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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 Adelie
penguin

(Pygoscelis adeliae) rookeries, are well preserved sub fossil 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 modem 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 Adelie 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 (Le. 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 Adelie penguin samples revealed the presence of two distinct
maternal lineages (7.1% net sequence difference). One lineage is present in all

(A) sampled and the other was recorded only in Ross
Sea populations (RS). The phylogeographic pattern of the A and RS lineages

locations around Antarctica

suggests Adelie penguins were restricted to distinct ice-age refugia during the last
glacial cycle. Ancient DNA was extracted from 80 subfossil bones C4C 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 Adelie penguins is extraordinarily
well preserved. Using both modem 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. Adelie penguins appear to have endured
dramatic changes to their habitat during the ice-ages of the Late Pleistocene.

Acknowledgments

I would first like to thank my supervisor David Lambert for his continued support and
encouragement throughout my graduate studies.

It was his broad and innovative thinking (and

persistence) that started and finished this research project. I will always be thankful for everything
he has so generously given.

We really have done the 'hard yards up the middle' on this project.

This project was made possible by a grant from the Marsden Fund of New Zealand to David
Lambert (96-MAU-ALS-0030).

Additional support was from Antarctica New Zealand, the US

Coastguard, and the Programme Nazionale di Ricerche in Antartide (Italy). I wish to acknowledge
the support of a Doctoral Scholarship from Massey University and New Zealand Post for their
Antarctic scholarship.

Craig Millar. He is one of my great friends and has always helped me whenever I needed it. I don't
even know where to begin when I think of all the things for which I need to acknowledge Craig. I
just look forward to another ten years of doing it all again!

I need to thank all the kind people who have help me along the way. Thanks to Alexei Drummond,
Allan Rodrigo and Roald Forsberg for all their helpful discussions and for making available a pre
release of their software. I am grateful to David Penny and Peter Lockhart for their encouragement
and most importantly their interest in the science. I wish to thank Barbara Holland who constructed
all the medium networks and calculated a rate from them. Rick Ward kindly allowed me to work in
his laboratory at Oxford University, and Alan Cooper was such a great help and so hospitable - I am
in debt to both of them.

Thanks to my colleagues in the Molecular Ecology Laboratory.

For help with this thesis I am

thankful to Amy Roeder, Lara Shepherd, Jennie Hay, Oliver Berry, Hilary Miller, Deputy-head boy
Dr Leon Huynen, Richelle Marshall, Quanah Hudson (da Q-dogg), Joanne Chapman, Alex Quinn,
Patricia Stapleton, Gillian Gibb, Niccy Aitken, Lee Davies, Judith Robins and Ed Minot. Cheers to
Peter Cleary, Rex Hendry, Davie Robertson, Paul Barrett and David Ainley for their help and
assistance in Antarctica. I need to especially acknowledge Carlo Baroni who hosted me at Terra
Nova Station and worked so hard with us on this project - I am in your debt Carlo!

The following people kindly assisted with the collection of Adelie penguin blood samples: Euan
Young, David Lambert, Craig Millar, Judy Clark, Knowles Kerry, Carol Vleck. The following kindly
supplied me with penguin samples: Graeme Elliot, Kath Walker and Peter Moore (Department of
Conservation, NZ); Boris Culik (Institut fur Meereskunde an der Universitat Kiel, Germany);

iv

Kerri-

Anne Edge, Allan Baker, Cindy Hull, Corey Bradshaw, Janier GonzcHez, Gerry Kooyman. Kathleen
Newman and Liz Grant provided illustrations.

I must thank all my great friends who are such an important part of my life. They never realised
how they kept my sanity intact throughout this thesis. Jonny Horrox (you are always the legend!),
Felix Collins (you're a great man), James Bower (amazing - you came from Mad Ave in Glendowie,
but we still have so much in common), Reece Fowler, Graham Franklin, Wayne Linklater, Elissa
Cameron, Tarmo P6ldma, Grant Blackwell, Alex Quinn, and Oliver Berry (you're a great guy, even
though you're an Aussie). I have really enjoyed my friendship with Melissa and Amy, even though
they both suppressed their very dodgey sides.

I will never been able to thank to Anna Grant enough. I couldn't have achieved all of this work
without her. Thankyou Anna for your friendship and for everything you are.

Finally, it has been my mother, Beatrice Ritchie, who has given me so much. Without her support
and belief in me I would never have achieved so much in life. My appreciation for her will never
cease. Thanks to my family Anne, Ja'rome, Sirnon, Valary and Philip - you're all so great to have
around. This thesis is dedicated to my father who passed away and never managed to see what he
wanted me to achieve in life.

There are so many unusual paradoxes in life. I returned to New Zealand because my father passed
away and I started this PhD. I should be in Paris now, handing in another dissertation. However, I
can't begin to describe the immense enjoyment I have had from this thesis. From such a defining
moment in my life came such an opportunity.

v

Tab le of Contents
Page

Chapter One
Rates of Mitochondrial DNA Evolution

1.1

Estimating Substitution Rates

1.2

Ancient DNA: The Opportunity to Measure Evolution

1.3
1.4

Antarctica: the 'I deal Situation'
Thesis Outline

1.5

References

Chapter Two
The Mitochondrial Genome: Maternal Inheritance and Mutations

2.1

12

I ntroduction

2.2

Maternal I nheritance

2.3

Mutations in the Mitochondrial Genome

2.4

Summary Remarks

2.5

References

Chapter Three
A Repeat Complex in the Mitochondrial Control Region

26

of Adelie Penguins

3.1

I ntroduction

3.2

Materials and Methods

3.3

Results and Discussion

3.4

References

Chapter Four
The Evolution of the Hypervariable Region in Penguins
4.1

I ntroduction

4.2

Materials and Methods

4.3

Results

4.4

Discussion

4.5

References

41

Chapter Five
Two Maternal Lineages of Adelie Penguins: An Ice-Age Legacy

5.1

I ntroduction

5.2

Materials and Methods

5.3

Results

5.4

Discussion

5.5

References

Chapter Six
The Ancient DNA of Cryopreserved Adelie Penguins
from Antarctica

6.1

I ntroduction

6.2

Materials and Methods

vi

66

93

6.3

Results

6.4

Discussion

6.5

References

Chapter Seven
Conclusions: Modern and Ancient Adelie Penguins

7.1

1 14

Introduction

7.2

Measurably Evolving Lineages

7.3

The I ce-Ages of Antarctica

7.4

Conclud ing Remarks

7.5

References

Appendix A

1 32

Field Diaries from Antarctica

Appendix B

1 38

DNA Sequences and Analyses

Appendix C
Radiocarbon Dating of Subfossil Bones

1 53

Appendix D

1 62

Manuscripts

vii

List of Fig u res
Page

The avian molecular clock

2

1.2

Frequency of neutral mutations over time

4

1.3

Serial sampling of mtDNA lineages

6

2.1

Asymmetric replication of the mitochondrial genome

1.1

2.2

Deamination of DNA and the mutational pathway

19
20

3.1

The control region sequence of Adelie penguins

30

3.2

The WANGY tRNA cluster sequences

31

3.3

The secondary structure around the TAS sequence

3.4

The secondary structure of the 81 b.p. repeated sequences

4.1

Transversions versus transitions for the ribosomal genes

34
36
48

4.2

Types of substitutions from the ribosomal genes

48

4.3

Maximum parsimony tree with bootstraps

51

4.4

Maximum likelihood tree

52

4.5

UPGMA tree

4.6

Neighbor-joining tree

52
53

4.7

Transversions versus transitions for the control regions

4.8

Types of substitutions from the control regions

55
56

4.9

The reconstructed phylogeny of heteroplasmy and indels

58

5.1

Map of Antarctica and sampled locations for blood

5.2

Frequency of individuals with haplotypes

69
73

5.3

Isolation by distance graph

75

5.4

Mismatch distribution of pairwise sequence differences

76

5.5
5.6

The relationships among haplotypes
The relative frequencies of haplotypes in populations

5.7

Skyline plot of lineage A

5.8

Skyline plot of lineage RS

6.1

The degradation of the DNA molecule

78
79
81
81
96

6.2

Map of Antarctica and sampled locations for subfossil bones

97

6.3

Inhibition of PGR by the ancient DNA extracts

6.4

Length of sequences amplified from ancient DNA samples

1 01
1 02

6.5

Neighbor-joining tree of ancient DNA sequences

6.6

Mean monthly temperatures in Antarctica

6.7

Temperature changes in Antarctica during 10-20 kyr BP

7.1

Significance values for each relative rate test

7.2

Estimating a rate of evolution

7.3

Temperature changes in Antarctica, present-420 kyr BP

7.4

The last glacial cycle and the divergence of two lineages

viii

1 06
1 07
1 09
115
1 16
1 25
1 26

List of Tables
Page

2.1

The DNA repair pathways in the mitochondria

16

4.1

Penguin species sampled for ms, rnl and CR sequences

43

4.2

Pairwise comparison of sequence difference for rns and rnl

4.3

Primers using to amplify the CR from penguins

49
55

4.4

Pairwise comparison of sequence difference for the CR

5.1

Summary statistics of the HVR-1 in Adelie penguins

57
72

5.2

Pairwise comparisons of q>ST and their significance test

74

5.3

Contingence x2-tests and lineage frequencies

77

5.4

Maximum likelihood estimates of demographic models

6.1

Radiocarbon dates of subfossil bones

6.2

Assigned ages of each subfossil bone

80
1 02
1 03-4

7.1

Estimated evolutionary rates for the mtDNA

1 20

ix

List of A b breviations
A
A
AMS
BSA
BER
b.p.
C
14C
°C
CR
d
D
g
G
h
H
HVR-1
HVR-2
kb
L
L
LRT
m
M
ML
MP
mt
mtDNA
n

1t

NJ
P

R RT
RS
s/s/Myr
T
ti
tv
�I
UPGMA
UV
yr
yr BP

adenine
Antarctic (mtDNA lineage type I)
accelerator mass spectrometry
bovine albumin serum
base excision repair
base pairs
cytosine
carbon- 1 4
degree Celsiuis
control region
DNA sequence distance
dextro
grams
guanine
haplotypic diversity
heavy
hypervariable region I
hypervariable region 11
kilo bases
light (mtDNA) or levo (amino acids)
likelihood distances
likelihood ratio test
metres
moles
maximum likelihood
maximum parsimony
mitochondrial
mitochondrial DNA
sample size
nucleotide diversity
neighbor-joining
probability
relative rate test
Ross Sea (mtDNA lineage type 1 1)
subsitutions/site/million years
thymine
transition
transversion
microlitres
unweighted paired-group method with arithmetic means
ultra-violet
years
years before present

x

A n imal Ethics and Antarctic Permits

All blood sampling of Adelie penguins from Antarctica was performed under
approval of the Massey University Ethics Committee, protocol numbers 96/146 and
99/160.

Approval to restrain, take blood from Adelie penguins, and to enter

Specially Protected Areas (SPA) and Sites of Special Scientific Interest (SSSI) was
given by Antarctica New Zealand permit numbers 96/4, 97/5, 98/7, 99/9.

xi

