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Abstract

Rates of evolution have been important components of many phylogenetic and
population genetic studies. In Antarctica, underlying active and abandoned Adélie
penguin (Pygoscelis adeliae) rookeries, are well preserved subfossil bones. This
thesis aimed to estimate a rate of mitochondrial (mt) DNA evolution by sampling
sequences from serially preserved subfossil bones through time, and compare these
to sequences from modern populations. During this study four field expeditions
were undertaken in Antarctica during the austral summers, resulting in the
collection of over 400 blood and 329 subfossil bone samples. This thesis research
showed that the Adélie penguin mtDNA control region is unusually long (1768
b.p.) and contains a repeat complex at the 3’-end. A phylogeny of 17 penguin
species (suborder Sphenisciformes) was constructed from rns and rnl mtDNA gene
sequences. The characteristics (i.e. heteroplasmy and length variation) of control
region sequences from penguin species were plotted onto this phylogeny as a
mechanism for investigating their evolution. DNA sequence variation from a total
of 381 modern Adélie penguin samples revealed the presence of two distinct
maternal lineages (7.1% net sequence difference). One lineage is present in all
locations around Antarctica (A) sampled and the other was recorded only in Ross
Sea populations (RS). The phylogeographic pattern of the A and RS lineages
suggests Adélie penguins were restricted to distinct ice-age refugia during the last
glacial cycle. Ancient DNA was extracted from 80 subfossil bones (*C dates ranged
from 310-6082 years before present) from 16 locations on the coast of the Ross Sea.
The ancient DNA from these frozen subfossil Adélie penguins is extraordinarily
well preserved. Using both modern and ancient DNA sequences a rate of mtDNA
control region evolution was determined. This estimated rate is five times higher
than previous estimates for the avian mtDNA control region. This rate was then
used to time the divergence of the two lineages A and RS, and showed they split 83
kyr BP during the last glacial cycle. Adélie penguins appear to have endured
dramatic changes to their habitat during the ice-ages of the Late Pleistocene.
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Chapter One

Rates of Mitochondrial DNA Evolution

1.1 Estimating Substitution Rates

Genealogical reconstruction is used by biologists as a central tool to explain the
evolutionary diversification of life on earth. The advent of nucleotide and protein
sequencing techniques has had a profound impact on this mode of explanation. In
particular, DNA sequence data have allowed rates of substitution per unit time to
be estimated. Rate estimates have been used to time the global expansion of Homo
sapiens, to show changes in species distributions during the periodic ice-ages of the
Pleistocene, and to describe major explosions of species diversity during the

Cambrian.

An average rate of nucleotide substitution is typically calculated by measuring the
sequence difference among extant taxa, and dividing this by the age of the most
recent common ancestor. This age is usually estimated by reference to a known age
of fossil material. Shields and Wilson (1987) were the first to calibrate a rate of
evolution for mitochondrial DNA (mtDNA) in birds, using two genera of geese.
Their study used restriction fragment length polymorphisms (RFLPs) to propose a

phylogeny of two subspecies from the genus Branta (the brant and Canada goose)
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and three subspecies from the genus Anser (the white-fronted goose, Ross’ goose
and the snow goose). The midpoint root of the phylogenetic tree represented
approximately 9% sequence difference between the two genera, and the oldest
fossils from each genus were dated at 4-5 million years (Myr) (Figure 1.1). Dividing
9% by 45 Myr gave a mean rate of divergence of 2%/Myr, i.e. 0.02
substitutions/site/Myr (s/s/Myr). These authors compared this rate to a similar

value suggested for mammals.
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Figure 1.1. The avian mtDNA molecular clock calibration from geese by Shields and
Wilson (1987). The thicker greyed lines indicate the oldest fossils (4-5 million years old)
found in Mongolia and California. The bottom scale indicates both time in millions of
years before present (Myr BP) and the percentage sequence difference.

Quinn (1992) determined the DNA sequence of a 178 base pair (b.p.) portion of the
5-end (part of the hypervariable region I, HVR-1) of the mtDNA control region to
investigate the phylogeography of the snow goose. An earlier RFLP study of the
entire mtDNA by Quinn et al. (1991) showed that there was 1.3% sequence
difference between two Branta subspecies, and Quinn’s (1992) study revealed 13.5%
corrected sequence difference in the control region between the same two
subspecies. Therefore, Quinn (1992) calculated that the control region evolves
(13.5/1.3 =) 10.4 times faster than the overall mtDNA. This rate difference was then
multiplied by the Shields and Wilson (1987) rate of substitution for the entire mt
genome (10.4 x 2%) to arrive at a rate of 20.8%/Myr (0.208 s/s/Myr) for the control
region. Subsequent authors (e.g. Baker and Marshall, 1997) adopted Quinn’s rate
for the control region in populations of bird species. Wenink et al. (1996)
extrapolated this rate further in dunlins (Calidris alpina) to include a slower-
evolving portion of the control region (the central conserved domain, CCD). These

authors argued that the CCD was 2.36 times more conserved than the flanking 5’-
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end. Therefore, using Quinn’s earlier estimate, an average rate across both regions
was calculated as: (20.8 + (20.8/2.36))/2 = 14.8%/Myr (0.148 s/s/Myr). Quinn’s
(1992) result is currently the commonly used estimate for substitution rates of the

avian mt control region.

In recent years a controversy has arisen over the rate of substitution in the human
mtDNA control region (Jazin et al., 1998). Longitudinal sampling of humans over
three generations spanning 40 years (yr) (Parsons et al., 1997) has provided a
mutation rate estimate (2.6 s/s/Myr) which is much higher than those calculated
using a phylogenetic approach (e.g. 0.118 s/s/Myr). Furthermore, Denver et al.
(2000) recently reported a direct measurement of the rate of mutation from 74
Caenorhabditis elegans mt genomes, over 214 generations that followed inbred single-
progeny descent. This study revealed a mutation rate for the entire mtDNA that
was two orders of magnitude higher than predicted from indirect phylogenetic
methods. It is apparent from these studies that direct measurements of the mtDNA
mutation rate do not match indirect measurements of substitution. The
phylogenetic and pedigree studies of maternally inherited mtDNA have used very
similar approaches to estimating a rate (Sigurdardoéttir et al., 2000). If two
sequences are compared from two species (the phylogenetic approach), at some
point in history they both originated from the same ancestral sequence. The
difference between the two sequences is the number of mutations that have
accumulated in each lineage since their divergence, provided selection, back
mutations, and multiple mutations at the same site are negligible. Explanations for
the conflicting estimates include: selection and drift (Parsons et al.,, 1997);
heterogeneity of the rate amongst sites (Jazin et al., 1998); non-reporting of zero rate
estimates (Macaulay et al., 1997); and sampling of older subjects who may have

accumulated mutations during ageing (Michikawa et al., 1999).

The estimation of a substitution rate for a measurably evolving population is
another issue. Differences in evolutionary rate can arise from variations in the
mutation rate and/or variation in the fixation rate (Mindell and Thacker, 1996). It
has been known for many years that in a population, the rate of substitution (k) of
an allele is a product of the population size (2N generations), mutation rate per
individual (n), and probability of fixation (Kimura and Ohta, 1971). Mutations may

have arisen with a high frequency, but these will not be demonstrated by the
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variability in existing alleles because of selection. On the other hand, according to
the neutral theory (Kimura, 1983) the substitution rate is simply equal to the
mutation rate (k = n). However, there will always be a large number of transient
neutral alleles in a large population due to random genetic drift (Figure 1.2). Hence,
a natural population of mtDNA haplotypes evolves as a combination of mutation

and stochastic lineage turnover.

—

Allele frequency

X\ e,

Time — B

o
>

Figure 1.2. Changes in the frequency of neutral mutations over time. Some mutations
reach fixation while some are transient in the population. If a sample taken at time A
were compared to one taken at time B, the number of mutations in this time period would
be recorded as two. In reality eight mutations had occurred during this period of time.
Adapted from Nei (1987, p.383).

Mitochondrial DNA is maternally transmitted and therefore has only one-quarter
the effective population size of nuclear alleles. In natural populations this clonal
feature of mtDNA means haplotypes are highly susceptible to extinction, especially
when there are changes in demographic parameters (Avise, 1984). If every mother
in a population simply transmitted her mtDNA to a single daughter and so on, the
number of haplotypes would be equivalent to the mutation rate. Natural
populations are never deterministic, and females show variability in their
contribution to the next generation. If the production of daughters by mothers in a
population is considered a random process with non-overlapping generations, then
it can be modelled according to a Poisson distribution (Avise, 1984). Therefore,
over an increasing number of generations the probability of survivorship for
independent founding lineages in a population will decrease and asymptote.
Furthermore, population size, family size, and expansion or decline of populations
all dramatically affect the probability of survival or extinction of lineages. For
example, consider the effect of population size under a Poisson distribution where
the mean equals one. In a population of two females there is a probability of 0.16
for the survival of a founding lineage after ten generations, whereas in a population
size of 10,000 females such a low probability is not reached until around 100,000

generations. Avise et al. (1987) described this stochastic lineage turnover in mtDNA
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trees as “self-pruning” events. The mutation rate in matrilines is not equivalent to

the rate of substitution in evolving populations.

Rates of substitution, either calibrated over many millions of years or measured
directly in maternal lines, are often used as the rate of change for an evolving
population. Given the conflict between direct and indirect measurements, and the
theoretical ideas underlying coalescent theory (Hudson, 1990), there should be
attempts to match the measurement of substitution rates with the time frame of
their application. It is clear that a substitution rate needs to be estimated for a
population of mtDNA sequences over a time period of ten to one hundred

thousand years.

1.2 Ancient DNA: The Opportunity to Measure Evolution

Ancient DNA technology (Pdabo, 1989) potentially offers the opportunity to
measure mtDNA changes from serially preserved samples spanning thousands of
years. This approach is not constrained to postulate divergence times among extant
taxa. In contrast to the phylogenetic method of estimating rates, serial sampling of
populations through time can reveal both changes in nucleotides and haplotype
frequency. The approach of sampling sequences at known timepoints, measures
the successive divergence of one lineage from another (Figure 1.3). Such serial
sampling of mt lineages requires large sample sizes of both modern and ancient
sequences. An estimate of the substitution rate includes mutation and lineage
turnover. Figure 1.3 is an example of these processes when five related lineages are
sampled at various points in time. First, lineage E diverged from lineage A through
the mutational steps of lineages B, C and D; the rate of substitution is estimated
from sampling these cumulative mutations. Secondly, if lineage E was present at
the same time as B, C and D, but these latter three lineages were not detected in the
modern population, then the rate is the result of lineage turnover. In this latter case,
different combinations of lineages B, C, D and E at each timepoint may give a
negative rate of divergence from lineage A. However, a large sample of lineages

would provide an average rate applicable to an evolving population.
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Figure 1.3. The principle of measuring mtDNA substitutions from serial sampling.
Lineage E has diverged from lineage A over time. Serial sampling of ancient sequences
allows the measurement of a mutational pathway from lineage A to E through lineages B,
CandD.

To date there has only been a handful of ancient DNA studies reporting non-
contemporaneous population samples of DNA sequences. Thomas et al. (1990)
investigated temporal changes in a 135-b.p. portion of the control region from three
subspecies of the Panamint kangaroo rat (Dipodomys panamintinus). Samples
spanning a 78-year period from 63 modern and 49 museum specimens showed the
maintenance of similar levels of genetic variation over time. The small sample size,
a complex of subspecies, and the short span of sampling times precluded a
substitution rate from being estimated in this study. Temporal variability of a 233-
b.p. domain in the apocytochrome b (cob) gene over an 11,000 year period has been
analysed from the European rabbit (Oryctolagus cuniculus) (Hardy et al., 1995). The
study by Hardy et al. revealed stability of haplotypes over time until the Middle
Ages. The sudden appearance of a new haplotype in samples several hundred
years old, was suggested to be the result of humans moving rabbits with this
haplotype into new locations as societies developed on the continent. Leonard et al.
(2000) compared seven ancient DNA sequences from the control region (178 b.p.)
and cob gene (258 b.p.) of the brown bear (Ursus arctos), to previously published
data sets of 317 control region and 166 cob sequences. Sampling of *C-dated
material spanning 14 to 34 kyr before present (BP), revealed haplotypes never seen
in the modern populations. These authors concluded that populations were

genetically more diverse 14,000 yr ago. These three studies, as well as Bailey et al.
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(1996) and Wang et al. (2000), has been informative but none has estimated a rate of

change for their respective DNA sequences over time.

To obtain a rate estimate over time for a vertebrate population, a study needs to
target a DNA sequence that is likely to evolve over a period of thousands of years;
probably the best candidate is the HVR-1 from the mtDNA control region.
Furthermore, the ideal situation would include a large number of extant individuals
and a large number of undisturbed, and well preserved, hard tissue samples that

have been deposited continuously over thousands of years.

1.3 Antarctica: The ‘Ideal Situation’

The Adélie penguins (Pygoscelis adeliae) of Antarctica represent an ideal model for
serial sampling from the last 13,000 years. This species represents approximately
70% of the total avian biomass of the Antarctic region (Everson, 1977), with a total
population size estimated at 2.6 million breeding pairs and ten million immature
birds (Croxall, 1985; Woehler, 1993). Adélie penguins nest in colonies on the
relatively small proportion of the Antarctic coastline that is ice-free during the
austral summer. The Adélie penguins have been present in large numbers along
the coast of the Ross Sea for at least the last 7,000 yr (Baroni and Orombelli, 1994).

Breeding success of Adélie penguin individuals improves with age, and mature
females produce two eggs during the summer months. Therefore a reproducing
female produces on average one daughter each season. However, of the chicks that
hatch, one-quarter are estimated to die before fledging, a large proportion of these
deaths occurring before a créche forms (Ainley et al., 1983). Most juvenile deaths
are the result of desertion of the nest by young parents, followed by predation of

eggs and chicks by the Antarctic skua (Catharacta maccormickii).

The pristine and stable Antarctic environment has led to significant deposits of
well-preserved penguin remains in the ornithogenic soils underlying colonies
(Ugolini, 1972). Stratified penguin guano underlying existing and abandoned (relic)
rookeries on the coast of the Ross Sea contains subfossil bones and feathers. These
have been “C-dated to as old as 13,000 yr BP (Baroni, 1994). Antarctica is the

coldest and driest continent on earth. Mean monthly temperatures in Antarctica are
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always below 0°C. During winter, temperatures at high latitudes resemble those in
a commercial freezer and consequently are ideal for slowing down biological
processes of decomposition. For example, old freeze dried seal carcasses are a
common feature of the Antarctic landscape (Barwick and Balham, 1967). The
combination of large extant penguin populations and extensive deposits of well-
preserved subfossil bones spanning thousand of years, make this an ideal situation

to sample population-level changes in mtDNA.

1.4 Thesis Outline

The aim of my thesis research was to estimate the rate of evolution for mtDNA
HVR-1 in Adélie penguins over a period of thousands of years. To achieve this I
have:

1. Reviewed the features of the mitochondrial genome and the processes
that underlie mutations (Chapter Two)

2. Sequenced the Adélie penguin mtDNA control region; identified the
HVR-1 and designed specific PCR primers (Chapter Three).

3. Established a phylogeny for penguin species and identified a suitable
outgroup for the Adélie penguin HVR-1 sequences. This also allowed a
comparative analysis of control regions across all penguin species
(Chapter Four).

4. Characterised the DNA sequence variation in the HVR-1 from a large
sample of modern Adélie penguins, across numerous Antarctic
populations (Chapter Five).

5. Extracted and sequenced DNA from a large number of *C-dated
subfossil bones (Chapter Six).

6. Presented an estimated substitution rate for the mtDNA control region

that utilised both modern and ancient DNA samples (Chapter Seven).
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Chapter Two

The Mitochondrial Genome: Maternal
Inheritance and Mutations

2.1 Introduction

The mitochondrial (mt) genome evolves as a combination of mutation and
stochastic lineage extinction. The latter issue was dealt with largely in Chapter One.
This chapter discusses a number of issues relating to mutations in the mt genome
that are of significance to the thesis generally. For example, there has been debate
on the source of the mt genome’s high mutation rate and recent studies have linked
this to the transient single-stranded feature of replication (Gissi et al., 2000).
Moreover, the mt genome is unusual because: (1) it follows maternal inheritance; (2)
there can be several variant genomes within a single individual; (3) a genotype can
change over one generation. Many of these features have been studied in mammals
but are applicable to avian species. The biological properties of the mt genome are
shared by most vertebrate species, and make the estimation of a mutation rate of

general importance.
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Chapter 2: The Mitochondrial Genome
2.2. Maternal Inheritance

A variety of mechanisms are thought to exist which exclude the male mitochondria
from being inherited in eukaryotes (Lima-de-Faria, 1983). The flagellum midpiece
of the mammalian spermatozoon contains around 50 tightly packed mitochondria,
and this tail is incorporated into the oocyte cytoplasm. In mammals, dilution of
sperm, oxidative damage and proteolytic destruction have all been suggested as
mechanisms of preventing incorporation of male mitochondria (Ankel-Simon and
Cummins, 1998). The fact that paternal leakage was found to occur in interspecies
crosses of Mus musculus and M. spretus (Gyllensten et al., 1991; Kaneda et al., 1995)
casts doubt on the theories of dilution or oxidative damage. More likely is some
form of signal associated with the male germ cell that targets it for destruction. In
bovines, sperm mitochondria undergo degenerative changes and disappear by the
four-cell stage. Multivesiculated bodies and lysosomes surround the mitochondria
targeting them for disintegration (Sutovsky and Schatten, 2000). Sutovsky et al.
(1998) showed that during spermatogenesis sperm are tagged by ubiquitin, after
which disulfide bond cross-linking temporarily masks the ubiquitin molecules. In
cells, ubiquitin is used to tag proteins for destruction. The carboxyl end of an 8.5-
k.Da. ubiquitin molecule is covalently attached to lysine amino acid side chains of a
damaged protein. A ubiquitin-protein complex is formed and acts as a recognition
factor for the cell to deliver the complex to proteasomes to be destroyed by
proteolysis. Sutovsky et al. propose that upon arrival in the oocyte, the disulfide
bonds on the sperm midpiece could be relieved and the mitochondria coated with
recognisable ubiquitin. The mitochondrial of the sperm midpiece are thus

recognised, surrounded by lysosomes and /or proteasomes, and destroyed.
2.2.1. Heteroplasmy and the Oocyte Bottleneck

Somatic cells contain anywhere between 10 and 1,000 copies of mtDNA, whereas an
oocyte possesses around 100,000 copies (Piké and Taylor, 1987). When a mutant
arises in the pool of mtDNA, its presence along with the wild type mtDNA is
termed heteroplasmy. Heteroplasmy is not uncommon in the rapidly evolving
mtDNA control region, resulting from either point mutations and/or variation of
repetitive elements. The level of heteroplasmy varies across tissues types in the

body. Jazin et al. (1996) showed that in humans the brain contained higher levels of
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heteroplasmy than blood, and linked it with the nonmitotic nature of brain tissue.
Furthermore, Calloway et al. (2000) reported slightly higher levels of heteroplasmy
in muscle tissue than in the heart, brain or blood. All of these studies, as well as
Michikawa et al. (1999), report that heteroplasmy and point mutations increase

throughout ageing.

Uniparental transmission of cytoplasmic genomes has been observed throughout
most animal and plant species (Birky, 1995). The transmission of only oocyte copies
of mtDNA to the next generation is termed the mtDNA “bottleneck” (Bergstrom
and Pritchard, 1998). Because there is no mtDNA replication until the 100 cell stage
of the blastocyst, mt genomes are randomly assorted into each cell as they divide.
This means that early sequestering of precursor germ cells in a developing embryo
will cause the selective transmission of a small pool of mtDNA to the next
generation. Evidence of this bottleneck comes from rapid shifts in genotype
frequencies of heteroplasmic mtDNA over a few generations (Hauswirth and
Laipis, 1982; Bendall et al., 1996).

2.3 Mutations in the Mitochondrial Genome

2.3.1. The Metabolic Rate Hypothesis

The mt genome evolves fairly rapidly at the sequence level in comparison to many
nuclear genes (Wilson et al., 1985). There is a strong bias for transitional (purine to
purine A<~>G and pyrimidine to pyrimidine T+>C) over transversional (purine to/or
from pyrimidine G~T, G~C, A«~T and A<~ C) changes (Brown et al., 1982).
Variables such as body size, generation time and metabolic rate have all been
reported to correlated with mtDNA mutation rates (Rand, 1994). However, the
factors affecting the rate of mutations are the subject of some debate. The most
informative study on the variability of mutation rates would be a direct comparison
of mutations in pedigree lines, from a range of species with differing metabolism,
body size and generation time. However, to date all studies have focused on

phylogenetic comparisons among groups of species.

Dominating much of the debate on rates of mutation have been the results of Martin

and Palumbi (1993). They plotted percentage sequence difference per million years
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from RFLPs, against species body mass, revealing a negative correlation. From
these results, Martin and Palumbi proposed that species with a higher metabolic
rate and a short generation time will accumulate changes in mtDNA sequences
more rapidly, when compared to those with a slower metabolism. There are two
pivotal points in this theory: first, that the cell metabolism generates oxygen free
radicals resulting in oxidative damage to mtDNA and consequently mutations;
secondly, there is an accurate estimate of the point of divergence for the taxa
compared. Recent studies into the processes of mtDNA mutations deserve

attention to be drawn to the former point, oxidative damage.
2.3.2. Oxidative Damage in the Mitochondria

During oxidative phosphorylation in the mitochondria, oxygen is reduced to water.
Escaping from this reaction are superoxide anions (‘O,”) which are pacified by
superoxide dismutase into the relatively stable hydrogen peroxide (‘O,” + 'O, +
2H" — H,0, + O,). However, highly reactive hydroxyl radicals ("OH) are formed
via the reduction of H,O, by a metal ion (Fe** + H;O, + H* = Fe** + H,O + ‘OH), in a
process known as a Fenton reaction (Breen and Murphy, 1995). In addition,
hydroxyl radicals can be formed nonenyzmatically through exposure to ionising
radiation (Téoule, 1978). Nitric oxide, which is important in many physiological
actions, has also been identified as a damaging free radical (NO" and NO,"). These
reactive oxygen and nitrogen species cause oxidative base damage to DNA and as a
result have been implicated in mutagenesis, carcinogenesis and ageing (Halliwell
and Gutteridge, 1999). The mitochondrial genome is particularly vulnerable to this
kind of oxidative insult as it is close to the electron transport chain and lacking

protective histones.

The most common oxidative lesion in mtDNA is 8-oxo-deoxyguanine (8-oxo-G),
where a "OH has been added to the eighth position of the purine ring structure in
guanine. The steady state levels of 8-oxo-2"-deoxyguanosine (0xo8dG), the released
8-0x0-G base, are about 10-fold higher in the mitochondria than in the nucleus
(Richter et al., 1988). Interestingly, while 8-oxo-G does not inhibit replication, DNA
polymerases will insert either a dC or dA opposite this adduct (Shibutani et al,,
1991). Pinz et al. (1995) showed that 27% of the time polymerase-y caused a G=T

transversion via the misincorporation of dA. In contrast, transitional changes
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(G A and C+T) are much more common than transversions in mtDNA (Brown et
al., 1982; Wilson et al., 1985; Thomas and Beckenbach, 1989). To resolve this
paradox a clearer understanding of mutagenesis and DNA repair of the

mitochondrial genome is needed.
2.3.3. DNA Damage and Repair Mechanisms

DNA is damaged in many different ways, but commonly involves spontaneous
degradation or chemical attack (Lindahl, 1993). In response to DNA damage the
cells will repair and correct mistakes. The primary mode of correction relies on
recognition of the opposing base and inserting the appropriate corresponding
nucleotide (ie. G:C or A:T). DNA repair mechanisms are generally grouped into
three classes: Base-Excision Repair (BER); Nucleotide-Excision Repair (NER); and
Mismatch Repair (MMR) (Table 2.1). In the mitochondria, the BER pathway has
been studied most extensively, there is no evidence for the existence of NER, and
MMR is associated with BER and is beginning to be better understood
(Bogenhagen, 1999). The absence of the NER explains why bulky pyrimidine
dimers caused by exposure to UV-irradiation are not repaired, a result that led to
the dogma that mitochondria were repair-deficient (Sawyer and van Houten, 1999).
The likely fate of a genome with a bulky DNA lesion, which impairs replication or

transcription, is destruction, possibly by Endonuclease G (Ikeda and Ozaki, 1997).

Table 2.1. The DNA repair pathways, their targets and corresponding proteins found in the
mitochondria. AP = apurinic/apyrimidinic

Repair Process Lesions Enzymes
Base-excision repair (BER) AP sites & AP endonuclease, DNA pol-y,
Glycosylase products mtDNA ligase
Nucleotide-excision repair (NER)  Pyrimidine dimers & None
bulky chemical adducts
Mismatch repair (MMR) BaseeBase mispairing &  DNA pol-y or mut-S homologues

insertions/deletions

BER involves the recognition of a damaged base by N-glycosidases which then
catalyse the hydrolytic cleavage of the N-glycosidic bond (sugar-base bond) freeing
the base from the sugar-phosphate group (Lindahl et al., 1977). Following base
removal, apurinic/apyrimidinic (AP) endonuclease hydrolytically cleaves the

phosphodiester bond of the remaining sugar-phosphate, leaving a 3'-OH terminus.
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DNA polymerase fills the remaining gap and DNA ligase completes the repair by
sealing the nick in the phosphate backbone. The use of AP endonuclease, DNA
polymerase and DNA ligase in BER is generic, however, different N-glycosidase
enzymes recognise and remove specific base damage. The first mitochondrial
repair protein to be described was uracil-DNA glycosidase (Domena et al., 1988).
The removal of uracil is particularly common in a genome. If a cytosine loses its
amine group (NH,) due to spontaneous hydrolytic deamination, it becomes a uracil,
bonds with adenine and causes a C—=T transition (Figure 2.2) (Coulondre et al.,
1978). Domena et al. (1988) estimated that there are approximately 2 uracils and 100
AP sites expected to form in the mitochondrial DNA of each cell per day. A group
of N-glycosidases that recognise oxidative damage (MTH]1, 8-oxoG glycosidase, and
mtMYH), in particular all of those acting on the common adduct 8-o0xoG, have
recently been characterised (Croteau et al., 1997; Parker et al., 2000). These proteins
form specific binding complexes with A, G or T paired with 8-oxoG, A/G
mismatches, and 2-hydroxyadenine paired with A, G, T, C or 8-oxoG. These
proteins also remove 8-oxoGTP from the dNTP pool and possess glycosidase/ AP

lyase activity.

In addition to BER there are two other points to mention about the mtDNA repair
process. First, although bulky alkylation damage to the mitochondria genome is
not repaired, small alkyl (CH, — methyl and CH,CH; - ethyl) lesions found on the
O° position of guanine are easily repaired by alkylguanine transferase (Satoh et al.,
1988). Secondly, Thyagarajan et al. (1996) detected the presence of homologous
recombination activity on plasmid DNA substrates from crude mammalian
mitochondrial extracts and suggested this process could be involved in mtDNA
repair. These authors showed inhibition of homologous recombination by
treatment with anti-recA antibodies, concluding that this activity was mediated by a
homolog of the bacterial strand-transferase protein. This form of recombination
repair activity had previously been demonstrated in yeast mitochondria and plant
chloroplasts (Thyagarajan et al., 1996). These findings should be followed up by a
study that uses highly purified mitochondrial extracts to isolate a product of the
recA gene, and demonstrates whether or not this product acts directly on the

mitochondrial genome.
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2.3.4. Predictions of the Metabolic Rate Hypothesis

In many cases mutations are the result of DNA damage followed by the insertion of
a different base at the repaired position. Given the current knowledge of repair
mechanisms in the mitochondria and the efficiency, with which oxidative damage is
repaired, how can mutations in mtDNA and their rate of accumulation be
explained? Doubt has been cast upon the predictions of the metabolic rate
hypothesis since mtDNA are well equipped to deal with this form of insult as
previously described (Croteau et al., 1999). Moreover, based on first principles, the
prediction of this theory should be more G~T transversions than transitions. Gissi
et al. (2000) conducted a rate analysis of both ribosomal RNA, and first and second
positions of Heavy-strand (H-strand) protein coding genes, of 35 complete mtDNA
sequences across 15 mammalian orders. Most analyses rely on accurate divergence
time estimates. Gissi et al. avoided this, however, by using relative-rate methods
with unambiguous outgroup species within their sample. Surprisingly, the rate of
the fastest evolving order never exceeded 1.8 times that of the slowest evolving
order, and they found no significant correlation between rates of mutation and
body size, generation time or metabolic rate. Furthermore, Slowinski and Arbogast
(1999) re-analysed Martin and Palumbi’s data taking into account rate variation
among sites using a Jukes-Canter gamma correction model. The calculated gamma
parameter (the average a = 0.140) demonstrates a strong rate variation among sites,
and once this variation is corrected for, there is no significant correlation between

body size and rate of sequence evolution across poikilotherms and endotherms.
2.3.5 Alternatives to the Metabolic Rate Hypothesis

Tanaka and Ozawa (1994) present a mutational spectrum from sequences of 43
complete human mitochondrial genomes and show that C-»T and A—G transitions
were 9- and 1.8-fold more frequent on the H-strand than on the L-strand,
respectively. These authors examined 4-fold degenerate sites' of the 12 H-strand
encoded genes, finding a positive correlation (P < 0.05) between the frequency of C
and the distance from the origin of L-strand replication. The implications of these

findings is that asymmetric replication has a strong influence on mutagenesis.

! The third codon positions of Leu-CTN, Val-GTN, Ser-TCN, Pro-CCN, Thr-ACN, Ala-GCN, Arg-
CGN and Gly-GGN.
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The process of asymmetric replication is an unusual characteristic of the
mitochondrial genome. Figure 2.1 shows how this type of replication proceeds.
Synthesis of a daughter H-strand begins from the displacement loop (D-loop) in the
control region. The parental H-strand is displaced and has a transient single-
stranded phase while the L-strand is being copied. In mammals this single-
stranded state lasts until two-thirds of the daughter H-strand has been synthesised.
At this point replication of the daughter L-strand begins, extending in the opposite
direction. As a result the parental L-strand never has a single-stranded phase. The
synthesis of a new mitochondrial genome is catalysed by DNA polymerase-y
(Bolden et al., 1977). Pol- yis found both in the nucleus and mitochondria, and
shows a high fidelity with exonucleolytic proofreading of errors (Kunkel and Soni,
1988). Under optimal conditions, pol- ydisplays fidelity of less than one error for

every 2.6 x 10° bases polymerised.

Oy
On
-loop
O (o} LR,

Figure 2.1. Replication proceeds asymmetrically in the mitochondrial genome. The Oy
and O, are the origins of heavy and light strand replication respectively. The dark lines
indicate the parent strands and the grey lines the daughter strands

Clayton (1982) reported that the replication of mtDNA is slow, requiring around
two hours for the synthesis of both strands. Moreover, the cob gene on the parental
H-strand remains single-stranded for almost 80 minutes, whereas the parental L-
strand is never single-stranded. Tanaka and Ozawa (1994) suggest that the
spontaneous deamination of cytosine to uracil is the most common source of
mutation. Cytosine will lose its amine group through hydrolytic disassociation
when not paired with guanine far more rapidly than while double-stranded, and
will subsequently pair with adenine (Lindahl and Nyberg, 1974). Accumulations of
C—T mutations have been shown to occur on non-transcribed strands during their
unprotected single-stranded phase (Fix and Glickman, 1987; Beletskii and Bhagwat,
1996; Francino and Ochman, 1997).
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Reyes et al. (1998), following the previously mentioned studies, showed that in a
data set comprising 25 mammalian genomes there was a positive correlation
between the duration of the H-strand single-stranded phase and the degree of
variability of a gene. Two genes, however, atp8 and cob, do not show this strong
correlation. Reyes et al. suggest that their unusual characteristics (atp8 being a fast
evolving gene and cob being abnormally constrained) explain their deviation from
this relationship. This study reinforces a mechanism of spontaneous deamination
on C and A during H-strand replication, moreover, it provides an explanation for
the asymmetric and biased base composition observed in mtDNA. The rapid
deamination of C and A would cause a high number of C»T and A—G transitions
(Figure 2.2), and therefore help to explain the Brown et al. (1982) finding of a high

transition to transversion substitution ratio in mtDNA.
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Figure 2.2. The mutational pathway proposed for mtDNA. Cytosine (C) and adenine (A)
are deamination by hydrolytic attack to form uracil (U) and hypoxanthine (hX)
respectively. These products U and hX will pair with A and C respectively and create a
transitional change. T = thymine and G = guanine.
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If damaging events occur during the transient single-stranded phase of H-strand
replication and are not repaired (by for example uracil-DNA glycosidase), then
polymerase-y will most likely pair the damaged base with a new nucleotide. The
damaged base could either be repaired by a glycosidase, using the newly changed
undamaged base and inserting a new ‘corrected’ base, or during the next round of
replication the newly inserted base would be transmitted to the daughter molecule.
If this mutant type is present in the germ line it is be likely to be transmitted to the
next generation. The high mutation rate is not simply due to the presence of
damaging oxygen free radicals. The primary assertion in this chapter is that the
unique property of mtDNA asymmetric replication explains the higher mutation

rate in the mt genome compared with the nuclear genome.

2.4 Summary Remarks

A new mtDNA haplotype arises through mutation and a haplotype will become
extinct if its lineage is not transmitted to the next generation. Paternal mtDNA is
actively discarded along with the sperm soon after it enters the oocyte and mtDNA
is maternally inherited. As a consequence mtDNA has one-quarter the effective
population size as a Mendelian locus and haplotype extinction can occur rapidly.
Secondly, mutations arise more frequently in the mitochondrial genome than in
comparable nuclear gene because mtDNA replication has a long single-stranded
phase. The exposed strand is highly susceptible to hydrolytic attack and therefore
results in a high frequency of transitional mutations. This process of mutation
would predict a similar, or even universal, mutation rate across a broad range of
vertebrate species. This prediction makes any study that attempts to estimate a rate

of evolution relevant to more than just the species from which it was measured.
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Chapter Three

A Repeat Complex in the
Mitochondrial Control Region of
Adélie Penguins’

3.1 Introduction

The mitochondrial (mt) control region (CR) is responsible for transcription and
replication of the mitochondrial genome (Taanman, 1999). Three internal CR
portions have been recognised, the 5’-peripheral domain (Right or I Domain), the
Central Conserved Domain (c. 200 b.p.), and the 3’-peripheral domain (Left or II
Domain) (Upholt and Dawid, 1977; Southern et al., 1988; Saccone et al., 1991). In
the avian CR, the 5-peripheral domain contains the Termination Associated
Sequences (TAS); the Central Conserved Domain contains the F, E, D, and C
boxes; and the 3'-peripheral domain contains the origin of heavy strand
replication (Oy), Conserved Sequence Block (CSB) 1, and the Heavy (H) and Light
(L) strand Transcriptional Promoter (HSP/LSP) sites (L’Abbé et al., 1991; Quinn
and Wilson, 1993; Randi and Lucchini, 1998). Transcription and replication of the

! This chapter is published as: Ritchie PA, Lambert DM (2000) A repeat complex in the
mitochondrial control region of Adélie penguins from Antarctica. Genome 43, 613-618.
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mt genome are intimately connected. After transcription has begun at the LSP
site, mitochondrial processing endoribonuclease (RNase MRP), and possibly
endonuclease G (C6té and Ruiz-Carrillo, 1993), are thought to cleave the L-strand
transcript at sequences corresponding to the CSBs (Chang and Clayton, 1985).
This transcript forms an RNA primer that initiates replication of the H-strand at a
site designated the Oy (Walberg and Clayton, 1981). It is known that in humans as
H-strand synthesis displaces the L-strand at the WANCY tRNA cluster
approximately two-thirds of its way around the molecule, this free L-strand is
primed by a mt DNA primase and L-strand synthesis begins (Wong and Clayton,
1986).

Sequence data from mtCRs has revealed the presence of repeat DN A sequences in
many different species, from nematodes (Caenorhabditis elegans, Okimoto et al.,
1992) to sheep (Ovis ovis, Zardoya et al., 1995). Lunt et al. (1998) surveyed repeat
sequences in the CRs of a range of species and showed that they varied in number
and ranged in size from 3 b.p. to as large as 777 b.p. To date, several mechanisms
have been proposed to explain the generation and persistence of repetitive DNA
in the mitochondrial CR. These include slippage during replication (Levinson and
Gutman, 1987; Madsen et al.,, 1993), or rarer recombination events (Lunt and
Hyman, 1997). Consistent with these models, repetitive DNA in the CR is found
in areas where transcription and replication are initiated (ie. near the TAS in the
5-peripheral domain or between CSB-1 and the tRNA in the 3’-peripheral
domain). This chapter reports on the mtCR of the Adélie penguin Pygoscelis adeliae
(Aves: Sphenisciformes) from Antarctica, which is one of the largest avian mtCR
found to date, due to the presence of two classes of repeat units in the 3'-

peripheral domain.

3.2 Materials and methods

Blood samples from Adélie penguins were collected during the austral summer of
1997/1998 at Cape Bird, Antarctica (77°14’S, 166°28'E), then transported in liquid
nitrogen and stored at —-80°C. Total genomic DNA was isolated from whole blood
using proteinase K — SDS (sodium dodecyl sulfate) dissolution, followed by
extraction with phenol-chloroform and ethanol precipitation (Sambrook et al.,

1989). The Adélie penguin control region was amplified using the Polymerase

27



- Chapter 3: A Repeat Complex in the Control Region

Chain Reaction (PCR) with primers designed to the flanking nadé6 (5'-
ACTAAACCAATTACCCCATAATA-3" L-nadé6-gb) and rns (5'-
CTGCTGAGTACCCGTGGGGGTGTGGC-3" H-rns-pen) genes. These PCR
primers were designed using nad6 gene sequences from GenBank (accession no.:
chicken, X52392; duck, L16769; ostrich, Y12025; goose, L22477; and gnatcatcher,
AF027829) and rns gene sequences determined for the penguin species Pygoscelis
adeliae, Eudyptes pachyrhynchus, Megadyptes antipodes and Eudyptula minor. To
design the H-strand primer the 5-end of the rns gene was sequenced using the
PCR primers 5'-AGCATGGCACTGAAGATGC-3’ (L-tRNA-P, modified from Tarr,
1995) and 5-ATAGTGGGGTATCTAATCCCA-3" (H-rnsA, modified from
Palumbi, 1995). A 260 b.p. portion of the WANCY tRNA cluster was amplified
and sequenced in the Adélie penguin, yellow-eyed penguin (M. antipodes), red-
billed gull (Larus novaehollandiae scopulinus), Chatham Island taiko (Pterodroma
magentae) and kakapo (Strigops habroptilus), using the primers 5’-
CCAAAGGCCTTCAAAGCCTTAAATAAGAG-3 (L-WANCY), 5-CCAAAAA
TCTGTGGTTCAATTCCTCTTC-3" (H-WANCY); designed from GenBank
sequences (chicken, X52392; ostrich, Y12025). All mitochondrial gene
nomenclature in this thesis follows that of the Organelle Genome Database
(GOBASE) available at http://alice.bch.umontreal.ca/genera/gobase/gobase.ht
ml (Korab-Laskowska et al., 1998).

All PCRs contained 0.4 pM of each primer, 200 pM of each dNTP, 1.5 mM MgCl,,
10 mM Tris-HCl1 pH 8.3, 50 mM KCl and 0.5 U Tag DNA polymerase (AmpliTaq,
PE Biosystems). The PCR-products were purified using High Pure™ PCR Product
Purification columns (Boehringer Mannheim). Purified PCR-products were
sequenced with internal primers using an ABI PRISM® BigDye™ Terminator
Cycle Sequencing Kit (PE Applied Biosystems) and run on an ABI 377A
automated sequencer, according to the manufacturer’s recommendations.
Sequences for the CR can be found at GenBank accession number AF272143 and
for the tRNA WANCY at AF272144 and AF272145. The UNIX-based software by
GCG (Genetics Computer Group, Inc.) was used to predict the single-stranded

secondary structures of the CR 5-end.

To verify that these CR sequences were of mitochondrial origin, and did not

represent nuclear copies, a large portion (ca. 6.0 k.b.) of the Adélie penguin
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mitochondrial genome was amplified and sequenced. The long PCR template was
generated using the Expand™ Long Template PCR System (Boehringer
Mannheim) using two PCR-primers designed to conserved portions of the rnl
gene 5-TGATTGCGCTACCTTCGCACGGTTAGGATACC-3" (H-ExpPeng-rnl)
and the cob gene 5'-CCATTCCACCCCTACTACTCCACAAAAGA-3’ (L-ExpPeng-
cob). All PCRs contained 0.3 1M of each primer, 500 uM of dNTPs, PCR Buffer 3
(50 mM Tris-HCl pH 9.2, 16 mM (NH,),SO,, 2.25 mM MgCl,, 2% DMSO and 0.1%
Tween 20) and 2.6 U Expand™ Long Template enzyme mix. The resulting PCR-
product was purified using High Pure™ PCR Product Purification columns
(Boehringer Mannheim), and the CR was amplified and sequenced as above. The
same sequences were obtained across the control region for both the long and
short PCR products indicating that both have been amplified from the same
template. In addition, no double peaks on the electropherograms were

encountered any during sequencing.

3.3 Results and discussion

3.3.1. The Organisation of the Adélie mt Genome

The CR of this Adélie penguin is 1758 b.p. in length and is bound by the tRNAs
trnE(uuc) and trnF(gaa), and the genes nad6 and rns (Figure 3.1)>. The position of
the flanking genes, tRNAs and the control region is the same as that determined
for chicken (Gallus gallus, Desjardins and Morais, 1990) (Figure 3.1b). A recent
study by Mindell et al. (1998) showed there are two types of gene arrangement in
birds; the common cob/nad6 /control region/rns order (e.g. the gene arrangement
of the chicken) and the less frequent order of; cob/control region/nad6 /a non-
coding region/rns. If the avian phylogeny that Mindell et al. (1998) presented is
correct, then the latter, less frequent gene rearrangement, has occurred as separate
independent events in Picidae, Cuculidae, Passeriformes suboscines and
Falconiformes. The results of Mindell et al. (1998) indicate that these mt gene
rearrangements are likely to be due to specific processes that result in the

reoccurrence of this condition.

? The abbreviations correspond to: nad6, encodes the product NADH dehydrogenase subunit 6;
trnE(uuc), transfer RN A Glutamic Acid; trnF(gaa), transfer RN A Phenylalanine; rns, encodes the
small subunit ribosomal RNA (12S).
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Figure 3.1. The L-strand sequence and a schematic representation of the Adélie penguin control
region (CR). (a) The first 1143 b.p. (comprising the 5-perpherial domain, Central Conserved
Domain, and part of the 3’-peripheral domain) of the CR. Underlined is the interrupted poly-C
sequence, marked with an arrow head is the possible dC terminus of the D-loop and highlighted
are the Termination Associated Sequences (TAS). Also highlighted are the F, E, D and C boxes
and Conserved Sequence Block (CSB)-1. (b) A schematic representation of the CR, which shows
the flanking genes and portions of the CR sequence represented in this figure. The origin of heavy
strand replication (O,) is estimated to be 12 nt from CSB-1 and is represented as a circle. (c) The
81 b.p. large repeat (LR 1, 2, 3, 4 and 5). The repeat units are aligned with each other, the stars
show the variable positions and the . symbols represent the Light (L) and Heavy (H) Strand
Promoter (LSP/HSP) sites. (d) The 92 b.p. sequence after the LRs and underlined is the simple
sequence repeat (SSR); a tetranucleotide microsatellite (CAAA).

30



Chicken
Adélie
Yelloweyed
RedBillGull
Taiko
Kakapo
Ostrich
Duck
Turkey

Chicken
Adélie
Yelloweyed
RedBillGull
Taiko
Kakapo
Ostrich
Duck
Turkey

Chicken
Adélie

Yel loweyed
RedBillGull
Taiko
Kakapo
Ostrich
Duck
Turkey

Chicken
Adélie
Yelloweyed
RedBillGull
Taiko
Kakapo
Ostrich
Duck
Turkey

Chapter 3: A Repeat Complex in the Control Region

CCTAGACAGATGGGCTTCGATCCCATACAATTTTAGTTAACAGCTAAATG

......... C.ovveveereeuG.GAC..CChveieaenn...GC
. GC Covnn. GC.AC..CCveeeeeen. GC
— Gov'vn... T..C CGA...AC. . e s eeennn.. GG
A Cueee. A uCCoeeeaeenn G
. @ ... T..C CGA...GCveeeennnn. GG
............... C...........AT.G.C.oervru....G
- G Coae e T -
..... G...v.ovoCovveeeeeiCAeeeCoieenn...C

tRNAAsn (o) tRNACys
CC-AACACCAATTGGCTTCTGCCTAC---=-=-—-—-—- AGACCCCGGCACAC-

.-CTA....GCA...... C.T...TCAAG----C.AGTT....TG.G.T
..-TTA..... CA...... CoT. ... Commmmmmm ..GT..T..TGT..T

.CT.A..... CA...Covonnn.. ARmmmmmmmm ATGTGGC
.-T.A..... CA...... C.T....AGAACAACC. ..... T.A....TT

.CT.A..... CA...C.vvnenn.. AA—mmmmmmm .. ATGTGGC

~TTAT...GCA...C.... T .mmmmmm ..G..... A...G.C
CCLA. T C B Cuernnn. G...-
~C.A..... CGA..oveeennn.. AAAACCATC....T.T..T T

C....CH€....... e G L LN ACL . ... e onoooo0a G..A

..... (I CIEPPRP ) (R C KRR Ny - (C, (PSS , LSRR, /-
JALACAC.T. . 'G.T (&5 h06000000 /A Ca 0000000000008 000 G

A B\ S T (= 85000000 /NGB 0000000000000 000 0
A ACAC A0 USSR (C/ T CHhadacccoos /NC 8680000000000 0000
C ACIUEL 000000000000 AGTTo I8 500000 G.GA
C.C. sAC..... G TR C R /NCadaaanaanaconas AG

C /N5 600008600 I 5 el® 5680000006 /2C 08608000800 €560 00¢

TCGATAAGAAGAGGAATTG

(Ga6o000c000a000000000

e

(€5 doo0000aa00006000

€500 a00600000006 saa

(€5 0000000000000000 A

Figure 3.2. An alignment of sequences from the tRNA’s Asn and Cys from the WANCY tRNA
cluster. The chicken, ostrich, duck and turkey sequences were taken from GenBank. The position
of the origin of light strand replication in humans is shown (O,). In these avian taxa there are no 50
b.p. sequences between the two tRNA that correspond to known recognition sequences for mtDNA

primase.
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In mammals the WANCY tRNA cluster includes an ~50 nucleotide (nt) sequence
that is capable of forming a stable single-stranded secondary structure, that is
known to be involved in priming the synthesis of the nascent L-strand. However,
this sequence is conspicuously absent from the WANCY tRNA cluster of birds
(Seutin et al., 1994). This begged the questions of (1) whether the O, is located at a
different position, yet undiscovered, in birds, and (or) (2) whether there are other
unknown recognition sequences on the mt genome involved in initiation of L-
strand synthesis (Shadel and Clayton, 1997). A 250 b.p. portion of the WANCY
tRNA cluster was determined for five bird species. Like other avian species, these
species possess no mammalian like sequences responsible for priming the O, in

this region of the mt genome (Figure 3.2).

3.3.2. The Organisation of the Adélie Penguin CR

The internal organisation of the Adélie penguin CR was compared to that found in
other avian CRs (Quinn and Wilson, 1993; Randi and Lucchini, 1998) and found
them to be very similar. The 5-peripheral domain is 560 b.p., the CCD is 200 b.p.
(as defined by Saccone et al., 1991), and the 3’-peripheral domain is 998 b.p. long.
The 3’-peripheral domain of the Adélie penguin is larger than the entire 909 b.p.
CR of the cow (Bos taurus, Anderson et al., 1982), and only slightly smaller than
the CRs of many avian species (Baker and Marshall, 1997). The overall nucleotide
composition of the Adélie penguin CR is A: 30.4%; T: 30.3%; C: 25.5%; and G:
13.8%. These values show that there is a A + T (60.8%) to G + C (39.2%)
asymmetry in this sequence. It has been shown that the CCD differs from the two
peripheral domains in being lower in L-strand adenine content (Ramirez et al.,
1993). The reduced adenine content of the L-strand of the CCD is also the case in
the Adélie penguin with A: 20.7%; T: 30.8%; C: 31.3%; and G: 17.1%, which almost
corresponds toa A + T to G + C symmetry: 51.5% to 48.5%, respectively.

The 5-peripheral domain contains an interrupted poly-C sequence (5'-
CCCCTCCCCCCCCTACCCCCC-3") which forms a potential single stranded
secondary structure (Figure 3.1a and 3.3). Zardoya and Meyer (1998) reported a
similar motif in the CR of the African side-necked turtle (Pelomedusa subsrufa), and
noted its similarity to the CSB-2 motif (5-CAAACCCCCCCWMCCCC-3)
identified in the 3’-peripheral domain of mammals by Walberg and Clayton (1981)
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and Saccone et al. (1991). A survey of GenBank shows that a similar motif is
present in the 5’-peripheral domain of other avian species, including
Struthioniformes, Galliformes, and Falconiformes. In the lesser snow goose (Anser
caerulescens caerulescens) and the chicken, this motif forms a potentially stable
hairpin structure, because it is followed by an interrupted poly-G sequence (Quinn
and Wilson, 1993). Although this interrupted poly-C sequence is a conserved
feature across many species and is close to one identified TAS (Nass, 1995), a role

for this sequence has never been determined.

H-strand synthesis originates within the first 40 nt downstream from CSB-1 and
temporarily stalls shortly after initiation. The 3’-end(s) of the nascent H-strand
terminates close to the TAS to form a stable triplex displacement-loop (D-loop)
structure. Nass (1995) has identified the 5" and 3’-ends of the D-loop from the
chicken and the TAS (5'-ATATATTTACA-3’) at 81 b.p. to the right of trnE(uuc).
She went on to show that this sequence is present in other avian species and
associated with a putative secondary structure. Furthermore, the 5’-end of the
chicken D-loop was shown to begin 11-12 nt downstream of the CSB-1, is 781 (+1)
ntin length, and has two nascent H-strand 3’-termini which exhibit dG and dC 3'-
end nt. Presented in Figure 3.3 is the putative secondary structure of the first 164
b.p. of the 5-peripheral domain of the Adélie penguin, which includes the
interrupted poly-C sequence and the putative TAS sequence and dC 3’-terminus.
Based on an inferred location of the O, and TAS, this d-loop would correspond to
893 nt in length.

3.3.3. Tandem repeats in the 3 -peripheral domain

The most striking feature of the Adélie penguin CR is the presence of two types of
tandemly repeated sequences, a large repeat (LR) and a simple sequence repeat
(SSR) in the 3’-peripheral domain (Figure 3.1c and 3.1d). These two repeats
contribute to the extraordinary size of this CR. Considering the base composition
of this domain, the first 365 nucleotides are 58.4% A + T to 41.6% G + C, followed
by the large repeats at 69.7% A + T to 30.3% G + C, then the LR/SSR spacer
sequence is 46.0% A + T to 54.0% G + C, and lastly the SSR is 75% A to 25% C.
These values show that the LRs have a significant A + T bias, a feature known to

cause helix instability and which is common at origins of replication.
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Figure 3.3. The secondary structure of the first 164 b.p. of the 5’-peripheral domain of the Adélie
penguin control region (CR). Outlined is the interrupted poly-C sequence and the putative
termination associated sequences (TAS), the arrow corresponds to the dC terminus of the chicken
D-loop.
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The SSRs comprise 30 perfect tetranucleotide microsatellite repeats consisting of
(dC-dA-dA-dA),,*(dG-dT-dT-dT),,. This microsatellite is located at the extreme
3’-end of the CR, is contiguous with the tRNA and since it is downstream from the
HSP site, is most likely to be transcribed. Interestingly, the same tetranucleotide
microsatellite has also been found in the ratite, Rhea americana (Harlid et al., 1998),
and similar repeats containing a CA-type motif have been found on the L-strand
in other avian species (Berg et al., 1995). Like other microsatellites, there is good
evidence that SSR are formed and variation maintained via slipped-strand
mispairing during mitochondrial replication (Levinson and Gutman, 1987;
Madsen et al., 1993; Trinh and Sinden, 1993).

The LR region comprises four complete 81 b.p. repeats, followed by a repeat
missing two base pairs (i.e. 5'-81-81-81-81-79-3"). Alignment of the repeats with
each other reveal substitutional differences at positions 1171, 1172 and 1173
(CeT), at position 1199 (C+>G), and insertions-deletions (indels) at positions 1197-
1198 with respect to LR-1 in the data set (Fig. 1c.). Avian species differ from many
vertebrates by having a single major transcriptional promoter in the CR that has a
bi-directional capacity for both the L- and H-strand (L’Abbé et al., 1991). All these
repeat units contain a putative HSP/LSP sequences, initially identified in the
chicken (5-GTATAATATATATACA-3"). The first two repeats (LR 1, LR 2) and
the fourth repeat (LR 4) are identical. The third repeat (LR 3) and the last repeat
(LR 5) are each unique and differ from the other repeats (LR 1, 2 and 4) by the
substitutions described above and from each other by an indel event and a
substitution. When folded, the LR repeats form a potential hairpin structure
(Figure 3.4). In the European rabbit (Oryctolagus cuniculus, CR = 2437 b.p.) a
primer extension analysis detected families of H-strand RNA species which
originated from the CR LSP. These different sized RNA transcripts were
attributed to a tandem repeat (153 b.p.) in which each motif contained a LSP site
(Dufresne et al., 1996). Based on that study it is likely that the Adélie penguins
too, produce multiple RNA transcripts, each originating from promoter sites in the
LRs. However, in contrast to rabbits, there would be variable length transcripts

for both the L- and H-strand RNA, since avians possess a bi-directional promoter.

To explain the changes in 5-peripheral domain repeat numbers Buroker et al.
(1990) proposed an illegitimate elongation model that involved slipped
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Figure 3.4. The secondary structure of the 81 b.p. repeat region. Shown are the LSP/HSP and the position of each repeat. The hairpin
directly following the LSP/HSP is most likely involved in transcriptional enhancer recognition. These large structures only form with the
presence of the other repeats. This could lead to RNA primer-template binding competition.
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Chapter 3: A Repeat Complex in the Control Region

strand mispairing and non-homologous recombination. A similar model could be
proposed to explain the LRs present in the 3’-peripheral domain of Adélie
penguins. If, during replication, there is a dynamic competitive equilibrium
between the large RNA primers and the H-strand for pairing with the L-strand,
either at the beginning or end of replication, then partial displacement of a repeat
unit is possible. A hairpin structure in the H-strand would result in a repeat loss,
whereas a hairpin formation in the RNA primer would result in a repeat gain. The
daughter molecule would form a heteroduplex with the parental molecule, which

would be resolved during the next round of replication.

In summary, this chapter presented the mtCR sequence from the Adélie penguin
and identified its internal organisation, including the conserved motifs (TAS, the
F, E, D and C boxes, CSB-1 and the LSP/HSP). This control region is larger than
those from other avian species, due to the presence of a large 81 b.p. repeat
sequence and a (dC-dA-dA-dA);, microsatellite in the 3’-peripheral domain. The
81 b.p. repeat contains both the LSP and HSP and may therefore produce a variety
of RNA transcripts. These results showed that avian mtCRs, like those in
mammals, can vary greatly in size due to the presence of different repeat

complexes.
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Chapter Four

The Evolution of the Mitochondrial
DNA Hypervariable Region in
Penguins

4.1 Introduction

The hypervariable region I (HVR-1) comprises the 5’-end (domain I) and half of the
central conserved domain in the mitochondrial DNA control region. HVR-1
sequences have been widely used as tools to study both intraspecific population
structure and the relationships among recently divergent taxa (e.g. Viligant et al.,
1991; Saccone et al., 1991; Saunders and Edwards, 2000). This is because the control
region evolves rapidly, a result of a high number of substitutional changes,
insertion-deletion events (indels), a variable number of repeative sequences and
heteroplasmy. Therefore, HVR-1 sequences from deeply split taxa are often
saturated and indels tend to make alignments extremely difficult (Sbisa et al., 1997).
The rapid evolution of the HVR-1 represents an useful sequence not only for
intraspecific studies of Adélie penguins, but also for a comparative study of
penguin species. The fossil record suggests penguins are a relatively old avian

suborder (Sphenisciformes), yet the divergence of some species could have been
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relatively recent. Consequently, a broad range of evolutionary changes should be

evident in the control region of this avian group.

The 17 extant species recognised in the suborder Sphenisciformes have been
assigned to six genera: Aptenodytes, Pygoscelis, Spheniscus, Eudyptes, Megadyptes and
Eudyptula (Stonehouse, 1975). All species are listed in Table 4.1. While penguins
occur from Antarctica to the equatorial Galdpagos Islands and comprise around
80% of the avian biomass in the southern oceans (Williams, 1995), the majority of
species occur in the temperate and sub-Antarctic regions. All species come ashore to
breed and moult, with nesting sites ranging from Antarctic ice to tropical lava
flows. Penguins breed during the summer, with the exception of the Fiordland
crested penguin which begins its breeding cycle during the winter (Warham,
1974a).

These flightless diving birds represent a monophyletic group that is thought to have
evolved from a fully flighted ancestor (Stonehouse, 1975). The oldest known
penguin fossil, dated at 50-60 Myr BP, was found in Waipara, New Zealand, and is
believed to have been a specialist marine diver (Fordyce et al., 1986). A number of
anatomical novelties differentiate penguins from other taxa in the class Aves. These
include the loss of flight feathers but retention of wings, the reduction of wing
articulation accompanied by wing flattening, and a well-developed fat layer.
Penguins are believed to share their closest common ancestry with the Gaviiformes
(Olson, 1985) or Procellariiformes (Livezey, 1989; Ho et al., 1976). Most of the 38
fossilised penguin species have been uncovered in New Zealand, but their
distribution spans Antarctica, South America, Australia and Africa (Fordyce and
Jones, 1990). Some penguin species are purported to have gone extinct as recently
as the Holocene (Harrison, 1984). No fossil penguins have ever been found in the
Northern Hemisphere, although fossils of “giant, flightless penguin-like birds”
ascribed to the order Pelecaniformes, have been found in the North Pacific (Olson
and Hasegawa, 1979). While the body masses of the extant species range from 1-
35kg, the more diverse extinct species included the massive Anthropornis grandis,
estimated to have weighed 8lkg (Livezey, 1989). Even more unusual was a giant
late Eocene penguin species found on Seymour Island which had a long dagger-like

bill, possibly used to spear prey (Olson, 1985). In contrast, all extant penguin
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species have short bills and feed mostly on shoaling marine species such as

euphausids or small fish.

The phylogeny of penguin species has received little attention despite being such a
widely recognised group of birds. Only a few studies have attempted to address
this deficiency (e.g. O’Hara, 1989; Edge, 1996; Paterson et al., 1997). This chapter
describes the use of DNA sequences from both the small subunit ribosomal RNA
(rns) and large subunit ribosomal RNA (rnl) genes to reconstruct a phylogeny of the
spheniscids. Based on this phylogenetic analysis, HVR-1 sequence variation among
penguin species is investigated, and the evolution of both length variation and

heteroplasmy are discussed.

Table 4.1. The penguin species with their common names, and the sample sizes for
sequencing of each mitochondrial DNA region are shown. Small subunit ribosomal RNA =
rns, large subunit ribosomal RNA = rnl, and hypervariable region | = HVR-1. Recognised
subspecies: two gentoo subspecies P. p. (papua and ellsworthii); two rockhopper
subspecies E. c. (chrysocome and moseleyi); six little blue/fairy subspecies E. m. (minor,
iredalei, novaehollandiae, albosignata, chathamensis and variabilis); and two king
subspecies A. p. (patagonicus and hall). The collection details for each species are listed
in Appendix Table B.2. The thesis follows the taxonomy of Williams (1995).

Species Common Name ms ml HVR-1
Pygoscelis adeliae Adélie 21 3 381
P. antarctica Chinstrap 5 1 3
P. papua Gentoo 2 1 1
Eudyptes chrysolophus Macaroni 1 1 1
E. schlegeli Royal 1 3 4
E. pachyrhynchus Fiordland crested 3 1 6
E. robustus Snares crested 1 1 1
E. sclateri Erect-crested 3 2 5
E. chrysocome Rockhopper 3 2 4
Megadyptes antipodes Yellow-eyed 5 1 3
Eudyptula minor Little Blue/Fairy 2 1 1
Spheniscus demersus Black footed 1 1 1
S. magellanicus Magellanic 1 1 1
S. humboldti Peruvian 1 1 6
S. mendiculus Galapagos 1 1 1
Aptenodytes patagonicus King 1 1 1
A. forsteri Emperor 2 1 5
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4.2 Methods

4.2.1. Sampling and DN A Extraction

Table 4.1 lists the penguin species and their sample sizes for this study. Total
genomic DNA was extracted from blood or muscle tissue following Sambrook et
al. (1989). Each sample was dissolved in 400 pl of extraction buffer (10 mM Tris-
HCl pH 8.0, 50 mM NaCl, 10 mM EDTA, 2% SDS) containing proteinase K and
incubated at 55°C overnight. The digested tissue was purified by standard
methods of phenol-chloroform extraction. Nucleic acids were then precipitated
with 2.5 volumes of 100% ethanol following by a 70% ethanol wash. The
precipitant was pelleted in a microfuge, dried and resuspended in 200 nl of ultra-

pure H,0.
4.2.2. PCR and DNA Sequencing of the rns and rnl genes

The polymerase chain reaction (PCR) was used to amplify two segments from the
rns and rnl genes wusing the PCR primers L-125A 5'-
AAACTGGGATTAGATACCCCACTAT-3' and 5-CTTCCGGTACACTTACC
TTGTTACGAC-3" H-125B2, and L-16SA2 5-CGACTGTTTACCAAAAACAT
AGCC-3" and H-165B2 5-CCGGTCTGAACTCAGATCACGT-3’, respectively
(modified from Kocher et al., 1989; Palumbi, 1995). Double stranded amplifications
were performed in 25 pul volumes containing 10 mM Tris-HCI pH 8.3, 50 mM K],
1.5 mM MgCl,, 200 pM of each dNTP, 1 uM of each primer, 10-100 ng genomic
DNA, and 1 unit of Tag Polymerase (AmpliTag, PE Biosystems). PCRs were
carried out in a Hybaid thermal cycler at 94°C/10 sec, 58-62°C /10 sec, and 72°C/35
sec for 25 cycles. PCR-products were purified using High Pure™ PCR Product
Purification columns (Boehringer Mannheim). Sequencing reactions were
performed in 10 pl volumes using a DyeDeoxy Terminator Sequencing Kit
(Applied Biosystems). Cycle sequencing reactions were carried out in a Hybaid
thermal cycler at 96°C/10 s and 60°C/4 min for 25 cycles. Removal of excess
DyeDeoxy terminators from the reaction mix was achieved by ethanol/NaOAc
precipitation followed by a 70% ethanol wash. The precipitate was dried in a
concentrator and resuspended in 5 pl of formamide/50 mM EDTA pH 8.0.

Samples were denatured at 90°C, transferred to ice, immediately loaded on a
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Applied Biosystems 377 automated sequencer and run according to the
instructions of the manufacturer. All templates were sequenced in both directions.
Orthologous DNA sequences were aligned and managed in Sequencher ver 3.1.1.
(Gene Codes Corp.).

4.2.3. Phylogenetic Analyses

Maximum parsimony (MP), maximum likelihood (ML) and neighbor-joining (NJ)
methods were employed in the phylogenetic analyses. Outgroup taxa were selected
from four orders closely related to Sphenisciformes: The red-throated loon, Gavia
stellata (Gaviiformes, GenBank accession no. AF173578); horned grebe, Podiceps
auritus (Podicipediformes, AF173567); brown pelican, Pelecanus occident
(Pelecaniformes, AF173570); and great shearwater, Puffinus gravis
(Procellariiformes, AF173572). All phylogenetic analyses were carried out in
PAUP* 4.0b4a (Swofford, 2000). To accommodate rate variation among sites, the
shape parameter (a) of a gamma distribution (I') was estimated using ML (Yang,
1994). The MP analysis used the heuristic search procedure, with 100 random
replicates. The robustness of the phylogeny was assessed with a non-parametric
bootstrap analysis using 1000 replicates (Felsenstein, 1985). Several different
character-weighting schemes were introduced since weighted parsimony can
perform better than unweighted (Hillis et al., 1994). Analyses were performed
considering: (1) transitions (ti) and transversions (tv) equally; (2) a priori weighting
of ti and tv (ti:tv) 5:1 according to the observed ratio between the ingroup and
outgroup and within the ingroup (ratio = 5:1, Figure 4.1); (3) additional ti:ts ratios of
3:1, 7:1 and 10:1; and (4) tv only. In addition, a successive-approximation approach
to weighting of characters was performed according to their "cladistic reliability”
(Farris, 1969; Williams and Fitch, 1989). Reweighting was based on both the
consistency index and the mean rescaled index of the most parsimonious tree and a
base weight of 1.0. Neighbor-joining analyses (Saitou and Nei, 1987) were
performed and 500 bootstrap replicates were used to assess the sampling error in
the phylogenetic estimate. Three methods that accounted for multiple substitutions
were used to estimate evolutionary distances: Jukes-Cantor (Jukes and Cantor,
1969), Kimura's two-parameter model (Kimura, 1980), and Tamura-Nei's method
(Tamura, 1992). In addition, Unweighted Paired-Group Method of Arithmetic
Means (UPGMA) analyses were conducted also using PAUP* 4.0b4a.
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4.2.4. PCR and DNA Sequencing of the Hypervariable Region I

Primers to the nad6 L-strand (5-ACTAAACCAATTACCCCATAATA-3’) (Chapter
Three) and the trnE H-strand (5-GTTCCTGTGGTTGAAGTAACA-3’) of Adélie
penguins were used to amplify DNA flanking the mtDNA control region in all
penguin species. All PCRs contained 0.4 pM of each primer, 200 uM of each dNTP,
1.5 mM MgCl,, 10 mM Tris-HCI pH 8.3, 50 mM KCl, and 1 unit of Tag DNA
polymerase (AmpliTaq, PE Biosystems). Thermal cycling conditions were 94°C/10
sec, 50°C/10 sec, and 72°C/25 sec for 30 cycles. PCR products were purified and
sequenced as described above. These DNA sequences were aligned and conserved
regions were used to design two penguin specific L-strand PCR-primers for trnE
(see Table 4.3 in the Results section). A primer (5'-
ATGCCGCGATCACGGACGAAAATGQG) designed to the H-strand of the central
conserved domain of the Adélie penguin control region sequence (presented in
Chapter Three) was used in conjunction with one of the trnE primers, to amplify
and sequence (as above) the control regions of all other penguins species, except
emperor and king penguins. These sequences were aligned and two primers,
spanning a shorter region, were designed to the conserved D box which lies close to

the variable 5’-end on the periphery of the central domain (Table 4.3).

To distinguish between nuclear derived control region sequences and mtDNA
heteroplasmy, a long-PCR fragment of 6.0 kb that spanned the mitochondrial
genome from cob to rnl, was amplified from Fiordland crested penguins and
sequenced. The long-PCR template was generated using the Expand™ Long
Template PCR System (Boehringer Mannheim) using two PCR primers designed to
conserved portions of the rnl gene 5-TGATTGCGCTACC
TTCGCACGGTTAGGATACC-3" (H-ExpPeng-rnl) and the cob gene 5'-
CCATTCCACCCCTACTACTCCACAAAAGA-3 (L-ExpPeng-cob). All PCR
reactions contained 0.3 nM of each primer, 500 uM of each dNTP, PCR Buffer 3 (50
mM Tris-HCI pH 9.2, 16 mM (NH,),SO,, 2.25 mM MgCl,, 2% DMSO and 0.1%
Tween 20) and 2.6 units of Expand™ Long Template enzyme mix. The resulting
PCR product was purified using High Pure™ PCR Product Purification columns
(Boehringer Mannheim), and the control region was amplified and sequenced as

above.
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4.3 Results

4.3.1. DNA Sequence Variation in the rns and rnl Genes

A total of 985 nucleotide sites were included in the analyses of rnl and rns
sequences, of which 159 (16.1%) were variable and 122 (12.4%) were parsimony
informative. On average (including outgroup taxa), the nucleotide (r) composition
for both the rnl and rns was n, = 0.31, n; = 0.21, nc = 0.27, and n; = 0.21. This base
composition was stationary across the data set (x* = 8.54, d.f. = 60, P = 1.0). More
variation was observed in the rns data set (84 of the 411 b.p. were variable, 20.4%),
compared with the rnl data set (75 positions in 574 b.p. were variable, 13.1%).
Whenever multiple representatives from the same species were sequenced,
identical results were obtained. Using the ML, tree the shape parameter of a

gamma distribution (') was estimated at 0.3553.

The plot of the absolute number of ti versus tv both within the ingroup and
between the ingroup and outgroup is shown in Figure 4.1. Theoverall ratio of ti to
tv (1) is 5:1 (i.e. 5 ti to every 1 tv). However, ti appear to have reached saturation in
the extreme comparisons of the ingroup, and between the ingroup and outgroup
(Figure 4.1). An analysis of the substitutional spectrum for the ingroup and
between the ingroup and outgroup is presented in Figure 4.2. The L-strand
sequence shows CT ti predominate, while A<>C changes are the most frequent tv
and G T the least common of all changes. A detailed pairwise comparison
showing percentage sequence differences and number of ti and tv for all ingroup
comparisons, is presented in Table 4.2. When the substitutional spectrum of the
ingroup is compared with the outgroup (Figure 4.2) there is an overall increase in
the number of observations; however, there is a disproportionate increase in A<>C
changes compared with all other tv. The percent sequence differences for pairwise
comparisons ranged from 7% to <1%. None of the taxonomic comparisons
revealed identical sequences. Number of substitutions among members of the
ingroup, with respect to both ti and tv, ranged from one (Fiordand vs Snares) to 74
(Adélie vs Galdpagos). When considering tv only the substitutional differences
range from as low as zero (for nine pairwise comparisons) to as high as 21 (king

penguins compared with yellow-eyed penguins).
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Figure 4.1. The number of transversions versus the number of transitions in the combined
rnl and rns data set. The filled circles are ingroup comparisons and open circles are

ingroup to outgroup comparisons.
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Figure 4.2. The type and average number of substitutions among the ingroup taxa (left)
and between the ingroup and outgroup taxa (right) for L-strand sequences. Transitions
(A/G and C/T) occur more frequently that transversions (A/C, A/T, C/G and G/T). A/C
changes have increased disproportionately to other transversions from the ingroup to

outgroup comparison.
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Table 4.2. Pairwise comparisons of ingroup taxa for their percentage sequence difference (lower diagonal) and number of transitions compared
with transversions (upper diagonal) in the combined rn/ and rns data set.

Ade Chi Gen Mag Bla Per Gal Mac Sna Fio Roy Ere Roc Yel Emp Kin Lit
Ade - 27/2 30/4 59/9 59/9 58/9 65/9 52/13 55/11 56/11 5211 5713 50/11 56/12 49/15 47/15 55/10
Chi 0.03 26/2 52/7 52/7 51/7 58/7  48/11 50/9 49/9 47/9 50/11 48/9 49/10 45/15  48/15 51/8

Gen 0.04 0.03 - 50/9 50/9 49/9 56/9 48/13 5011 51/11 4711 5013 46/11 4912 4717 52/17 51/10
Mag 0.07 0.06 0.06 = 3/0 9/0 5/2 40/10 37/8 38/8 38/8 36/10 39/8 40/9 46/16  47/16 39/5
Bla 0.07 0.06 0.06 0.00 10/0 8/2 39/10 36/8 37/8 37/8 35/10 38/8 41/9 47116  48/16 38/5

Per 0.07 0.06 0.06 0.01 0.01 - 8/2 39/10 36/8 37/8 37/8 35/10 38/8 39/9 44/16  45/16 40/5

Gal 0.08 0.07 0.07 0.01 0.01 0.01 = 43/12 4010 4110 4110 39/12 4210 42/11 50/18 51/18 43/7
Mac 0.07 0.06 0.06 0.05 0.05 0.05 0.06 - 10/2 11/2 1/2 8/3 10/2 26/4 50/20 47/20 45/12
Sna 0.07 0.06 0.06 0.05 0.05 0.05 0.05 0.01 = 1/0 9/0 6/1 8/0 27/5 48/18 46/18  42/10
Fio 0.07 0.06 0.07 0.05 0.05 0.05 0.05 0.01 0.00 10/0 7N 9/0 28/5 4918 47/18  43/10

Roy 0.07 0.06 0.06 0.05 0.05 0.05 0.05 0.00 0.01 0.01 e 7 9/0 25/5 50/18 47/18 43/10
Ere 0.07 0.06 0.07 0.05 0.05 0.05 0.05 0.01 0.01 0.01 0.01 - 121 26/7 47/20 45/20 40/12
Roc 0.06 0.06 0.06 0.05 0.05 0.05 0.06 0.01 0.01 0.01 0.01 0.01 5 29/5 48/18  46/18  46/10
Yel 0.07 0.06 0.06 0.05 0.05 0.05 0.06 0.03 0.03 0.04 0.03 0.04 0.04 = 46/21  45/21  41/11

Emp 0.07 0.06 0.07 0.07 0.07 0.06 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 - 15/2 48/15
Kin 0.07 0.07 0.07 0.07 0.07 0.06 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.02 S 49/15

Lit 0.07 0.06 0.07 0.05 0.05 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.07 0.07 -
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4.3.2. The Phylogenetic Relationships of Penguins

The MP (Figure 4.3), ML (Figure 4.4), UPGMA (Figure 4.5) and NJ (Figure 4.6)
methods all recovered similar trees, although the bootstrapped MP tree had three
polytomies. Different weighting schemes employed in the MP analysis recovered
similar topologies. A successive-approximation approach to the weighting of

characters recovered a tree of the same topology as the MP tree in Figure 4.3.

In all phylogenetic analyses the penguins were monophyletic relative to the four
outgroup suborders. These analyses also showed a good correspondence between
the currently recognised taxonomy of penguins and their phylogenetic
relationships (i.e. all six genera were monophyletic). The Aptenodytes species (king
and emperor) were the most basal clade to the outgroup species, and nested
between this group and the Eudyptes and Spheniscus groups were the three
Pygoscelis species. To investigate the significance of monophyly in the ingroup, 100
replicates of a topology-dependent permutation tail probability test (T-PTP, Faith,
1991) were performed. In the present study, the T-PTP showed a significant
difference from the MP tree of 473 steps, while the permuted data ranged from 708-
732 steps (P = 0.01).

A comparison of all trees showed disagreement on the placement of taxa within the
genus Spheniscus; for example, the NJ tree ((magellanic, Galdpagos), black footed,
Peruvian) compared to the ML tree ((Peruvian Galdpagos), black footed,
magellanic). The total distance between the magellanic and black footed penguins
(three transitions) is much less than the distance for the other five possible
comparisons among the magellanic, black footed, Galdpagos and Peruvian
penguins (average of ten substitutions). Other data sets (morphology and cob
sequences) show Galdpagos and Peruvian penguins are more closely related to
each other than to the other Spheniscus species (Edge, 1996). A comparative plot of
tv versus ti for members of the genus Spheniscus and all other penguin taxa, and a
plot for the genus Eudyptes and all other taxa, were generated (data not presented).
The plot of Spheniscus shows an obvious gap between the within genus and
between genera comparisons. Transitions quickly approach a plateau for all
comparisons between genera. In contrast, a smaller gap is apparent in Eudyptes.

Hence the combination of deep and shallow splits within the ingroup may
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inadvertently group unrelated taxa. A non-random deletion (i.e. of taxonomic
groups) followed by an MP analysis showed that the removal of Eudyptes,
Megadyptes and Eudyptula species gave a topology for the Spheniscus ((Galapagos,
Peruvian), (black footed, magellanic)) comparable to that recovered from other

studies using the cob gene and morphological characters.
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Figure 4.3. The bootstrapped maximum parsimony tree showing relationships among
penguin taxa and the outgroup. The numbers represent the proportion of bootstraps that
supported each node. There were ten most-parsimonious trees of 473 steps recovered
(consistency index = 0.6047, retention index = 0.6825).
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Figure 4.4. The maximum-likelihood tree showing relationships among penguin taxa and
the outgroup. When unconstrained this topology has a -Ln(L;) score of 3941.2 and when a
molecular clock is enforced -Ln(L,) = 3963.6. A likelihood ratio test of these two L values

shows a significant difference (P = 0.0008).
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Figure 4.5. The UPGMA tree showing genetic distance among extant penguin taxa and

the outgroup
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Figure 4.6. The neighbor-joining tree showing relationships among penguin taxa and the
outgroup. This topology has a minimum evolution score of 0.43114 (i.e. sum of all branch
lengths). None of the nodes had negative branch lengths. Overall the branch lengths to
outgroup taxa were all > 0.04, while the longest ingroup branch was to the little blue penguin
(0.0204), and the shortest to the Snares penguin (0.000083).

4.3.3. DNA Sequences from the Hypervariable Region I

A total of 519 sites were included in the analysis (which includes the ~100 b.p.
insertion), of which 288 (55.5%) were variable and 206 (40%) were phylogenetically
informative. On average, the base composition was =, = 0.31, n; = 0.27, nc = 0.24,
and ng = 0.18, and was stationary across all taxa in the data set (x> = 47.93, d.f. = 42,
P =0.245). A ML tree (-Ln(L) = 3312.3) was used to estimate the shape parameter
(o) at 2.07 for the gamma distribution (I'). There was intraspecific variation for
every case where multiple representatives of the same species where sequenced. A
comparison of ti and tv (Figure 4.7 and Table 4.4) revealed an almost 1:1
relationship between many of the pairwise comparisons, hence ti appear to have
reached a plateau. The averages for each type of substitution in the L-strand
sequence are presented in Figure 4.8. Overall, there are on average 80 ti and 54 tv.
There are a similar number of C+T and A+>G ti, while all types of tv are common,
except C—G, which is probably due to the low G+C content of this sequence. All
pairwise comparisons of the percentage sequence difference as well as the number

of ti and tv for all ingroup comparisons, are presented in Table 4.4. Differences in
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sequences range from 37.5% (the black footed penguin compared with gentoo
penguin) to 4% (e.g. the Galdpagos with Peruvian penguins). For every species

comparison both ti and tv differences were noted.
4.3.4. Heteroplasmy and Insertion-deletion Events

The sizes of the HVR-1 fragments amplified and sequenced for each species are
presented in Table 4.3. Samples from emperor and king penguins could not be
amplified using these primers. These are the most basal species from the ribosomal
genes and presumably have nucleotide substitutions in the primer sites that
prevented them from being amplified. The majority of the HVR-1 fragments were
653-663 b.p. long, although in Adélie and gentoo penguins the PCR fragments were
767 and 763 b.p. respectively. These two species differed from the others by a ~100
b.p. insertion near the central conserved domain and just inside the 5’-domain.
DNA sequence alignment was partially confounded by the presence of small indels

across all species.

Ten of the species sequenced showed presumptive mitochondrial heteroplasmy
(Table 4.3). In these species, sequencing with the L-strand primer resulted in two
sequences appearing in electropherograms directly after a poly-C stretch (see
Appendix Figure B.4). This interrupted poly-C sequence is at positions 34-55 in the
Adélie penguin control region and is thought to be involved in the termination of
the displacement loop (D-loop) during replication (Chapter Three). Direct
sequencing of the 5-end of long-PCR fragments from the Fiordland crested
penguins shows the same double sequence pattern. This result reinforces the
suggestion of heteroplasmy and excludes the possibility of preferential
amplification of a nuclear mitochondrial segment. With the exception of the poly-C
region, sequencing with the H-strand primer resulted in unambiguous
electropherograms. The presence or absence of heteroplasmy and the ~100 b.p.
insertion (see Table 4..3) was plotted on to the bootstrapped ribosomal MP tree
(Figure 4.9), and revealed neither HVR-1 character has a monophyletic origin

within penguins.
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Table 4.3. Details of mtDNA control region primers designed for penguins. The sample
sizes(n), primer combinations, sizes of amplified fragments, and the presence/absence of
presumptive heteroplasmy are shown. Primer sequences: A (L-trnE, 5-CCCGC
TTGGCTTYTCTCCAAGGTC), B (H-Dbox, 5-CTGACATAGGAACCAGAGGCGC), C (L-
trnE, 5-CCTGCTTGGCTTTTYTCCAAGACC), D (H-Dbox, 5-CTGACCGAGGAACCAGA
GGCGC).

PCR Primer Presumptive
Penguin Species n Combinations Size (b.p.) Heteroplasmy
Adélie 290 A/B 767 No
Chinstrap 3 A/B 662 Yes
Gentoo 1 A/B 763 No
Macaroni 1 C/D 658 No*
Royal 4 C/D 659 No*
Fiordland crested 6 C/D 662 Yes
Snares crested 1 C/D 662 Yes
Erect-crested 5 C/D 660 Yes
Rockhopper 4 C/D 663 Yes
Yellow-eyed 3 C/D 670 Yes
Little/Fairy 1 C/D 655 Yes
Black footed 1 C/D 653 No
Magellanic 1 C/D 654 Yes
Peruvian 6 C/D 657 Yes
Galapagos 1 C/D 655 Yes
King 1 - - -
Emperor 5 = - -

*There were 4-5 double peaks in these electropherograms.
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Figure 4.7. The number of transversions compared with the number of transitions in the
HVR-1 data set from 15 penguin species.
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40

cr A/C AT CIG G/T

Type of Substitution

Figure 4.8. The type and number of substitutions in the HVR-1 sequences. Transitions
(A/G and C/T) occur more frequently that transversions (A/C, A/T, C/G and G/T). Overall
there is an average of 63 transitions and 38 transversions.
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Table 4.4. Pairwise comparisons of penguin taxa for their percentage sequence difference (lower diagonal) and number of transitions compared

with the number of transversions (upper diagonal) in the HVR-1 data set.

Ade Gen Chi Mag Roy Fio Sna Roc Ere Yel Bla Mac Hum Gal Lit

Ade - 70/37 47/20  75/58 83/49 73/51 82/50 78/47 74/50 80/50 74/58 80/50 70/61 70/61 85/54
Gen 0.215 - 46/21 82/64 75/58  76/57  78/58  78/58 81/56  72/63  78/64  70/58 72/68 76/68 90/65
Chi 0.168  0.168 - 81/58 79/53  80/50  87/51 78/52  73/49 80/53  77/57 82/52 75/61 73/61 81/58
Mag 0.332  0.366 0.359 - 67/41 61/42  70/43 68/41 60/41 60/44  32/6 67/39 40/6 43/6 71/39
Roy 0.330 0.335 0.341 0.270 - 43/10  49/11 52/8 54/8 52/27  66/41 5/11 67/38 65/38 75/36
Fio 0.311 0.336 0.335  0.257 0.133 - 251 34/13 42/6 58/30  55/44 41/7 58/39  57/39 53/39
Sna 0.330 0.342 0.355 0.282 0.150  0.065 - 42112 45/7 59/31 60/45 53/8 72/40 71/40 58/38
Roc 0.314 0.345 0336  0.273 0.151 0.118 0.134 - 32/11 55/30  66/43 52/9 73/38 67/38 56/37
Ere 0.311 0.345 0.314  0.252 0.156 0.120 0.129 0.107 - 40/26  58/43 59/5 69/37  62/37 52/34
Yel 0.325 0.339 0.343  0.260 0.198 0.220 0.224 0.212 0.165 - 66/48 52/29 66/43  61/43  63/42
Bla 0.346 0.375 0.362 0.099 0.281 0.260 0.275 0.286 0.264 0.299 - 67/41 4112 4112 67/43
Mac 0.326 0.322 0.346 0.264 0.040 0.120  0.152 0.153 0.160  0.200 0.283 - 63/36 63/36 76/35
Hum 0.326 0.349 0.351 0.115 0.263 0.243  0.280 0.279 0.264 0.273 0.139 0.248 - 17/0 70/37
Gal 0.326 0.359 0.346  0.122 0.258 0.241 0.278 0.263 0.247 0.260 0.138 0.248 0.042 - 69/37
Lit 0.348 0.390 0.359  0.276 0.280 0.232 0.241 0.236 0.217 0.264 0.291 0.280 0.270 0.267 -
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Figure 4.9. The reconstructed phylogeny of heteroplasmy in ten species and the ~100b.p.
indels event recorded in the gentoo and Adélie penguins. This tree topology is based on
the bootstrapped MP analysis of the ribosomal genes.
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4.4 Discussion

44.1 Phylogeny and Sequence Diversity

The phylogenetic analysis of the two mtDNA ribosomal genes shows that penguins
are a monophyletic group. This result was not unexpected. Based upon
morphological characters and the fossil record penguins have always been
considered to have arisen from a common origin. The tree topologies at the generic
level presented here are similar to analyses performed on morphology (O’Hara,
1989), morphometrics (Livezey, 1989) and cob gene sequences (Edge, 1996). The
king and emperor penguins (Aptenodytes spp.) are the most basal species, which is

in agreement with the findings of Sibley and Ahlquist (1990).

The six penguin genera are quite distinct from each other. Some ingroup
comparisons had a similar number of transversional differences as ingroup to
outgroup comparisons. This pattern is consistent with other mtDNA sequences
from penguins. For example, Edge (1996) presented a ML tree (based on cob
sequences) that placed the Aptenodytes spp. as basal; however, a MP tree in the same
study showed the pygoscelid species as the basal group. The bootstrap proportions
for the difference placement of these genera was <50% for both ML and MP
methods suggesting the topology was not robust. In contrast, the ribosomal DNA
data presented here showed high bootstrap support for the basal nodes (>90%) and
supported the first split to the Aptenodytes spp. Using the raw data of Edge (1996), a
plot of ti vs tv was constructed (see Appendix B.5). This graph reveals a similar, but
more pronounced pattern than that found for the ribosomal data. There is a steep
increase in ti that quickly reaches a plateau at the same level as the outgroup taxa.
This sudden saturation could result in ambiguities for the deeper branches in a
penguin phylogeny. Because of the contrasting depths of splits within the
penguins, a combination of gene sequences with different rates of evolution will be

better at resolving different parts of the tree.

The shallow sequence divergence within both the eudyptids and spheniscid species
was perhaps not surprising given the close morphological resemblance of species
within these groups. The eudyptid species all share crests or tufts of feathers on

their heads. Fiordland and Snares penguins are sometimes difficult to distinguish,
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apart from slight differences in their bills, head stripes, and yellow plumes
(Warham, 1974b; Warham, 1974a). Considering the ribosomal gene sequence data
only a single ti separates this species pair, while HVR-1 sequences showed 25 ti and
one tv. Simpson (1976) raised the question of whether royal and macaroni penguins
were a different species or subspecies. The royal penguins are distinguished from
the other eudyptids by a white coloured chin and side of the head. However, an
occasional morph with a white coloured head has turned up in macaroni penguin
colonies, and royal penguins without the distinctive white coloured patterns have
also been seen. For these species the ribosomal DNA sequences show three
substitutions, while 16 (4%) are seen between HVR-1 sequence comparison. Among
individuals of the royal penguin species, 1.3% sequence difference was detected.
The average sequence divergence within Adélie penguins was the largest at 4.1%.
When Adélie penguin HVR-1 sequences were compared with their closest relatives,
the mean sequence divergence was 24.8% with gentoo penguins and 30% with
chinstrap penguins (Table 4.4). Thus, there was more intraspecific variation in
Adélie penguins than between the interspecific comparison of macaroni and royal

penguins.

The ribosomal DNA sequence of the spheniscids revealed the absolute number of
substitution does not always correspond to the placement of taxa on the
phylogenetic trees. Morphology and analyses of cob and HVR-1 sequence concur
with the ML and UPGMA analysis of rnl and rns; magellanic and black footed are
more closely related to each other than to either the Peruvian or Galdpagos species.
Interestingly, the magellanic, Peruvian and Galdpagos penguins have all been

known to hybridise both in captivity and in the wild (Williams, 1995).

Numerous fossilised penguin species have been recovered from the late Tertiary
period, however, only two species (Pygoscelis tyreei and Aptenodytes ridgeni) are
considered part of the modern fauna (Simpson, 1972). These two late Pliocene
species were recovered from boulders on Motunau Beach in the South Island of
New Zealand, and considered closely related to the modern gentoo and emperor
penguins, respectively. Unfortunately the absence of HVR-1 data from the emperor
and king penguins, precluded using these fossil records to estimate a phylogenetic

rate of substitution for the control region in the pygoscelid and aptenodytid species.
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4.4.2. The Evolution of Heteroplasmy and Indels in the HVR-1

Ten of the penguin species showed presumptive mtDNA heteroplasmy. This
heteroplasmy is most likely due to length differences and appears at a common
position in the control region for all penguin species. Various forms of
heteroplasmy have been described in mtDNA, the most common are differences at
particular nucleotide positions among genomes (e.g. Lightowlers et al., 1997;
Chinnery et al., 2000). Other forms of heteroplasmy are the result of a variable
number of repetitive sequences (Lunt et al., 1998). The type of length heteroplasmy
that appears in penguins has not yet been described for any other vertebrate
species. The most interesting aspect of this heteroplasmy is that it may be
associated with the termination of, or extension from, the D-loop during replication.
It could be that the daughter H-strand begins to extend and then prematurely
terminates at the Termination Associated Sequences (TAS). This type of
heteroplasmy could be explained if the extending strand skipped on the secondary
structure as it reaches the point of termination. Alternatively, slippage could also
occur on these complex secondary structures when replication of the daughter H-

strand is re-initiated from the D-loop (see Figure 3.3 from Chapter Three).

In Figure 4.9 the presence or absence of length heteroplasmy has been plotted onto
the MP phylogenetic tree. It appeared from the tree topology that there were either
multiple gains or losses of heteroplasmy in penguins. For example, heteroplasmy
was detected in the chinstrap penguin, but not in either the gentoo or Adélie
penguins. These latter taxa branch before and after the chinstrap respectively.
There are also three other losses of heteroplasmy across the tree (includes black
footed, macaroni and royal penguins). The samples sizes in this study are too small
to detect the prevalence of heteroplasmy throughout a species. Moreover, with a
small sample size the presence of heteroplasmy is conclusive, but a negative result
is not. Length heteroplasmy of this type may be the result of a particular sequence
type arising through point mutations at the area near the D-loop termination. If a
particular sequence array arose (e.g. increased G + C content) at important
positions, it might tend to reduce slippage events and hence heteroplasmy. The
rapid elimination of haplotypes at the oocyte bottleneck of mtDNA inheritance,
could quickly remove heteroplasmy from a maternal lineage in a few generations

(Chinnery et al., 2000). Longitudinal sampling of HVR-1 sequences within species
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may show that heteroplasmic states become homoplasmic over a short evolutionary

time.

There is a 100 b.p. indel in the HVR-1 of gentoo and Adélie penguins compared
with all the other penguin species sampled. Unfortunately, the basal king and
emperor penguins were not represented in this study so polarity (e.g. ancestral or
derived) could not be ascribed to this character. If both the emperor and king
penguins possessed the indel then it is more likely that it was lost (i.e. a deletion
event) in all other penguins, including the close relatives of the gentoo and Adélie;
the chinstrap. In Chapter Three illegitimate elongation was identified to explain the
presence of 81 b.p.-repeats in the 3’-end of the Adélie penguin mtDNA control
region. Similarly, illegitimate extension of the D-loop could explain the presence of
the large indel in the gentoo and Adélie penguins. Intraspecific comparisons of the
3’-end among Adélie penguins revealed a variable number of tandem repeats
(Chapter Three). In contrast to the 3’-end repetitive sequences, the 5-end indel in
Adélie and gentoo penguins appears to evolve over long periods of time. In
summary, given that Adélie and gentoo penguins share the same length HVR-1
sequence it is therefore the most appropriate species to use as the outgroup

sequence to Adélies in the following chapters.
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Chapter Five

The Two Maternal Lineages of Adélie
Penguins: An Ice-Age Legacy

5.1 Introduction

The rapidly evolving and maternally inherited mtDNA has been used extensively
to study gene flow and population-genetic structure in species (Avise, 1992; Avise,
2000). Genetic structuring of mtDNA can result from processes acting within and
among populations, and/or historical events such as habitat fragmentation, range
expansion and colonisation (Templeton, 1995). Marked genetic structure has been
correlated with limited dispersal ability and morphological clines, for example in
the flightless brown kiwi (Baker et al., 1995) and red-winged blackbirds (Ball et al.,
1988). However, cryptic population structure has been reported in many species
including migratory humpback whales (Baker et al., 1994) and holarctic-breeding
dunlins (Wenink et al., 1996). In these cases, behavioural characteristics such as sex-
biased dispersal or natal philopatry were suggested to have had the greatest
influence on structuring. For many terrestrial species, phylogeographic structuring
and recent speciation events have been linked to bottlenecks and founder events

caused by disruptive Pleistocene ice-ages (Avise, 1989; Avise and Walker, 1997;
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Hewitt, 2000). The goal of many intraspecific mtDNA studies has been to
understand what factors result in either the absence of genetic diversity, or promote

genetic divergence among populations.

A range of factors could influence the population-genetic structure of Adélie
penguins, including their behaviour, population size, circum-Antarctic distribution
and the glacial history of the continent. The total population size of Adélie
penguins is estimated to be around 15 million (Williams, 1996). They are known to
breed as far south as Cape Royds, Ross Island (77°33’S, 166°10’E), and as far north
as Bouvetoya (54°26’S, 3°24’E). All of the known breeding locations for Adélie
penguins are within the Antarctic convergence associated within the limits of the
pack-ice (Fraser et al., 1992). The Ross Sea region harbours the highest densities of
breeding pairs, with the largest rookery of 282,307 pairs situated at Cape Adare
(Taylor et al., 1990). Two abiotic characteristics are highly correlated with the
presence of Adélie colonies. The first is a stony ice-free area, since Adélies use
small stones to build their nests. The second is ready access to open sea, as Adélies
feed mainly on krill and small fish. In addition, areas of open water surrounded by
ice, known as coastal polynya, have been implicated as an important feature
contributing to the distribution of many Arctic (Falk and Mpgller, 1997) and
Antarctic (Ainley, 2001) bird species. Antarctic coastal polynya are often created by
katabatic winds (cold dense air literally falling down slopes such as glaciers due to
gravity) flowing off the continent and pushing pack-ice out to sea (Gordon and
Comiso, 1988).

Like most penguin species, Adélies are colonial breeders. A regular annual
breeding cycle is important since the Antarctic has such a short summer window.
They are socially monogamous, although extra-pair copulations in exchange for
nest building material (small pebbles) is a common feature at colonies (Hunter and
Davis, 1998). Generally, Adélie penguins lay two eggs each season. Breeding
usually begins in the austral spring and chicks fledge 5-6 months later during
February or March. Two to three year old individuals wander through their natal
rookery and engage in low-key territorial displays (Sladen, 1953). Ainley et al.
(1983) reported significant numbers beginning to breed at 5-7 years in males and 4-6

years in females at Cape Crozier. Based on mark-recapture data, 96% of those
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precipitated with 2.5 volumes of 100% ethanol followed by a 70% ethanol wash.
The precipitant was pelleted in a microfuge, dried and resuspended in 200 ul of TE
buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA).

ROSS SEA

~- > Drygalski Ice Tongue 750

-

Figure 5.1. The distribution of active Adélie penguin rookeries in Antarctica (black and grey
indicate areas of high and low density respectively). The location of the permanent ice at two
different times during the Pleistocene is indicated by dotted lines, LGM = Last Glacial
Maximum. The sites of collection, with latitude and longitude coordinates, are given: 1. Welch
Island (67°33’S, 62°55’E); 2. Gardner Island (77°52’S, 68°34'E); 3. Torgersen Island (64°46’S,
64°05'W); 4. Cape Royds (77°33'S, 166°10’E); 5. Cape Crozier (77°14’S, 166°28’E); 6. Cape
Bird (77°30’S, 162°10’E); 7. Beaufort Island (76°56'S, 167°03'E); 8. Franklin Island (76°07'S,
168°15'E ); 9. Inexpressible Island (74°53'S, 163°45'E ); 10. Adélie Cove (74°45'S, 164°00'E );
11. Edmonson Point (74°19'S, 165°04'E); 12. Cape Wheatstone (72°37'S, 170°14'E ); 13.
Cape Hallett (72°19'S, 170°12'E).
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The hypervariable region I (HVR-1) was amplified using the primers specific to
Adélie penguins (reference numbers correspond to the sequence reported in Ritchie
and Lambert, 2000) AH530 (5'- CTGATTTCACGTGAGGAGACCG-3’), AH432 (5'-
GCTGGTCCTTGTACCATGGAC-3’), AL93 (5-CATTTAATGTACGT ACTAGGA
C-3"), and L-tRNA®" (5-CCCGCTTGGCTTYTCTCCAAGGTC-3’). Amplifications
from 1 pl of the extracts were conducted in 25 pul volumes with 1 unit of AmpliTag
(PE Biosystems), 10 mM Tris-HCl 8.0, 50 mM KCl, 1.5 mM Mg(Cl,, 0.4 uM of each
primer and 200 pM of each dNTP. PCR products were purified with the QIAquick
PCR purification kit before direct sequencing using the Big Dye Terminator
sequencing kit (PE Biosystems) and analysis on a 377A automated sequencer (PE

Biosystems).

To verify that amplified sequences were of mitochondrial origin, rather than
nuclear copies, a large portion (ca. 6.0 kb) of the Adélie penguin mitochondrial
genome was amplified and sequenced. The long PCR template was generated
using the Expand™ Long Template PCR System (Boehringer Mannheim) using two
PCR-primers designed to conserved portions of the rnl gene 5'-
TGATTGCGCTACCTTCGCACGGTTAGGATACC-3’ (H-ExpPeng-rnl) and the cob
gene 5-CCATTCCACCCCTACTACTCCACAAAAG A-3 (L-ExpPeng-cob). All
PCR reactions contained 0.3 pM of each primer, 500 nM of dNTPs, PCR Buffer 3 (50
mM Tris-HCI pH 9.2, 16 mM (NH,),SO,, 2.25 mM MgCl,, 2% DMSO and 0.1%
Tween 20) and 2.6 units of Expand™ Long Template enzyme mix. The resulting
PCR-product was purified using High Pure™ PCR Product Purification columns
(Boehringer Mannheim), and the control region was amplified and sequenced as

above.

Sequences were aligned in CLUSTAL V and managed in Sequencher ver. 3.1.1
(GeneCodes, Incorp.). Base frequencies and pairwise comparisons of sequence
differences were determined using PAUP*4.0b4a (Swofford, 2000). To
accommodate rate variation among sites the shape parameter (o) of a gamma
distribution (I') was approximated. An estimate of a was obtained by calculating
the frequency distribution of parsimony-type changes required at each site across a
neighbor-joining tree, and fitting a negative binomial distribution to these
frequencies (Sullivan et al., 1995). Haplotypic diversity was calculated as h = (n/(n-
1))(1-Zf?), where f; is the frequency of the ith haplotype in a sample of n individuals.
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Nucleotide diversity was calculated as & = (n/(n-1))(Xffp;), where f; and f; are the
frequencies of the ith and jth haplotypes in a sample of size n, and p; is the

estimated sequence divergence between the ith and jth sequence (Nei, 1987).

Using Jukes-Cantor corrected distances, a test for geographic structuring was
performed using an Analysis of Molecular Variation (AMOVA) (Excoffier et al.,
1992) with Arlequin ver. 2.0. An AMOVA calculates a ®g; statistic that is analogous
to an Fg; measurement of fixation. A significance test of the ®s; was performed
using 1,000 random permutations of samples drawn from the total population. The
significance level (0.05) was adjusted using a sequential Bonferroni procedure (Rice,
1989). A Mantel’s permutation test (Mantel, 1965) was used to compare matrices of
distance between populations (kilometres) and the ®g; statistics. The relationships
among haplotypes were determined using a split decomposition graph in SPLITS
TREE 2.4 (Huson, 1997), a minimum spanning network (Kurskal, 1956), and
neighbor-joining (Saitou and Nei, 1987) in PAUP* 4.0b4a. A UPGMA tree was
constructed using HKY85 corrected maximum likelihood distances and
demographic history inferred using a likelihood evaluation and a skyline plot in
GENIE ver. 1.0 (Pybus et al., 2000).

5.3 Results

5.3.1. Summary Statistics

A total of 381 individuals from 13 Antarctic collection sites were sequenced during
this study and analyses were conducted on a 352 b.p. portion of the HVR-1 L-strand
sequence. This smaller portion of the HVR-1 control region was chosen for
compatibility with the results in the next chapter on ancient DNA. The 352 b.p.
region showed asymmetric base frequencies (r, = 0.30, ny = 0.31, nc = 0.20,and g =
0.19) and strong bias towards transitional mutations (frequencies C<T = 0.65, GEA
= 0.35 and transversions < 0.01) over 153 variable sites. There were 153 variable
sites, of which 124 were informative for parsimony. Using a neighbor-joining tree, a
maximum likelihood estimate of the purine/pyrimidine transition ratio (x) was
calculated as 1.46 and the transition/transversion ratio (1) as 47.3. The distribution

of the number of parsimony-type changes across the neighbor-joining tree had a
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mean of 3.153 (o = 12.817), and the gamma correction parameter was approximated
at 0.4366 (the distribution is presented in Appendix B.6).

There were a total of 287 haplotypes detected in the pooled sample of all
populations. The sample sizes, number of haplotypes, haplotypic diversity (h),
nucleotide diversity (r) and range of sequence differences for each population are
presented in Table 5.1. Populations in the Ross Sea have a higher nucleotide
diversity (average n = 0.0423 + 0.0067) than those sampled from other Antarctic
locations (average n = 0.0198 + 0.0011). The haplotypic diversity within each
population is also high (0.9973 from the pooled sequences). Figure 5.2. shows the
number of individuals with a unique haplotype (n = 249) along with the number of
individuals (ranging from 2-9) that share a haplotype. Tajima’s (1989) test for
selective neutrality (D statistic) was applied to the sequences and showed no

significant deviation from neutrality in any of the populations.

Table 5.1. The sample size (n), number of haplotypes (no. H), haplotypic diversity (h),
nucleotide diversity (m) and the range of sequence dissimilarity among pairwise comparisons
for all populations sampled. The asterisk (*) indicates sequences that were not collected as
part of this thesis research.

Population n no. H h n range
Cape Bird 123 104 0.9969 0.0393 0-0.11
Cape Royds 38 33 0.9915 0.0312 0-0.10
Cape Crozier 29 26 0.9901 0.0465 0-0.10
Beaufort Island 22 20 0.9870 0.0381 0-0.09
Franklin Island 16 15 0.9917 0.0411 0-0.11
Inexpressible Island 27 24 0.9915 0.0360 0-0.10
Adélie Cove* 16 16 1.0000 0.0421 0.003-0.10
Edmonson Point* 13 13 1.0000 0.0438 0.003-0.09
Cape Wheatstone* 10 10 1.0000 0.0534 0.003-0.09
Cape Hallett 29 28 0.9975 0.0513 0-0.11
Torgersen Island 16 5 0.9917 0.0205 0-0.032
Welch Island 21 21 1.0000 0.0205 0.004- 0.03
Gardner Island 21 21 1.0000 0.0186 0.003-0.03

Pooled 381 287 0.9973 0.0380 0-11.3
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Figure 5.2. The frequency distribution of individuals in which any one haplotype is present (ie.
249 haplotypes are unique to an individual; one haplotype is present in nine individuals).

5.3.2. Population Subdivision

The overall ¢sr (= 0.029, P = 0.002) was low, indicating that only 2.9% of the
variation was due to population differences and hence there is very little population
structuring. Table 5.2 shows the nucleotide differences between populations
(expressed as ¢sr values) and whether or not each result is significantly different
from randomly drawn individuals from the two populations pooled. Using a
sequential Bonferroni adjustment of the significance level, Cape Wheatstone shows
significant ¢s; statistics when compared with the three populations outside the Ross
Sea. Under the same criterion Gardner Island shows a significant difference when
compared to Cape Hallett. Figure 5.3 is a plot of geographic distance (kilometres)
versus the ¢s; value for each population comparison. The Mantels test showed no
significant association between the ¢ statistic and geographic distance matrices (r?
=0.025, P = 0.19).
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Table 5.2. Pairwise comparisons of the ®4; values among populations of Adélie penguins. The lower diagonal shows the ®g; values, an
expression of nucleotide difference between populations. The upper diagonal represents probabilities of the observed ®4; value occurring by
chance in 1,000 random permutations. The bolded numbers show the significant comparisons using a sequential Bonferroni adjustment at the
0.05 level. The first three letters from the name of each population are presented.

Bir. Roy . Cro. Bea. Fra. Ine. Adé. Edm. Whe. Hal. Tor. Wel. Gar.
Bir. - 0.310 0.087 0.676 0.896 0.858 0.996 0.760 0.007 0.038 0.023 0.969 0.016
Roy . 0.000 - 0.040 0.303 0.433 0.250 0.516 0.525 0.095 0.334 0.011 0.320 0.007
Cro. 0.015 0.050 = 0. 885 0.490 0.374 0.459 0.238 0.003 0.004 0.083 0.916 0.027
Bea. -0.010 0.004 -0.002 - 0.815 0.643 0.968 0.747 0.014 0.141 0.035 0.627 0.017
Fra. -0.019 -0.007 -0.007 -0.027 - 0.967 0.950 0.799 0.032 0.212 0.120 0.999 0.039
Ine. -0.011 0.006 0.000 -0.016 -0.030 = 0.892 0.516 0.013 0.081 0.120 0.999 0.033
Adé. -0.026 -0.013 -0.006 -0.038 -0.043 -0.028 = 0.882 0.086 0.285 0.083 0.949 0.037
Edm. -0.019 -0.016 0.010 -0.031 -0.037 -0.016 -0.044 - 0.093 0.424 0.018 0.339 0.019
Whe. 0.172 0.080 0.282 0.175 0.160 0.205 0.144 0.111 - 0.262 0.000 0.000 0.000
Hal. 0.032 -0.003 0.093 0.028 0.019 0.047 0.008 -0.008 0.011 - 0.003 0.027 0.000
Tor. 0.058 0.108 0.026 0.060 0.043 0.031 0.057 0.097 0.387 0.171 — 0.999 0.026
Wel. -0.017 0.000 -0.015 -0.009 -0.058 -0.062 ~-0.030 0.003 0.308 0.079 -0.036 - 0.999
Gar. 0).1055 0.102 0.031 0.067 0.053 0.045 0.063 0.099 0.418 0.175 0.029 -0.045 =
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Figure 5.3. The isolation by distance graph. The ¢gt statistics are plotted against
geographic distance (kilometres) for every population comparison.

5.3.3. Relationships Among Haplotypes

A mismatch distribution of all pairwise comparisons of percentage sequence
difference is presented in Figure 5.4; this includes chinstrap and gentoo penguins,
which were used as outgroup species. The sampled Adélie penguin sequences
differ from their two closest relatives by 25-33%. The most striking feature of this
distribution is the bimodality of sequence differences across all sampled Adélies;

one mode is at 2% and the other at 8% sequence difference.

The split decomposition graph, minimum spanning network and neighbor-joining
tree are presented in Figure 5.5 (a), (b) and (c) respectively. The most prominent
feature of these analyses is the presence of two major lineages. Split decomposition
graphs of a large number of taxa are often unresolved (Bandelt and Dress, 1992).
However, the single line connecting the two lineages in the present data set
indicates very little conflict, or even none, among sequence comparisons for this
split. Thirteen mutually compatible sites were used to construct the minimum

spanning network in Figure 5.5 (b); eight of these positions supported the two
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lineage split and five other positions supported the data being split further into
seven subgroups. The outgroup sequences from gentoo and chinstrap penguins fall
in the middle of this two lineage split, according to the eight sites used to
differentiate the lineages on the network. A bootstrapped NJ tree, with 1,000
replicates and rooted with both the gentoo and chinstrap penguins, shows 100%

support for the two lineage split.
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Figure 5.4. Mismatch distribution of all pairwise comparisons of Adélie penguins and to
their two closest relatives the gentoo and chinstrap penguins

Two checks were performed to control for the possibility of a nuclear rather than
mitochondrial origin for the sequence data. First, the same sequences were
obtained across the control region for both the long and short PCR product,
indicating that both had been amplified from the same template. Secondly,
sequence data obtained from 640 b.p. of the cob mtDNA gene (n=10) shows a fixed
difference between these two HVR-1 types, as a single G-A transition. This single
difference is a silent substitution at the third position of a serine amino acid (base

pair number 15,214 in the chicken mitochondrial genome).

The geographic distribution of each lineage is presented in Figure 5.6. One lineage
was recorded exclusively in the Ross Sea and is designated the Ross Sea (RS)
lineage, whereas the other was present at all locations around the Antarctic

continent and is designated the Antarctic (A) lineage. A feature of the lineage
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distribution is the decreasing frequency of the RS lineage with increasing latitude.
In Figure 5.6 the frequency cline has been divided into regional groups according to
known locations of the grounded ice shelf during the retreat of the Ross Ice sheet
since the Last Glacial Maximum (LGM) 17-20 kyr BP. These four groupings
comprised Ross Island (Capes Bird, Royds and Crozier, and Beaufort Island), Terra
Nova (Franklin and Inexpressible Islands, Adélie Cove and Edmonson Point),
Hallet (Capes Wheatstone and Hallett) and the non-Ross Sea (Torgersen, Welsh and
Gardner Islands). The frequencies of the A and RS lineages in each regional group
are presented in Table 5.3 and Figure 5.6. A contingence y’-test was performed to
compare the relative numbers of each lineage between regions (Table 5.3). This test
showed a significant difference in all comparisons at the 99% confidence level,

excluding the comparison of Ross Island with Terra Nova.

Table 5.3. The P values for the contingence ¥>-tests among the four regional groupings and
the frequency of each lineage within each group.

Ross Island Terra Nova Hallett

Ross Island -

Terra Nova 0.492 -

Hallett 0.000 0.000

non-Ross Sea 0.000 0.001 0.000

The average uncorrected sequence divergence within each lineage, including each
haplotype only once, is d, = 0.0214 + 0.0026 (n = 224) and dgs = 0.0254 + 0.0035 (n =
63); between these two lineages d,,gs = 0.0833 + 0.0111. Standard errors were
calculated in MEGA ver 2.0 (Kumar et al,, 2001) using a bootstrap procedure with
500 replicates. To estimate the net distance between the two lineages, adjustment
was made for within lineage polymorphism d,gjseq = da/rs - 0.5 (d4 + dgs)) = 0.0705 =
0.0123 (Nei, 1972; Wilson et al., 1985).
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Figure 5.5. Split decomposition graph (a), minimum spanning network (taken from
Lambert et al., Appendix D) (b), and a neighbor-joining tree (c). These analyses all show
the clear split between lineages A and RS. The minimum spanning network shows seven
subgroups (lineage A 1-4 and RS 1-3), with the defining substitutions on each connecting
branch. The bracketed numbers represent the position in the HVR-1 data set for each
transitional change. The neighbor-joining tree is rooted with two outgroup species, gentoo
and chinstrap penguins.
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Figure 5.6. The relative frequencies of the A (black) and RS (white) lineages at sampled
populations around Antarctica (see Table 5.3). The numbers correspond to populations
identified in Figure 5.1. The location of the grounded ice at two different times during the
Pleistocene is indicated by dashed lines, LGM = Last Glacial Maximum.
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5.3.4. Population History

The population history of each lineage (A and RS) was inferred from reconstructed
genealogies. This analysis assumes that as a population expands there is an
increase in the survival rate of new lineages. A likelihood approach can be used to
distinguish whether the observed genealogy (i.e. the number of coalescent events) is
better explained by one of two demographic models: constant population size or
exponential growth. First, a Kolmorgorov-Smirnov (KS) goodness-of-fit test was
performed, which showed no significant difference between the observed (A and
RS lineages) and the two expected (modelled) distributions (Table 5.4). Secondly, a
maximum likelihood evaluation of each lineage showed that an exponential growth
model better explained population history (Table 5.4). A likelihood ratio test (LRT)
indicated a highly significant difference between maximum likelihood estimates for
constant and exponential models. Furthermore, the confidence limits for p
(exponential growth rate r divided by p) never included zero. A comparison of
model parameters (summarised as o = p8) between lineages can suggest either a
larger effective population size or higher exponential growth rate (r). The values o,
= 92.97 and ois = 83.48 (which are independent of the substitution rate) show a
difference between lineages; however, the confidence limits for 8 and p overlap.
Presented in Figure 5.7 and 5.8 are the skyline plots for lineages A and RS
respectively. These plots show changes in the estimated effective population size

over time.

Table 5.4. The maximum likelihood estimates on the demographic models of constant
population size and exponential growth. Presented are analyses of each lineage, treated
separately and combined. The Kolmorgorov-Smirnov (KS) goodness-of-fit test critical values
at 0.05 are 0.16322 (A lineage), 0.07725 (RS lineage) and 0.06941 (A + RS lineage). The
model parameters are 8 = N*p and p = the exponential growth rate/py. The confidence limits
(C.L.) of the latter parameter are given.

Lineage  Model KS-test ML value 0 P pC.L.
A Constant 0.05753 33.671 0.3300

Exponential 0.05727 90.855 0.5832 159.41 134.53 — 182.51
RS Constant 0.03990 57.712 0.1720

Exponential 0.03986 80.111 0.4894 170.54 130.96 — 207.60
A+ RS Constant 0.05452 -100.45 0.4795

Exponential 0.05423 -30.471 0.7680  118.01 103.51 — 130.71
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Figure 5.7. The skyline plot for the A lineage. The y-axis is logarithmic. Time on the x-
axis is measured in units of substitutions. The y-axis represents the changes in the
effective population size taken from the observed coalescent intervals in the genealogy.
An increase in the number of coalescent intervals corresponds to an increasing population
size. Maximum likelihood estimates for this lineage show that an exponential growth
model better explains the history of this population (p confidence limits = 134.53 —
182.51).
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Figure 5.8. The skyline plot for the RS lineage. The y-axis is logarithmic. Maximum
likelihood estimates for this lineage show that an exponential growth model better explains
the history of this population (p confidence limits = 130.96-207.60).
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5.4 Discussion

This chapter sought to characterise the level of diversity in Adélie penguin
populations, and to describe and interpret present population structuring with
respect to the glacial history of Antarctica. Adélie penguins have high levels of
haplotypic (h = 0.997) and nucleotide (n = 0.038) diversity compared with other bird
species. Baker and Marshall (1997) summarised the studies of mtDNA control
region variation of bird species and showed that diversity ranged from the knot
(Calidris canutus) h = 0.449 and = = 0.01, to the gray-crowned babbler (Pomatostomus
temporalis) h = 0.973 and = = 0.037. A high level of genetic diversity has also been
detected in a microsatellite DNA study of Adélie penguins; heterozygosity levels
from seven loci ranged from 0.25-0.9 (Roeder et al., 2001). Populations with high h
and n are reasoned to have been large for a long period of time, whereas a large h
and small = indicate a population bottleneck followed by rapid growth (Grant and
Bowen, 1998). Adélie penguins have a large population size, estimated at 15 million
individuals. The high level of haplotypic diversity and heterozygosity suggest that
this population size has been sustained over a reasonable period of time. However,

labelling any & or & value as ‘high’ or ‘low’ involves arbitrary classification.

Felsenstein (1992) was the first to point out that more information about a
population history could be inferred from a genealogy than from pairwise or
segregating sites methods. Subsequently, Nee et al. (1995) proposed that the history
of a population could be estimated by plotting time as a percentage of substitutions,
against a logarithmic transformation of the number of lineages. The lineages-
through-time plot can estimate parameters such as exponential growth or constant
population size over the period covered by the coalescence. Genealogies with deep
branches, indicating limited population growth for a long period of time, show a
downward concavity on the graph. Conversely, many shallow branches indicate a
rapidly expanding population history and show an upward concavity. Nee et al.
(1995) constructed a lineages-through-time plot for humpback whale mtDNA
control region data, and demonstrated that the sequences were drawn from a
population that had maintained a constant size. Subsequent developments on these
techniques produced mid-depth methods (Pybus et al., 1999) and maximum
likelihood parameter estimates (Pybus et al., 2000).  Most of these later

developments focused on populations of rapidly evolving pathogens. In this study,
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an estimate of the demographic history of each lineage was obtained using a
maximum likelihood estimator. This likelihood approach revealed that each Adélie
penguin lineage (A and RS) has undergone rapid expansion during the period
covered by the coalescence events. A similar conclusion was not evident in the high

levels of nucleotide diversity detected in each lineage.
5.4.1. Population Subdivision

In this study, the ¢os; values showed little significant genetic structuring between
most pairs of populations. The Cape Wheatstone population provided almost all of
the significant comparisons, possibly due to a combination of small sample size
(n=10) and the high frequency of the RS lineage recorded at this site. Considering
the high level of haplotypic diversity within each population, the sample sizes may
have been too small to show any existing structure between populations using ¢s;
statistics. A study of five microsatellite DNA loci from Adélie penguins also
showed very little genetic structuring (the overall Fs; = 0.0007) (Roeder et al., 2001).
However, despite the lack of subdivision indicated by the ¢, genetic structuring
was evident from the distribution of two deeply split lineages (A and RS) around
the Antarctic continent. The A lineage was found in all locations around Antarctica
and the RS lineage was only recorded in the Ross Sea, indicating restricted long-

distance movement.

There are several possible explanations for the geographic structure to mtDNA
lineages, yet lack of structure to microsatellite alleles, among Adélie penguin
populations. First, there is structure to these populations but insufficient time has
elapsed for genetic differentiation of nuclear alleles. Since, Adélie penguins have a
large population size, genetic drift and the formation of genetic structure will
proceed relatively slowly. However, mtDNA has one-quarter the effective
population size of a diploid locus and the geographic distribution of the A and RS
lineages may represent the more rapid fixation of mitochondrial lineages. Second,
there may be a male biased gene flow. Females who perpetuate a mtDNA lineage
may remain at their natal colonies, whereas males, who do not transmit their
mtDNA, disperse outside the Ross Sea. Nuclear alleles are continually being
exchanged among populations via male migration. There is evidence of Adélie

penguins returning to their natal areas (Ainley et al., 1983), but little information on

83



Chapter 5: The Two Maternal Lineages

their dispersal and even less on the comparison of sexes. Last, the RS lineage may
not be detected in locations other than the Ross Sea because it is present at such low
frequencies. If there is a low level of migration among populations then there is a
high probability of RS lineage extinction, shortly after arrival at a location. If the RS
mitochondrial lineage is moving outside of the Ross Sea, it may take a long period
of time to become established at colonies distant from the Ross Sea or a very large

sample size may be necessary for it to be detected.

5.4.2. The Origin of Two Lineages

The two divergent mtDNA lineages (A and RS) present in the Ross Sea Adélie
penguin populations could have arisen under several different conditions. First, in
a population that has maintained a very large effective size over a long time period,
there is a high probability of old (i.e. highly divergent) lineages having survived
(Avise et al., 1984; Rogers and Harpending, 1992). Second, the lineages could be the
result of recent contact between two populations having evolved in allopatry.
Third, some form of “intrinsic isolation” between sympatric populations could have
given rise to divergent lineages (Avise et al., 1987). For example, divergent mtDNA
lineages have been attributed to the maintenance of female social groupings in
macaque monkeys (Hoelzer et al., 1994), and host-specific races of females in the
common cuckoo (Gibbs et al.,, 2000). A mixture of highly divergent mtDNA
lineages in populations is most often attributed to secondary admixture between
previously isolated populations (Avise, 2000). Ice-age refugia account for deeply
split mtDNA lineages in a number of high-latitude species, especially in species
from the Northern Hemisphere (Quinn, 1992; Taberlet et al., 1992; Monehan, 1994;
Bensch and Hasselquist, 1999). The Quaternary environment (beginning ca. 3.5-1.8
Myr BP) has been characterised by frequent and rapid changes in the world’s
climate, including large-scale glacial cycles (Williams et al., 1998). Within this
Epoch the Pleistocene showed very regular cyclic glacial and interglacial periods.
Over the last 900 kyr these glacial cycles lasted nearly 100 kyr, the end of each cycle
punctuated by a short warm period (Imrie et al., 1992). The expansion of the
Antarctic ice sheets during the late Pleistocene most likely resulted in a
discontinuous distribution of Adelie penguin populations around the Antarctic

continent for up to 100 kyr at any one time. Large-scale disruptions to gene flow
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between ice-age Adélie penguin populations would have persisted as recently as
15-20 kyr BP.

The entire Ross Sea embayment would have been uninhabitable to Adélie penguins
due to the periodic expansion of the Ross Ice Shelf during the Pleistocene. The
grounding line of the Ross Ice Shelf is currently about 900 km from the edge of the
ice shelf at Ross Island. This ice shelf is fed mainly by ice streams falling ~2000m
from the West Antarctic Ice Sheet through subglacial valleys, in some cases moving
at a rate of 100 m/year (Joughin et al, 1999). This large shelf of ice is held in place
by the buttressing effect of the Eastern coast as it swings “like a door”, hinged north
of Roosevelt Island, to fill half the Ross Sea (Denton et al., 1989). Lower sea levels
experienced during glacial periods would encourage the advance of the Ross Ice
Shelf grounding line, through thickening and subsequent backfilling. Moreover,
the procession of the ice shelf further into the Ross Sea would eventually meet with
additional glacial outlets along the Northern Scott coast (e.g. the David Glacier) and
the Borchgrevink coast, increasing the overall input on the Eastern edge. At the last
glacial maximum the grounding line was as far north as Coulman Island and the
shelf front stretched from Possession Island across to the coast north of Roosevelt
Island (Denton et al., 1989). At that time Ross Island would have been almost 900

km inland and surrounded by a huge grounded ice sheet.

At the time of the last glacial maximum, ice-free areas would have been rare, if
present at all, in Antarctica (Colhoun et al., 1992). The isolation of Antarctica from
other major landmasses would have limited the ability of Adélie penguins to
simply move north, as the southern latitudes became uninhabitable. Moreover, the
expansion of the sea-ice would have meant there was a long distance to travel to
feed in the sea when an ice-free area was occupied on the continent. Benthic
sedimentation of “C-rich organic material from Antarctic sea-ice algae has been
used to indicate the extent of the sea-ice during the last glacial maximum (Gibson et
al., 1999). Studies have shown that the summer sea-ice may have extended as far as
the winter sea-ice now reaches (Cooke and Hays, 1982; Gersonde and Zielinski,
2000). Ice-free areas would have been present on some of the Peri- or Subantarctic
islands, or if ice-areas were present on the continent they may have been

surrounded by open waters formed by polynya.
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The cline of the RS and A lineage frequencies in the Ross Sea suggests a refugia for
the RS may have been north of the Ross Sea, and that after deglaciation the RS
lineage moved down the coast as the Ross Ice Shelf retreated. The candidate ice-
free areas (i.e. refugia) are Cape Adare (71°17’S, 182°24’E) and the Balleny Islands
(66°55’S, 163°20’E). Cape Adare currently has the largest population of Adélie
penguins, and the East Antarctic Ice Sheet has never overrun the surrounding
mountains in the last 6-8 Myr (Armienti and Baroni, 1999). The A and RS lineage
have many shallow branching events, typical of a population having undergone
rapid expansion. As the Ross Ice Shelf retreated, the population from which RS
originated may have moved southwards to reach Ross Island; while the A lineage
could have rapidly expanded around Antarctica to occupy the majority of the
current breeding locations. The centre-of-origin of the A lineage is more difficult to
determine, as there is no obvious indicative cline in frequencies outside the Ross
Sea. Interestingly, the population history of emperor penguins may contrast with
that of the Adélie penguins. Emperors are a high-latitude Antarctic penguin species
and make their nests on ice, travelling over 200 km across sea ice to sites (William,
1995). Not being bound to ice-free areas, this species would simply have moved
with the advancing ice during the Pleistocene glacial cycles. A survey of mtDNA
variation in emperors would not be expected to show such a distinctive two-lineage

pattern.

The deeply split lineages and history of rapid population growth are consistent
with the influence of glacial ice expansion and contraction through the late
Pleistocene and the Holocene. Adélie penguins had limited opportunity to breed
on the Antarctic mainland during the last 100 kyr of the Pleistocene and were
separated into two allopatric populations. The effects of the last ice-age on Adélie
penguin population size is more difficult to determine. A bottleneck signal (i.e. low
nucleotide diversity) is not obvious from the summary statistics. The multitude of
branching events in the mtDNA genealogy as a result of rapid population
expansion, in addition to the length of time since the last glacial maximum, may
obscure any record of a severe population bottleneck. Populations in ice-age
refugia most likely had a smaller effective population size than present populations.
They would have remained under these conditions for a long period of time and as
a consequence mitochondrial lineages sorted into two types (A and RS). However,

one parameter missing from this discussion is an accurate estimate of the
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substitution rate (k). An estimated evolutionary rate would enable a date to be
assigned to the split of the two lineages. This date would give a more precise link
to the glacial cycles and their effect on population structure and genetic diversity.
This issue will be further explored in the final chapter in which the evolving

lineages are measured.
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Chapter Six

Ancient DNA from Cryopreserved
Adélie Penguins in Antarctica

6.1 Introduction

The aim of this thesis research was to estimate a rate of evolution for the mtDNA
control region, utilising both modern and ancient DNA sequences. The previous
chapter dealt with the genetic parameters of the hypervariable region I (HVR-1)
within and among modern populations of Adélie penguins. In order to estimate a
rate of evolution, DNA sequences need to be serially sampled through time.
Presented in this chapter are HVR-1 sequences of DNA extracted from a large
number of ancient subfossil Adélie penguins. Many of these penguins died
thousands of years ago, but their DNA still remains intact and amenable to genetic

analyses.

6.1.1. The Stability of DNA

DNA has limited stability and will quickly degrade without the constant attention

of cell repair mechanisms. However, small amounts of DNA can remain intact, if
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protected under the right conditions, for thousands and even tens of thousands of
years. The ability to retrieve old or ancient DNA with the polymerase chain
reaction (PCR) from organisms long after death, has given rise to a new field of
research: molecular archaeology (Pédébo et al., 1989). The recovery of ancient DNA
from preserved materials has allowed genetic analyses of, for example, extinct
Neanderthal species (Krings et al., 1997), Holocene pocket gopher populations
(Hadly et al., 1998) and even pedigrees from the remains of a Tsar Nicholas IT and
his family (Ivanov et al., 1996). The sensitivity of PCR to amplify from a few
remaining templates has allowed ancient DNA retrieval, however, this sensitivity
has also caused a series of contamination problems (Handt et al., 1994; Austin et al,,
1997).

Ancient DNA is highly modified, fragmented and surrounded by compounds
which are inhibitory to enzymatic manipulation (Paidbo, 1989; Paabo, 1990).
Hydrolytic attack and oxidative damage are the two main modes of spontaneous
DNA decay (Lindahl, 1993) (Figure 6.1). The most common target of hydrolytic
disassociation is the liable N-glycosidic bond (base-sugar) at each purine base, a
process known as depurination. For example, in one living human cell up to 10,000
spontaneous depurination events are predicted to occur each day (Lindahl and
Nyberg, 1972). DNA fragmentation most likely follows depurination, as breakage
can easily occur at 3’-phosphodiester bonds on the DNA backbone through B-
elimination. Hydrolysis will also deaminate cytosine and adenine to form uracil
and hypoxanthine, respectively. Oxidative damage to DNA is usually a direct
result of ionising radiation, or free radicals created in water by irradiation (Lindahl,
1993). DNA can never escape damaging free radical "OH species; even in its A-
form (dehydrated) water molecules are still present in grooves along the double
helix. Amplification by PCR can not proceed if DNA is heavily damaged (Hoss et
al., 1996), and if DNA is moderately damaged it can cause PCR to generate

erroneous copies of the original template (Paébo et al., 1990; Kamiya et al., 1994).
6.1.2. Factors Affecting the Instability of DNA
Cold temperatures, high ionic strength mediums, desiccating conditions and

exclusion of oxygen have all been implicated in retarding the degradation of DNA'’s

primary structure (Lindahl, 1993; Waite et al., 1997). Aspartic acid racemization
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proceeds at a similar rate to depurination of DNA, and has been a useful indicator
for the preservation of DNA in fossil specimens (Bada et al., 1994; Poinar et al.,
1996). In an organism the functional levo (L)-isomeric form of an amino acid is
dominant, the non-functional dextro (D)-isomer is actively discarded. However,
after death transformations between the L- and D-forms proceed back and forth
until both reach equilibrium. This process of amino acid racemization, like
depurination, is strongly affected by temperature. Results from amino acid
racemization and the recovery of ancient DNA suggest that the processes of
nucleotide decomposition are significantly slower in a cold environment (Poinar et
al., 1996).

The amount and type of oxidised DNA adducts in ancient specimens, has been
assessed using mass spectrometry (Hoss et al., 1996). The highest concentration of
oxidised bases are from the thymine derivatives, 5-hydroxyhydantoin (5-OH-Hyd)
and 5-hydroxy-5-methyl-hydantoin (5-OH-5-MeHyd), as well as 8-hydroxyguanine
(8-OH-Gua). A hydantoin is a 5-member stable ring, formed through saturation
and then condensation of the 6™ carbon atom from a pyrimidine ring, and in the
case of 5-OH-5-Hyd the CHj; group is also lost (Breimer and Lindahl, 1985). A
consequence of this modification is the inability to pair with any other nucleotide,
which means that polymerase enzymes will stall when posed with this adduct.
Hoss et al. (1996) found that specimens from cooler climates show the least
oxidative damage and contained DNA that could be readily amplified by PCR.
Poinar and Stankiewicz (1999) went on to show that alow D/L ratio of aspartic acid
(<0.12) and alanine (<0.01), as well as, minimal levels of hydantoins (<1.72
nmol/mg), all correlate with the recovery of well preserved ancient DNA. Most
importantly, these authors showed that ancient DNA is better preserved in a cold

environment.

Studies on the preservation of DNA suggest that in a cold and dry environment like
Antarctica, DNA should remain largely intact over long periods of time. In this
chapter the quality of DNA found in cryopreserved subfossil bones is discussed. In
the previous chapter sequencing results from modern Adélie penguin populations,
showed the presence of two deeply split mtDNA lineages (A and RS) in the Ross
Sea. A cline of the relative frequencies of these lineages along the coast suggested

the invasion by two allopatric ice-age populations after the last deglaciation. Using
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ancient DNA sequences from C*-dated bones, the relative invasion times for these

populations is determined.
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Figure 6.1. The degradation of a DNA molecule results from hydrolytic attack and oxidative
damage. The single arrows indicated the bonds liable for hydrolytic disassociation and the
double arrows indicate the sites susceptible to oxidative damage. G = guanine, C = cytosine,
T = thymine, and A = adenine. Adapted from Lindahl (1993).

6.2 Materials and Methods

Subfossil Adélie penguin bones were collected from 16 locations along the coast of
the Ross Sea (Figure 6.2). Samples were collected from abandoned nesting sites
both in the vicinity of presently occupied rookeries and in relict rookeries. Subfossil
bones were excavated using a stratigraphic method in which pits from 1-2 to 6 m?
were excavated, layer by layer, from the top. This method allowed the
identification and separation of individual remains within the same layer, excluded
top layer contamination, and identified wedges of sediments reworked by

periglacial processes.

96



Chapter 6: Ancient DNA from Antarctica

Cb } Antarctica

Figure 6.2. The distribution of abandoned Adélie penguin rookeries where subfossil bones
were sampled (sfb = number of subfossil bones collected), with latitude and longitude
coordinates: 1. Cape Crozier (77°14’S, 166°28’E), sfb 54; 2. Cape Bird (77°30’S, 162°10’E),
stb 39; 3. Beaufort Island (76°56'S, 167°03'E), sfb 20; 4. Spike Cape (77°18’S, 163°33’E), stb
2; 5. Dunlop Island (77°14’S, 163°28'E), sfb 22; 6. Cape Roberts (77°02'S, 163°10’E) sfb 17;
7. Cape Ross (76°43'S, 162°59°E), sfb 19; 8. Depot Island (76° 42' S, 162° 57 E), stb 3; 9.
Cape Day (76°14’S, 162°47°E), sfb 7; 10. Cape Hickey (76°05’S, 162°38'E), sfb 5; 11. Prior
Island (75°41’S, 162°52'E), sfb 12; 11. Cape lrizar (75°33'S, 162°57'E), sfb 9; 12.
Inexpressible Island (74°53'S, 163°45'E ), sfb 37; 13. Northem Foothills (74°45’S, 164°00’E),
sfb 63; 13. Gondawa Station (74°38’S, 164°12'E), sfb 4; 14. Edmonson Point (74°19'S,
165°04'E), sfb 11; 15. Cape Hallett (72°19'S, 170°12'E), sfb, 5. The location of the permanent
ice at different times are indicated by dotted lines, LGM = Last Glacial Maximum. The black
and grey indicate areas of high and low penguin density respectively.

97



Chapter 6: Ancient DNA from Antarctica

Subfossil bone samples were collected and stored frozen, then returned to the
laboratory where they were kept at -20°C. All DNA extractions and setting up of
PCRs from subfossil material were conducted in a dedicated ancient DNA
laboratory, which underwent regular decontamination with UV-irradiation and
hypochloride treatment. Mock DNA extractions and blank PCRs were continually

screened for contamination.

Approximately 0.5 g of each bone was powdered in a sterile ‘coffee-grinder” and
then decalcified in 20 mls of 500 mM EDTA pH 8.0 at room temperature overnight.
The supernatant was removed after centrifugation and the sediment resupended in
5 ml of extraction buffer (10 mM Tris-HCI pH 8.0, 1 mM NaCl), 500 ul of 10% SDS,
30 ul of 200 mg/ml Dithiothreitol (DTT) and 50 pl of 50 mg/ml Proteinase-K (or
Collagenase A). This solution was incubated overnight at 50°C. The samples were
extracted twice with Tris-saturated phenol and once with chloroform:isoamyl (24:1).
This extracted solution was then concentrated to 200 ul on a Vivaspin-30 (Viva
Science, U.K.) membrane. This column is a mechanical sieve, which retains DNA
(above 30,000 MW) while small molecules and chemicals passed through. One
hundred microlitres of the sample was then purified using QTAGEN DNA mini kit
and stored at 4°C. In this final step DNA was bound to silica particles (using a salt
bridge) utilising the free negatively charged oxygen on the phosphate backbone,

and foreign compounds were then washed off the column with buffered ethanol.

The HVR-1 was amplified using the primers specific to Adélie penguins (reference

numbers correspond to the sequence reported in Chapter Three) AH530 (5'-

CTGATTTCACGTGAGGAGACCG-3"), AH432 (5'-
GTGTTCAAGCTCTGCCGTACC-3"), AL305 (5'-
GGACCAGCTCCTAATCCCTTCG-3"), AH271 (5’-

GCTGGTCCTTGTACCATGGAC-3'), AL93 (5'-CATTTAATGTACGTACTAGGA C-
3’), and L-tRNA®" (5-CCCGCTTGGCTTYTCTCCAAGGTC-3’). Amplifications
were carried out in 25 nl volumes containing 1ul of extracted DNA, 1 unit of
AmpliTaq (PE Biosystems), 1.5 mM MgCl,, 2 mg/ml bovine albumin serum (BSA),
0.4 pmol/pl of each primer and 200 pM of each ANTP. Samples were amplified in a
separate laboratory using a Hybaid Thermal Cycler at 94°C/10 sec, 50°C/10 sec,
and 72°C/25 sec for 35-40 cycles. PCR products were purified with the QIAquick

PCR purification kit before direct sequencing using the Big Dye Terminator
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sequencing kit (PE Biosystems) and analysed on a 377A automated sequencer (PE

Biosystems).

The age of selected bones was determined using an Accelerator Mass Spectrometry
(AMS) to measure the relative abundance of the cosmogenic radioisotope **C and its
daughter “N formed by p-emission. The analysis was performed at the Institute of
Nuclear and Geological Sciences in Upper Hutt, NZ. A half-life convention of 5730
years for *C was used. In addition to these direct “C-dated bones, a total of 99
radiocarbon ages were used to assign dates to bones by dating strata from which
they were isolated (see Appendix C).

6.3 Results

A total of 329 subfossil Adélie penguin bones were collected during the course of
this study. DNA extractions were attempted from 110 of these samples, 95 yielded
DNA from which 80 unambiguous DNA sequences were obtained. Mock
extractions and PCR blanks were continually screened and no evidence of
contaminant was seen. A portion of the DNA extractions were conducted twice.
All PCR targets were amplified twice, on separate occasions and each amplicon
sequenced in both directions. Six of the 80 positive DN A samples were extracted,
amplified and sequenced in an independent laboratory at the University of

Auckland. All controls yielded results consistent with authentic ancient DNA.

The level of sequencing error that results from Tag polymerase inserting the wrong
nucleotide across from a damaged nitrogenous base was estimated with reference
to a control sequence (the rns gene). Sequencing errors can occur when, for
example, deaminated cytocine forms uracil, which is, in turn, mis-read by Tag
polymerase as thymine and consequently induces an apparent C to T transition.
Approximately, 313 b.p. of the rns gene was sequenced in ancient material (n=18).
Modern Adélie penguins showed no intraspecific variation for this sequence (n=21).
All ancient DNA sequences from the s gene were also identical to modern
sequences. Hence the background damage induced error rate in this study was

assumed to be low.
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The DNA extracted from these ancient bones exhibited an autofluoresence (a blue-
green colour) in a <600 b.p. range when exposed to UV-light in an agarose gel. This
autofluorescence has been identified as degraded collagen I (~94 kDa), the major
organic component of bone (Scholz et al.,, 1998). Furthermore, these authors
showed that a gelatin solution (collagen-related glutins) inhibited PCR at
concentrations greater than 500 ng/100 ul. Collagen was removed either during
DNA extraction by using Collagenase A (a collagenase suitable for osteoblasts) as a
substitute for Proteinase-K, or during post-DNA extraction clean-up with the silica

columns.

All DNA extraction were a dark brown colour. This colouration may be due to the
presence of melanoidins (brown nitrogenous polymers and copolymers, i.e. sugars
that become covalently attached to proteins), the final products of Maillard
reactions, and fulvic and humic acids (Tuross, 1994). Condensation of reactive
sugars and amino compounds result in products like humus (soil-derived
degradation products) and the browning is a result of an increase in the molecular
weight of proteins (Namiki, 1988). During the extraction procedures, both buffer
saturated phenol and phenol:chloroform:isoamyl were tested. It became apparent
that saturated phenol mixed well with the digested solution and drawing more
dark brown matter away from the aqueous layer. Phenol:chloroform:isoamy]l
(25:24:1) did not tend to mix well and remained clear even after 30 mins, hence
never cleaning the aqueous solution. The contaminating matter in these bones was
presumed to be resisting the hydrophobic property of chloroform. These brown
compounds were persistent during all stages of the purification procedure, even
after washing the DNA across a silica column. These compounds carried through
to the purified DNA and inhibited Tag polymerase until diluted out at 1:100. The
addition of BSA to a final concentration of between 1-5 mg/ml was essential for the

function of any enzymatic reactions (Figure 6.3).

The "“C-dated Adélie penguin bones and their calibrated ages are listed on Table
6.1. The information used to assign “C-dates for each ancient DNA sequence is
presented in Appendix C. The dates assigned to each sample are listed in Table 6.2,
and ranged from 275 to 6082 yr BP. The reservoir effect was accounted for by
subtracting the age average of “C dated samples collected before the 1950-

thermonuclear bomb pulse. Organic material from Antarctica contains ‘old” carbon
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which has entered the food chain from upwellings after being trapped in deep
ocean for hundreds of years, or from carbon released from glacial meltwaters
(Berkman et al., 1998). This long residence time of carbon before entering the food
chain means the radiocarbon age of a sample is much older than the true age. Petri
and Baroni (1997) have quantified the AReservoir (aAR) for Antarctic penguins at 688
+ 55 yr. Since the error varies with time the calibration program Calib 4.2 (Stuiver

et al., 2000) was used to estimate calibrated ages.

1:100
1:200
1:100
1:200
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Figure 6.3. The inhibition of PCR by ancient DNA extracts. Each PCR contained a modem
DNA template and different concentrations of the ancient DNA extract (0 to 1:100 dilution).
The gel on the left shows how ancient DNA extracts strongly inhibited PCR. The gel on the
right shows how high concentrations of BSA prevented the co-extracted inhibitors from
affecting the performance of Taqg polymerase.

The most remarkable result obtained during this study was the amplification of up
to 1600 b.p. of the mitochondrial control region from bones over ~450 years old.
Thirty five percent of the younger bones (under 2000 yr old) consistently amplified
a 663-1042 b.p. sequence. Forty five percent of bones over 2000 yr old consistently
allowed amplification of a 390 b.p. sequence (Figure 6.4, Table 6.2). All of these
results were also independent verified at a laboratory at the University of
Auckland. In total, 82% of sub-fossil bones could be sequenced for this shorter
fragment. Histological sectioning and X-rays of *C-dated bones revealed generally

well-preserved internal structures.
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Table 6.1. Subfossil bones for which direct radiocarbon ages were obtained. All material was
AMS dated at the Institute of Geological and Nuclear Sciences (NZA). The calibrated age
(Cal. Age) is the radiocarbon age adjusted for the reservoir effect with a AR of 688 + 55 using

the program Cal. 4.2.

Extraction Location Carbon Dating  Radiocarbon Age  Cal. Age
Number (yr BP = error) (yrBP)

PE18 Cape Crozier NZA-8818 1475 £ 59 440
PE24 Cape Crozier NZA-10306 1380 +60 310
PE131 Cape Crozier NZA-8819 1503 + 57 461
PE132 Cape Crozier NZA-8820 1616 +62 523
PE37 Cape Crozier NZA-8821 1564 + 55 498
PE48 Cape Bird NZA-9182 1534 + 55 481
PE42 Beaufort Island NZA-12287 1313+ 55 275
PE64 Inexpressible Island NZA-12286 6358 + 55 6082

Cape Crozier Inexpressible Island

C-date 440yr C1-date 6082 yr

b.p.
1042

—855
—663

—390

Figure 6.4. The length of amplified control region sequences from subfossil bone samples of
different ages. These PCRs used the L-tRNA®" primer and additional primers designed from
the control region sequence presented in Chapter Three. Cape Crozier = PE18 and
Inexpressible Island = PE64.

102



Chapter 6: Ancient DNA from Antarctica

Table 6.2. The age assigned of each subfossil bone that ancient DNA was extracted from,
the length of sequence determined, their lineage (A or AS) and the maximum size fragment
(in b.p.) obtaining using PCR. The asterisk (*) indicates bones that direct radiocarbon dates
were obtained. All other dates were assigned to samples using the radiocarbon dating
information presented in Appendix C.

Location Extraction Cal. yrBP Sequence Lineage PCR
1. Adelie Cove PE110 5418 179 RS 179
2! Beaufort Island PE44 275 390 RS 663
3. Beaufort Island PE43 275 390 A 663
4. Beaufort Island PE42* 275 390 A 663
51 Cape Bird PE48* 481 390 A 663
6. Cape Bird PE33 481 390 A 663
7. Cape Bird PE32 481 390 A 663
8. Cape Bird PE31 481 390 A 663
9. Cape Bird PE29 481 390 RS 663
10. Cape Bird PE10 481 390 A 663
11. Cape Bird PEO7 481 390 A 663
12. Cape Crozier PE132* 523 390 A 663
13. Cape Crozier PE131* 461 390 A 663
14. Cape Crozier PE38 446 390 A 663
15. Cape Crozier PE37* 498 390 A 663
16. Cape Crozier PE30 446 390 A 663
17. Cape Crozier PE25 446 390 A 663
18. Cape Crozier PE24* 310 390 RS 663
19. Cape Crozier PE23 446 390 A 663
20. Cape Crozier PE22 446 390 A 1042
21. Cape Crozier PE21 446 390 RS 1042
22. Cape Crozier PE20 446 390 A 663
23. Cape Crozier PE18* 440 390 A 1687
24. Cape Crozier PE15 420 390 RS 1042
25. Cape Crozier PE13 523 390 A 663
26. Cape Day PE130 3364 390 RS 390
27  Cape Hallett PE126 607 390 A 390
28. Cape Hallett PE125 500 390 RS 390
29. Cape Hickey PE89 2965 390 A 390
30. Cape Hickey PE88 2965 390 A 390
31. Cape Hickey PES87 2965 390 A 390
32. Cape Hickey PE74 2513 390 RS 390
33. Cape Hickey PE73 2513 390 A 390
34. Cape Roberts PE112 3091 390 A 390
35. Cape Ross PE85 3514 390 A 390
36. Cape Ross PE84 3514 390 RS 390
37. Cape Ross PE83 3514 390 A 390
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Table 6.2. (continued)

Location Extraction Cal. yrBP Sequence Lineage PCR
38. Cape Ross PE82 3514 390 A 390
39. CapeRoss PES81 3514 390 A 390
40. CapeRoss PE79 3514 390 A 390
41. Cape Ross PE78 3514 270 A 270
42. CapeRoss PE77 3514 390 A 390
43. Cape Ross PE75 3514 120 A 120
44. Depot Island PE122 2911 390 A 390
45.  Dunlop Island PE121 5997 390 RS 390
46. Dunlop Island PE120 5997 390 A 390
47. Dunlop Island PE119 2662 390 A 390
48. Dunlop Island PE118 3530 245 A 245
49. Edmonson Point PE135 1086 390 A 390
50. Historic sample PE39 88 390 A 390
51 Inexpressible Island PE103 2328 390 A 390
52. Inexpressible Island PE104 2328 390 RS 390
53. Inexpressible Island PE107 5706 245 RS 245
54. Inexpressible Island PE106b 5706 120 A 120
55. Inexpressible Island PES5 2328 390 A 390
56. Inexpressible Island PES6 2328 270 A 270
57. Inexpressible Island PE64* 6082 390 A 390
58. Inexpressible Island PE65 6082 390 A 390
59. Inexpressible Island PE66 6082 390 A 390
60. Inexpressible Island PE69 6082 390 A 390
61. Inexpressible Island PE70 6082 390 RS 390
62. Inexpressible Island PE71 6082 290 RS 290
63. Inexpressible Island PE72 6082 120 RS 120
64. Inexpressible Island PE63 6040 260 RS 260
65. Inexpressible Island PES51 2328 390 RS 390
66. Inexpressible Island PE106a 2746 120 RS 120
67. Inexpressible Island PE67 6082 260 A 260
68. Northern Foothills PE123 4270 390 A 390
69. Northern Foothills PE116 4543 390 A 390
70.  Northern Foothills PE115 4543 390 RS 390
71.  Northern Foothills PE113 3970 390 A 390
72.  Prior Island PE101 1057 390 A 663
73.  PriorIsland PE100 949 390 A 663
74.  Prior Island PE9S9 750 390 RS 663
75. Priorlsland PE9S8 1258 390 A 663
76.  Prior Island PE97 750 390 RS 663
77. Prior Island PES5 3888 120 A 120
78.  Prior Island PE93 3888 390 A 390
79. Priorlisland PE91 3888 120 A 120
80. Prior Island PE90 3888 270 RS 270
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For the majority of ancient DNA extractions a 352 b.p. region of the HVR-1 was
obtained (primer sequences were excluded from the 390 b.p. fragment). However,
for a small number of samples, sequences of only 180 b.p. or 270 b.p. were able to be
amplified. The HVR-1 region of ancient DNA sequences possesses asymmetric base
frequencies (n, = 0.30, ny = 0.31, n- = 0.20, and = = 0.19) and strong bias towards
transitional mutations (frequencies C&T = 0.65, G2A = 0.35 and transversions <

0.01). These results are very similar to the pattern detected in the modern samples.

A neighbor-joining tree was constructed for the 80 ancient DNA sequences using
PAUP 4.0* (Swofford, 2000) and is presented in Figure 6.5. Overall there was 4.5%
sequence difference among the 80 ancient DNA sequences, with 55 sequences from
the A lineage (69%) and 25 from the RS lineage (31%). Thirteen samples dated to
between 5706-6082 yr BP from Dunlop and Inexpressible islands are from the A
(n=7) and RS (n=6) lineages (Table 6.2). These indicate that both lineages were
present on the Ross Sea coast at similar frequencies at least as six thousand years
ago. The average uncorrected sequence divergence was calculated for sequences
that were older than 2000 years (mean age = 4,200 yr BP). Within each lineage,
including each haplotype only once, is d, = 0.0227 + 0.0027 (n = 23) and dgs = 0.0268
+ 0.0052 (n = 14); between these two lineages d , g5 = 0.0746 + 0.0108. Standard errors
were calculated in MEGA ver 2.0 (Kumar et al., 2001) using a bootstrap procedure
with 500 replicates. To estimate the net distance between the two lineages,
adjustment was made for within lineage polymorphism d,4j,stea = @ a/rs = 0.5 (d4 +
dgs)) = 0.06114 + 0.0101.
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%S
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Figure 6.5. A neighbor-joining tree of the 80 ancient DNA sequences. This tree was rooted
with the chintrap and gentoo penguins.

6.4 Discussion

6.4.1. Survival and Recovery of Ancient DNA

Subfossil Adélie penguin bones from Antarctica contained an extraordinary quality
of ancient DNA. Well-preserved DNA was interpreted as the ability to amplify
long sequences of DNA, from material dated at hundreds or thousands of years old.
The largest amplicon (~1600 b.p.) was derived from a ~450 yr old subfossil bone.
The maximum size PCR-fragment obtained is not typically reported in ancient
DNA studies, however, most authors report amplifying and sequencing 100-300
b.p. fragments (Rollo, 1998). Previously, the longest reported PCR fragment was
from the study of Hagelberg et al. (1991), who showed a faint amplification of ~800

b.p. sequence from a medieval (1200 A.D.) human skeleton. These authors could
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not make any direct correlation between DNA preservation and burial conditions,

since significant variability in preservation was reported from the same site.

The well-preserved DNA recovered from subfossil Adélie penguin bones, suggest
the cold and arid conditions of Antarctica have dramatically slowed the
decomposition of nucleic acids. Antarctica is colder than any other continent or any
island, recording the lowest temperature ever (-89.6°C) at Vostok station. The
averaged monthly temperatures from several Antarctic locations, as well as those
recorded on a temperate island are shown in Figure 6.6. Cold and dry conditions
slow the process of depurination and oxidation of DNA (Héss et al.,, 1996;
Greenwood et al., 1999). Future studies of amino acid racemization and base
oxidation in Antarctic subfossil material, will most likely show a low rate consistent

with the long length of sequences able to be recovered
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Figure 6.6. The mean monthly temperatures for four southern hemisphere locations.
C.s. = the temperate Chatham Islands (mean 11.1°C). Three Antarctic locations: S.B. =
Scott Base (mean -20°C); S.P. = South Pole (mean -49.3°C); Vos. = Vostok (mean -
55°C). These temperature were recorded from automatic weather stations. Raw data
was obtained from the Space Science and Engineering Center, University of Wisconsin
Madison (ftp://ice.ssec.wisc.edu/).

In this study, there was a negative correlation between the age of a bone and the
length of sequence able to be amplified. For example, for bones dated to 275-1258
yr BP 663-1023 b.p. sequences were routinely amplified, and 180-390 b.p. sequences
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were consistently amplified from bones dated between 1086-6082 yr BP. This age
correlation is unusual since many studies contend there is no relationship between
the age of a bone and DNA preservation (e.g. Hoss et al., 1996). There has not been
a detailed study of dated subfossil bone samples compared with length of
amplifiable sequences. Many ancient DNA studies have a limited sample size, since
large quantities of material from which to extract DNA are not readily available.
Therefore the number of points on which an age to sequence length correlation can
be made is limited. Furthermore, in many situations fragmentation of DNA may
occur too rapidly for such comparisons to be made. Most of the endogeneous DNA
in an ancient sample is thought to fragment within the first few months or years
after death of an organism (Pddbo, 1989). The most common mode of DNA
fragmentation is breakage at 3’-phosphodiester bonds following depurination. The
cold temperatures of Antarctica may have slowed depurination, causing DNA
fragmentation to be slower than in other environments. Data from this thesis
indicates gradual fragmentation of DNA over the time period sampled. Longer
fragments may exist in ancient DNA extractions but modified thymines
(hydantoins) prevent PCR from making double-stranded copies, since polymerases
stall at these lesions. Unfortunately, there has not being a detailed study of ancient
DNA template size, thymine damage and the size range of sequences able to be
amplified. The large number of samples and range of amplicon sizes recovered

from ancient Adélie penguin samples make them ideal for this type of investigation.
6.4.2. Ancient Adélie DNA and the Deglaciation

DNA sequences from radiocarbon dated subfossil bone material revealed the times
A and RS lineages were present in the Ross Sea. These dates can be compared with
the timing of deglaciation after the last glacial maximum (~20 kyr BP) and hence the
arrival of penguins into the area. Ice cores from the Taylor Dome (77°47.7°S,
158°43.1'E) have provided a measure of temperature change in the Ross Sea
embayment, spanning the last glacial maximum to the Holocene (Mayewski et al.,
1996; Steig et al., 1998). These results were obtained by measuring changes in the
concentration of a heavy hydrogen isotope, deuterium (5D), serially through each
core. In a colder climate there is a decrease in the amount of *H,O deposited as
glacial ice. Using 8D measurements Steig et al., (1998) showed that temperatures in

the Ross Sea increased suddenly around 14.6 kyr BP (Figure 6.7). Interestingly, this
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finding mimics the ice core record from Greenland more closely than records from
inland Antarctica. Steig et al. (1998) suggested that during global warming after the
last glacial maximum, the coastal margins of Antarctica were strongly influenced by

Northern Hemisphere heat transferred through deep Atlantic currents.
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Figure 6.7. A proxy for temperature, the deuterium (8D) profile from the Taylor Dome ice
core covering 10-20 kyr BP shows changing climate between 14-15 kyr BP.

Warming of the coastal margins in Antarctica occurred at ~14.6 kyr BP, however the
retreat of the voluminous Ross Ice Shelf lagged several thousand years behind this
temperature change. Conway et al. (1999) proposed that the onset of deglaciation
was some time after 11 kyr BP and the retreat of the Ross Ice Shelf completed
around 7-8 kyr BP. This is based on several lines of evidence. (1) Proglacial lakes
formed by grounded ice damming the Taylor Valley date to 9,420 yr BP. The arrival
of marine molluscs in the proglacial lakes has been “*C-dated to 7,550 yr BP, and
indicates when the grounding line retreated, opening the valley to a marine
environment. (2) The offloading of glacial ice from land, results in isostatic uplift
and the sea level appears to drop. These authors used dated shells, sealskins and
other remains to construct a relative sea level curve from raised beaches on the Scott
Coast. (3) Support is also taken from the height of the Hatherton Glacier that is
strongly effected by the grounding line, as well as (4) the differing accumulation

rates of ice on Roosevelt Island. (5) Lastly, storm patterns around the Taylor Dome
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changed as the Ross Ice Shelf retreated and the modern weather pattern became
established around 6 kyr BP (Morse et al., 1998).

The time of deglaciation is indicative of when two previously allopatric Adélie
populations may have resumed contact after being separated during the last glacial
cycle. Radiocarbon dated penguin remains from the Terra Nova Bay area indicate
occupation began around 7.5 kyr BP (Baroni and Orombelli, 1994). The discovery of
A and RS lineages at approximately equal frequencies in the Ross Sea from 6082
years ago, suggests a simultaneous invasion from two ice-age populations after the
retreat of the Ross Ice Shelf. A rapid influx of both lineages of penguins from ice-
age regufia is consistent with the evidence for rapid population expansion of Adélie
penguins presented in Chapter Five. This illustrates the relationship between the

evolution of the Antarctic continent and its remarkable biota.
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Chapter Seven

Conclusions: Modern and Ancient
Adélie Penguins

7.1 Introduction

The hypervariable region I (HVR-1) of the mtDNA control region was sequenced
for a total of 381 modern and 80 ancient samples of Adélie penguins. The modem
samples were derived from 13 populations around Antarctica and the ancient
samples from 16 locations on the coast of the Ross Sea. This chapter presents an
analysis of the sequence divergence between modern and ancient samples and
discusses recent estimates of the rate of evolution for the HVR-1. The two lineages
of Adélie penguins (A and RS) are deeply split, separated by 6% sequence
difference (Chapter Five). These lineages indicate a population history of Adélie
penguins that is closely associated with the glacial changes in Antarctica during the
ice-ages of the Late Pleistocene. A rate of evolution for the HVR-1 provides an
opportunity to understand the origin of these lineages. Moreover, timing their
divergence can provide a view of how Adélie penguins endure global climate

change while inhabiting the most extreme continent on earth, Antarctica.
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7.2 Measurably Evolving Lineages

7.2.1. A Discussion of the Estimated Rate of Evolution

Any method that measures a rate of evolution from DNA sequences assumes they
are evolving at the same rate. Therefore the HVR-1 data set was tested for its clock-
like structure. Both a relative-rate test (RRT; Wu and Li, 1985) and a likelihood ratio
test (LRT; Felsenstein, 1981) were performed between the two lineages A and RS.
The RRT examines the distance from one reference taxon to two others. A group of
taxa are considered to pass a RRT when there is no significant difference between
the two distance measurements (i.e. d g ~ d5c, Wwhere d is the distance and A, B and
C are three different sequences). A RRT conducted across multiple samples can
estimate the proportion of deviant sequences within a data set. A relative rate test
was performed on 800 combinations of three taxa compiled using a Basic program
and analysed with the software SPLITS TREE ver. 2.4 (Huson, 1997). In each case,
one individual from lineage RS was compared to two individuals from lineage A.
Almost all comparisons in lineage A passed a RRT (89%). The significance levels for

the RRT are presented graphically in Figure 7.1.
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Figure 7.1. The significance values for 800 relative rate tests (RRT). Each test was
performed on random combinations of three sequences between the two lineages. Z-
normal values were calculated as A/standard error.

The LRT looks for a significant difference between maximum likelihood distances
(L) from a tree topology, both constrained and not constrained to a molecular clock
(ie. 2a =log L., aox — 108 Lyoa).- A UPGMA tree was constructed using HKY85
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corrected maximum likelihood distances using the RS lineage as the root to the A
lineage, and the likelihood values for the constrained and unconstrained tree were
estimated in PAUP 4.0* (Swofford, 2000). A y*-test of the 2A value, with the number
of sequences (n) as the degrees of freedom (n-2), shows no significant difference (P
= 0.065) at the 95% level between the unconstrained maximum likelihood distances
and a molecular clock. Therefore the two lineages can be considered as diverging

from each other in a clock-like manner.

Studies of rapidly evolving pathogens (e.g. dengue virus and HIV-1) which involve
repeated sampling of viral populations over many years have used both pairwise
distance and maximum likelihood methods to estimate a rate of substitution
(Shankarappa et al., 1999; Rambaut, 2000). The Adélie penguin HVR-1 data set
comprises a large number of sequences with few informative sites; hence the
computational time needed to search all non-polytomious maximum likelihood
trees is enormous. Therefore maximum likelihood methods were not employed on
this data set. For a large and complex data set, a median network is the most
appropriate form in which to represent a set of relationships among haplotypes
(Posada and Crandall, 2001). Moreover, a standard method for estimating a rate
using reconstructed lineages (Li et al., 1988; outlined in Figure 7.2) can be modified

to fit these more complex networks.
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Figure 7.2. The rate of evolution can be calculated by comparing two sequences (A
and B), isolated at different points in time and independent of each other, with an
outgroup sequence (C). The rate along lineage A = (dxc — dgc)/(Ta — Tg), wWhere the
distance between A and C and between B and C is the divergence between time T, and
Ts. Adapted from Rambaut (2000).

Median networks are graphs constructed by partitioning a data set into groups
character by character, and if represented in multi-dimensional space include all the
most parsimonious trees (Bandelt et al., 1995). Such networks are constructed using

binary characters, applicable to HVR-1 population data where transitions are most

116



Chapter 7: Modern and Ancient Adélie Penguins

frequent at all sites (e.g. A and G can be coded as 0 and 1 respectively). The
presence of more than two bases at a single position (i.e. a rare transversional event)
can be denoted as a pair or triplet of binary characters. The nodes on a median
network represent haplotypes that are either sampled or inferred as ancestral
intermediates (Bandelt et al., 2000). A rate can be estimated by counting the
number of changes required to minimally connect the edges for all ancient
sequences to a designated origin (root) on the graph, then subtracting this value
from the value obtained using the same process for the modern sequences (Lambert
et al., Appendix D). Considering only independent ancient and modern lineages,
their difference (A, = modern diversity — ancient diversity) can then be
transformed into the average substitution rate (mean number of substitutions per

lineage per unit time).

To estimate a rate in Adélie penguins, sequences and sites with any missing data
were excluded from the analysis. This new data set contained 318 modern and 67
ancient 193 b.p. DNA sequences, representing 152 haplotypes. Lambert et al.
(Appendix D) constructed a minimum spanning tree (Kruskal, 1956; Bandelt et al.,
1999) using 13 mutually compatible sites which divided the sequences into seven
subgroups. In that study median networks were then constructed for each of the
seven subgroups and the root was designated as the haplotype(s) which connected
the outgroup. The outgroup was assigned to the midpoint between the two
lineages (A and RS), a point which connects the sequences to their closest relative,
the gentoo penguin. The summed Ay, of all subgroups was 151 substitutions. This
is the total number of changes that have occurred since the ancient sequences. This
Am.4 total was then averaged for the mean age of bone samples (2437 yr BP), the
number of sites used in the analysis, and the number of modern samples, thereby
providing a rate estimate of 1.01 s/s/Myr. A delete-one jackknife procedure (Efron,
1982) was then used to determine the confidence intervals of 0.89 — 1.16 s/s/Myr
(Lambert et al., Appendix D).

A second approach to estimating the rate used the distance measure proposed by
Shankarappa et al. (1999) and Leitner and Albert (1999). In its simplest form, when
a constant mutation rate and population size can be assumed, time of separation (t)
of every pair of samples is plotted against their pairwise sequence difference (d). A

linear regression is fitted to these plotted points (d = pt + a) using the least-squares
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method and the expected (average) rate of change per unit time is given by the
slope (B). The y-axis intercept («) has been interpreted as the ancestral divergence,
or the amount of sequence difference before sampling began (Leitner and Albert,
1999). An HVR-1 rate estimate was obtained as part of the serial sample UPGMA
(sUPGMA) algorithm when implemented in the software Pebble 0.40. (Drummond
and Rodrigo, 2000). Using this approach on an uncorrected data set representing
373 unique-within-timepoint sequences, the rate of change was calculated to be 0.92
s/s/Myr (Lambert et al., Appendix D). A parametric bootstrap that compares the
actual data to a model of simulated data gave confidence limits of —1.18 to 6.17;
whereas a delete-half jackknife procedure gave 95% confidence intervals of —0.42 to
2.35.

7.2.2. Comparing the Estimated Rates for the Control Region

The two above methods, averaging ay., across seven median networks and the
sUPGMA algorithm, have estimated the HVR-1 substitution rate in Adélie penguins
as five times higher than a rate calibrated from a phylogenetic approach (0.208
s/s/Myr: Quinn, 1992). This phylogenetic estimate for the HVR-1 has been
considered applicable to many bird species (eg. Wennick et al., 1996; Baker and
Marshall, 1997; Bensch and Hasselquist, 1999). However, the confidence intervals
for the sSUPGMA estimate included 0.208 s/s/Myr as well as zero substitutions.
The negative value on these intervals may reflect divergence from the outgroup
sequences by stochastic lineage extinction and does not involve mutation (see page
5 of Chapter One).

There are three possible explanations for the higher rate found in Adélie penguins,
compared with the phylogenetic rate estimated for avian species (Quinn, 1992).
First, a rate calibrated for one species has no relevance to another species. For
example, there is variability in the mutation rates among species due to the process
through which mutations arise, a prediction of the metabolic rate hypothesis (see
Chapter Two). However, Reyes et al. (1998) and Gissi et al. (2000) proposed that the
type and rate of mutations observed in mtDNA result from the dynamics of DNA
replication in the mitochondria, and rejected metabolism, generation time and body
size as explanations (reviewed in Chapter Two). If their theory is correct, as long as

the mtDNA of avian species replicated in the same manner, base line mutation rates
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would be relatively universal. An estimated rate of mutation from one species
could therefore be exported to another, if the mtDNA in both species is assumed to

be evolving in a clock-like manner.

Second, differences in rate estimates between indirect (phylogenetic) and direct
(pedigree) analyses are the subject of much debate in human mtDNA studies of the
HVR-1 and HVR-2. A directly measured mutation rate from family material is
more than twenty-fold higher than substitution rate estimated from the fossil record
(see Table 7.1). Parsons et al. (1997) suggested that drift and selection might
account for the lower mutation rate over longer time periods than that detected in
pedigree studies. Mutations may arise at a high frequency but are eliminated from
the population due to high rates of lineage extinction. Sigurdarottir et al. (2000)
recently estimated a mutation rate using pedigrees of Icelandic families and
reported a lower rate (0.32 s/s/Myr) compared with other studies. Jazin et al.
(1998) disagreed with the interpretation of the high rate detected by Parsons et al,,
arguing their averaged rate was based on ‘hot spots’. If a few sites in the control
region have a high mutation rate compared to all other positions, they should not
be used as the mutation rate across all sites. Parson and Holland (1998) responded
by pointing out that the bootstrap analysis Jazin et al. included roughly 50% of all
nucleotide positions in the HVR-1 and HVR-2. Hence, it was not surprising that the
sites of observed substitutions could be categorised as ‘hot spot’. Moreover, a
recent study by Meyer et al. (1999) estimated the average discrete gamma value (a
measurement of rate per site using maximum likelihood) for each nucleotide
position using several thousand human HVR-1 and HVR-2 sequences. Their results
showed that the sites at which Parsons et al. detected mutations did not have a
significantly higher gamma value than most of the other sites in the HVR-1. The
different rates estimated in pedigree and phylogenetic studies is still a debate that is
largely unresolved. Therefore, the avian phylogenetic rate estimated over millions

of years may not be comparable to the mutation rate in a population over 6000 yr.

Third, the estimated rate for the avian control region using a phylogenetic approach
measures the number of mutations that have accumulated along two lineages since
they diverged from their most recent common ancestor (Sigurdarottir et al., 2000).
This approach can not take into account stochastic lineage extinction because it only

measures the differences between two lineages that have survived since their most
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recent common ancestor. The rate estimate presented in this study is a population
rate, a measurement of both mutations and lineage turnover. Phylogenetic and
population approaches measure slightly different parameters. However, a
comparable population estimate has been reported from a study of humans.
Lundstrom et al. (1992) used a coalescent model to estimate the substitution rate for
the HVR-1. These authors knew the effective population size of the Amerindian
tribal group, and using both a least-squares and a likelihood approach estimated
the rate of change for both transitions and transversions at 1.1 s/s/Myr. This result

is very similar to the estimated rate for Adélie penguins.

Table 7.1. Estimated evolutionary rates for the mtDNA control region hypervariable regions (HVR) |
and |l, using different approaches and different species. The rate is presented as
substitutions/site/Myr. For the ancient DNA estimate: a. is from median networks; b. is from the
sUPGMA algorithm.

Estimate Species Reference Rate C.l. HVR
Pedigree Humans Howell et al., 1996 2.60 &1
Humans Parsons et al., 1997 2.50 &1
Humans Sigurdarottir et al., 2000 0.32 0.065-0.97 &I
Ancient DNA Adélie Lambert et al. 1.01° 07804105 .. v A W
Adéle  Lambert etal. 092° 0420235 |
Coalescent Model Humans Lundstrom et al., 1992 1.100 |
Phylogenetic Geese Quinn, 1992 0.208 - |
Humans Vigilant et al., 1991 0.151 &Il
Humans Stoneking et al., 1992 0.118 0.058-0.18 &I
Humans Hassegawa et al., 1993 0.098 0.000-0.22
Humans Tamura and Nei, 1993 0.087 0.025-0.15 &Il

A potential problem for the rate estimated from Adélie penguins is a small sample
size of contemporaneous sequences. Every haplotype in the living population must
be sampled in order to make the most accurate comparison between modern and
ancient samples. If all the variants in the modern population are not sampled, then
differences to the ancient population could be an artefact of a small sample size.
One way to circumvent this problem would be to show changes in some ‘clear’
phylogenetic structure through time. A strong feature of the Adélie HVR-1 data is
that the net sequence divergence (ie. adjusted for within lineage polymorphisms)
between the modern A and RS Adélie penguin lineages is 7% (+1.2), while that
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between older ancient bone samples (mean 4,200 yr BP; n = 37) is 6.1% (+1). Hence,
these two lineages are measurably evolving and have accumulated 0.9% sequence
divergence over this time period. The two lineages are the most phylogenetically
distinct feature of the HVR-1 data set and it could be their presence that has
allowed a rate to be estimated. It is interesting to note that the sSUPGMA estimation
procedure applied to each lineage (A and RS) separately gives 0.1 and 0.4 s/s/Myr

respectively, compared with 0.9 s/s/Myr overall.

7.2.3. The Ice-Age Legacy: Estimating the Divergence Time

A rate of change for the HVR-1 has been estimated and the two lineages A and RS
appear to have diverged from each other in a clock-like fashion. Therefore, the
timing of separation of the two lineages can be established. The rate estimated from
ancient and modern samples assumed that the population size and mutation rate
remained constant over time. This assumption must also be made when applying
this rate to the timing of divergence between two lineages. However, during the
last glacial cycle Adélie penguin populations were almost certainly smaller and
thus, the rate of lineage extinction was probably higher than over the last 6000 yr.
Consequently, the ‘population rate’ will underestimate the divergence time. On the
other hand, the phylogenetic rate can not take into account lineage turnover and is
only an estimate of the mutations that have accumulated between two extant

lineages.

The total average sequence difference (ie. unadjusted for within lineage
polymorphisms) between the two lineages is 8.3% (+1.1), when each haplotype is
counted only once. Using the estimated substitution rate of 1.0 s/s/Myr, the point
of divergence for lineage A and RS would have been 83 kyr BP. The much slower
rate (0.208 s/s/Myr) proposed by Quinn (1992) places the point of divergence at 400
kyr BP. Given the extensive knowledge of the past climatic and glaciological
conditions in Antarctica, the interpretation of the recent history of Adélie penguins
proposed in Chapter Five can now be given a temporal component and examined.
An historical interpretation of this species may shed light on the applicability of

each rate estimate.

121



Chapter 7: Modern and Ancient Adélie Penguins
7.3 The Ice-Ages of Antarctica
7.3.1. Indicators of Past Climate Change

Past climate trends are inferred in several different ways. Most commonly used is
the measurement of abundance of oxygen isotopes (*O and O) from preserved
calcitic tests (outer coverings) of selected marine Foraminifera (Williams et al, 1998).
The deviation of the isotopic ratios from that found in modern oceans (3*°0O)
indicates the climatic conditions when the sample was deposited. Water molecules
formed by the abundant *O are comparatively light, and therefore evaporate more
easily and travel longer distances than those formed by the heavier *O. When
moist air cools the less abundant and heavy H,"®O preferentially condenses and the
atmosphere becomes H,*O rich. A colder climate will leave oceans isotopically
heavy, displaying a positive §'°0 value. Although Shackleton (1967) showed that
during the huge ice-ages of the Quaternary large amounts of *O were stored in
glacial ice. This lighter isotope travels further inland across ice sheets than *O
during the cooler glacial cycles. The large-scale entrapment of O in the ice sheets
caused major changes in the abundance of O and "O in the oceans. Shackleton
(1967) proposed §°0 values from Quaternary forams could also be used as a proxy
ice-volume measure. The analysis of 80 values in Quaternary marine deposits

showed the timing and subdivision of glacial cycles in terms of ice-volumes.

There are several other elements that can be measured to reveal past climate
conditions, especially those trapped in ice cores. Cosmic radiation in the upper
atmosphere constantly produces the isotope Beryllium (*°Be), which is washed out
attached to aerosol particles. If precipitation were lower than present day levels,
the concentration of “Be in the ice core would also be lower than the surface ice.
Dust in the atmosphere from arid regions rises when the climate is cooler. The
atmospheric concentration of greenhouse gases, such as CO, and CH,, decrease as
oceans absorb them during cool periods. Air bubbles become trapped in dense ice
as it accumulates, providing ‘snap shots’ of the atmosphere hundreds of thousands

of years ago.

Measurements of §*O from the Quaternary are also confounded because oxygen is

a component of CO, and is absorbed into the oceans during a cold climate. There
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has been more success with measuring the concentration of the heavy hydrogen
isotope (*H), deuterium (D), as a proxy for local temperature. If a sample of D is
measured at a place where snow begins to fall on ice and then compared to the
amount in modern seawater (8D), it serves as a fairly good proxy for temperature.
The same principle applies to '*O. Water molecules containing D are heavier than
those with 'H, hence they are not able to travel as far inland in cooler conditions.
During the ice-ages 8D values (measured in parts per thousand, per ml, and

expressed as %o) are much lower than during any of the interglacial periods.
7.3.2. The Great Ice-ages of Antarctica

The Cenozoic era (70 Myr BP) of geological history has been one characterised by a
gradual decrease in global temperatures. At the beginning of this era, the
Palaeocene epoch (55-70 Myr BP), Antarctica was ice-free, sea levels were much
higher and forests grew to high latitudes. Continental drift and the subsequent
break-up of Gondwanaland isolated Antarctica in its present polar position. A
consequence of this continental movement was the establishment of the circum-
polar ocean current (ca. 22 Myr BP) and an unrestricted atmospheric circulation.
The Antarctic convergence would have reduced the movement of sensible heat (a
transfer of heat between the ocean and atmosphere) from the tropics to the southern
latitudes. Major changes in the ocean currents that transfer heat around the globe
are among the factors suggested to have contributed to the fall in the earth’s
temperature. As Antarctica cooled, the East Antarctic ice sheet formed around 12-
14 Myr BP. However, a marked cooling at the onset of the Quaternary (2.5-5 Myr
BP), led to a huge accumulation of ice on Antarctica. This period has been
characterised by dramatic fluctuations in global temperatures that resulted in
massive ice-ages lasting approximately 100 kyr interspersed by short warm periods.
The Serbian mathematician, Milutin Milankovtich (1879-1958), was the first to
develop the theory that changes in the earth’s orbit were the key to the onset of

glacial cycles.

Glacial variability over the last half-million years has been characterised by 23, 41
and 100 kyr BP cycles, which have been associated with astronomical cycles of
precession, obliquity and eccentricity of the earth’s orbit (Imbrie et al.,, 1992).

Throughout the major part of the Late Pleistocene the earth experienced ice-age
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conditions. During this epoch, relatively short periods of warmer conditions arose
approximately every 100 kyr. For the last 10,000 yr (Holocene) the earth has been in
one of these warmer periods. Data retrieved from ice coring in Antarctica and
Greenland has now provided quantitative details on climatic changes through the
late Pleistocene glacial and interglacial cycles. The most important records have
been retrieved from Vostok (78°28’S and 106°48’E), which is located on the East
Antarctic Ice Sheet at an altitude of 3,488 m above sea level. This remarkable
achievement has extended measurements of 8"*O, 6§D, Na, dust, CO, and CH, over

four glacial-interglacial cycles covering 420 kyr (Petit et al., 1999).

The change of temperature at Vostok, calculated from the heavy hydrogen isotope
deuterium, is presented in Figure 7.3. Glacial periods are characterised by stages of
decreasing temperature until reaching a glacial maximum, on average 9°C cooler
than at present. Following each maximum is a sudden rise in temperature to
warmer interglacial conditions. Over the last 420 kyr there have been five short
interglacial (warm) periods and four long glacial periods which terminated at 324,
238,129 and 14.6 kyr BP. The interglacial periods following the termination of each
glécial cycle are short and ice-age conditions return after 5-10 kyr. The Holocene
differs from other interglacial periods by exhibiting stable temperatures persistently
for over 11 kyr. Although the previous interglacial stages were relatively short,
they were significantly warmer and more erratic than the Holocene. Comparing the
previous interglacial period (midpoint at ~129 kyr BP) with the Holocene, it was
~2°C warmer and began cooling after about 4 kyr, however, overall this relatively

warm period persisted over a similar time period as the Holocene.

Pressure differences between the contents of air bubbles in the Vostok ice cores and
the present atmosphere indicate that the ice on inland Antarctica was several
hundred meters lower during the glacial periods (Jouzel et al., 1993). These results
emphasise the sensitivity of ice caps to a decrease in the precipitation experienced
during glacial periods. The massive accumulation of ice around the globe at the last
glacial maximum locked up the world’s fresh water and decreased the global sea
levels by around 120 m. Changes in the Southern Hemisphere ice volumes were
never as dramatic as in the Northern Hemisphere; the largest ice volume increment
in Antarctic was the expansion of marine-grounded ice shelfs (e.g. the Ross Ice

Shelf) and at the coastal margins. The expanding continental ice would have

124



Chapter 7: Modern and Ancient Adélie Penguins

overrun many of the present coastal ice-free areas. Colhoun et al. (1992) have
estimated that during the last glacial maximum the ice around the coastal margins
of Antarctica was on average 500 m thicker and 30 km more advanced than at
present. Penguin colonies that formed on the Antarctic coast at the previous
interglacial period would have undergone dramatic changes as glacial ice advanced

during the ice-age.
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Figure 7.3. Change of temperature from present day at Vostok from ice core records
covering 420 kyr BP. Temperatures are calculated as AT, = (A8D,, - 8A8%0,,)/9, for
which A8'®Q,, is the global average change from the present day value of seawater
A8™0. Raw data has been taken from Petit et al. (1999) and the delta temperature series

(delta TS) is measured in °C. The upper bar represents an interpretation of the glacial
and interglacial periods.

7.3.3. Estimating the Time of Divergence

The results presented in Chapter Five indicated that Adélie penguins were split into
two isolated populations for a substantial period of time. This resulted in complete
lineage sorting into two distinct mtDNA types (A and RS). The Ross Ice Shelf was
one of the most significant features of Antarctica during the last glacial cycle, an
impenetrable barrier to nesting sites in the Ross Sea area. When the ice shelf
receded the penguins began to inhabit the Ross Sea area and present day
populations show admixture of the previously isolated populations. At the end of
Chapter Five a rate of substitution was needed to time the allopatric event and

make sense of the two lineages in light of the glacial history of Antarctica. Using
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the substitution rate of 1.0 s/s/Myr, a point of divergence for lineage A and RS is
estimated to be ~83 kyr BP. Presented in Figure 7.4 is the Vostok temperature
profile from the last interglacial period until present day and the proposed
divergence time between the two lineages. This divergence date suggests that the
circum-polar Adélie penguins were separated into allopatric populations during the

last glacial cycle.
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50k -

100k -

Interglacial maximum '

1 T T
-10 -5 0

Figure 7.4. Temperature profile from the Vostok ice core covering 125 kyr BP and the
proposed divergence time of the A and RS mtDNA lineages. Using a estimated rate of
1.0 s/s/Myr this split happened 83 kyr BP and was most likely associated with the
changes in ice volume during the last glacial cycle.
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The much slower phylogenetic rate (0.208 s/s/Myr) proposed by Quinn (1992)
places the point of divergence of the two lineages at 400 kyr BP. If this date were
correct there must have been an unusual event that occurred to split Adélie
penguins into two isolated populations four glacial cycles before present. Such an
event was never repeated over the last four subsequent glacial cycles. The
population size must have also remained large enough over these four glacial
periods, to reduced the chances of complete lineage sorting of the either the A or RS
type from Adélie penguins. The other alternative is that Adélie penguins have
maintained a large population size over hundreds of thousand of years. Hence, the
two lineages represent two very old haplotypes that have survived in the
populations for 400 kyr. The conclusion drawn from trying to explain a slower

substitution rate seems unlikely.

The most straight forward explanation is that a substitution rate of 1.0 s/s/Myr is a
reasonable estimate and the two mtDNA lineages are the result of separation into
ice-age refugia during the last glacial cycle. Contact between these populations was
then re-established after the onset of the deglaciation. Every ice-age Adélie
penguins endure from dramatic changes to their habitat, and are split into isolated
populations. With such limited nesting space in Antarctica, small global climate
changes have a big impact on a species in such an extreme environment. If the
world’s climate became warmer than at present, Adélie penguins might be a species

that would thrive with new opportunities.

7.4 Concluding Remarks

The Adélie penguins and their well-preserved subfossil material represent a
remarkable opportunity to understand the processes of evolution over thousands of
years. Moreover, if the mutation rates for the mitochondrial genome are similar in
many different species then Adélie penguins may represent an ideal model for
evolutionary genetics. Phylogeographic patterns that classically fit Avise’s (2000)
models, along with some of the best-preserved ancient DNA known, may one day
make this species a distinguished example in biology. There are likely to be many
more unique biological examples yet to be discovered in Antarctica. This continent
possesses a biota whose precarious existence is intrinsically connected to its journey

of geological evolution.
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Season ONE: 1996/1997

Personnel: Peter Ritchie and Paul Barrett

Date Activity

2/4-1-97 Arrived at Scott Base on RNZAF C-130 Hercules

3-4-97 Field training with Davie Robertson

5-1-97 Transported to Cape Bird by RNZAF Helicopter
Hut orientation/unpacked equipment

6-1-97 Reconnaissance of the Cape Bird Northern, Middle and Southern Adélie penguin

’ colonies
Determined that because of the small size and geological structure of the middle and
southern colonies, they would probably not yield good stratified subfossil material.

7-1-97 Close survey of Northern colony

8-1-97 Excavated samples from Cape Bird Sites

9-1-97 Excavated samples from Cape Bird Sites

10-1-97 Excavated samples from Cape Bird Sites

11-1-97 Bad weather

12 -1-97 Bad weather

13 -1-97 Worked site 3A

14 -1-97 Took surface samples

15 -1-97 Caught radio-tagged individuals (studied by K122) and took blood samples.

16 -1-97 Reconnaissance at Cape Crozier — Day Trip on RNZAF Helicopter
Caught in bad weather over Mt Erebus. Emergency land at Cape Bird with crew and
engineers from Scott Base. Unscheduled overnight stay.

17 -1-97 Weather cleared and returned to Scott Base

18 -1-97 Returned to New Zealand on USAF C-130 Hercules

Season TWO: 1997/1998

Personnel: Peter Ritchie and Paul Barrett

Date Activity

2-1-98 Arrived at Scott Base on Air National Guard C-130 Hercules

3-1-98 Field training day with Davie Robertson

5-1-98 Cape Crozier on USAP Astar. Weather clear and light winds.

Stayed in USAP hut, shared facility with two members of S031

6-1-98 Visited the small Crozier Colony. This trip passed behind Post Office Hill. There were
steep ice runs, but recent snow made them easy to cross. Did not need crampons.
Colony is small and did not appear to be a good site to visit for subfossil Adélie bones.
Returned with several surface samples

7-1-98 Temperature 0°C and 2 kts winds.

Survey of the main Cape Crozier Adélie Colony. Beach appears to be geologically
dynamic and unstable. There are, however, good cut-a-ways near the waters edge
with some good stratification. .

8-1-98 Temperature 0°C and 12 kts SW
Main sampling day choose sites closest to the beach — these are presumed oldest.
SITE A: crumbled and fell apart quickly, very wet and smelt
SITE B: largest samples (approximately 10). Tended to be drier and accessible. Never
seemed to find whole skeleton.

SITE C: straight edges and easy to cut away. Dry and accessible. Never seemed to
find whole skeletons. Possible slumping of the edge.

9-1-98 Returned to sample SITE B, this really is an excellent site. Found bone standing
upright through the permafrost. The permafrost begins at 0.5m and impossible to dig
through. Left 24hrs to thaw before attempting deeper sampling.

10-1-98 Returned to sample SITE B.

11-1-98 Helicopter pick-up time moved forward one day. Return to SITE B for additional

sampling.
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23-1-98
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Helicopter turned around due to bad weather — snow and very low visibility.
Moved to Cape Bird on K04. Good weather unlimited visibility

Sampled northern colony, the same sites as the 1996/97 seasons

Sampled northern colony, the same sites as the 1996/97 seasons

Sampled northern colony, the same sites as the 1996/97 seasons

Sampled northern colony, the same sites as the 1996/97 seasons

Sampled northern colony, the same sites as the 1996/97 seasons

Moved to Beaufort Island on US Coast Guard Dolphine. Joined by Davie Robertson.
Landed and established camp on the Northern end. (See Figure)

Traversed island via the western coast to access the southern colony. This was the
most direct and safest access route. We used ropes, harnesses, crampons and ice axes.
The good weather meant much of the snow and ice was soft.

Caught 20 Adélie penguins with a hand net and took a small blood sample. Surveyed
beach and found good subfossil bone samples at the northern end of the colony
Sampled the northern end of Beaufort Island for subfossil bones

Returned to Scott Base by US Coast Guard Dolphine.

Returned to NZ on Air National Guard C-130 Hercules

wa-mmmmmms.m

] . T

. Figure B.1 A map of Beaufort Island (made available by ICAIR)
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Season THREE: 1998/1999

Personnel:

Peter Ritchie and Craig Millar

Date

Activity

9-12 -98
10-12-98

12-12-98
15-12-98

21-12-98

31-12-98

1-1-99

2-1-99

3-1-99
4-1-99

5-1-99
6-1-99

7-1-99
8-1-99

Arrived in CHCH to collect clothing kit
Travel to Hobart (via Melbourne). Flight NZ191 departed at 0645 hrs arriving in
Hobart at 1255hrs. Stayed at Blue Hills Motel, Sandy Bay, Hobart (Tel. 61-3-62-
231777, Fax 61-3-62-233995)
USCG Polar Sea docked at Macquarie Wharf 3 at 1000hrs
Boarded USCG Polar Sea at 0730hrs for 1000hrs departure. Departure was
delayed until 1500hrs.
4-5 Days transit to Adelie Land Coast, Antarctica
Arrived at Antarctic Coast.
US party serviced Automatic Weather Stations
Pack-ice between Dumont D’Urville and Cape Adare substantial, therefore
proceeded on NE course behind the Balleny Islands, turning South around Scott
Island (67°26°S-182°24'E) and headed into the Ross Sea.
Site 1 Cape Adare (71°17’S-170°14E) cancelled due to ice conditions
Site 2 Cape Hallett (72°19°S 170°16’E) for K024 put-in.
Ice anchored in sea ice 5 miles off-shore. Pack was thick and LCVP landings
unfeasible
We arrived on the first helicopter flight in
® 8/10 ice cover bwt Hallett and Polar Sea
® Helicopter crew single pilot and avtech
* Lift off at 1000hrs
¢ Sampled blood from 30 Adelie penguins
® Weather overcast with some isolated snow showers
Site 2 Cape Wheatstone (72°17'S-170°14'E),
At 1900hrs we flew to Wheatstone 20 miles from Polar Sea
® 7/10 ice cover bwt Wheatstone and Polar Sea
e Full helicopter crew (2 pilots, 1 avtech)
® Small penguin colony perched next to large cliffs, potential rock falls
e The size of the area restricted landing to the sea-ice in front of the colony 40
metres offshore. Accessed land by navigating through ice cracks
¢ Sampled blood from 10 individuals
® Two hours total ground time
Site 2 Cape Jones (73°17’S-169°13’E) - cancelled
Site 3 Cape Washington (74°39’S-165°25’E) - cancelled
Site 4 Cape Russell (74°54’S-163°54E) - cancelled
Site 5 Franklin Island (76°05'S-168°19°E)
e Launched 23 miles from site while steaming South
e Full helicopter crew (2 pilots, 1 avtech)
® 1330hr start
® Overcast day with isolated snow showers
® Sea ice only at south end of Island.
® Adelie penguin colony on southern end on a small platform several metres
above sea level. The rest of the island consisted of high cliffs.
® Sampled blood from 20 individuals.
e Two hours total ground time
® Returned to Polar Sea. Status: steaming south at a position now south of
Franklin Isl.
Polar Sea arrived in Ross Island area, remained bwt Beaufort Island and Cape Bird
overnight.
Arrived at Cape Bird by helicopter at 1000hrs
Set up centrifuge and sampling equipment. Began catching adult Adélie penguins
and taking blood samples (n=15) for ‘IBD Virus’ testing.
Finished blood sampling for adult Adélie penguins (n=5) for IBD Virus testing.
Began excavation of C. Bird sub-fossil sites. Collected samples and photographed
soil profiles
Excavation of C. Bird sub-fossil sites and collected samples
Excavation of C. Bird sub-fossil sites and collected samples
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Excavation of C. Bird sub-fossil sites and collected samples

Bad weather - no helicopter operations

Helicopter pick-up (US Coast Guard) and move to Cape Royds.

Set up centrifuge and sampling equipment using a borrowed generator from K062.
Caught adult Adélie penguins and took blood samples (n=20) for ‘IBD Virus’
testing.

Weather closed in. Helicopter pick-up at 1700hrs and return to Scott Base

Returned to New Zealand on Air National Guard C-130 Hercules

Season FOUR: 1999/2000
Personnel: Peter Ritchie, Craig Millar, Carlo Baroni

and Peter Metcalf

Date

Activity

Cape Bird - Peter Ritchie, Craig Millar and Peter Metcalf

29-12-99
3-1-00
4-1-00
5-1-00
6-1-00
7-1-00
8-1-00
9-1-00
10-1-00

Arrived at Scott Base on Air National Guard C-130 Hercules
Flew to Cape Bird

Sampled guano at North Cape Bird

Sampled guano at North Cape Bird

Sampled guano at North Cape Bird

Ritchie and Millar rtn to Scott Base

Survey of Southern Cape Bird

Survey of Middle Cape Bird

Metcalf rtn to Scott Base

Terra Nova Bay — Peter Ritchie, Craig Millar and Carlo Baroni

15-1-00

16-1-00

17-1-00

18-1-00

19-1-00

20-1-00
21-1-00
22-1-00

23-1-00
24-1-00
25-1-00

26-1-00

Flew to TNB - Ritchie & Millar

Picked up at McMurdo @ 1800hrs

Refueled at Marble Pt, joined with 2™ helicopter

2:30 hrs total flight time

Flew to Inexpressible Island penguin colony - Ritchie & Millar

Collected 60 Adélie blood samples, position northern area of colony

Sample number T01-T60

Flew to Adélie Cove - Ritchie & Millar

Collected 60 Adélie blood samples

Sample numbers T61-120

All day close helicopter support ~ pilot Frank Ross

— Ritchie & Millar

e Inexpressible Island Adélie blood samples T121-T160

® Edmonson Pt Adélie blood samples T161-T200

Flew to Adélie Cove - Ritchie & Millar

Collected Adélie blood samples T201-240

Cold and windy rtn to TNB at 1200hrs

Flew to Edmonson Pt - Ritchie & Millar

Collected Adélie blood samples T241-T300

At TNB station

Flew to Inexpressible Island — Baroni, Ritchie & Millar

Sampled subfossil Adélie bones from abandoned rookeries on Seaview beach
Sampled subfossil Adélie bones abandoned rookeries on Southern Promontory
At TNB station

At TNB station

Dropped off by helicopter on Northern foothills (between TNB and Adélie Cove) —
Baroni, Ritchie & Millar

Walked north returning to TNB and sampling abandoned rookeries, including Camp
Icardo.

Flew to Inexpressible Island — Baroni, Ritchie & Millar

Sampled abandoned Adélie rookeries on Seaview beach
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Sampled abandoned Adélie rookeries on Southern Promontory
OVERNIGHT in 3 person shelter (‘Mellon') South of Seaview beach, approximately
60min walk

Baroni, Ritchie & Millar

Sampled abandoned Adélie rookeries on Seaview beach

Sampled abandoned Adélie rookeries on Southern Promontory
RTN to TNB

Flew South to Cape Hickey and Cape Day - Baroni, Ritchie & Millar
Close helicopter support

Survey and photographed

Flew South to Prior Island and Cape Irizar - Baroni, Ritchie & Millar
Close helicopter support

Surveyed and photographed

Rtn to TNB and flew to Gondawa Station (disused Germany base)
Rtn to TNB and sampled abandoned Adélie behind the base

Flew to Edmonson Pt - Baroni, Ritchie & Millar

Sampled abandoned rookeries

En-route to Scott Base (X2 helicopters)

Landed to surveyed and photographed sites: Cape Ross, Cape Roberts, and Spike
Cape.

Regueled at Marble Pt, then off loaded at Scott Base

Rtn to New Zealand on USAF C-141 StarLifter
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This thesis follows the standardised mitochondrial gene names of the
Organelle Genome Database (Korab-Laskowska, M., Rioux, P., Brossard, N.,
Littlejohn, T.G., Gray, M.\W,, Lang, B.F., and Burger, G. 1998. The Organelle
Genome Database Project (GOBASE). Nucleic Acids Res. 26: 139-144.) and are
listed in Table B.1. and shown in Figure B.1.

Table B.1. The mitochondrial gene nomenclature follows that of Korab-Laskowska
et al. (1998), the product of each gene and the strand (H or L) that encodes these
products. The transfer RNAs presented are those of the chicken.

Gene Product Name Coding Strand
atpé ATP synthase FO subunit 6 H
atp8 ATP synthase FO subunit 8 H
cob apocytochrome b H
cox1 cytochrome ¢ oxidase subunit 1 H
cox2 cytochrome ¢ oxidase subunit 2 H
cox3 cytochrome ¢ oxidase subunit 3 H
nad1 NADH dehydrogenase subunit 1 H
nad2 NADH dehydrogenase subunit 2 H
nad3 NADH dehydrogenase subunit 3 H
nad4 NADH dehydrogenase subunit 4 H
nad4L NADH dehydrogenase subunit 4L H
nad5 NADH dehydrogenase subunit 5 H
nad6 NADH dehydrogenase subunit 6 L
rml large subunit ribosomal RNA H
ms small subunit ribosomal RNA H
trnA (ugc) transfer RNA Alanine L
trnC (gca) transfer RNA Cysteine L
trnD (guc) transfer RNA Aspartic Acid H
trnE (uuc) transfer RNA Glutamic Acid L
trnF (gaa) transfer RNA Phenylalanine H
trnG (ucc) transfer RNA Glycine H
trnH (gug) transfer RNA Histidine H
trnl (gau) transfer RNA Isoleucine H
trnK (uuu) transfer RNA Lysine H
trnL (uar) transfer RNA Leucine H
trnM (cau) transfer RNA Methionine H
trnN (guu) transfer RNA Asparagine L
trnP (ugg) transfer RNA Proline L
trnQ (uug) transfer RNA Glutamine L
trnR (ucg) transfer RNA Arginine H
trnS (ncu) transfer RNA Serine H
trnT (ugu) transfer RNA Threonine H
trnV (uac) transfer RNA Valine H
trnW (uca) transfer RNA Tryptophan H
trnY (gua) transfer RNA Tyrosine L
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Figure B.1. The two types of mitochondrial genome organisation found in birds.
The length of this molecule is approximately 16.5 kilo bases, comprising 13
protein-coding genes, 2 rBRNA single-coding genes, 22 transfer RNA genes, a
control region and in some species a single non-coding (type B). Gene names

and their products are listed in Table B.1.
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Table B.2. The penguin species from Chapter Four and the location from where
tissue or blood samples were collected. The asterisk indicate specimens that where
provide from the collection of Dr Allan Baker at the Royal Ontario Museum (ROM),
Canada. All specimens where identified to the species level.

Species

Collection Locality

Collector

Pygoscelis adeliae

P. antarctica

P. papua

Eudyptes chrysolophus
E. schlegeli

E. pachyrhynchus

E. robustus

E. sclateri

E. chrysocome
Megadyptes antipodes
Eudyptula minor
Spheniscus demersus
S. magellanicus

S. humboldti

S. mendiculus
Aptenodytes patagonicus

A. forsteri

Cape Bird, Antarctica
Ardley — King George Island
Ardley — King George Island
Unknown

Macquarie Island

Dusky Sound, NZ

The Snares, NZ

Antipodes Island

Campbell Island

Otago Peninsula

Auckland Museum
Unknown

Punta Tombo, Argentina
Pan de Azucar Island,
Northern Chile

Bartolome and Fernandina,
Galapagos Islands

South Georgia, Antarctica

Cape Crozier, Antarctica

P. Ritchie

C. Bradshaw & J. Gonzalez
C. Bradshaw & J. Gonzalez
ROM*

C. Hull

?

ROM*

G. Elliot & K. Walker

P. Moore

J. Darby

Unknown

ROM*

ROM*

B. Culik

ROM*

ROM*

G. Kooyman
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Figure B.2. The rns and rn/ sequence data from Chapter Four.

Adelie CCTTCCATCACCAAAGTATCCGCCTGAGAACTACGAGCACAAACGCTTAAAACTCTAAGGACTTGGCGGT
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Appendix B - DNA Sequences and Analyses

Figure B.3. The HVR-1 sequence data for penguins analysed in Chapter Four. Presented
are the portion of sequences that were alignable and therefore analysed.
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Rockhopper .Gl CA..T...... A..G...... @. ... A..A...G..A..AA..GC.CC.A....TG..TT
Erect EC...... CA. MR . .... BRG. .. ... C....GA..A...G..A..AA. .GCA.C.A....TG..TT
Yelloweyed G...... CRALLT. A..G..A.T.C .GA..A...G..A..AA..GC..C.A....TG..TT
Blackfoot . PG . . . . AA....... C...G..A...A- .G.TA...G. .AA.AA. .ACA.T?..... T..AA.
Macaroni N C @A..T...... AlRG...... G . . . A..A...G..AC.AA..GCACC.A +TGH. .CT
Humbolt LGl AA....... CA..G..A.-.C..... G.TA...G..AA.AA. .GCA.T...... T..AA
Galapagos .GoL A ..... .8 CA..G..A.-.C..... A.TA...G..AA.AA..GCA.T...... T..AA.
LittleBlue L.Goll AAGG......... G...... (C G.TA...G..A..AA..GC-.C...... T...AT
Adelie CAAGTGTTCAAGCACTGCCGTACCTACTTCTAAGGGAA-CATGTACAGAACTAGCAGTTCCATGGGTTTA
Gentoo GaLAC............... TNCC JBET. .[CAmT . CTe JALNCE,. . nGm.; - - - B0 o o ORI S
Chinstrap CHCCTrE . . - Y- - - - 9 T.-CT..CA...G-..A.C..... G....-..A..T...... C
Magellanic  ..... AGCA.G AC..... T.ATT-C..GCT--.GAAGGA...... TTATCAGAA. .-..... CH. .
Royal G.CAAC....... G.T....TACT.-.G...T--G.TA..AC T.CTATCAC.A..-...... S. .
Fiordland = ..... AGC A (G555 TACT.-.G...T--..CA..AC...T.TAATTACAA. .- .........
Snares ..G..AA. A...G.T....TACGT-.A...T--G.TA. .AC...T.CAGTTATAAC.~-.........
Rockhopper  ...... AG....... A% . ... ACGT-.AA.GC--.GCAG.AC...C.--GTTACAA.TT.........
Erect REE (C -V .0 I 1:\ SRR, T.-.A.GGC--.GCAGCAC. ..C.CAGTTA-AAG.T.........
Yelloweyed ..G..AAC....... 7.\ S TAT.-CAC.GC--.GAG. .AC.. .A.CGATA.CAAC.T.........
Blackfoot ..?.CA?.A. .A...GC...?2.T.ATT-C. .GCT--.GAAGGA. ..... CTATCA.AA..-....A....
Macaroni . MG revAACK Iy - G.T....TACT.-.G...T--..TA. .AC...T.TTATCACAA. .-...... €. .
Humbolt ..... AGCAG....TAT..... T.AT.-....CT--..TAGGTC..... TTACCA-AAG...........
Galapagos ...A.AACAG....TAC..... T.AT.-....CT--..CAGATC..... TTATCA-AGG.T.........
LittleBlue  ..... AGC..GA..TAT..... T....-CAC.GATA.GCA...C...C.C.GTTA.AAG.~-..... R
Adelie GTCTTT-TCCAATAGGATAGGAGATAGTCATTTATTACATGACAGTCCCCGTTTGTAGAATCATTACATA
Gentoo = ..... Cc-....8 /- CEGE ..... %% . AT TTARCES=... . [C5....... G.
Chinstrap ...... (655000 G-AA.C

Magellanic ..C.=--....CG...C. A

Royal ..C..-..T.CCG.A.C A.

Fiordland TCHEs . . TaTeGr . 5Cr. .A.

Snares 5 4C.C-. . TTeG: . . C. .A.

Rockhopper pICTI=— . T aGr . 1CE LA

Erect S CEPE .T.G.A.C. -

Yelloweyed BCC(C o O CG.A.C. A

Blackfoot .C.C.--..A.C-G...C. A.

Macaroni +..C..-..T.CCG:A.C A.

Humbolt ..C---..T...G.A.C.. A

Galapagos .C---..T...G.A.C..A..... A..... Am o m oo e e
LittleBlue C.C-.-T..CG...C..AGAGC.A.T.CCA-= === e ceee
Adelie ATATCCGTTTAATCCGAAGGGATTAGGAGTTGGTCCTTGTACCATGGACTAAATAATCATTAATTACATG
Gentoo GCCAS. - . -roms G. . FRAESTERC. .« .« e C.AA..... ) ACT..GGC.G...... G ... ..
Chinstrap @ —--mcm oo m e e (C J— A
Magellanic W =-=--=-----mmm oo e oo ACC...A
Es7El I Gttt a3 eIttt eIt 3t i IIe 3 aaE a8 SESESEIE o eI a S CESCIIE 93 dC IS o83 GCrw. . WA
Eafor@tandim = = s o e R e o = e e e e e = s S e e A,
(o L EE B L E L LBl L e e e L L L L L L/
RO KO D e I = e e e e GC....A
S [ e -co EE L e L GC....A
M RIILERIE /G T o pEE AL EE A EE LT L LB E St e ELLT LT LLLLLLELLLILEL b e ettt GC....A
Blackfoot = -==-e--e-e-eeeeeeceeeecccecre e —ecceeme—e e RE=EEE - = CAAC...A
M a0 T I S T T e = = e o ety Cfia=ooity @CL.
HUMDbOlt =~ mommmmmmm o e e e e —m - A.C..
Gallapages - SEEESEEEEEEE - SEEss - S - = = — = — = — = — —i=k - Sk - SR R — A.C...A
LittleBlue @ —---=mmmm oo mme e e e —o - o m - .G.T
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Adelie
Gentoo
Chinstrap
Magellanic
Royal
Fiordland
Snares
Rockhopper
Erect
Yelloweyed
Blackfoot
Macaroni
Humbolt
Galapagos
LittleBlue

Adelie
Gentoo
Chinstrap
Magellanic
Royal
Fiordland
Snares
Rockhopper
Erect
Yelloweyed
Blackfoot
Macarori
Humbolt
Galapagos
LittleBlue

Adelie
Gentoo
Chinstrap
Magellanic
Royal
Fiordland
Snares
Rockhopper
Erect
Yelloweyed
Blackfoot
Macaroni
Humbolt
Galapagos
LittleBlue

Appendix B — DNA Sequences and Analyses

ACAGTCTTTGTCCTTAGAATCATTGCATAATACTC-GTTTAATAC-GAGAGGAT-AGAAGCTGATCCTTA

GF . JATCRA . . o SR, G. €. T.C.
..GTC..A.... B IO, (S (C X
.TAA.AAT...AC.AGT........ C.GAC
. TAGEZNIT. . . JCHSCHCH - . . A CTCHAG

. . JARSAGT . JACLLARNES. . .LARE NPCEE:.C
EEGARACT . DACH SR C- . B AICTCCEY. C
..TAA.ACT........ @- . AN ICCIICL.
...TGA.ACT...... £ o (SRS, LCECHY- - -
..TA.CAAT...... ANCSN . .(CR . SUTUAL.
..TGA.AAT.?.CC.A.T........ C..AC.C
.. TAGCAWT....C.. . [C-.. .BALWETER.C
..CAG.AAT...AC - ... CGA..C
.TAA.AAT...AC 685066006 CHG. .C
..... A.CAT.T.C....T Cohuw. . . .CLT

........... RMReA.-......GHEC A.
............. AL .. ... GG -
TT....T...CAG..A.- o LSRR A.
o TR . ST AG. LA .- B R A
W55 500 ... AGL.LA.-.. . BC......... A..
...... T....N@..A.- C. .. ... . AL
...... o . . . BGymAn- C....... ..
s - Tew T . Crohvw N Avy ... A..
B . .ex T...CAG..A.- 0. .o - - - A.
BT . . . T . JCAVE VAT S IB 000G o A.
(10 ST T TCAG. Am - - €. . . ... . A.
BT . . - STE .  AGKAR- 2886055066 A.
6T . . - -Th. . SSAGLA & L) PO A.
) S R e e A.

AG--TTCTGTCCGATAGTACAATAACA- -

JBGALE: . TG ClyCrever. GlwnGra. . T ==
AAGAL.LALL.-.GLa il oo
GT-ACCTCA...A..TA.T.T.G.C..--
.C-A....AC..A..TAC - (AT -~
.C-A....AC..A..TAC...GA.T..~-
.C-A..T.AC..A.CTAC...GA.T..--
.C-A....AC..A..TAC T.GT..-A
JC=A.... AC..R..TAC...TD. [Chx==
CA-T...CAC..A.CCCAC..T T.TG
.T-ACC.CA...A..TA.T.T.A.C..--
.C-A....AC..A..TAC...C..T..~-
.T-ACC.CA...A..TA.T.C.A.C..--
.T-ACC.CA...A..TA.C.C.A.C..--
.C-A..---...ATGTTA..CT..CA?T?
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...GA.A. AAGAACTG
.C.-A.AGTATAGC--.CT.A.......

C..GA.A..AGAATT.
.-.CA..GTATAG--C.
...GA.A.AAGAATTG.T..A....CC.
...GA.A.AAGAATT..T..A..... .

CT.A....C..

.-==-A...TAT..T.
a=-=-AGA.DAT? .T.CT.A. . . . sumi-
.—- . AGREGRATHGECTMAY. .. . ...
.---AG.ATAT..T.C..A.......
.AAT.TAATAG--G....A..... (CH
SCTEA. . . .CC.
CYINAY. .. ... .

(Cag 7\

..G--A.AATAGTA..... A....A..

.. SRCHGHT .
TANC. - | CT TGGTA A— AL LBESE. L.
CA..AAT...T..... AC..- PIYRC.. = . . cpel
ACLSATE . (T . . .. AC..- CAAG-....A
AEH 9AT. 5CTH . . . . AC. .- TAAG-....A
RCLAT: "CT. . ... AC..- TAAG-....A
AREL. . T T. . . .. &C. .- TCAG-....A
. abs . AT NCTy. . . . AC..-.. TAAG-..: A
- GAR AT . mCR- . . . . A...-...T..A-G..AC
..CA..AAT...T..... AC..-...?2TCT-....A
e dAC AT il - . . . AC..—...TAAG—....A
- CA CAAT. OOT... . .. AC.A-...CTCT-T...A
- NCANIAAT,. T - - . . AC.A-...CTCT-T...A
.A.CAAT.TCTA..G.A..T-TC.TATA- G A



Appendix B - DN A Sequences and Analyses

Figure B.4. The following three pages are the electropherograms for the HVR-1
sequences from three penguin species: Adélie (Pa01.L-glu-t*2); Chinstrap
(20*A15.L-tGlu) and Royal (23*6-R.L-tGlu). These DNA sequences show the
result for possible heteroplasmy that may be associated with the termination of the
D-loop in the control region.
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! viouer o7/ rav1.L-glu-12 Signal G:837 A:1111 T:769 C:901 Page 1 of 2

Version 3.2 Loaded 1.5ul onto the sequencer DT {BD Set Any-Primer} Fri, 12 Nov 1999 2:27 pm
PRBVl ~ Pa1.L-glu-t BigDye48cm Matrix Thu, 11 Nov 1999 8:28 am
Lane 29 Points 1320 to 8360 Base 1: 1320 Spacing: 11.00

AAGC CGCCGTTGTTACT TCAAC CACAGGAACCCCCAAAAGAGTCCACCCTATACATACAATTCCCCTCCCCCCCCTACCCCCCATGTATATTATACA
10 20 30 40 50 60 70 80 90

WT TACTCTATGTACTATGTACATTACATTAATGTTATCAAGTACATTTAATGTACGTACTAGGACTGTTATTGTATTATCGGGCAGAACTCCTTAC(C
100 110 i 120 130 140 150 160 170 180 190

\GTATTATGCAATGATTCTAAGGGTAGAGACTGTCATGTAATTAATGATTGTTTAGTCCAT GGTACAAGGACCAGCTCCTAATCCCTTCGGATTAAAC
290 300 310 ) 320 330 340 350 . 360 370 380

CGAGTATCATGTAATGATTCTACAAATGGGGACTGTCATGTAACAAACGACTATCTCCTATCCTAT TGGAAAAGACTAAACCCATGGAATTGCTAGT T
450 460 470 480




! UG 1 1 £o0-Mn.L A Signal Gi:138 A:108 |:/9 C:105 Page 1 of 2

Version 3.2 Loaded 1ul onto the sequencer DT {BD Set Any-Primer} Thu, 15 Jun 2000 11:03 am
PRBV' ™ 6-R.L-tGlu 377XL 48CM Matrix Wed, 14 Jun 2000 11:09 am
Lane 23 Points 1350 to 9400 Base 1: 1350 Spacing: 12.74

AAGCCGCCGTTGTAACTCTCAACCACAGGAACTCCTAAAATACCCCTGTACCCCCCCCAACCCCCCCCGGGTCCACAGTATGTAC GGCATGCATTCAC

" CNTATGTGTATANTACATTACANTNATATTAANTAANACANTTAACTGTATGT GCTGT GAC TGATAGT GT GTAATTGGGTAGAATGTTCTTGCTT
110 120 130 140 150 160 170 180 190

GC TGCTGTGTTTCAAGGATAAGTAGAGTAATACTTTCGAGGATTAACTAAATAATGAT GTAAGGATTAAGTGCTATACCTTGGACTAAACGGGT GA
200 210

GATGTAATGGTCT GAGGAAATGCTATGTCATGTGCTGAACGATTATCTCCT GTCCCGGTAGAAAGGACTAGACCCATGATTGTGATAGTATGTGTA
290 300 310 320 330 340 350 360 370 380

TTATCATTACAGAGTATACGACCGTGCTTGGT TACCTGAACTCAATGGT GGGAGCGCTTAGTATCCAATCATTTCTCGGGGCGCCAGT T TCAGG
420 430 440 450 460 470 4

(II,I |I Iu,l _.'P'I ‘
| v |I
- A ||I FI\ j




l mvoael 37/ 18+15.L-tGlu Signal G:525 A:407 T:421 C:434 Page 1 of 2

Version 3.2 Loaded 1ul onto the sequencer DT {BD Set Any-Primer} Wed, 21 Jun 2000 11:09 am
PRN i 15.L-tGlu 377XL 48CM Matrix Tue, 20 Jun 2000 1:06 pm
Lane 18 Points 1405 to 9770 Base 1: 1405 Spacing: 11.87

TACCTCAACC CAGGAACCCTTCAAAGAGAACCACCAATATATACAACCTCCCTCCCCCCCCTACCCCCCCATGTATATTATACATTACTTTANGNA
10 20 30 40 50 60 70 80 90

|I|| ' " b I'l"I .'II". , A

:I-Ia ' r'll\ W RATARLY MV A g (| 1| A ,1

CTTCATACATTATATTAANGGCA ANNANANTNNT TAANGGANNGGNTAA GGGTGGTANT GGACCTTNGNANNAAT TT TT CNNGNCNT T NGTNNNN (
100 110 120 130 140 150 160 170 180 190

CNNNAGGGNNNAAAAAGGAAGGGTTTT TNAGNNNNAATTAANGNANNGGGGAAGGGNCNANTTT TNANTCNT NAGGGTNAANCGGGNCNT T NGNANGN
200 210 220 230 240 250 260 270 280

1
| i

INAA GGACC GGAAGGNTTNAGGCCNTGGGCNT NAAGGNAGGGGGGGNCCAANNTTAANCNNT TTTCCGGNC NNTNNTT TAAGGANCNAGGTNNTTANT N
390 400 410 420 430 440 450 460 470 480

f




Transitions

Appendix B— DNA Sequences and Analyses

120 — 80 —
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®
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1

c
60 S
=
40
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T T T T T T S ] T
Of 10 20 30 40 50 60 70 AG CT AC AT CIG GIT
Transversions Substitution Type

Figure B.5. The graph on the left is transversion against transitions for cob gene
sequences, among all penguins (ingroup) comparisons (filled circles) and ingroup
to outgroup comparisons (open circles) with a line of best fit. On the right is the
type and number of substitutions in the (with standard deviations) from ingroup
comparisons only. C/T transitions are predominant substitution in this gene. Raw
data was taken from Edge (1996).

0.501

0.40 —

0.30

Frequency

0.20 -

0.10

0.00
0 10 20 30

Number of changes

Figure B.6. The number of parsimony-type changes required for all 353 sites
across a neighbor-joining tree, constructed from the 381 Adélie penguin HVR-1
sequences in Chapter Five. This distribution has a mean of 2.152975 and the
variance = 12.817441. A negative binomial distribution was fitted to this frequency
distribution and o approximated at 0.4366. This estimate was using as the shape
parameter for a gamma (I") distribution in Chapter Five.
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Appendix C — Radiocarbon Dating of Sub-fossil Bones
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Table C.1.

Radiocarbon dates of penguin remains from Victoria Land, Antarctica.

Appendix C — Radiocarbon Dating

14C dates were

supplied by: Geochron Lab.-Krurger Enterprise Inc., Cambridge Massachusetts (conventional and AMS,
GX-); IsoTrace Radiocarbon Lab., Toronto (AMS, TO-); NOSAMS, Woods Hole Oceanographic Institution
(AMS, 0S-); The Institute of Geological and Nuclear Sciences, Lower Hutt, NZ (AMS, NZA-). T = sampled
from the top of a horizon, B = sampled from the bottom of a horizon, and | = intermediate of the horizon.
All ages were calibrated using Stuiver et al. (1998).

Sample Lat.-Long. Code Radiocarbon Age  Calibrated age
(collection/lab) (yr BP) (yrBP)

1. Cape Hallett, guano, site 72°19'S, 991231.01 1620 + 45 525
S1(T),25m 170°12'E 0S-27676

2.  Cape Hallett, guano, site 72°19'S, 991231.04 1650 + 30 541
S1(B),2.5m 170°12'E 0S-27677

3. Cape Hallett, guano, site 72°19'S 991231.08 1700 + 80 607
S2(B),3m 170°12'E 0S-27678

4. Edmonson Pt., guano, site 74°19'S, 1000204.03 2070 + 35 924
S4 (T) 165°04'E 0S-26825

5. Edmonson Pt., guano, Site 74°19'S, 1000204.04 2200 + 35 1054
S4 (B) 165°04'E 0S-26415

6. Edmonson Pt., guano, site 74°19'S, 1000130.02 2230+ 40 1086
S2(T) 165°04'E 0S-27681

7. Edmonson Pt., guano, site 74°19'S, 1000130.03 2290 + 35 1166
S2 (B) 165°04'E 0S-27682

8. Edmonson Pt., guano, site 74°19'S, 880118.02 2870+ 155 1783
S1(B),40m 165°04'E GX-14076

9. Gondwana St., guano, site 74°38’S, 870119.03 4615 + 85 3894
S1,15m 164°12°E GX-13620

10. Gondwana St., guano, site 74°38’S, 941111.01 4670 + 80 3970
S2(T),15m 164°12°E TO-4964

11. Gondwana St., guano, site 74°38'S, 941111.03 9220 + 100 8977
S2(B)15m 164°12°E TO-4965

12. Terra Nova Station, guano 74°41'S, 860209.01 5770 + 60 5448
& remains, 18 m 164°06E GX-12760

13.  Terra Nova Station, 74°41'S, 890204.106 4585 + 105 3858
guano, 19 m 164°06E GX-15494

14. Terra Nova Station, 74°41'S, 890204.107 4915 + 105 4339
guano, 19 m 164°06E GX-15495

15.  Terra Nova Station, 74°41'S, 941122.02 5100 + 70 4543
guano, (T), 33 m 164°06E TO-5573

16. Terra Nova Station, 74°471°’S, 941122.05 5307 + 310 4826
guano, (B), 33 m 164°06E GX-21408

17. Terra Nova Station, 74°471'S, 970115.01 4880 + 40 4270
guano, (T), 40 m 164°06E GX-25109am

18. Terra Nova Station, 74°41’S, 970115.05 5040 + 50 4489
guano, (base of T), 40 m 164°06E GX-25110am

19. Terra Nova Station, 74°41'S, 970115.07 6480 + 45 6201
guano, (B), 40 m 164°06E 0S-27674

20. Terra Nova Station, 74°41'S, 971224.03 5240 + 40 4795
guano, (B), 57 m 164°06E GX-25111am

21. Icarus Camp, Northern 74°42'S, 860113.01 4290 + 50 3471
Foothills, guano, (B), 40 m 164°07'E GX-12754

22. Icarus Camp, Northern 74°42’S, 860113.03 4495 + 135 3727
Foothills, guano, (B), 25 m 164°07'E GX-12755

23. Icarus Camp, Nothern 74°42'S, 870118.01 4495 + 95 3727
Foothills, guano, (B), 50 m 164°07'E GX-13619

24. S.Icarus Camp, Northern 74°42'S, 941102.08 4555 + 85 3825
Foothills, guano, S3/94 164°07'E GX-20569
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25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

(T),60m

S. Icarus Camp, Northern

Foothills, guano, S3/94
(T), 60 m

S. Icarus Camp, Northern

Foothills, guano, S3/94
(B), 60 m

S. Icarus Camp, Northern

Foothills, guano, S4/94
(T),35m

Icarus Camp, Northern
Foothills, guano, S5/94
(T), 50 m

Icarus Camp, Northern
Foothills, guano, S5/94
(B), 50 m

Icarus Camp, Northern
Foothills, guano, S5/94
(B), 50 m

N. Adélie Cove, guano,
(B), 52 m

N Adélie Cove, guano,
Site S1/88 (B), 39 m

N Adélie Cove, guano,
Site S1/88 (B), 39 m

N Adélie Cove, guano,
Site S1/88 (T), 39 m

N Adélie Cove, guano,
Site S1/88 (B), 39 m

N Adélie Cove, guano,
Site S2/94 (T), 40 m

N Adélie Cove, guano,
Site S2/94 (B), 40 m

Inexpressible Is., remains,

23 m (from Dr T. Chinn)
Inexpressible Is., guano,
40m

Inexpressible Is., guano,
Site P1,20.7 m
Inexpressible Is., guano,
Site P1, 20.7 m
Inexpressible Is., guano,
Site P1, 20.7 m
Inexpressible Is., guano,
Site P1, 20.7 m
Inexpressible Is., guano,
Site P2, 19.7 m
Inexpressible Is., guano,
Site P2, 19.7 m
Inexpressible Is., guano,
Site P2, 19.7 m
Inexpressible Is., guano,
Site P3, 6.2 m
Inexpressible Is., guano,
close to Site P3, 6.2 m
Inexpressible Is., guano,
Site P4, 14 m
Inexpressible Is., guano,
Site P4, 14 m

74°42'S,
164°07'E

74°42'S,
164°07'E

74°42'S,
164°07'E

74°42'S,
164°07'E

74°42'S,
164°07’E

74°42'S,
164°07'E

74°44°S,
164°06E
74°44'S,
164°06E
74°44'S,
164°06E
74°44'S,
164°06E
74°44'S,
164°06E
74°44'S,
164°06E
74°44'S,
164°06E
74°53'S,

163°45°E
74°53'S,
163°45'E
74°53'S,
163°45°E
74°53'S,
163°45°E
74°53'S,
163°45°E
74°53'S,
163°45'E
74°53'S,
163°45°E
74°53'S,
163°45'E
74°53'S,
163°45'E
74°53'S,
163°45°E
74°53'S,
163°45°E
74°53'S,
163°45°E
74°53'S,
163°45°E

155

941102.09
GX-21405

941102.10
TO-4961

941102.13
GX-21406

941112.01
GX-20574

941112.05
TO-4966

941112.05
08-27673

870120.03
GX-13621
870120.04
GX-13622
880211.01
GX-14098
880211.01
GX-20568
941102.02
TO-4960
941102.04
GX-21404
941102.06
TO-5571
cce
NZ-7037a
870106.02
GX-13607
870107.03
GX-13613
870107.01
GX-13608
870107.04
GX-13614
870107.04
GX-13615
870107.02a
GX-13610
870107.02b
GX-13611
870107.02c
GX-13612
870107.06
GX-13616
941101.04
TO-4959
870107.07
GX-13617
860116.02
GX-12757

4080+ 105

7360+ 70

4205 + 150

4625 + 120

10180 = 150

6150 + 45

6855 + 195

6860+ 110

7065 + 250

6945 + 95

8030+ 70

5825 + 125

8490 + 90

2530 + 60

2900 + 90

3010 + 220

5360+ 90

5945 + 340

6335+ 110

5440 + 85

5530 + 100

6235+ 110

3340+ 85

3890 + 80

3675+ 90

4190 + 80

Appendix C — Radiocarbon Dating

3260

7210

3385

3906

10274 M

5862

6614
6619
6844
6709
7786
5488
8280
1375
1814
1927
4858
5599
6004
4975

5172, 5168,
5134
5915
2328
2988
2746

3373



51.

52.

53.

54.

556.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

719!

76.

77.

78.

791

80.

Inexpressible Is., guano,
Site S2/94 (T), > 50 m
Inexpressible Is., bone

Cape lIrizar, guano, Site
S2/96 (T), > 120 m

Cape lIrizar, guano, Site
S2/96 (B) > 120 m

Prior Is., guano, Site S1
(T),17m

Prior Is., guano, Site S1
B)17m

Prior Is., guano, Site S2
(T), 18.5m

Prior Is., guano, Site S2
(1), 18.5m

Prior Is., guano, S2 (1),
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Figure C.1. Soil profiles from the locations sampled for subfossil bones.
The age of each horizon is taken from Table C.1. These drawing were
prepared by Carlo Baroni, Universita di Pisa, Italy.
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A repeat complex in the mitochondrial control
region of Adélie penguins from Antarctica

Peter A. Ritchie and David M. Lambert

Abstract: We have determined the nucleotide sequence of the entire mitochondrial control region (CR) of the Adélie
penguin (Pygoscelis adeliae) from Antarctica. Like in most other birds, this CR region is flanked by the gene nad6 and
transfer ()RNA tmE(uuc) at the 5" end and the gene rns and trnF(gaa) at the 3’ end. Sequence analysis shows that the
Adélie penguin CR contains many elements in common with other CRs including the termination associated sequences
(TAS), conserved F, E, D, and C boxes, the conserved sequence block (CSB)-1, as well as the putative light and heavy
strand promoters sites (LSP-HSP). We report an extraordinarily long avian control region (1758 bp) which can be at-
tributed to the presence, at the 3’ peripheral domain, of five 81-bp repeat sequences, each containing a putative LSP—
HSP, followed by 30 tetranucleotide microsatellite repeat sequences consisting of (dC—dA—dA—-dA);o. The microsatellite
and the 81-bp repeat reside in an area known to be transcribed in other species.

Key words: Aves, microsatellite, evolution, D-loop, TAS, WANCY.

Résumé : Les auteurs ont déterminé la séquence nucléotidique de toute la région de contrdle (CR) mitochondriale chez

le pingouin Adélie (Pygoscelis adeliae) de I’ Antarctique. Comme chez la plupart des autres oiseaux, la région CR est
bordée du c6té 5’ par le géne nad6 ainsi que par le géne codant pour I’ARN(t) trnE(uuc) et du c6té 3’ par les génes
rns et trmF(gaa). Une analyse de séquences a montré que la région CR du pingouin Adélie contient plusieurs éléments
en commun avec d’autres régions CR dont les séquences TAS (« terrnination associated sequences »), les boites
conservées F, E, D et C, le motif CSB (« conserved sequence block »)-1, de méme que les sites promoteurs potentiels
LSP-HSP (« light and heavy strand promoters »). Les auteurs rapportent une région de contrdle exceptionnellement
longue (1758 pb) pour un oiseau. Cette grande taille est due a la présence, dans le domaine périphérique en 3’, de cinq
copies d’un motif de 81 pb, chacune contenant une séquence LSP-HSP suivie d’un microsatellite tétranucléotidique
(dC-dA-dA-dA--dA)so. Le microsatellite et le motif répété de 81 pb sont situés dans une région connue comme étant

transcrite chez d’autres espéces.

Mots clés : Aves, microsatellite, évolution, D-loop, TAS, WANCY.

[Traduit par la Rédaction]

Introduction

The mitochondrial (mt) control region (CR) is responsible
for transcription and replication of the mitochondrial ge-
nome (Taanman 1999). Three internal CR portions have
been recognized; the 5-peripheral domain (right domain),
the central conserved domain (ca. 200 bp), and the 3’-periph-
eral domain (left domain) (Upholt and Dawid 1977,
Southern et al. 1988; Saccone et al. 1991). In the avian CR,
the S'-peripheral domain contains the termination associated
sequences (TAS), the central conserved domain contains the
F, E, D, and C boxes, and the 3'-peripheral domain contains
the origin of heavy strand replication (Oy), conserved se-
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quence block (CSB)-1, and the heavy (H) and light (L)
strand transcriptional promoter (HSP-LSP) sites (L’Abbé et
al. 1991; Quinn and Wilson 1993; Randi and Lucchini
1998). Transcription and replication of the mt genome are
intimately connected. After transcription has begun at the
LSP site, mitochondrial processing endoribonuclease (RNase
MRP), and possibly endonuclease G (C6té and Ruiz-Carrillo
1993), are thought to cleave the L-strand transcript at se-
quences corresponding to the CSBs (Chang and Clayton
1985). This transcript forms an RNA primer that initiates
replication of the H-strand at a site designated the Oy
(Walberg and Clayton 1981). It is known that in humans, as
H-strand synthesis displaces the L-strand at the WANCY
tRNA cluster, approximately two thirds of its way around
the molecule, this free L-strand is primed by a mtDNA
primase and L-strand synthesis begins (Wong and Clayton
1986).

Sequence data from mtCRs has revealed the presence of
repeat DNA sequences in many different species, from nem-
atodes (Caenorhabditis elegans, Okimoto et al. 1992) to
sheep (Ovis ovis, Zardoya et al. 1995). Lunt et al. (1998)
surveyed repeat sequences in the CRs of a range of species
and showed that they varied in number and ranged in size
from 3 bp to as large as 777 bp. To date, several mechanisms

© 2000 NRC Canada
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ACCCCCAAAAGAGTCCACCCTATACATACAATTCCCCTCCCCCCCCTACCCCCCATGTATATTATACATTACTCTATGTA

CTATGTACATTACATTAATGTTATCAAGTACATT PAATGTACGGTACTAGGACTGTTATTGTACTATCGGACAGAACTCC
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1377
1458
1537
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1699
1758

have been proposed to explain the generation and persis-
tence of repetitive DNA in the mitochondrial CR. These in-
clude slippage during replication (Levinson and Gutman
1987; Madsen et al. 1993) or rarer recombination events
(Lunt and Hyman 1997). Consistent with these models, re-

petitive DNA in the CR is found in areas where transcription
and replication are initiated (i.e., near the TAS in the 5"-pe-
ripheral domain or between CSB-1 and the tRNA in the 3-
peripheral domain). We report here on the mtCR of the
Adélie penguin Pygoscelis adeliae (Aves: Sphenisciformes)
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Fig. 1. The L-strand sequence and a schematic representation of the Adélie penguin control region (CR). (a) The first 1143 bp (com-
prising the 5’-perpherial domain, central conserved domain, and part of the 3’-peripheral domain) of the CR. Underlined is the inter-
rupted poly-C sequence, marked with an arrowhead is the possible dC terminus of the D-loop, and highlighted are the termination
associated sequences (TAS). Also highlighted are the F, E, D, and C boxes and consersed sequence block (CSB)-1. (b) A schematic
representation of the CR, which shows the flanking genes and portions of the CR sequence represented in this figure. The origin of
heavy strand replication (Oy) is estimated to be 12 nt from CSB-1 and is represented as a circle. The abbreviations correspond to:
nad6, encodes the product NADH dehydrogenase subunit 6; tmE(uuc), transfer RNA glutamic acid; tmF(gaa), tRNA phenylalanine;
rns, encodes the small subunit ribosomal RNA (12S). (c¢) the 81-bp large repeat (LR-1, -2, -3, -4, and -5). The repeat units are aligned
with each other, the stars show the variable positions, and the «~ symbols represent the light (L) and heavy (H) strand promotor (LSP-
HSP) sites. (d) The 92-bp sequence after the LR and underlined is the simple sequence repeat (SSR); a tetranucleotide microsatellite

(CAAA).

from Antarctica, and show that this is one of the largest
avian mtCRs found to date, due to the presence of two
classes of repeat units in the 3-peripheral domain.

Materials and methods

Blood samples from Adélie penguins were collected during the
austral summer of 1997-1998 at Cape Bird, Antarctica (lat 77°14°S,
long 166°28E), then transported in liquid nitrogen and stored at —
80°C. Total genomic DNA was isolated from whole blood using
standard proteinase K — SDS (sodium dodecyl sulfate) dissolution,
followed by extraction with phenol—chloroform and ethanol precip-
itation (Sambrook et al. 1989). The Adélie penguin control region
was amplified using the polymerase chain reaction (PCR) with
primers designed to the flanking nad6 (5-ACTAAACCAATTACC-
CCATAATA-3" L-nad6-gb) and rns (5-CTGCTGAGTACCCGT-
GGGGGTGTGGC-3’ H-rns-pen) genes. These PCR primers were
designed using nad6 gene sequences from GenBank (Acc. Nos.:
chicken, X52392; duck, L16769; ostrich, Y12025; goose, L22477,
and gnatcatcher, AF027829) and rns gene sequences determined
for the penguin species Pygoscelis adeliae, Eudyptes pachyrhy-
nchus, Megadyptes antipodes, and Eudyptula minor. To design the
H-strand primer. we sequenced the 5" end of the ras gene using
PCR primers 5-AGCATGGCACTGAAGATGC-3" (L-tRNA-P,
modified from Tarr 1995) and 5'-ATAGTGGGGTATCTAATCCCA-
3’ (H-rnsA, modified from Palumbi 1995). A 260-bp portion of the
WANCY tRNA cluster was amplified and sequenced in both the
Adélie and yellow-eyed (M. antipodes) penguins using the primers 5’-
CCAAAGGCCTTCAAAGCCTTAAATAAGAG-3" (L-WANCY), 5-
CCAAAAATCTGTGGTTCAATTCCTCTTC-3" (H-WANCY); de-
signed from GenBank sequences (chicken, X52392; ostrich,
Y 12025). All mitochondrial gene nomenclature in this work fol-
lows that of the Organelle Genome Database (GOBASE) available at
http://alice.bch.umontreal.ca/genera/gobase/gobase.html (Korab-
Laskowska et al. 1998).

All PCRs contained 0.4 1tM of each primer, 200 pM of each
dNTP, 1.5 mM MgCl,. 10 mM Tris—HCI pH 8.3, 50 mM KCI, and
0.5 U AmpliTag DNA polymerase (PE Biosystems, N.J.). The PCR
products were purified using High Pure™ PCR Product Purifica-
tion columns (Boehringer Mannheim, Mannheim). Purified PCR
products were sequenced with internal primers using an ABI
PRISM® BigDye™ Terminator Cycle Sequencing Kit (PE
Biosystems, N.J.) and run on an ABI 377 automated sequencer, ac-
cording to the manufacturer’s recommendations. Sequences for the
CR can be found at GenBank Acc. No. AF272143 and for the
tRNA WANCY at AF272144 and AF272145. To predict the single-
stranded secondary structures of the CR 5-end we used the UNIX-
based software by GCG (Genetics Computer Group, Inc., Wis).

To verify that these CR sequences were of mt origin, and did not
represent nuclear copies, a large portion (ca. 6.0 kb) of the Adélie
penguin mt genome was amplified and sequenced. The long PCR
template was generated using the Expand™ Long Template PCR
System (Boehringer Mannheim) using two PCR primers designed

to conserved portions of the rsi gene 5S-TGATTGCGCTACCTT-
CGCACGGTTAGGATACC-3’ (H-ExpPeng-rs!) and the cob gene
5-CCATTCCACCCCTACTACTCCACAAAAGA-3" (L-ExpPeng-
cob). All PCRs contained 0.3 M of each primer, 500 M of
dNTPs, PCR buffer 3 (50 mM Tris-HCl pH 9.2, 16 mM
(NH,),S0O,4, 2.25 mM MgCl,, 2% DMSO, and 0.1% Tween-20),
and 2.6 U Expand™ Long Template enzyme mix. The resulting
PCR product was purified using High Pure™ PCR Product Purifi-
cation columns (Boehringer Mannheim), and the CR was amplified
and sequenced as above. We obtained the same sequences across
the control region for both the long and short PCR products indi-
cating that both have been amplified from the same template. In
addition, we did not encounter any double peaks on the electro-
pherograms during sequencing.

Results and discussion

The organization of the Adélie mt genome

The CR of this Adélie penguin is 1758 bp in length and is
bound by the tRNAs trnE(uuc) and trnF(gaa), and the genes
nad6 and rns (Fig. 1). The position of the flanking genes,
tRNAs, and the control region is the same as that determined
for chicken (Gallus gallus, Desjardins and Morais 1990)
(Fig. 1b). A recent study by Mindell et al. (1998) showed
there are two types of gene arrangement in birds; the com-
mon cob/nad6/control region/rns order (e.g., the gene ar-
rangement of the chicken) and the less frequent order of;
cobl/control region/nad6/a non-coding region/rns. If the
avian phylogeny that Mindell et al. (1998) presented is cor-
rect, then the latter, less frequent gene rearrangement has oc-
curred as separate independent events in Picidae, Cuculidae,
Passeriformes suboscines, and Falconiformes. The results of
Mindell et al. (1998) indicate that these mt gene rearrange-
ments are likely to be due to specific processes that result in
the reoccurrence of this condition.

In mammals the WANCY tRNA cluster includes an ~50-
nucleotide (nt) sequence that is capable of forming a stable
single-stranded secondary structure, which is known to be
involved in priming the synthesis of the nascent L-strand.
However, this sequence is conspicuously absent from the
WANCY tRNA cluster of birds (Seutin et al. 1994). This
begged the questions of (1) whether the O is located at a
different position, yet undiscovered, in birds; and (or)
(2) whether there are other unknown recognition sequences
on the mt genome involved in initiation of L-strand synthesis
(Shadel and Clayton 1997). We have determined the se-
quence for a 250-bp portion of the WANCY tRNA cluster
for the Adélie and yellow-eyed penguins. Like other avian
species, the Adélie and yellow-eyed penguins possess no
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Fig. 2. The secondary structure of the first 164 bp of the 5"-peripheral domain of the Adélie penguin control region (CR). Outlined is
the interrupted poly-C sequence and the putative termination associated sequence (TAS); the arrow corresponds to the dC terminus of

the chicken D-loop.

mammalian-like sequences responsible for priming the Oy in
this region of the mt genome (data not shown).

The organization of the Adélie penguin CR

We compared the internal organization of the Adélie pen-
guin CR to that found in other avian CRs (Quinn and Wilson
1993; Randi and Lucchini 1998) and found them to be very
similar. The 5"-peripheral domain is 560 bp, the CCD is 200
bp (as defined by Saccone et al. 1991), and the 3’-peripheral
domain is 998 bp long. The 3-peripheral domain of the
Adélie penguin is larger than the entire 909-bp CR of the
cow (Bos taurus, Anderson et al. 1982), and only slightly
smaller than the CRs of many avian species (Baker and Mar-
shall 1997). The overall base composition of the Adélie pen-
guin CR is A, 30.4%; T, 30.3%; C, 25.5%; and G, 13.8%.
These values show that there is a A + T (60.8%) to G + C
(39.2%) asymmetry in this sequence. It has been shown that
the CCD differs from the two peripheral domains in being
lower in L-strand adenine content (Ramirez et al. 1993). The
reduced adenine content of the L-strand of the CCD is also
the case in the Adélie penguin with A, 20.7%; T, 30.8%; C,
31.3%; and G, 17.1%, which almost corresponds to an A +
T to G + C symmetry: 51.5% to 48.5%, respectively.

The 5'-peripheral domain contains an interrupted poly-C se-
quence (5-CCCCTCCCCCCCCTACCCCCC-3") which forms
a potential single-stranded secondary structure (Figs. 1a and
2). Zardoya and Meyer (1998) reported a similar motif in the
CR of the African side-necked turtle (Pelomedusa subsrufa),

and noted its similarity to the CSB-2 motif (5-CAAACC-
CCCCCWMCCCC-3') identified in the 3’-peripheral domain
of mammals by Walberg and Clayton (1981) and Saccone et
al. (1991). A survey of GenBank shows that a similar motif
is present in the 5’-peripheral domain of other avian species,
including Struthioniformes, Galliformes, and Falconiformes.
In the lesser snow goose (Anser caerulescens caerulescens)
and the chicken, this motif forms a potentially stable hairpin
structure, because it is followed by an interrupted poly-G se-
quence (Quinn and Wilson 1993). Although this interrupted
poly-C sequence is a conserved feature across many species
and is close to one identified TAS (Nass 1995), a role for
this sequence has never been determined.

H-strand synthesis originates within the first 40 nt down-
stream from CSB-1 and temporarily stalls shortly after initi-
ation. The 3’ end(s) of the nascent H-strand terminate close
to the TAS to form a stable triplex displacement-loop (D-
loop) structure. Nass (1995) has identified the 5" and 3’ ends
of the D-loop from the chicken and the TAS (5-ATATAT-
TTACA-3") at 81 bp to the right of tmE(uuc). She went on to
show that this sequence is present in other avian species and
associated with a putative secondary structure. Furthermore,
the 5" end of the chicken D-loop was shown to begin 11-12
nt downstream of the CSB-1, is 781 (%1) nt in length, and
has two nascent H-strand 3’-termini which exhibit dG and
dC 3-end nt. Presented in Fig. 2 is the putative secondary
structure of the first 164 bp of the 5-peripheral domain of
the Adélie penguin, which includes the interrupted poly-C
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sequence and the putative TAS sequence and dC 3’ terminus.
Based on an inferred location of the Oy and TAS, this D-
loop would correspond to 893 nt in length.

Tandem repeats in the 3-peripheral domain

The most striking feature of the Adélie penguin CR is the
presence of two types of tandemly repeated sequences, a
large repeat (LR), and a simple sequence repeat (SSR) in the
3-peripheral domain (Fig. lc and 1d). These two repeats
contribute to the extraordinary size of this CR. Considering
the base composition of this domain, the first 365 nucleo-
tides are 58.4% A + T to 41.6% G + C, followed by the
large repeats at 69.7% A + T to 30.3% G + C, then the LR~
SSR spacer sequence is 46.0% A + T to 54.0% GC, and last,
the SSR is 75% A to 25% C. These values show that the
LRs have a significant A + T basis, a feature known to cause
helix instability and which is common at origins of replica-
tion.

The SSRs comprise 30 perfect tetranucleotide micro-
satellite repeats consisting of (dC-dA-dA—dA);y(dG—dT-
dT-dT),q. This microsatellite is located at the extreme 3’ end
of the CR, is contiguous with the tRNA, and since it is
downstream from the HSP site, is most likely to be tran-
scribed. Interestingly, the same tetranucleotide microsatellite
has also been found in the ratite, Rhea americana (Hirlid et
al. 1998), and similar repeats containing a CA-type motif
have been found on the L-strand in other avian species (Berg
et al. 1995). Like other microsatellites, there is good evi-
dence that SSRs are formed and variation maintained via
slipped-strand mispairing during mitochondrial replication
(Levinson and Gutman 1987; Madsen et al. 1993; Trinh and
Sinden 1993).

The LR region comprises four complete 81-bp repeats,
followed by a repeat missing two base pairs (i.e., 5-81-81-
81-81-79-3"). Alignment of the repeats with each other re-
veals substitutional differences at positions 1171, 1172, and
1173 (CT), at position 1199 (CG), and insertions—deletions
(indels) at positions 1197-1198 with respect to LR-1 in the
data set (Fig. 1c). Avian species differ from many verte-
brates by having a single major transcriptional promoter in
the CR which has a bidirectional capacity for both the L-
and H-strand (L’Abbé et al. 1991). All these repeat units
contain a putative HSP-LSP sequences, initially identified in
the chicken (5-GTATAATATATATACA-3"). The first two re-
peats (LR-1, LR-2) and the fourth repeat (LR-4) are identi-
cal. The third repeat (LR-3) and the last repeat (LR-5) are
each unique and differ from the other repeats (LR-1, -2, and
-4) by the substitutions described above and from each other
by an indel event and a substitution. When folded, the LR
repeats form a potential hairpin structure. In the European
rabbit (Oryctolagus cuniculus, CR = 2437 bp), a primer ex-
tension analysis detected families of H-strand RNA species
which originated from the CR LSP. These different-sized
RNA transcripts were attributed to a tandem repeat (153 bp)
in which each motif contained a LSP site (Dufresne et al.
1996). Based on that study, it is likely that the Adélie pen-
guins, also, produce muitiple RNA transcripts, each originat-
ing from promoter sites in the LRs. However, in contrast to
rabbits, there would be variable length transcripts for both
the L- and H-strand RNA, since avians possess a bid-
irectional promoter.

617

To explain the changes in 5'-peripheral domain repeat
numbers, Buroker et al. (1990) proposed an illegitimate
elongation model which involved slipped-strand mispairing
and nonhomologous recombination. A similar model could
be proposed to explain the LRs present in the 3’-peripheral
domain of Adélie penguins. If, during replication, there is a
dynamic competitive equilibrium between the large RNA
primers and the H-strand for pairing with the L-strand, either
at the beginning or end of replication, then partial displace-
ment of a repeat unit is possible. A hairpin structure in the
H-strand would result in a repeat loss, whereas a hairpin for-
mation in the RNA primer would result in a repeat gain. The
daughter molecule would form a heteroduplex with the pa-
rental molecule which would be resolved during the next
round of replication.

We have sequenced the mtCR of the Adélie penguin and
identified its internal organization, including the conserved
motifs (TAS, the F, E, D, and C boxes, CSB-1, and the LSP-
HSP). This control region is larger than those from other
avian species, due to the presence of a large 81-bp repeat se-
quence and a (dC-dA-dA—dA);o microsatellite in the 3'-pe-
ripheral domain. The 81-bp repeat contains both the LSP
and HSP and may therefore produce a variety of RNA tran-
scripts. This study shows that avian mtCRs, like those in
mammals, can vary greatly in size due to the presence of dif-
ferent repeat complexes.
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In Antarctica, large numbers of well-preserved sub-fossil bones of Adélie
penguins (Pygoscelis adeliae) underlie their existing and abandoned
nesting colonies. Penguin remains have been radiocarbon dated up to
13,000 yr BP and we show that frozen bones harbour some of the best-
preserved ancient DNA yet discovered. We report DNA sequence
variation in the mitochondrial hypervariable region I (HVRI) of 80
Carbon-14 dated bones collected from 18 Antarctic locations. These were
compared with sequences from 380 living Adélie penguins from 13
Antarctic colonies. Using ancient and modern penguin mitochondrial
haplotypes, we demonstrate DNA sequence evolution through time. In
addition, we estimate the rate of evolution of the HVRI using two
population-based analyses: median networks and a distance approach.
Our calculated rates are five times higher than previous indirect
phylogenetic estimates, and demonstrate the power of this unique
situation for the study of evolution.

Until recently, estimates of rates of nucleotide sequence evolution have been limited to
comparisons among living taxa. Such rates have typically been calculated by measuring
the genetic distances between extant forms, and calibrating this against postulated
divergence times from a most recent common ancestor. Such divergence times are
usually themselves estimated by reference to the age of fossil material'. Typically the time
frame for such calibrations span millions of years. For example, using a study of



restriction fragment length polymorphisms, Shields and Wilson® measured the divergence
between two groups of geese at 8% and calibrated this against fossil evidence, suggesting
a common ancestor 4-5 million years ago. Consequently, the entire avian mt genome is
regarded to evolve at a rate of 2% per million years, similar to the value commonly
accepted for mammals®. This value of 0.02 substitutions / site / million years (s/s/Myr)
was then used to calculate the rate of substitution for a portion of the HVRI, estimated at
0.208 s/s/Myr, on the basis that it evolves 10.4 times faster than the entire mitochondrial
genome*’. This latter rate lies within the accepted range of substitution rates for
mammalian HVRI (0.025 — 0.26 s/s/Myr), estimated from phylogenetic methods®’.
Such indirect estimates inevitably have limited precision and hence lack reliability.

Recently, there has been controversy over the rate of change of the mitochondrial control
region®'’. For example, using samples from known pedigrees, Parsons and coworkers''
measured a rate of 2.5 s/s/Myr for the HVRI in humans. This value is similar to that
recorded in other human pedigree studies'? (1.2 s/s/Myr — 2.7 s/s/Myr) and is more than
an order of magnitude higher than those previously suggested from phylogenetic studies.
Jazin et al."” suggested this high rate was due to mutational hot spots, and argued that it is
not supported by other studies. However, this debate has not been resolved'*'*>. For
example, using a long-term series of Caenorhabditis elegans mutation accumulation lines,
Denver et al.,'® recently reported a mutation rate of mitochondrial protein coding regions
that is two orders of magnitude higher than previous indirect estimates. Such rates for
family lines might be expected to be very different from those calculated using
phylogenetic methods because a combination of drift and selection is likely to eliminate
variants over time'’. This controversy, in conjunction with the inherent inaccuracy of the
phylogenetic approach to rate estimation, raises the question of what evolutionary rates
might be for intermediate time frames (eg tens of thousands of years).

The advent of ancient DNA technology'®, in principle, offers a new opportunity to
directly and accurately estimate the rate of nucleotide substitutions using population
approaches. However, to date there have been no examples of populations comprising a
sufficient number and distribution of ancient samples of known ages. Because of the
particular aspects of their life history and the extreme Antarctic environment, Adélie
penguins represent an ideal model for such a study. This remarkable species represents
approximately 80% of the total avian biomass of Antarctica in the summer months'®, and
has an estimated population size of over 15 million®. During the austral summer, Adélie
penguins nest in distinct colonies in ice free areas along a small proportion of the
Antarctic coastline (Fig. 1). Colonies are characterised by extremely high densities,
together with high mortality”’. These factors have led to large deposits of sub-fossil
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bones that have been continuously preserved in the cold Antarctic environment for at least
7,786 yr BP (TO-4960 Supplementary Information)®.

In order to measure evolutionary rates in Adélie penguins, we sequenced the
mitochondrial HVRI from both modern samples and ancient bone material. A major
feature of the HVRI of populations of living Adélie penguins (n = 380) is the presence of
two mtDNA lineages that have distinct geographic distributions. Type A (Antarctica) is
present at all locations around the continent that we have sampled, while the RS (Ross
Sea) lineage appears restricted to the Ross Sea (Fig. 1). These lineages each have high
haplotype diversity (h, = 0.995; and h,s = 0.995) and average within-lineage sequence
differences of 2.0% (A type) and 2.6 (RS type). These lineages show an average of

8.3% sequence divergence, and 6% when adjusted for within-lineage polymorphism.

The same two lineages occurred in 80 sub-fossil bones of Adélie penguins preserved

224 Soil horizons are composed of droppings,

within soils below penguin colonies
feathers, egg fragments and other penguin remains mixed with sand, gravel and pebbles
(Fig. 2). Abandoned penguin nesting sites are common landscape features along the
Antarctic coasts®*. For example, in Victoria Land 15 relict colonies are known. In this
study penguin guano or other remains, from both occupied and abandoned colonies,
were radiocarbon dated. Ages were assigned to nucleotide sequences from bones, either
because the bones themselves were directly dated, or strata from which they were
isolated were aged. A total of 99 radiocarbon ages were used for this purpose
(supplementary information). We show that both mitochondrial lineages recorded from

the modern populations were also present in the Ross Sea area 6082 yr BP. (Fig. 2).

The ancient DNA extracted from the cryopreserved Adélie penguin bones was of
extraordinary quality. The polymerase chain reaction enabled amplification up to 1600
base pairs (bp) of the mitochondrial control region from younger radiocarbon dated
bones (e.g. 523 yr BP). These younger bones consistently amplified a 663-1042 bp
sequence (35% of bones younger than 2000 years). Even older bones (eg. 6082 yr BP)
consistently amplified a 390bp sequence (45% of those older than 2000 years). In
summary, 82% of sub-fossil bones could be sequenced for this shorter fragment. In
addition, single copy nuclear loci were routinely amplified from bone samples,
suggesting DNA of extreme quality. These results support the suggestion that low
temperatures and arid environments are major factors in retarding post-mortem
degradation of DNA%.

Samples of ancient and modern populations of Adélie penguins provide a unique

opportunity to estimate evolutionary rates of change over thousands of years. Both
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median networks®’ and serial sample unweighted pair-group method of arithmetic
averages (SUPGMA)® were used to estimate the rate. First, the evolutionary rate of
change in the HVRI of Adélie penguins was measured by calculating the rate of change in
bone samples, using the relationships among individual haplotypes in median networks.
Such networks are appropriate for molecular data sets like that of Adélie penguins that are
characterised by few phylogenetically informative sites and a broad spectrum of mutation
rates”. Median networks are ideal because the nodes represent haplotypes that are either
sampled or inferred as ancestral intermediates®. We employed median networks of the
HVRI to infer ancient Adélie mitochondrial sequences that are ancestral to sequences
from living individuals. Fig. 3 represents median networks generated from the HVRI
data set. Sequences and sites with a large number of missing values were excluded from
the analysis. This data set contained 318 modern and 67 ancient samples representing
152 haplotypes, 193 sites were used in the analysis. Thirteen mutually compatible sites
define the phylogenetic relationship among the seven subgroups shown in Fig.3a. These
13 sites are completely consistent with the tree (Fig.3a), without requiring any parallel
changes. Median networks were then constructed for each of the seven subgroups. The
rate was estimated by calculating, first, the minimum number of substitutions required to
account for the diversity of the modern samples, i.e. the number of edges in the median
network needed to minimally connect modern samples. Second, from this connecting
network, we subtracted the number of edges that account for substitutions in the ancient
sequences. This provided the number of extra changes needed to explain the modem
samples. For our data set, 151 extra changes were required. This value was averaged
for the age of bone samples (2437 years), the number of sites used in the analysis (193)
and the number of modern samples (318). This provided a rate estimate of 1.01 s/s/Myr.
A modified jackknife procedure was used to estimate the 95% confidence interval of 0.85
—1.16 s/s/Myr. This provides evidence for molecular evolution of Adélie penguins over
this time period. In order to eliminate the possibility that this result is due to the different
sizes of modern and ancient samples, we took 20 random sub-samples of 67 modern
sequences and compared these to the 67 bone sequences. There was a significant
difference between the number of changes required to explain the modern samples (mean
60.30 changes, with standard error 1.23) in comparison to the ancient samples (53
changes).

The second approach to rate estimation involved a general regression of the expected
number of substitutions per nucleotide site (1), against time, between serially preserved

Adélie penguin samples. The SUPGMA approach of Drummond and Rodrigo® involves
two steps. First, estimating the rate using a regression approach, independent of tree
topology. Second, the construction of an adjusted distance matrix, and subsequent
clustering using UPGMA.  Serial sample UPGMA (sUPGMA)® allows the
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reconstruction of a phylogeny in which tips terminate at different times, but constrains

tips sampled at the same time to terminate at identical distances from the root. We have
used this approach, as implemented in Pebble 0.40.% to estimate the rate of HVRI

evolution and to present the relationships among all sub-fossil bone sequences and an
equivalent representative number of modern samples (Fig. 4). We calculated a rate of
change in the HVRI of 0.92 s/s/Myr. Using a delete-half jackknife on the unique-within-
timepoint sequences, the 95% confidence intervals were ~0.42 to 2.35.

We also investigated a maximum likelihood approach as a potential third estimator of the
rate of change of the HVRI but without a well-defined single tree this method is difficult

to apply. This approach, implemented in TipDate®, uses a maximum likelihood tree of
sequences, and consequently estimates (£, the rate of evolution over the entire tree using

the differences between the ages of sub-fossil bones and modern samples. In contrast to
sUPGMA, maximum likelihood approaches rely on tree topology in order to estimate
evolutionary rates. Our population data resulted in a large number of equally likely

trees and therefore large variation in rates and extreme confidence intervals.

A strong feature of the data we present, is that the average sequence divergence between
the modern A and RS Adélie penguin lineages is 6.0%, while that between older ancient
bone samples (mean 4,200 yr BP; n = 35) is 5.1%. Hence these two lineages have
accumulated 0.9% sequence divergence over this time period. Moreover, mitochondrial
HVRI sequences from Adélie penguins are evolving in a clock-like manner in that 89% of
all samples belonging to the A and RS lineages passed a relative rate test” (n = 800) and
a likelihood ratio test* (p > 0.05). Assuming an evolutionary rate of 1.01 s/s/Myr, as
estimated by median networks, the sequence divergence of 6.0% between the A and RS
lineages, dates their separation to 59-60,000 yr BP. Using the SUPGMA rate of 0.92
s/s/Myr the same divergence dates at 65,000 years (Fig. 4). Both these estimates indicate
divergence of the two lineages in the middle of the last glacial cycle®?*. This is
consistent with the fact that at the Last Glacial Maximum there were few, if any, ice free
areas in the Ross Sea, and Adélie penguins are likely to have been restricted to refugia on
sub-Antarctic islands. In contrast, the slower phylogenetic rate of divergence, 0.208
s/s’/Myr would suggest that the lineages were separated 280-300,000 yr BP and
consequently that their distinctness has been maintained through at least three glacial
cycles. This is only possible given an absence of population bottlenecks over that period.
However, this is highly unlikely given the wide-scale displacement of penguins from ice-

free breeding areas at each 120 kyr glacial cycle*.
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Given that we have detected a significant difference between the genetic composition of
ancient and modem penguin populations, this study represents the first demonstration of
molecular evolution in a vertebrate species over geological time. We show that Adélie
penguin sub-fossil bones comprise a large number of ancient mitochondrial lineages,
some of which are extinct, while others, or direct ancestors of them, are still represented
in the living populations (Fig. 4). In addition, to measure the rate of HVRI evolution,
two successful approaches were employed. Although these were methodologically very
different, they result in generally concordant estimates. These rates are approximately
five times higher than the rate commonly accepted from phylogenetic studies. While
other studies have attempted to document changes in populations over time, these have
either lacked a large number of population samples®, or they have employed ancient
samples over only short time frames®®. We suggest that the mitochondrial evolutionary
rates presented here represent the best estimates to date, and that they are relevant to a
broad range of evolutionary and phylogeographic studies. Our findings illustrate the
potentials of this remarkable biological situation to study both the tempo and mode of
evolution, and more generally highlight the importance of Antarctica as a natural

laboratory for international science.

Methods

DNA extraction, PCR and sequencing

DNA from blood samples of 380 Adélie penguins was isolated using standard procedures”.
Approximately 0.5g of each sub-fossil bone was ground and decalcified in 20mls of 0.5 M EDTA pH 8.0
overnight. The supernatant was removed after centrifugation and the sediment digested in SDS/Proteinase-
K at 50°C overnight. The samples were extracted twice with Tris-saturated phenol and once with
chloroform/isoamyl, followed by concentration on a Vivaspin-30 (Viva Science, U.K.) membrane. Fifty
microlitres of the sample was purified using QIAGEN DNA mini kit and stored at 4°C. The HVRI
mitochrondrial control region was amplified using the primers specific to the Adélie penguin (reference
numbers correspond to the sequence deposited in GenBank, accession no. AF272143) AHS30 (5°-
CTGATTTCACGTGAGGAGACCG-3’), AH432 (5’-GTGTTCAAGCTCTGCCGTACC-3"), AL305 (5°-
GGACCAGCTCCTAATCCCTTCG-3’), AH271 (5-GCTGGTCCTTGTACCATGGAC-3’), AL93 (5’-
CATTTAATGTACGTACTAGGAC-3’), and L-tRNAS" (5’-CCCGCTTGGCTTYTCTCCAAGGTC-3).
Amplifications from 1pl of the extracts was conducted in 25pl volumes using AmpliTaq (PE
Biosystems), 1.5 mM MgCl,, 2 mg/ml bovine serum albumin, 0.4 pmol/ul of each primer and 200 uM
of each dNTP. PCR products were purified with the QIAquick PCR purification kit before direct
sequencing using the Big Dye Terminator sequencing kit (PE Biosystems) and analysed on a 377A
automated sequencer (PE Biosystems). Samples from the two major lineages were re-sequenced from a
long PCR fragment to check for preferential amplification from a nuclear copy of the control region as
described in Ritchie and Lambert>:. Additional evidence that one of these lineages is not a nuclear copy

comes from our finding that a 640 bp sequence from the apocytochrome b (cob) gene (n=10) shows a
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fixed transitional substitution between the two lineages at the 3 position of a Serine (corresponding to

position 15214 of the chicken mtDNA).

Ancient DNA and sequence verification

All DNA extractions from sub-fossil material were conducted in a dedicated laboratory facility that
underwent regular decontamination. Extraction and PCR blanks were continually screened and a
proportion of the DNA extractions were conducted twice. All PCR targets were amplified twice, on
separate occasions and each amplicon sequenced in the opposite direction to the first. Six ancient Adélie
penguin bones were extracted in an independent laboratory at the University of Auckland and sequenced.

In each case identical sequences were retrieved.

In our ancient samples, we estimated the level of sequencing error that results from Tag polymerase
inserting the wrong nucleotide across from a damaged nitrogenous base. This results, for example, when
deaminated cytocine forms uracil, which is, in turn, mis-read by Tag polymerase as thymine and
consequently induces an apparent C to T transition. To control for this, we sequenced 313 base pairs of
the small subunit ribosomal RNA (rns) gene in ancient material (n=18). Modern Adélie penguins show
no intraspecific variation for this sequence (n=21). All ancient DNA sequences from the rms gene were
also identical to modern sequences. Hence the background damage induced error rate in this study was

assumed to be low.

Sub-fossil bone excavations and radiocarbon dating

We collected sub-fossil Adélie penguin bone samples from abandoned nesting sites both in the vicinity of
presently occupied rookeries and in relict (fossil) rookeries in the Ross Sea area. We dug for sub-fossil
bones using an accurate stratigraphic method of excavation. Pits from 1-2 to 6 m? were excavated, layer
by layer, from the top. This method allowed us to identify and separate different individual remains
within the same layer. In addition, we were able to exclude contamination from the top, to identify
wedges of sediments reworked by periglacial processes, and to prevent mixing of materials from different

layers.

Due to the depletion of "“C in sea water and to the up-welling of deep, old oceanic water, radiocarbon ages

n3940 " The apparent age of

of penguin remains require adjustment to calibrate for this "reservoir effect
Antarctic samples is older by 1000 to 1300 yrs than their true age. Several authors apply a correction of
1050, 1200, 1300 yrs, in order to compare the Antarctic dates with other sets of data obtained elsewhere
in the world. However, since that the error varies with time, we used the calibration program Calib 4.2%
to calibrate our data, as accurately as possible. We introduced a AReservoir (AR) value of 688 + 55 to
apply a correction factor appropriate for penguins“, considering that the reservoir effect differs with the
species considered. The parameter AR is required by Calib 4.2 and represents the constant difference in
reservoir age between a regional part of the ocean and the world ocean. The indicated value derives from

the weighted mean of seven AR parameters obtained from radiocarbon ages of penguin remains of known

historical age.
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Carbon dates were supplied by Geochron Laboratory - Krueger Enterprise Inc., Cambridge, Massachusetts
(conventional and AMS, GX-), IsoTrace Radiocarbon Laboratory, Toronto (AMS, TO-) and NOSAMS,
Woods Hole Oceanographic Institute (AMS, OS-) and the New Zealand Institute of Geological and
Nuclear Sciences, Lower Hutt, New Zealand (AMS, NZA).
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List of figure legends

Figure 1. Distribution of Adélie penguin breeding colonies during the austral summer in Antarctica.
Black shading indicates areas of highest density. The current distributions of permanent ice shelves are
shown by dotted parallel lines. The extent of the Ross Ice Shelf grounding line at different times is
shown by dotted lines. The sites of collection, with latitude and longitudinal coordinates, are given,
together with the number of both blood (b) and sub-fossil bone (sfb) samples: 1. Welch Island (67°33’S,
62°55’E), b 21; 2. Gardner Island (77°52’S, 68°34’E), b 2; 3. Torgersen Island (64°46’S, 64°05’W), b
17; 4. Cape Royds (77°33’S, 166°10’E), b 38; 5. Cape Crozier (77°14’S, 166°28’E), b 29, sfb 54; 6.
Cape Bird (77°30’S, 162°10’E), b 122, sfb 39; 7. Beaufort Island (76°56'S, 167°03'E), b 22, sfb 20; 8.
Franklin Island (76°07'S, 168°15E ), b 16; 9. Spike Cape (77°18’S, 163°33’E), sfb 2; 10. Dunlop
Island (77°14°S, 163°28’E), sfb 22; 11. Cape Roberts (77°02’S, 163°10’E) sfb 17; 12. Cape Ross
(76°43°S, 162°59’E), sfb 19; 13. Depot Island (76° 42' S, 162° 57 E), sfb 3; 14. Cape Day (76°14’S,
162°47T’E), sfb 7; 15. Cape Hickey (76°05’S, 162°38’E), sfb 5; 16. Prior Island (75°41’S, 162°52’E),
sfb 12; 17. Cape Irizar (75°33’S, 162°57°E), sfb 9; 18. Inexpressible Island (74°53'S, 163°45'E ), b 21,
sfb 37; 19. Adélie Cove (74°45'S, 164°00E ), b 12; 20. Northern Foothills (74°45°S, 164°00’E), sfb
63; 21. Gondawa Station (74°38’S, 164°12’E), sfb 4; 22. Edmonson Point (74°19'S, 165°04'E), b 100,
sfb 11; 23. Cape Wheatstone (72°37'S, 170°14°E ), b 10; 24. Cape Hallett (72°19'S, 170°12'E), b 29,
sfb, 5. The relative proportions of the Antarctic (A) and Ross Sea (RS) mitochondrial lineages among
living populations are shown in relation to the retreat of the Ross Ice Shelf after the Last Glacial
Maximum (LGM).

Figure 2. Three soil profiles from abandoned Adélie penguin colonies on Inexpressible Island,
Antarctica (collection site 17, Fig. 1) from which sub-fossil bones were obtained. Details of stratigraphy
are shown: 1. surface horizon composed of pebbles accumulated from penguin nests, 2. organic horizon
of guano, 3. sandy gravel with guano and 4. sandy gravel and boulders. Carbon-14 dates from penguin
remains, with marine calibration *° are given at a range of depths, together with the position in the profile

of bones, their sample numbers and mt lineages.

Figure 3. Median networks of HVRI mtDNA sequences of ancient and modern Adélie penguin
haplotypes. a, Overall organisation of subgroups of median networks. b-h, the seven subgroups of
Adélie penguins studied. Double-headed arrows indicate a change at one of the 13 mutually compatible
sites used to define the subgroups. Modem samples (®), sub-fossil bones (®), and hypothetical
intermediates (@) are shown. Parallel lines indicate a change at the same site. Small circles represent 1-5
sequences, medium circles 6-20 sequences and large circles 20+ sequences. Blue circles indicate the point

of connection between each of the subgroups.
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Figure 4. Relationships among ancient (®) and living (®) HVRI mtDNA haplotypes of Adélie

penguins using SUPGMA analysis. Numbers indicate the collection site of modern and ancient samples

(as detailed in Fig. 1). Calibrated ages of ancient bones (yr BP) are shown.
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