix VII) (Wickham and
Francois 2015, Wickham 2016) that required 3× depth and required the minor allele to be
one third the depth of the major allele present at a given position to support a single
nucleotide call at each base position (e.g., for a read depth of 3, 2 out of 3 of those reads
supporting a single base). A strict consensus sequence was called using a custom R script
(Appendix VII) (Wickham and Francois 2015, Wickham 2016) that required 10× depth
and required the minor allele to be one tenth the depth of the major allele present at a
given position to support a single nucleotide call at that position. For both the relaxed and
strict consensus sequences, positions that failed to meet the minimum required depth, or
had less than 67% or 90% of minor/major allele frequency support at a single base,
respectively, were recorded as ambiguous sites (‘N’). For the strict and relaxed dataset,
the two consensus sequences from the split mitochondrial genome assemblies were
visually inspected for disagreement in base calls and merged to create a 16,404 bp
consensus sequence for each sample in Sequencher v4 (Gene Codes Corporation).
The quality of the mitochondrial genome reconstructions was assessed from the
average depth of reads across the mitochondrial genome, number of mapped reads and
the number of base pair calls where a consensus base was not called (N). The identity of
the historical mitochondrial genome sequences was validated in a BLAST search of
GenBank and a comparison to the mtDNA control region from Sanger sequence (343 bp).
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Mitochondrial genome sequence identities were further validated in a neighborjoining phylogenetic reconstruction using a Muscle (Edgar 2004) alignment of the 20
relaxed historical Antarctic blue whale mitochondrial genome sequences and 34
contemporary Antarctic blue whale mitochondrial genome sequences. A fin whale
mitochondrial genome (sample 761, Supplementary Material (Archer et al. 2013)) was
included as an outgroup. The neighbor-joining tree was constructed in Mega v6.06
(Tamura et al. 2013) and the support of the tree reconstruction was assessed using 1,000
bootstrap replicates. The utility of the historical mitochondrial genome sequences to
further resolve control region haplotypes (343 bp) was illustrated in a comparison of the
identity of the mitochondrial genome sequences in the historical (n = 20) and
contemporary sample (n = 34).

Results
DNA extraction of historical DNA
All historical DNA extractions were confirmed as blue whale by conventional PCR and
Sanger sequencing of the mtDNA control region. This includes the 18 bones collected in
2006 and extracted with both methods and the 12 bones collected in 2016 extracted only
with the Dabney et al. (2013) protocol. The mtDNA control region sequences of 25 of the
30 samples are included in Chapter Three. The assessment of the quality and quantity of
the DNA from the two different extraction methods is described below.

Evaluation of quantity and quality of DNA extracted using two methods: DNA quantity
DNA extracted from the 18 samples collected in 2006 using the modified Qiagen DNeasy
protocol was not quantified for all samples as was volume limited. However, for the ten
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samples quantified, DNA concentration averaged around 1.2 ng/μl for a total average of
59.33 ng of DNA extracted per sample (Table 4.1). The 18 samples collected in 2006
were re-extracted with the 12 samples collected in 2016 using the Dabney et al. (2013)
approach. DNA extractions using the Dabney et al. (2013) approach resulted in a higher
average DNA concentration of 20 ng/μl and a total average extraction of 505.32 ng of
DNA per sample (Table 4.1).

Evaluation of fragment length of DNA extracted using two methods:
DNA fragment length
The DNA fragment lengths of two of the replicate 2006 samples (sample E-011 and GO061) were visualized on the Bioanalyzer from both extraction methods. There was no
evidence of short DNA fragments (< 100bp Figure 4.1 and Figure 4.2) for either of these
samples from either extraction method. The DNA fragment lengths of all 30 of the DNA
samples extracted with the Dabney et al. (2013) method were also visualized. Of the 30
samples, 15 showed evidence of DNA fragments < 100 bp (example, 4. 3) although no
comparison to the Qiagen extraction method were available.

Next-generation shotgun sequencing and quality control
The average input of DNA into library prep was 21.49 ng for the Qiagen DNeasy
quantified samples as measured with the Qubit (Table 4.1). The samples extracted from
the Dabney et al. (2013) approach had a much higher input of DNA for library prep
(average 449.55 ng; Table 4.1).
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The 2006 samples extracted by the Qiagen DNeasy protocol were sequenced on a
single lane of a HiSeq3000 (2 x 150 bp paired-end) with two additional historical samples
not included in this study. All 30 samples extracted with the Dabney et al. (2013)
approach were sequenced on two lanes of a HiSeq3000 (2 x 150 bp paired-end) (15 per
lane). The three HiSeq3000 lanes resulted in an average of 329.1 million paired-end reads
per run (Table 4.2). This resulted in an average of 20.9 million paired-end reads per
sample. An average of 79.7% reads merged per sample and the average length of merged
fragment was 134 bp (Table 4.2). For all three lanes, an average of 94.76% of the reads
passed through quality and complexity filters (Table 4.2).

Assessment of endogenous DNA content
Merged and unmerged complexity filtered reads were mapped to the minke whale
genome using Bowtie2 and BWA (with seed disabled -l 1024, MapQ = 20) to assess
endogenous content. In a comparison of samples extracted using both methods (Table 4.3
and 4.4), samples extracted using the Dabney et al. (2013) method had a significantly
higher percentage of endogenous DNA (paired t-test, p < 0.005) (Figure 4.4). The
average endogenous content in the 2006 Qiagen DNeasy samples (n=18) was 6.26%
(Table 4.3 and 4.4, Figure 4.4). The 2006 Dabney et al. (2013) replicate samples (n = 18)
showed a significant increase in endogenous content with an average endogenous content
of 15.69% (Table 4.3 and 4.4, Figure 4.4). However, across samples extracted solely
using the Dabney et al. (2013) method (n = 30), there was a large range in endogenous
content from 0.21% to 48.6% (Table 4.5, Figure 4.5). The average of the combined 30
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historical extracts extracted using the Dabney et al. (2013) approach was 13.00% (Table
4.3, Table 4.5).
Ancient DNA damage was assessed only for endogenous DNA (see below). No
evidence of DNA damage was detected in the complexity filtered merged and unmerged
reads using the program mapDamage2.0 (example, Figure 4.6).
The estimate of the percent of blue whale DNA that was mitochondrial DNA was
similar between the two extraction procedures for the replicate samples (Qiagen DNeasy
0.12% Dabney et al. (2013) 0.10%) (paired t-test, p = 0.218) but was lower than the
average of the 2016 samples (n = 12) (average 0.17% Table 4.3).

Quantification of nuclear DNA in the historical bone samples
Despite the variable endogenous content in the historical samples, there was a high
number of queried ‘hits’ to the 384 genomic loci, particularly among samples with higher
nuclear endogenous content (Table 4.5). The number of ‘hits’ represented a high number
of unique genomic loci (Table 4.5, Figure 4.7). There was a positive correlation between
the number of unique genomic regions identified within the sample and the percent
endogenous DNA (y = 708.19x + 28.082, R² = 0.90, Figure 4.8) validating the percentage
of reads identified as blue whale in each sample. For example, sample GO-201 was
estimated to have 46.53% endogenous DNA. For this sample, a total of 659 shotgun
sequencing reads ‘hit’ one or more to 308 of the 384 genomic loci.
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Historical mitochondrial genome reconstruction
The historical mitochondrial genome sequences were reconstructed using complexity
filtered merged and unmerged reads mapped to the reference Antarctic blue whale
mitochondrial genome (Z0051460) using BWA. No disagreements were found between
the two mitochondrial genome assemblies (starting bp position: 1 and starting bp
position: 13,806) as inspected in Sequencher v4. A near-complete relaxed consensus
sequence (≥3×) was assembled for 20 samples with >99% sequence coverage in the
relaxed consensus sequence (orange and green highlighted samples in Table 4.6). A nearcomplete strict consensus sequence (≥10×) was assembled for 13 of these 20 samples that
had >90% sequence coverage in the strict consensus sequence (green highlighted samples
in Table 4.6). In a comparison of the identity of the relaxed consensus mitochondrial
genome sequence to GenBank, all 20 sequences had a 99% query coverage and showed a
99% identity similarity to a blue whale mitochondrial genome on GenBank (X72204.1,
E-value 0.0; (Arnason et al. 1993)).

Validation of mitochondrial genome reconstructions
The control region sequences of the strict (n=13) and relaxed assemblies (n=20) were
compared with control region sequences from Sanger sequence chromatograms (Chapter
Two, Sremba et al. 2015). The 343 bp control region haplotypes overlapped with the
mitochondrial genome at bp 15,741-16,084. Due to missing coverage in both the relaxed
and strict assemblies, there was not complete coverage of the entire control region
sequence in all samples. However, in a comparison of the control region haplotypes from
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the strict and relaxed mitochondrial genome assemblies to the Sanger sequence, no
discrepancies were found.
The near-complete relaxed mitochondrial genome sequences formed two wellsupported (99-100%) blue whale clades with the 34 contemporary Antarctic blue whale
mitochondrial genome sequences in a neighbor-joining reconstruction (Figure 4.9).
Although two of the historical relaxed mitochondrial genome sequences showed a
considerable genetic distance to the rest of the historical samples, these two sequences
(Bone2016091 and Bone2016017) clustered with a contemporary Antarctic blue whale
on the tree with 99% bootstrap support (Figure 4.9). The concordance of the
contemporary and historical lineages suggests these are not artifacts.

Further resolution of control region haplotypes with mitochondrial genome sequences
To illustrate the utility of the historical relaxed mitochondrial genome sequences for
descriptions of historical diversity, the number of shared haplotypes between the
historical South Georgia (n = 20), and contemporary Antarctic blue whale (n = 34)
sample were compared at the full mitochondrial genome sequence (16,404 bp) and the
mtDNA control region length (343 bp). The historical mitochondrial genome sequence
further resolved four mtDNA control region haplotypes that were shared with the
contemporary Antarctic blue whale population. This is illustrated on the neighbor-joining
phylogenetic tree (Figure 4.9) and described in detail below.
After trimming the full-length mitochondrial genomes to the control region
sequence (343 bp), there were 18 control region haplotypes described among the 20
historical Antarctic blue whale samples. A total of 27 control region haplotypes was
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identified among the 34 contemporary Antarctic blue whales (i.e. 12 samples collapsed
into five haplotypes). At the control region sequence length, there were four haplotypes
shared between the historical and contemporary population.
The four shared control region haplotypes between the historical and
contemporary samples differed at the full mitochondrial genome sequence length, i.e., no
mitochondrial genome haplotype was shared between the historical and contemporary
population. The sets of samples in the historical and contemporary population that shared
a control region haplotypes are highlighted in color and noted by brackets to the right of
the neighbor-joining tree in Figure 4.9 (historical-historical HH, historical-contemporary
HC, contemporary-contemporary CC). The extension of the mitochondrial control region
to the mitochondrial genome sequence further resolved these four control region
haplotypes (colored red-samples GO-008 and 72961ANT; samples colored yellow-0-020
and 26585ANT; samples colored blue-GO-031 and 71936 and 51462ANT; colored
green-samples B009 and 11165ANT; HC, Figure 4.9), in which the historical
mitochondrial genome sequence differed from the contemporary sequence by 2-11 bp
(Figure 4.9).
Shared mitochondrial genome haplotypes within the historical and contemporary
samples are noted on the tree with an asterisk (Figure 4.9). For the two historical control
region haplotypes that were represented by two sequences, each of these sequences did
not further resolve at the full mitochondrial genome sequence (Samples GO-069 and GO185 and samples 0-017 and GO-019; HH, Figure 4.9), resulting in a total of 18
mitochondrial genome haplotypes described among the 20 historical Antarctic blue
whales at the full mitochondrial genome sequence length. Within the contemporary
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Antarctic blue whale sample, the 34 samples described 29 mitochondrial genome
haplotypes (eight samples collapsed into three haplotypes). Three of the sets of the
contemporary Antarctic blue whale control region haplotype matches did not further
resolve at the full mitochondrial genome sequence. However, two pairs of contemporary
samples that shared a control region haplotype were further resolved at the full
mitochondrial genome sequence (sample 72936ANT and 51462ANT and sample
51487ANT and 51456ANT CC, Figure 4.9).

Discussion
Endogenous content of historical DNA blue whale bone extracts
The preservation of the DNA of 30 Antarctic blue whale historical bones was highly
variable between samples as measured by endogenous DNA content. The highest
endogenous content was estimated ~48%, with a total of seven samples with estimates
greater than 25 % endogenous DNA. The recovery of an average of 0.13% mitochondrial
DNA of the endogenous content among all the samples is slightly lower than estimates
for modern DNA from human blood cells (0.18-0.26%) (Chu et al. 2012).
The preservation of samples with high endogenous content was positively
correlated with the detection of single-copy nuclear blue whale DNA (up to 890 ‘hits’),
which represented a high number (340) of the 384 genomic loci. This confirmed the
preservation of single-copy nuclear DNA in the samples. This correlation corroborated
the calculation of endogenous content methodology.
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Comparison of extraction methods and endogenous content
The modified Dabney et al. (2013) extraction protocol improved the endogenous content
estimation in the 18 replicate whale bone samples by 2-fold from 6.26% to 15.69%. This
may be due to an increased number of shorter DNA fragments in the extracts (see Figure
4.3). These fragments may have been retained in the Dabney et al. (2013) extraction
protocol, which uses a Minelute column to retain shorter DNA fragments. In the
comparison of the Bioanalyzer traces between the two replicate samples that were
extracted using both methods, there was no evidence of shorter DNA fragments in either
sample from either extraction. However, the Bioanalyzer traces from 15 of the 30
historical bone samples extracted with the Dabney et al. (2013) protocol did show
evidence of shorter DNA fragments in the extract, presumable degraded whale DNA. A
bleach pre-treatment was also used to remove environmental contamination from the
bone powder prior to extraction to increase endogenous content. Ancient DNA has been
characterized by short DNA fragments and presence of contamination of DNA from
microbial, plant or fungus that inhabited the specimen post-mortem or DNA that was coextracted with the target DNA and from the present day environment (Heintzman et al.
2015). Extraction protocols that are proven to retain shorter DNA fragments and reduce
environmental contamination will be important for future NGS of historical samples.

Evidence of ancient DNA damage
There was no evidence of an increase in transitions at the 3 prime and 5 prime end of
reads of the endogenous reads which would indicate DNA damage in the ~100 year old
bone samples. This low detection of C to T and G to A mis-incorporations of DNA
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damage is consistent with reports in the literature for less than 100 year old samples
(Sawyer et al. 2012) and DNA samples preserved in permafrost conditions (-2°C or
colder) have shown to have slower accumulation of DNA damage (Smith et al. 2001).
The whale bones have been preserved on the South Atlantic island of South Georgia and
the Antarctic Peninsula south of 54°S. The temperature of South Georgia ranges from
0.25°C to 3.41°C annually (Whitehouse et al. 2008). South Georgia is not permafrost but
may be a relatively favorable environment for preservation.

Reconstruction of mitochondrial genomes
The number of mitochondrial DNA reads that mapped to the reference mitochondrial
Antarctic blue whale genome was sufficient for near-complete mitochondrial genome
assemblies. The identity of the near complete relaxed mitochondrial genome sequence
was validated for 20 historical Antarctic blue whales in a BLAST search of GenBank and
a comparison to the Sanger sequence control region. No discrepancies were found in a
comparison of the control region sequence of the relaxed or strict mitochondrial genome
sequence to the control region Sanger sequence (343 bp), however, both the strict and
relaxed mitochondrial genome sequences were missing coverage of at least 1% of the
mitochondrial genome so the entire control region was not present in every sequence.
The neighbor-joining reconstruction further confirmed the identity of the
historical mitochondrial genome sequences. Although, two historical mitochondrial
genomes showed greater genetic distance to the rest of the historical samples, these two
sequences clustered with a contemporary Antarctic blue whale on the neighbor-joining
tree with 99% bootstrap support. This suggests the divergent lineage is not an artifact.
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A comparison of the control region haplotype sequence to the entire
mitochondrial genome sequence demonstrated the utility of the complete mitochondrial
sequence to further resolve control region haplotypes in the Antarctic blue whale.
Although the two pairs of historical samples were identical at both the control region and
mitochondrial genome sequence, four control region haplotypes that were shared with the
contemporary Antarctic blue whale were further resolved at the entire mitochondrial
genome sequence length. This dataset illustrates the power of NGS sequencing to
increase the resolution of the previous survey of control region diversity (Sremba et al.
2012) similar to what has been reported in the literature for sperm whales (Alexander et
al. 2013). The 34 contemporary Antarctic blue whale samples represents a subset of the
166 contemporary Antarctic blue whale samples available for comparison (Sremba et al.
2012) and offers evidence of the potential of comparisons of historical and contemporary
genomic data to assess diversity and the impact of exploitation explored in Chapter
Three.

Conclusion
Theses bone samples have preserved the genomic diversity of ‘pre-whaling’ great whale
populations. This study illustrates the potential of these samples to describe historical
genomic diversity of great whale populations of the Southern Hemisphere. The range in
endogenous content is likely to reflect the variability in preservation of whale bones on
the island of South Georgia and the Antarctic Peninsula. This study has illustrated that
these bones are a ‘molecular archive’ of pre-exploitation great whale populations, but
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there is uncertainty how long this ‘molecular archive’ will remain preserved as the
climate continues to change in the Antarctic region.
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Table 4.1. Year of bone collection, extraction method, and HiSeq3000 shotgun
sequencing run for each sample are listed with sample extract concentration as measured
by the Qubit and total nanograms (ng) of DNA yielded from extraction in addition to the
total nanograms added library prep (LP). Tables are separated by extraction method a.)
Qiagen DNeasy and b.) Dabney et al. (2013).
a.)
Year
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Extraction
Method

2006

Qiagen

2006

Qiagen

2006

Qiagen

2006
2006

Qiagen
Qiagen

2006

Qiagen

2006

Qiagen

2006
2006

Qiagen
Qiagen

2006

Qiagen

2006

Qiagen

2006
2006

Qiagen
Qiagen

2006

Qiagen

2006

Qiagen

2006
2006

Qiagen
Qiagen

2006

Qiagen

2006

Dabney

2006

Dabney

concentration
(ng/ul)

Total ng

Ng added
to LP

NGS run

Sample code

#1
#1

0-017

<0.50

NA

NA

0-020

1.66

83.00

49.80

0-021

0.21

10.50

4.83

GO-008

0.25

12.50

8.25

GO-019

NA

NA

NA

GO-021

0.30

14.80

11.25

GO-031

1.23

61.50

54.12

GO-045

0.27

13.35

7.21

GO-051

1.22

61.00

14.64

GO-061

4.36

218.00

21.80

GO-069

NA

NA

NA

GO-078

NA

NA

NA

GO-124

NA

NA

NA

GO-125

NA

NA

NA

GO-185

NA

NA

NA

GO-201

NA

NA

NA

NL-008

NA

NA

NA

E-011

<0.50

NA

NA

0-017

15.50

387.50

341.00

0-020

3.26

81.50

74.98

0-021

17.80

445.00

409.40

GO-008

5.39

134.75

123.97

GO-019

36.90

922.50

811.80

GO-021

32.90

822.50

756.70

GO-031

6.54

163.50

150.42

GO-045

6.00

150.00

138.00

#1
#1
#1
#1
#1
#1
#1
#1
#1
#1
#1
#1
#1
#1
#1
#1

b.)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

2006
2006

Dabney
Dabney

2006

Dabney

2006

Dabney

2006
2006

Dabney
Dabney

2006

Dabney

2006

Dabney

2006

Dabney

2006

Dabney

2006

Dabney

2006

Dabney

2006

Dabney

#2
#2
#2
#2
#2
#2
#2
#2
#2
#2
#2
#2
#2
#2
#2

GO-051

3.03

75.75

66.66

GO-061

14.10

352.50

324.30

GO-069

4.13

103.25

90.86

GO-078

3.43

85.75

78.89

GO-124

6.69

167.25

153.87

GO-125

45.45

1136.25

999.90

GO-185

5.84

146.00

134.32
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16
17
18
19
20
21
22
23
24
25
26
27
28
28
30

2006

Dabney

2006

Dabney

2006

Dabney

2016

Dabney

2016

Dabney

2016

Dabney

2016

Dabney

2016
2016

Dabney
Dabney

2016

Dabney

2016

Dabney

2016
2016

Dabney
Dabney

2016

Dabney

2016

Dabney

#3
#3
#3
#3
#3
#3
#3
#3
#3
#3
#3
#3
#3
#3
#3

GO-201

3.77

NL-008

<0.01

NA

NA

7.69

192.25

176.87

Bone2016008

45.45

1136.25

999.90

Bone2016009

5.48

137.00

120.56

Bone2016017

8.86

221.50

203.78

Bone2016020

24.00

600.00

552.00

Bone2016035

58.20

1455.00

1280.40

Bone2016043

24.50

612.50

539.00

Bone2016044

45.45

1136.25

999.90

Bone2016046

7.67

191.75

168.74

Bone2016080

45.45

1136.25

999.90

Bone2016082

13.60

340.00

299.20

Bone2016091

45.45

1136.25

999.90

Bone2016094

18.40

460.00

404.80

E-011

94.25

86.71

119

Table 4.2. The number of samples, number of reads, average reads per sample and average percent of merged reads per sample for
three HiSeq300 runs. The average length of merged reads per sample and average % of reads to pass quality filters is reported.
n

Paired-end
reads

average reads per sample

average % merged
reads per sample

average length of
merged reads

Average % of reads to
pass quality filters

#1

18

277680975

15426721

76.60%

145.06

98.22%

#2

15

337518803

22501254

76.58%

138.56

93.50%

#3

15

372245506

24816367

85.92%

118.95

92.56%

120

Table 4.3. The percent endogenous DNA for the historical blue whale bone samples calculated from reference guided assemblies in
Bowtie2 and BWA for four categories of samples. The columns list the replicate a) and b) the replicate18 blue whale bone samples
collected in 2006 extracted using two methods (the Qiagen DNeasy and Dabney et al. (2013)), c) the 12 samples collected in 2016
extracted using the Dabney et al. (2013) protocol and d) for the combined 2006 and 2016 blue whale bone samples extracted with the
Dabney et al. (2013) approach. The average fragment of merged reads for each sample grouping and the percent endogenous DNA
and percent mitochondrial DNA is listed. The average endogenous content is estimated from the two assemblers as well as the average
percent mitochondrial DNA.
Sample

n =18
Qiagen DNeasy

n = 18
Dabney et al. (2013)

n=12
Dabney et al. (2013)

n=30
Dabney et al. (2013)

% endogenous (BWA)

4.64%

14,49%

9.95%

12.94%

% endogenous (Bowtie2)

7.87%

15.45%

10.66%

13.06%

Average % endogenous

6.26%

15.69%

10.31%

13.00%

Average % mitochondrial DNA

0.12%

0.10%

0.17%

0.13%

146

137

116

126

Average fragment length
merged

121
Table 4.4. Endogenous content and percentage of mitochondrial DNA of the endogenous
DNA for the replicate 18 historical blue whale bones. Percentages are presented from
assemblies using BWA, Bowtie2 and an average of the two assembly programs.
Averaged length of merged reads used in each assembly are also reported (M) as an
indicator of DNA fragmentation.
% endogenous
Extraction
Method

0-017

0-020

0-021

GO-008

GO-019

GO-021

GO-031

GO-045

GO-051

GO-061

GO-069

GO-078

GO-124

GO-125

Reads per
sample

BWA

Bowtie2

% mitochondrial of whale DNA

Average

BWA

Bowtie2

Average

M (bp)

Qiagen

15459604

1.72%

3.79%

2.76%

0.07%

0.06%

0.06%

139

Dabney

20293857

4.60%

5.48%

5.04%

0.13%

0.12%

0.13%

123

Qiagen

18844932

5.31%

6.65%

5.98%

0.06%

0.08%

0.07%

160

Dabney

20712591

16.96%

16.59%

16.78%

0.06%

0.13%

0.09%

130

Qiagen

16364706

4.81%

6.52%

5.67%

0.15%

0.15%

0.15%

141

Dabney

30700593

14.22%

11.89%

13.05%

0.04%

0.08%

0.06%

145

Qiagen

11423361

24.72%

31.67%

28.19%

0.10%

0.11%

0.10%

111

Dabney

16711117

42.10%

31.55%

36.83%

0.09%

0.18%

0.13%

128

Qiagen

21342496

0.69%

1.61%

1.15%

0.05%

0.13%

0.09%

173

Dabney

19852744

5.75%

5.97%

5.86%

0.10%

0.19%

0.14%

137

Qiagen

13602994

18.72%

24.22%

21.47%

0.04%

0.07%

0.06%

132

Dabney

17866919

39.52%

38.51%

39.02%

0.07%

0.08%

0.08%

132

Qiagen

7662824

0.37%

4.74%

2.56%

0.13%

0.13%

0.13%

117

Dabney

30954403

4.57%

4.61%

4.59%

0.20%

0.16%

0.18%

148

Qiagen

17761034

15.71%

18.91%

17.31%

0.03%

0.06%

0.05%

155

Dabney

27409355

29.77%

29.14%

29.45%

0.03%

0.06%

0.04%

143

Qiagen

21345917

0.24%

0.68%

0.46%

0.16%

0.12%

0.14%

159

Dabney

18163017

2.69%

3.33%

3.01%

0.11%

0.16%

0.14%

139

Qiagen

13632813

0.56%

1.58%

1.07%

0.02%

0.16%

0.09%

179

Dabney

27783872

6.18%

5.63%

5.90%

0.04%

0.09%

0.07%

151

Qiagen

14198632

1.98%

3.67%

2.83%

0.05%

0.09%

0.07%

167

Dabney

19786681

12.32%

14.39%

13.35%

0.04%

0.09%

0.06%

138

Qiagen

7927437

1.80%

10.29%

6.04%

0.11%

0.20%

0.16%

124

Dabney

17105797

18.91%

18.89%

18.90%

0.05%

0.11%

0.08%

139

Qiagen

17063128

0.67%

5.17%

2.92%

0.08%

0.14%

0.11%

168

Dabney

17939811

5.90%

5.62%

5.76%

0.04%

0.09%

0.06%

143

Qiagen

11683703

2.42%

9.45%

5.93%

0.09%

0.19%

0.14%

136

Dabney

25391772

27.62%

25.89%

26.76%

0.10%

0.19%

0.14%

134

122
Table 4.4 continued.
GO-185

GO-201

E-011

NL-008

Qiagen

16401575

2.04%

3.33%

2.69%

0.06%

0.09%

0.08%

156

Dabney

26846274

7.16%

6.90%

7.03%

0.05%

0.10%

0.07%

147

Qiagen

18910215

1.60%

7.53%

4.57%

0.39%

0.46%

0.43%

132

Dabney

15955794

46.53%

50.24%

48.39%

0.09%

0.17%

0.13%

124

Qiagen

16430914

0.06%

1.33%

0.70%

0.38%

0.03%

0.21%

135

Dabney

22967860

0.13%

0.95%

0.54%

0.07%

0.03%

0.05%

129

Qiagen

17624690

0.11%

0.57%

0.34%

0.10%

0.07%

0.09%

148

Dabney
Average
(Qiagen)
Average
(Dabney)

32540868

1.75%

2.46%

2.11%

0.07%

0.11%

0.09%

129

15426720

4.64%

7.87%

6.26%

0.12%

146

22721295

15.93%

15.45%

15.69%

0.10%

137

123

Table 4.5. Endogenous content metrics for the 30 historical Antarctic blue whale bone samples extracted using the Dabney et al.
(2013) protocol, which include: the number of merged reads (M), percent endogenous (%E) as calculated by BWA, Bowtie2 (Bow)
and average (Avg), the percent of the endogenous DNA that was mitochondrial as calculated by BWA, Bowtie2 (Bow) and average
(Avg), the number of mitochondrial DNA reads mapped to the reference contemporary Antarctic blue whale mitochondrial genome in
BWA, the average depth of the mitochondrial mapped reads in BWA and the number of queried blast ‘hits’ to the 384 nuclear
genomic loci. The unique number of the 384 genomic regions is also listed. Samples where a strict consensus sequence was
constructed are highlighted in green. Samples where a relaxed consensus sequence was constructed are highlighted in orange. Samples
with <1% endogenous content are highlighted in blue.
% endogenous
Sample
Code

M (bp)

BWA

% mitochondrial of endogenous

Bowtie2

Average

BWA

Bowtie2

Average

Mito
depth

Mito
reads

BLAST
nuclear

Unique
BLAST
nuclear

0-017

123

4.60%

5.48%

5.04%

0.13%

0.12%

0.13%

7.5

1236

66

59

0-020

130

16.96%

16.59%

16.78%

0.06%

0.13%

0.09%

20.9

3657

244

172

0-021

145

14.22%

11.89%

13.05%

0.04%

0.08%

0.06%

18.3

2540

239

164

GO-008

128

42.10%

31.55%

36.83%

0.09%

0.18%

0.13%

57.3

11889

406

245

GO-019

137

5.75%

5.97%

5.86%

0.10%

0.19%

0.14%

10.7

2243

78

68

GO-021

132

39.52%

38.51%

39.02%

0.07%

0.08%

0.08%

29.5

4700

516

276

GO-031

148

4.57%

4.61%

4.59%

0.20%

0.16%

0.18%

13.7

2243

72

63

GO-045

143

29.77%

29.14%

29.45%

0.03%

0.06%

0.04%

27.8

3960

585

285

GO-051

139

2.69%

3.33%

3.01%

0.11%

0.16%

0.14%

4.80

879

24

22

GO-061

151

6.18%

5.63%

5.90%

0.04%

0.09%

0.07%

6.7

1136

102

84

GO-069

138

12.32%

14.39%

13.35%

0.04%

0.09%

0.06%

10.80

1628

153

115

GO-078

139

18.91%

18.89%

18.90%

0.05%

0.11%

0.08%

21.91

3028

243

172

GO-124

143

5.90%

5.62%

5.76%

0.04%

0.09%

0.06%

4.00

643

68

59
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Table 4.5 continued
% endogenous

% mitochondrial of endogenous

Unique
BLAST
nuclear

Sample

M
(bp)

BWA

Bowtie2

Average

BWA

Bowtie2

Average

Mito depth

Mito
reads

BLAST
nuclear

GO-125

134

27.62%

25.89%

26.76%

0.10%

0.19%

0.14%

83.90

12173

482

265

GO-185

147

7.16%

6.90%

7.03%

0.05%

0.10%

0.07%

10.30

1500

136

111

GO-201

124

46.53%

50.24%

48.39%

0.09%

0.17%

0.13%

104.30

14108

659

308

E-011

129

0.13%

0.95%

0.54%

0.07%

0.03%

0.05%

NA

39

0

0

NL-008

129

1.75%

2.46%

2.11%

0.07%

0.11%

0.09%

5.30

747

56

51

Bone2016008

127

33.87%

33.53%

33.70%

0.04%

0.09%

0.07%

51.60

8284

723

324

Bone2016009

133

16.95%

16.84%

16.90%

0.07%

0.14%

0.11%

34.90

5729

323

211

Bone2016017

142

3.87%

3.77%

3.82%

0.12%

0.22%

0.17%

12.70

358

53

48

Bone2016020

136

3.55%

2.99%

3.27%

0.17%

0.35%

0.26%

15.00

2975

54

48

Bone2016035

127

0.34%

0.21%

0.27%

0.24%

0.64%

0.44%

2.10

358

1

1

Bone2016043

116

0.07%

1.19%

0.63%

0.17%

0.03%

0.10%

55

3

3

Bone2016044

93

2.74%

5.35%

4.05%

0.43%

0.55%

0.49%

24.90

4066

50

41

Bone2016046

104

0.18%

1.07%

0.63%

0.10%

0.04%

0.07%

67

3

3

Bone2016080

106

47.90%

49.32%

48.61%

0.01%

0.04%

0.02%

16.90

2950

890

340

Bone2016082

111

1.43%

2.69%

2.06%

0.11%

0.13%

0.12%

3.70

638

18

18

Bone2016091

107

8.43%

10.09%

9.26%

0.05%

0.10%

0.07%

9.50

1997

205

161

Bone2016094

91

0.06%

0.90%

0.48%

0.10%

0.02%

0.06%

17

0

1

NA
NA

NA
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Table 4.6. The number of mapped reads to the mitochondrial genome reference sequence
used to reconstruct the mitochondrial genome, the average depth of mitochondrial
genome coverage as well as the percent coverage of the mitochondrial genome in the
relaxed and strict consensus sequence for the 30 samples extracted using the Dabney et
al. 2013 protocol. A strict and relaxed assembly was reconstructed for each sample. The
number of base pair sites where a consensus base pair was not called (Ncount) is listed
for the relaxed and strict assembly. Samples where a strict consensus sequence was >90%
are highlighted in green. Samples where a relaxed consensus sequence was >99% are
highlighted in orange. Samples with <99% relaxed consensus coverage are highlighted in
purple.

Sample Code

No. mapped reads

average depth

Relaxed

Relaxed

Strict

Strict

Ncount

% coverage

Ncount

% coverage

Bone2016008

8284

51.60

1

99.99%

134

99.18%

Bone2016009

5729

34.90

1

99.99%

224

98.63%

Bone2016017

358

12.70

8

99.95%

3231

80.30%

Bone2016020

2975

15.00

2

99.99%

1155

92.96%

Bone2016035

358

2.10

1744

89.37%

15760

3.93%

Bone2016044

4066

24.90

0

100.00%

8

99.95%

Bone2016080

2950

16.90

1

99.99%

501

96.95%

Bone2016082

638

3.70

4517

72.46%

16374

0.18%

Bone2016091

1997

9.50

283

98.27%

8475

48.34%

GO-008

11889

57.3

0

100.00%

3

99.98%

GO-019

2243

10.7

22

99.87%

5844

64.37%

GO-021

4700

29.5

1

99.99%

189

98.85%

GO-031

2243

13.7

14

99.91%

1818

88.92%

GO-045

3960

27.8

14

99.91%

238

98.55%

GO-051

879

4.80

2658

83.80%

16015

2.37%

GO-061

1136

6.7

796

95.15%

13735

16.27%

GO-069

1628

10.80

12

99.93%

6066

63.02%

GO-078

3028

21.91

1

99.99%

72

99.56%

GO-124

643

4.00

3938

75.99%

16356

0.29%

GO-125

12173

83.90

0

100.00%

1

99.99%

GO-185

1500

10.30

46

99.72%

6752

58.84%

GO-201

14108

104.30

1

99.99%

2

99.99%

NL-008

747

5.30

1701

89.63%

15760

3.93%

0-017

1236

7.5

170

98.96%

13024

20.60%

0-021

3657

20.9

1

99.99%

342

97.92%

0-020

2540

18.3

1

99.99%

92

99.44%
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a.)

b.)
Figure 4.1 Bioanalyzer traces of two samples extracted with the Qiagen DNeasy protocol:
a.) E-011 b.) GO-061.
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a.)

b.)
Figure 4.2. Bioanalyzer traces of two samples extracted with the Dabney et al. (2013)
protocol: a.) E-011 b.) GO-061.
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Figure 4.3. Bioanalyzer trace of sample GO-201 extracted with the Dabney et al. (2013)
protocol.
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Figure 4.4. Comparison of the average endogenous content of the 18 replicate historical Antarctic blue whale bone samples using two
different extraction approaches. The blue columns represent the DNA Qiagen extracts and the red columns represent the Dabney et al.
(2013) extracts. .
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Figure 4.5. Average endogenous content of the 30 Antarctic blue whale bone samples extracted with Dabney et al. (2013) approach.
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a.

a.

b.

Figure 4.6. Map damage results for merged (a) and unmerged reads (b) that mapped to the minke whale genome for sample GO-008.
No increase in frequency of A to G at the 3 prime or C or T base pairs at the 5 prime end of the reads indicate no ancient DNA
damage.
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Figure 4.7. The number of 384 genomic loci (301 bp in length) that had some overlap in the 30 historical Antarctic blue whale bone
samples.
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Figure 4.8. Linear correlation of the percentage endogenous DNA and the number of unique genomic loci ‘hits’ for the 30 historical
Antarctic blue whale samples.
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Figure 4.9. Neighbor-joining tree reconstruction from the relaxed mitochondrial genome
consensus sequence from 20 historical Antarctic blue whales and 34 contemporary
Antarctic blue whale mitochondrial genome sequences. Contemporary sequences are
labeled with sample_code.ANT. Historical samples are labeled with sample code where
B indicates Bone2016 samples. The tree is rooted with a fin whale outgroup (Bph 761).
Support for tree is denoted by 1,000 bootstrap replicates. Matching haplotypes at the
mitochondrial genome bp sequence are noted by asterisks within the tree. Matching
control region haplotypes (343 bp) are marked by color and brackets indicating
Historical-Historical (HH), Historical-Contemporary (H-C) and ContemporaryContemporary (CC) matches. The number of base pair differences between the historical
and contemporary mitochondrial sequences are listed next to the brackets.
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CHAPTER FIVE: GENERAL DISCUSSION

The worldwide commercial whaling industry killed close to 3 million whales
between 1900-1999 (Rocha et al. 2014). Exploitation was relatively short but intense in
the Southern Hemisphere where over 2 million whales were killed in less than 70 years
(Rocha et al. 2014). The impact of this devastation reduced many great whale populations
to low abundances (Branch 2008, Magera et al. 2013, Jackson et al. 2015). The recovery
trends of several great whale populations indicate numbers of many of these populations
well below their estimated pre-exploitation abundances (Magera et al. 2013). Many
populations remain listed as endangered or critically endangered on the International
Union for the Conservation of Nature (IUCN) redlist (Balaenopteara musculus
intermedia -critically endangered, B. physalus - endangered, Megaptera novaeanglia
Oceania subpopulation - endangered, B. borealis - endangered, Eubaelaena australis,
Chile/Peru/SE Pacific - endangered (Thomas 2015). Of these, the Antarctic blue whale
(B. m. intermedia) is listed as critically endangered and is the most recent abundance
estimate is less than 1% of its original abundance (Branch 2008).
Previous estimates of the impact of this exploitation on genetic diversity have
relied on contemporary estimates of genetic diversity. More recently, studies have used
whale remains from prior to whaling to describe ‘pre-exploitation’ levels of genetic
diversity, however, many of these studies explored Northern Hemisphere populations.
Only two studies have attempted to explore genetic diversity of ‘pre-exploitation’ whale
populations in the Southern Hemisphere (Lindqvist et al. 2009, Sremba et al. 2015). This
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dissertation built upon previous methods developed by Sremba et al. (2015) to confirm
the catch record history of two regions of early whaling in the Antarctic. The significance
of this ‘molecular archive’ of 296 whale bones used in this dissertation was demonstrated
in the comparison of historical genetic diversity of 233 whale bones to contemporary
great whale populations in the South Atlantic. I performed the first analysis of pre- and
post-whaling genetic diversity for the fin, humpback and blue whale in the South
Atlantic. Finally, I then used next-generation sequencing (NGS) methods to quantify the
endogenous content in the historical Antarctic blue whale bone samples and assembled
mitochondrial genomes of historical Antarctic blue whales. The methodology presented
here illustrated the utility of NGS to characterize genomic diversity in the Antarctic blue
whale and demonstrated the potential of using this ‘molecular archive’ to describe
genomic diversity of pre-whaling populations.

Summary of dissertation conclusions
In Chapter Two, I expanded the sample size of historical whale bones through a
collection of 37 bones from an unsampled region of Antarctic whaling, the Antarctic
Peninsula, and increased the historical sample size of the whale bone collection from
South Georgia with the collection of an additional 57 bones. These 94 whale bones
represented four locations of former whaling stations on South Georgia and eight
locations of whaling on the Antarctic Peninsula. The identification of 67 of the 94
(~71%) whale bones to species indicated the preservation among sites on South Georgia
and the Antarctic Peninsula. I confirmed the species composition of the whale bones as
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representative of the early populations of whales killed at South Georgia and around the
Antarctic Peninsula. This established a foundation for analyses described in Chapter
Three and Four.
In Chapter Three, I demonstrated the power of this ‘molecular archive’ of whale
bones from South Georgia to explore the impact of 20th century commercial whaling on
mtDNA in the blue, humpback and fin whale in the South Atlantic. Comparisons of
historical diversity to contemporary populations identified historical haplotypes no longer
present in the contemporary population, suggesting a potential loss of diversity or
subpopulations due to commercial whaling. This dissertation discussed three great whale
populations, which made up the backbone of commercial whaling during the 20th century,
the blue, humpback and fin whale.
For the Antarctic blue whale, a comparison of historical and contemporary
mtDNA haplotypes provided evidence of a loss of mtDNA diversity and a potential loss
of a local subpopulation from South Georgia in the Antarctic blue whale population. I
compared the historical South Georgia population to the global contemporary population
of Antarctic blue whales as well as regional populations within the Southern Ocean. In a
comparison of the historical population to the global contemporary populations as well as
combined regional population management Area II and III in the South Atlantic, I
showed evidence of a loss of mtDNA lineages from the population. The mtDNA
haplotype frequency of the historical South Georgia population was significantly
differentiated from the contemporary Antarctic blue whale population (as measured by
FST and ϕST). This combined with the lack of return of blues whales to South Georgia
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(Moore et al. 1999, Richardson et al. 2012) waters suggested an extirpation of a local
feeding population of blue whales from the region (Clapham et al. 2008).
I showed a potential loss of mtDNA haplotypes in the humpback whale in a
comparison of historical South Georgia haplotypes to the contemporary breeding
populations in the South Atlantic, Breeding Stock A off the coast of Brazil and Breeding
Stock B off the coast of Gabon. A rarefaction analysis comparing the number of
haplotypes from the historical South Georgia population to the composite breeding
population (Brazil and Gabon) indicated a potential loss of diversity (haplotypes) within
the South Atlantic Ocean basin. A difference in mtDNA haplotype frequencies (as
measured by FST) between the historical South Georgia and the contemporary breeding
populations in the South Atlantic may be the effect of genetic drift between two isolated
populations or a potential loss of a local subpopulation. However, similar to the blue
whale, a lack of return of humpback whales to South Georgia in the high numbers they
were once present suggested a potential loss of a local feeding population (Moore et al.
1999, Richardson et al. 2012).
For the fin whale, I compiled the largest dataset of fin whale control region
sequences in the Southern Hemisphere to date. Due to limited sampling of the
contemporary population and the relatively small sample of the historical population, a
test for a loss in genetic diversity was limited. However, I described a high haplotype
diversity within the historical South Georgia population and identified mtDNA
haplotypes no longer present in any population of fin whales today suggesting a potential
loss of mtDNA lineages.
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The comparisons of historical and contemporary populations presented in Chapter
Three are limited by the small sample size of the historical South Georgia population
relative to pre-exploitation abundance estimates (Branch 2008, Jackson et al. 2015) and
limited sampling of the contemporary populations, e.g. breeding areas of Antarctic blue
whales and global Southern Hemisphere fin whales. In addition to more complete surveys
of historical and contemporary genetic diversity, these analyses can be further supported
with a collection of samples of contemporary whales that have shown a return to South
Georgia waters. Genetic monitoring of the recovering populations of great whales at
South Georgia would allow further description of the relationship of the recovering
population to the historical population.
Finally, in Chapter Four, I used NGS methods to describe the historical genomic
diversity in Antarctic blue whale bones. I developed a workflow to describe
mitochondrial as well as single-copy nuclear DNA in the bone samples. The endogenous
DNA in the historical whale bones is well preserved, although variable, and does not
show evidence of DNA damage characteristic of ancient DNA.
Endogenous content is estimated using a reference-mapping approach to the
closest related genome available, the North Pacific minke whale. Despite a range in
endogenous content, I showed evidence of single-copy nuclear DNA fragments within
the samples using a BLAST search of the shotgun-sequence reads to 384 genomic loci
(301 bp) described in a contemporary North Pacific blue whale. Although the single-copy
nuclear DNA is present in a relatively low number, the presence of the preservation of
nuclear DNA supported continued genomic work with these samples to characterize
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nuclear genomic diversity in historical Antarctic blue whales. The number of genomic
loci identified in the historical samples is positively correlated with the calculated percent
endogenous DNA within the sample, which validated the approach used in this study to
calculate endogenous conten.
I reconstructed the first historical mitochondrial genomes for an Antarctic blue
whale and illustrated the potential of NGS to further resolve the relationship of historical
and contemporary Antarctic blue whales explored in Chapter Three. In Chapter Three, I
described a total of 6 haplotypes shared between the historical sample of 25 bones and
contemporary population of 183 Antarctic blue whales. In Chapter Four, historical
mitochondrial genomes are reconstructed for 20 historical Antarctic blue whale samples
and compared to a sample of 34 contemporary Antarctic blue whales. Eighteen
mitochondrial genomes were described among the 20 historical mitochondrial genome
sequences. A total of 29 mitochondrial genome haplotypes are described among the
contemporary Antarctic blue whales. In a comparison of identity, no mitochondrial
genome haplotype is shared between the two populations. However, when this analysis is
restricted to the mtDNA control region (343 bp), a total of four haplotypes are found to
be shared between the historical and contemporary population. This analysis illustrated
the power of mitochondrial genome sequences to further resolve genetic diversity
comparisons of historical and contemporary of Antarctic blue whales.

Looking toward the future

141
The field of NGS and target enrichment approaches has been expanding rapidly over the
past 10 years (Mamanova et al. 2010, Faircloth et al. 2012, Campbell et al. 2015). Many
approaches have been trialed in non-model organisms (Cammen et al. 2016) and ancient
organisms (Stiller et al. 2009, Burbano et al. 2010, Horn 2012), however, trialing a new
technology can be a long and not always successful process. As NGS methods continue
to advance, these strategies are becoming more feasible. In this dissertation, I used a
shotgun-sequencing approach to describe historical Antarctic blue whale genomic
diversity using NGS. I established a workflow to describe the preservation of Antarctic
blue whale DNA in historical samples and provided the first description of historical
Antarctic blue whale bone mitochondrial genome sequences.
Looking towards the future, the data produced in Chapter Four will be used in a
collaborative project with Aimee Lang at Southwest Fisheries Science Center to compare
historical and contemporary mitochondrial genome diversity for the Antarctic blue whale
to further explore a loss of genetic diversity or change in population structure explored in
Chapter Three. The descriptions of endogenous DNA content supported continued NGS
experiments to describe genomic DNA in the historical whale bone samples. I intend to
further explore the hypotheses developed in Chapter Three in the next step in my career
using a target enrichment approach to describe historical and contemporary Antarctic
blue whale nuclear diversity. To do this, I plan to reconstruct an Antarctic blue whale
genome for both a contemporary and historical individual. Using these data I will identify
regions of diversity in the genome of the historical blue whales to target in the
contemporary Antarctic blue whale population. This research has been initiated with the
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shotgun sequencing of four contemporary Antarctic blue whales for genome assembly
where data analysis is in progress.

Conclusion
This dissertation demonstrated the ability to describe historical genetic and genomic
diversity in whale bones preserved in the Antarctic. The power of this ‘molecular
resource’ stresses the importance of continued collection of bone samples from this
region. Descriptions of historical genomic diversity of pre-whaling populations offers the
opportunity to explore the impact of whaling on genetic diversity and population
structure as demonstrated in this dissertation. The urgency of preservation of these bones
is of great importance given the imminent threat of climate change in this region.
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APPENDICES
Appendix I Electronic supplementary material for Chapter Two: Genetic species
identification and historical catch of bones from whaling stations of South Georgia and
the Antarctic Peninsula.
The data files listed below are archived with the author and the Cetacean Conservation
and Genomics Laboratory at Oregon State University’s Hatfield Marine Science Center.
Requests for data access can be submitted to Angela Sremba
(Angela.Sremba@gmail.com) and C. Scott Baker (scott.baker@oregonstate.edu). A
request for access to the data must be accompanied with a proposal describing how the
data would be used. A two-year embargo applies to the data.

File name: mtDNA_sequences_speices_ID_Mnov.fa
Individual sample code and DNA sequence for whale bones identified as humpback
whale in Chapter Two.

File name: mtDNA_sequences_speices_ID_Bmus.fa
Individual sample code and DNA sequence for whale bones identified as blue whale in
Chapter Two.

File name: mtDNA_sequences_speices_ID_Bphy.fa
Individual sample code and DNA sequence for whale bones identified as fin whale in
Chapter Two.
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File name: mtDNA_sequences_speices_ID_Pmac.fa
Individual sample code and DNA sequence for whale bone identified as sperm whale in
Chapter Two.

File name: mtDNA_sequences_speices_ID_Bbon.fa
Individual sample code and DNA sequence for whale bone identified as Antarctic minke
whale in Chapter Two.
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Appendix II. Species Identification of whale bones from South Georgia and the Antarctic
Peninsula used in Chapter Two.
The species identification of 67 whale bones from South Georgia and the Antarctic
Peninsula: Mnov = humpback whale, Bphy = fin whale, Bmus = blue whale , Bbon =
Antarctic minke, Pmac = sperm whale. The ‘X’ indicates where no species was
identified. Columns include Sample ID and location on island or Peninsula where bone
sample was collected.
Sample ID

Location
(SG/AP)

Bone2016001

AP

Bone2016002

AP

Bone2016003

AP

Location on Island or
Peninsula
Walker Bay,
Livingstone Island
Walker Bay,
Livingstone Island
Walker Bay,
Livingstone Island

Bone2016004

AP

Mikkelsen Harbor

Bone2016005

AP

Mikkelsen Harbor

Bone2016006

AP

Mikkelsen Harbor

Bone2016007

AP

Mikkelsen Harbor

Bone2016008

AP

Mikkelsen Harbor

Bone2016009

AP

Mikkelsen Harbor

Bone2016010

AP

Mikkelsen Harbor

Bone2016011

AP

Mikkelsen Harbor

Bone2016012

AP

Mikkelsen Harbor

Bone2016013

AP

Mikkelsen Harbor

Bone2016014

AP

Mikkelsen Harbor

Bone2016015

AP

Mikkelsen Harbor

Bone2016016

AP

Mikkelsen Harbor

Bone2016017

AP

Mikkelsen Harbor

Bone2016018

AP

Mikkelsen Harbor

Bone2016019

AP

Mikkelsen Harbor

Bone2016020

AP

Mikkelsen Harbor

GPS
Location
-62.646662°,
-60.602132°
-62.647032°,
-60.601965°
-62.648187°,
-60.602787°
-63.901762°,
-60.791547°
-63.901549°,
-60.791748°
-63.901588°,
-60.791631°
-63.901548°,
-60.791529°
-63.901563°,
-60.791590°
-63.901614°,
-60.791151°
-63.901623°,
-60.790890°
-63.901617°,
-60.790935°
-63.901602°,
-60.791038°
-63.901596°,
-60.791023°
-63.901700°,
-60.791298°
-63.901683°,
-60.791186°
-63.901691°,
-60.791205°
-63.901484°,
-60.791689°
-63.901580°,
-60.791457°
-63.901635°,
-60.791794°
-63.901628°,
-60.791769°

Species ID
Mnov
Mnov
Bbon
Mnov
Bph
Mnov
Mnov
Bmu
Bmu
Mnov
X
X
X
Bph
Mnov
Mnov
Bmu
Mnov
Bph
Bmu
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Bone2016021

AP

Mikkelsen Harbor

Bone2016022

AP

Mikkelsen Harbor

Bone2016023

AP

Mikkelsen Harbor

Bone2016024

AP

Jougla Point

Bone2016025

AP

Jougla Point

Bone2016026

AP

Jougla Point

Bone2016027

AP

Jougla Point

Bone2016028

AP

Jougla Point

Bone2016029

AP

Jougla Point

Bone2016030

AP

Jougla Point

Bone2016031

AP

Bone2016032

AP

Bone2016033

AP

Bone2016034

AP

Bone2016035

AP

Jougla Point
Goudier Island,
Port Lockroy
Goudier Island,
Port Lockroy
Bill's Island,
Port Lockroy
Port Lockroy,
Seabed

Bone2016036

AP

Barrientos Island

Bone2016037

AP

Cuverville Island

Bone2016038

SG

Stromness

Bone2016039

SG

Stromness

Bone2016040

SG

Stromness

Bone2016041

SG

Stromness

Bone2016042

SG

Leith

Bone2016043

SG

Leith

Bone2016044

SG

Leith

Bone2016045

SG

Leith

Bone2016046
Bone2016047

SG
SG

Leith
Leith

-63.901511°,
-60.791535°
-63.901508°,
-60.791523°
-63.901611°,
-60.790857°
-64.827227°,
-63.490618°
-64.827222°,
-63.490591°
-64.827234°,
-63.490639°
-64.827187°,
-63.490692°
-64.827364°,
-63.490416°
-64.827369°,
-63.490439°
-64.827362°,
-63.490442°
-64.827371°,
-63.490431°
-64.824816°,
-63.494088°
-64.824814°,
-63.494090°
-64.824418°,
-63.490707°
-64.826221°,
-63.491560°
-62.407033°,
-59.742666°
-64.684023°,
-62.628483°
-54.159754°,
-36.711765°
-54.159754°,
-36.711765°
-54.159754°,
-36.711765°
-54.159754°,
-36.711765°
-54.140591°,
-36.687907°
-54.140591°,
-36.687907°
-54.140591°,
-36.687907°
-54.140591°,
-36.687907°
-54.140591°,
-36.687907°
-54.140591°,

Bph
X
X
Mnov
Bph
Bph
Bph
Bph
Bph
Mnov
Bph
X
X
Bph
Bmu
X
Mnov
Mnov
X
Mnov
X
X
Bmu
Bmu
Mnov
Bmu
X
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Bone2016048

SG

Leith

Bone2016049

SG

Leith

Bone2016050

SG

Leith

Bone2016051

SG

Leith

Bone2016052

SG

Grytviken

Bone2016053

SG

Grytviken

Bone2016054

SG

Grytviken

Bone2016055

SG

Grytviken

Bone2016056

SG

Grytviken

Bone2016057

SG

Grytviken

Bone2016058

SG

Grytviken

Bone2016059

SG

Grytviken

Bone2016060

SG

Grytviken

Bone2016061

SG

Grytviken

Bone2016062

SG

Grytviken

Bone2016063

SG

Grytviken

Bone2016064

SG

Grytviken

Bone2016065

SG

Grytviken

Bone2016066

SG

Grytviken

Bone2016067

SG

Grytviken

Bone2016068

SG

Grytviken

Bone2016069

SG

Grytviken

Bone2016070

SG

Grytviken

Bone2016071

SG

Grytviken

Bone2016072

SG

Grytviken

Bone2016073

SG

Grytviken

-36.687907°
-54.140591°,
-36.687907°
-54.140591°,
-36.687907°
-54.140591°,
-36.687907°
-54.140591°,
-36.687907°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°

X
X
Pmac
X
Mnov
Mnov
Mnov
Mnov
Mnov
Mnov
Mnov
Mnov
Mnov
X
Mnov
Mnov
Mnov
Mnov
Mnov
Mnov
Mnov
Mnov
X
Mnov
Mnov
X
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Bone2016074

SG

Grytviken

Bone2016075

SG

Grytviken

Bone2016076

SG

Grytviken

Bone2016077

SG

Grytviken

Bone2016078

SG

Grytviken

Bone2016079

SG

Grytviken

Bone2016080

SG

Grytviken

Bone2016081

SG

Grytviken

Bone2016082

SG

Grytviken

Bone2016083

SG

Grytviken

Bone2016084

SG

Grytviken

Bone2016085

SG

Grytviken

Bone2016086

SG

Grytviken

Bone2016087

SG

Grytviken

Bone2016088

SG

Grytviken

Bone2016089

SG

Grytviken

Bone2016090

SG

Grytviken

Bone2016091

SG

Grytviken

Bone2016092

SG

Grytviken

Bone2016093

SG

Grytviken

Bone2016094

SG

Salisbury Plain

Total

-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.281149°,
-36.508738°
-54.056303°,
-37.334141°
GPS
Location

Mnov
Mnov
Mnov
X
X
Mnov
Bmu
Mnov
Bmu
X
Bph
Bph
Bph
X
X
X
X
Bmu
X
X
Bmu
67
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Appendix III. Electronic supplemental material for Chapter Three: Comparison of ‘prewhaling’ and contemporary mitochondrial DNA diversity of three great whales of the
South Atlantic.
The data files listed below are archived with the author and the Cetacean Conservation
and Genomics Laboratory at Oregon State University’s Hatfield Marine Science Center.
Requests for data access can be submitted to Angela Sremba
(Angela.Sremba@gmail.com) and C. Scott Baker (scott.baker@oregonstate.edu). A
request for access to the data must be accompanied with a proposal describing how the
data would be used. A two-year embargo applies to the data.

File name: mtDNA_haplotypes_definitions_Bmus.nex
Nexus file of the mtDNA control region haplotypes in historical and contemporary blue
whale populations used in Chapter Three.

File name: mtDNA_haplotypes_definitions_Mnov.nex
Nexus file of the mtDNA control region haplotypes in historical and contemporary
humpback whale populations used in Chapter Three.

File name: mtDNA_haplotypes_definitions_Bphy.nex
Nexus file of the mtDNA control region haplotypes in historical and contemporary fin
whale populations used in Chapter Three.
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Appendix IV. Validation of mtDNA control region haplotypes in GenBank for
contemporary Brazilian humpback whales and comparison with historical haplotypes of
humpbacks from South Georgia used in Chapter Three.
*adopted with permission from Cypriano et al. 2017
Background
The mtDNA diversity of the humpback whales breeding off the Brazilian coast (Breeding
Stock A) was described in two publications, Engel et al. 2008 and Rosenbaum et al.
2009. Engel et al. (2008) originally sequenced about 400 bp of the first segment of the
mtDNA control region (using Dlp-1.5 and Dlp-5 primers) for 176 samples collected
between 1997 and 2001. Based on 10 microsatellite loci, replicate individuals collected
between 1999 and 2001 were removed from analysis. After this, a total of 171 samples
described 61 haplotypes from 59 polymorphic sites.
Rosenbaum et al. (2009) updated the previous publication (Engel et al. 2008) and
re-sequenced the mtDNA control region to a longer sequence length (486 bp) and
identified 66 haplotypes from 64 polymorphic sites for 164 individuals. Of the 176
samples included in Engel et al. (2008), 12 were removed in this study as they were
described by a shorter sequence length (376 bp).
The mtDNA control region sequences were deposited in GenBank (accession
numbers: AY329844–AY330096 for Engel et al. 2008, and GQ913691-GQ913852 for
Rosenbaum et al. 2009). Engel et al. (2008) deposited each sample included in the
analysis and named each sequence in GenBank according to the sample code.
Rosenbaum et al. (2009) deposited a single sample sequence representative of each
haplotype included in the analysis. Each sequence is named according to the haplotype
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code. The haplotype frequency for the 66 haplotypes and 164 samples has been provided
courtesy of M. Engel and is presented in Table 1. Here, this reports on initial results of a
collaborative effort to re-sequence Brazilian haplotypes for comparison to historical
haplotypes identified from bones collected from South Georgia Island, as described by
Sremba et al. (2010).

Re-sequencing of mtDNA control region haplotypes of contemporary humpback
whales from the Brazilian breeding ground (Breeding Stock A)
Unique mtDNA control region haplotypes were re-sequenced to verify variable sites
within the contemporary Brazilian humpback population. Validation of these haplotypes
is intended to allow a collaborative comparison to historical mtDNA control region
haplotypes of humpback whales bones collected from island of South Georgia whaling
stations. To accomplish this, a representative sample from 59 of the 61 haplotypes
described by Engel et al. (2008) has been provided to re-sequence. No DNA was
available for samples describing 2 haplotypes, but electropherograms for these samples
were provided from the original sequencing for review and verification. Similarly,
original electropherograms from samples provided by Jen Jackson was used to describe
the 5 remaining haplotypes of the 66 described by Rosenbaum et al. (2009) where DNA
was not available for this study.
The mtDNA control region was amplified for 59 samples using primers
M13_Dlp1.5 and Dlp8 and sequenced these fragments on the Applied Biosystems (ABI
3730) at Hatfield Marine Science Center (HMSC) of Oregon State University (OSU) in
Newport, OR. Fifty-eight of the samples provided clean sequence for 683 bp. Copies of
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the ABI files and electropherograms will be provided to collaborating researchers as part
of a final report on this validation.
Although, OSU re-sequencing (ABI 3730) and DlpM131.5 primer did not provide
good sequence for the first 22 bp of the Engel et al. consensus, the initial comparison to
GenBank sequences validated 47 of the 58 haplotypes in the remaining 464 bp. We
described one new haplotype that was not found on GenBank totaling 47 haplotypes
among the 58 samples. However, six of these 47 collapsed into three haplotypes due the
slightly shorter consensus region (464 bp) considered here and therefore validating 44
haplotypes. Of the remaining 11 haplotypes (singletons) re-sequenced here, one showed a
heteroplasmy and was not included in the analyses, and 10 were not validated by new
higher-quality electropherograms. These sequences were reviewed and each erroneous
variable site was corrected. After correction, each of these 10 sequences collapsed into
other known haplotypes. One of these is the haplotype for which the re-sequencing did
not provide a clean sequence, and thus we considered it validated, totaling 45 haplotypes.
Based on this, we have confirmed 45 haplotypes of the 66 haplotypes originally
described by Engel et al. (2008) and Rosenbaum et al. (2009). No variable sites were
found outside the 486 bp region previously described by Rosenbaum et al. (2009).
Comparing OSU eletropherograms to the original eletropherograms for some of
these singletons showed errors at one to 5 variable sites, mainly in the positions where
transversions were originally identified (of eight transversions in the GenBank sequences,
only two were validated in the re-sequencing) (Figures 1a and b). These “singleton”
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errors do not affect previous analyses at population differentiation but will be important
for comparison to historical South Georgia samples.
In addition, another six Brazilian haplotypes (of which no DNA is currently
available) were validated by reviewing the original (of high quality) electropherograms.
Finally, we considered validated another three haplotypes found in six humpback
individuals from Brazil (one haplotype found in four samples, and the other two found in
only one sample each), since they were also found in other South Atlantic and Indian
Oceans breeding grounds (Rosenbaum et al. 2009), and therefore were unlikely to have
originated from sequencing error, totaling 54 haplotypes for the Brazilian dataset at 464
bp.
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Table 1. Haplotype frequencies of 66 haplotypes described by Rosenbaum et al. 2009
based on 164 BSA humpback whales collected between 1997 and 2001. *Haplotypes
where DNA and/or electropherogram was not available.
Haplotype
HBA004
HBA007
HBA008
HBA010
HBA011
HBA012
HBA015
HBA017
HBA018

Frequency
8
14
2
11
1
5
4
8
2

HBA019*
HBA020
HBA022
HBA024
HBA025
HBA026
HBA028
HBA039
HBA043
HBA047*
HBA049
HBA051
HBA53*
HBA058
HBA063
HBA065
HBA074
HBA082
HBA083
HBA095
HBA099
HBA101
HBA104*
HBA112*
HBR002
HBR003
HBR004
HBR005
HBR007
HBR014
HBR016
HBR022
HBR028
HBR035
HBR039

1
3
4
4
1
3
2
2
1
1
4
1
1
6
1
1
3
2
4
1
1
1
1
4
2
1
1
2
1
1
1
1
5
1
1

168
HBR045
HBR047
HBR051
HBR054
HBR057
HBR062
HBR065
HBR066
HGA003
HGA004
HGA005
HGA007
HGA011
HGA014
HGA017
HGA021
HGA025
HGA036
HGA037
HMZ001
HWZ002
HWZ006

1
1
1
1
1
1
1
1
1
9
1
1
1
1
3
5
1
3
1
2
1
1
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Table 2. Samples representing original GenBank haplotypes that were not validated with
their respective confirmed haplotypes name after re-sequencing.
Samples

Original Haplotype

Confirmed haplotype

57/99

HBR003

New haplotype 1

58/99

HBR004

HBA112

70/99

HBR007

HBR035

86/99

HBR016

New haplotype 1

152/00

HBR045

HMZ001

155/00

HBR047

HGA037

172/01

HBR054

HBA049

182/01

HBR057

HGA017

192a/01

HBR062

HBA012

199/01

HBR066

HBA011
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Figure 1a. A comparison between the GenBank sequence, OSU eletropherogram and original eletropherogram for sample
172/01. This sample represents a haplotype not validated through re-sequencing (HBR054). The revised sequence and collapsed
this previous sequence to haplotype HBA049. Position 274 is highlighted where there is a base A in the haplotype re-sequensed
and an in-del on Genbank haplotype.
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Figure 1b. Comparison between GenBank sequence, the OSU re-sequenced eletropherogram and the original eletropherogram
sequenced by Engel et al. (2008) for the sample 57/99. This sample represents a previously described haplotype not validated
(HBR003) through re-sequencing. Position 274 is highlighted (in box) as an example of a false transversion (base A in the resequenced haplotype and base C on GenBank haplotype). The corrected sequence matches haplotype HMZ001 described on
Genbank.

172
References
Engel MH, Fagundes NJR, Rosenbaum HC, Leslie MS, Ott PH, Schmitt R, Secchi E,
Dalla Rosa L, Bonatto SL. 2008. Mitochondrial DNA diversity of the Southwestern
Atlantic humpback whale (Megaptera novaeangliae) breeding area off Brazil, and the
potential connections to Antarctic feeding areas. Conservation Genetics 9:1253-1262.
Rosenbaum HC, Pomilla C, Mendez M, Leslie MS, Best PB, et al. 2009. Population
structure of Humpback Whales from their Breeding Grounds in the South Atlantic and
Indian Oceans. PloS ONE 4(10): e7318. Doi:10.1371/journal.pone.0007318.
Sremba, A.L., A.R. Martin and C.S. Baker. 2010. Genetic Approach to Species Identification of
Whale Bones from South Georgia Island Whaling Stations. Report (SC/62/SH19) to the
Scientific Committee of the International Whaling Commission.

173
Appendix V. Pictures of 2016 blue whale bone samples used in Chapter Four.

Bone2016008

Bone2016009
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Bone2016017
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Bone2016020

Bone2016035
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Bone2016043

Bon2016044

177

Bone2016046

Bone2016080
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Bone2016082

Bone2016091
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Bone2016094
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Appendix VI. Electronic supplemental material for Searching for genome diversity in
the Antarctic blue whale: next-generation sequencing of historical DNA extracts from
bone samples.
The data file listed below is archived with the author and the Cetacean Conservation
and Genomics Laboratory at Oregon State University’s Hatfield Marine Science
Center. Requests for data access can be submitted to Angela Sremba
(Angela.Sremba@gmail.com) and C. Scott Baker (scott.baker@oregonstate.edu). A
request for access to the data must be accompanied with a proposal describing how the
data would be used. A two-year embargo applies to the data.

1. relaxed_historical_mitochondrial_genomes_AntBmu.nex
Individual sample code and near-complete relaxed mitochondrial genome
sequence for 20 Antarctic blue whale bones from Chapter Four.
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Appendix VII. R code for reconstruction of strict and relaxed mitochondrial genome
sequences.
R code for construction of historical mitochondrial genomes allele frequency at each
bp position.
Input file is Sample.consensus.txt extracted from IGV (lists all possible bp at a give
site along the reference genome and lists the frequency of every base mapped to that
site)
Example:
A
0
0
0
5
5
0
0
6
0
0
8
10
0
0
12
0
0
0
0
14
0
0
17
0

C
0
0
0
0
0
0
0
0
6
0
0
0
0
12
0
0
14
14
14
0
0
0
0
0

library(dplyr)
library(tidyr)

G
2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
13
0
0
0
0
0
15
0
0

T
0
2
5
0
0
5
6
0
0
7
0
0
10
0
0
0
0
0
0
0
15
0
0
17

N
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0….
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Calculate the allele frequency at each bp position – identify major and minor allele
and minor/major allele frequency
#example of script for Sample1
c <- read.table(file = "Sample1.consensus.txt", header = TRUE, sep = "\t")
df$bp <- seq(1,nrow(df)) #add bp position as a column
print(head(df))
by_bp <- group_by(df, bp) # group by each row (each basepair position)
#function calls the count (frequency) of each bp call at each position in the reference
af <- function(sub_df){
counts <- c(sub_df$A, sub_df$C, sub_df$G, sub_df$T, sub_df$N)
bases <- c("A", "C", "G", "T", "N")
infodf <- data.frame(counts, bases)
infodf <- infodf[rev(order(infodf$counts, infodf$bases)), ] # break ties by base
alphabetical
totalcount <- sum(infodf$counts)
max_allele = NULL
max_allele_count = NULL
min_allele = NULL
min_allele_count = NULL
min_maj_freq = NULL
other_count = NULL
if (infodf$counts != 0){
max_allele = infodf$bases[1]
max_allele_count = infodf$counts[1]
min_allele = infodf$bases[2]
min_allele_count = infodf$counts[2]
maj_min_freq = min_allele_count/max_allele_count
other_count = totalcount - (max_allele_count + min_allele_count)
}
ret_df <- data.frame(max_allele, max_allele_count, maj_min_freq, min_allele,
min_allele_count, other_count)
return(ret_df)
}
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allelefreq <- do(by_bp, af(.))
#function returns table of the max allele, max allele count, minor/major allele
frequency and minor allele detected at each bp site across the mitochondrial genome
write.csv(allelefreq, file = "allelefreqSample1.csv")
#.csv file is used as input file for relaxed and strict consensus sequence reconstruction
R code to calculate relaxed consensus sequence
#example for Sample1
library(dplyr)
library(tidyr)
Sample1_r <- read.table(file = "allelefreqSample1.csv", header = TRUE, sep = ",")
by_bp <- group_by(Sample1_r. bp) #group by basepair
#function extracts the major and minor allele, depth of major and minor allele and the
minor/major allele frequency from allelefreq file and then passes through relaxed
filter, requiring 3x depth and a minor to major allele frequency>=67%. For bp
positions with less than 3x depth, the function calls an ‘N’
depth <- function(sub_df){
Sample1 <- NULL
depth_samp_allele <- NULL
samp_min_allele <- NULL
depth_min_allele <- NULL
samp_maj_min_freq <- NULL
if (sub_df$max_allele_count >= 3) {
Sample <- sub_df$max_allele
depth_samp_allele <- sub_df$max_allele_count
samp_min_allele <- sub_df$min_allele
depth_min_allele <- sub_df$min_allele_count
samp_maj_min_freq <- sub_df$maj_min_freq
}
if (sub_df$max_allele_count < 3) {
Sample1 <- "N"
depth_samp_allele <- sub_df$max_allele_count
samp_min_allele <- sub_df$min_allele
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depth_min_allele <- sub_df$min_allele_count
samp_maj_min_freq <- sub_df$maj_min_freq
}
if (sub_df$min_maj_freq >= 0.67) {
Sample1 <- 'N'
depth_samp_allele <- sub_df$max_allele_count
samp_min_allele <- sub_df$min_allele
depth_min_allele <- sub_df$min_allele_count
samp_maj_min_freq <- sub_df$maj_min_freq
}
ret_df <- data.frame(Sample, depth_samp_allele, samp_maj_min_freq)
return(ret_df)
}
mito_Sample1_r<- do(by_bp, depth(.))
#This code was run for each sample and then merged on bp using the following script
mitos_r <- merge(mito_Sample1_r, mito_Sample2_r, by = "bp", all = TRUE)
the following sample (Sample _3r) is merged as follows:
mitos2_r <- merge(mitos_r, mito_Sample2_r, by = "bp", all = TRUE)
until all samples (30) have been merged
mitos29_r is exported as a .cvs file
write.csv(mitos29_r, file ="Mitos_Depth_r.csv")
#The consensus sequence is extracted using the following code (for 26 samples with
greater than 1% endogenous DNA)
samp_extract_r <- mitos26_r[ ,c("bp", "OO17", "OO2O", "OO21", "GO008",
"GO019", "GO021", "GO031", "GO045", "GO051", "GO061", "GO069", "GO078",
"GO124", "GO125", "GO185", "GO201", "NL008", "B008", "B009", "B017",
"B020", "B035", "B044", "B080", "B082", "B091")]
sample_to_gather_r <- gather(samp_extract_r, "Sample", "base", -bp)
by_seq_r <- group_by(sample_to_gather_r, "sample")
fasta_format_r <- spread(by_seq_r, "bp", "base")
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closer_to_fasta_r <- unite(fasta_format_r, AllBasePairs, 2:16404, sep = "")
closer_to_fasta_r$New_sample_name <- paste(">", closer_to_fasta_r$Sample)
fasta_seqs_r <- as.data.frame(paste(closer_to_fasta_r$New_sample_name,
closer_to_fasta_r$AllBasePairs))
write.table(fasta_seqs_r, file = "fasta_seqs_26_relaxed.txt")
sequences were manually edited to remove NAs where no allele was called.
R code to calculate strict consensus sequence
library(dplyr)
library(tidyr)
Sample1_s <- read.table(file = "allelefreqSample.csv", header = TRUE, sep = ",")
by_bp <- group_by(Sample1_s, bp)
#function extracts the major and minor allele, depth of major and minor allele and the
minor/major allele frequency from allelefreq file and then passes through relaxed
filter, requiring 10x depth and a minor to major allele frequency>10%. For bp
positions with less than 10x depth, the function calls an ‘N’

depth <- function(sub_df){
Sample1 <- NULL
depth_samp_allele <- NULL
samp_min_allele <- NULL
depth_min_allele <- NULL
samp_maj_min_freq <- NULL
if (sub_df$max_allele_count >= 10) {
Sample1 <- sub_df$max_allele
depth_samp_allele <- sub_df$max_allele_count
samp_min_allele <- sub_df$min_allele
depth_min_allele <- sub_df$min_allele_count
samp_maj_min_freq <- sub_df$maj_min_freq
}
if (sub_df$max_allele_count < 10) {
Sample1 <- "N"
depth_samp_allele <- sub_df$max_allele_count
samp_min_allele <- sub_df$min_allele
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depth_min_allele <- sub_df$min_allele_count
samp_maj_min_freq <- sub_df$maj_min_freq
}
if (sub_df$min_maj_freq > .1) {
Sample1 <- 'N'
depth_samp_allele <- sub_df$max_allele_count
samp_min_allele <- sub_df$min_allele
depth_min_allele <- sub_df$min_allele_count
samp_maj_min_freq <- sub_df$maj_min_freq
}
ret_df <- data.frame(Sample1, depth_samp_allele, samp_maj_min_freq)
return(ret_df)
}
mito_Sample1_s <- do(by_bp, depth(.))
#This code was run for each sample and then merged on bp using the following script
mitos_s <- merge(mito_Sample1_s, mito_Sample2_s, by = "bp", all = TRUE)
the following sample (Sample3_s) is merged as follows:
mitos2_s <- merge(mitos_s, mito_Sample2_s, by = "bp", all = TRUE)
until all samples (30) have been merged
mitos29_s is exported as a .cvs file
write.csv(mitos29_s, file ="Mitos_Depth_s.csv")
#The consensus sequence is extracted using the following code (for 26 samples with
greater than 1% endogenous DNA)
samp_extract_s <- mitos24_s[ ,c("bp", "OO17", "OO2O", "OO21", "GO008",
"GO019", "GO021", "GO031", "GO045", "GO051", "GO061", "GO069", "GO078",
"GO124", "GO125", "GO185", "GO201", "NL008", "B008", "B009", "B017",
"B020", "B035", "B044", "B080", "B082", "B091")]
sample_to_gather_s <- gather(samp_extract_s, "Sample", "base", -bp)
by_seq_s <- group_by(sample_to_gather_s, "sample")
fasta_format_s <- spread(by_seq_s, "bp", "base")
closer_to_fasta_s <- unite(fasta_format_s, AllBasePairs, 2:16404, sep = "")
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closer_to_fasta_s$New_sample_name <- paste(">", closer_to_fasta_s$Sample)
fasta_seqs_s <- as.data.frame(paste(closer_to_fasta_s$New_sample_name,
closer_to_fasta_s$AllBasePairs))
write.table(fasta_seqs_s, file = "fasta_seqs_26_strict.txt")
Sequences were manually edited to remove NAs where no allele was called.

Wickham, H. R. (2016). tidyr: Easily Tidy Data with `spread()` and
`gather()` Functions. R package version 0.5.1.: https://CRAN.Rproject.org/package=tidyr.
Wickham, H. R. and R. Francois (2015). dplyr: A Grammar of Data
Manipulation. R package version 0.4.3.: https://CRAN.R-project.org/package=dplyr.
Williamson, G. R. (1975). "Minke Whales off Brazil." Sci. Rep. Whales Res. Inst. 27:
37-59

