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Abstract

Microsatellites are widely used as genetic markers for examining a variety of biological
questions. Despite their widespread use, little is known about the processes by which they
evolve. An accurate understanding of these processes is essential for their correct use as
population genetic markers. In this study, microsatellite loci from both living and
cryopreserved (AMS "C dated at up to 6424 years BP £80) Antarctic Adélie penguins
(Pygoscelis adeliae) were examined in order to gain insights into temporal population

genetics and the evolution of microsatellite loci.

Firstly, ancient DNA extracted from Adélie penguin subfossil bones was found to be
extremely well-preserved and readily allowed the amplification of single-copy nuclear
microsatellite DNA. Genotyping six microsatellite loci in ancient and living samples from
three populations of Adélie penguins in the Terra Nova Bay region allowed a comparison
of genetic change over time. Although the ancient sample sizes were limiting, several
statistical tests indicated that the ancient and living populations from Inexpressible Island
were genetically distinct. In addition, differentiation was also inferred between the three
ancient populations that were examined, which is in contrast to the lack of differentiation
found between the living populations. These genetic changes may be a result of population

expansion out of ice-age refugia since the Last Glacial Maximum.

To study microsatellite evolution over a substantial time period, up to 500 living and 100
cryopreserved Adélie penguins were genotyped at six microsatellite loci. No novel
electromorph alleles were detected in the ancient samples. Numerous alleles were
sequenced from four of these loci in both Adélie penguins and several other species of
penguin (Spheniscidae). Analysis of these sequences provided an insight into the
mutational processes occurring at these loci. In particular, these allele sequences revealed
extensive size homoplasy, both within Adélie penguins and between penguin species. At
one locus, variation in the flanking region allowed discrimination between the
mechanisms proposed for length change at microsatellite loci. Slippage was the most

plausible mechanism for length change. In this same locus, instability was observed in the



region bordering the repeat tract with a transversional bias predominating. This bias may

be a caused by inaccurate DNA replication resulting from structural features of DNA.
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structure in living Adélie penguins (Roeder et al., in press), calculation of the mutation
rate of the mitochondrial control region using ancient and living samples (Ritchie, 2001)
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extracted DNA from the Chinstrap and Emperor samples used in this thesis.



Microsatellite Genotyping

540 genotypes from living Adélie penguin are referred to in this thesis. I genotyped the 98
living samples from the Terra Nova Bay region (Inexpressible Island, Northern Foothills
and Edmonson Point). I also genotyped all of the ancient samples. The remaining samples
were genotyped by Richelle Marshall, Amy Roeder (Massey University), Amanda
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CHAPTER ONE

Introduction

1.1 A study of microsatellite evolution in Adélie penguins using ancient DNA.

An essential component of evolutionary biology involves understanding the way that
mutations occur in DNA. However, the rare occurrence of mutations makes it difficult
to gain information about the mechanisms of DNA mutation events. Ancient DNA
provides a method by which to study mutational mechanisms over a significant time
period. Adélie penguins are an ideal species for such a study because large numbers of
subfossil bones exist in Antarctica. In addition, Antarctica has a climate particularly
well-suited to the preservation of DNA. Microsatellite DNA sequences are ideal
subjects for such studies because they are short in length, and thus easily amplified from
degraded samples, and they have very high mutation rates. An understanding of
microsatellite evolution is important because it is required for the application of

microsatellite data to population genetic questions.

In this chapter the current literature on microsatellite evolution will be reviewed,
followed by overviews about Adélie penguins and ancient DNA studies. The specific

aims of this study will then be discussed in greater detail.

1.2 Microsatellite DNA.

Genetic markers

The development of molecular techniques has allowed scientists to routinely address
numerous biological questions involving behaviour, life history and evolutionary
relationships (Avise, 1994). A number of genetic markers have proven useful when

investigating such questions. These include allozymes, RFLPs (Restriction Fragment



Length Polymorphism), mitochondrial DNA, and markers based on tandemly repeated
DNA.

The tandemly repeated DNA routinely used as genetic markers can be divided into two
main categories based on the size of the repeat unit: (1) minisatellites in which a unit of
15 - 70 bp is repeated giving arrays of 0.5-3.0 kb in length; and (2) microsatellites
where a 1-6 base motif is repeated to give short blocks of 20-100 bp (McDonald and
Potts, 1997). Microsatellites are often classified as perfect, imperfect, interrupted or
compound based on the repeat array sequence. Perfect microsatellites consist of
uninterrrupted stretches of repeat units, e.g. CACACACACA; imperfect microsatellites
contain point mutations within one or more repeat units in an otherwise perfect repeat
array, e.g2. CACACATACACA. Interrupted microsatellites have a small number of
inserted base pairs that do not fit the repeat structure, e.g. CACACATTTCACA;
compound microsatellites consist of adjacent repeated arrays, each containing different

repeat types, €.2. CACACATAATAATAA.

Microsatellite DNA

According to Goldstein and Pollock (1997), microsatellite DNA loci are becoming the
principal genetic markers used in a wide range of studies. They are extremely versatile
and have been used to examine questions ranging from individual-specific, such as
identity and gender (e.g. Hagelberg et al., 1991), to parentage and relatedness (e.g.
Primmer ef al., 1995), population genetic structure (e.g. Estoup et al., 1995a) and even
phylogenetic relationships (e.g. Bowcock et al., 1994). Microsatellites have also been

used widely for the investigation of genetic disorders and for forensic analyses.

Microsatellites have many advantages over other markers. They are predominately
selectively-neutral, and are abundant in eucaryote genomes where they are essentially
randomly distributed (Amos, 1999a). In addition, microsatellites are often highly
polymorphic as a result of their rapid mutation rates. Estimates of microsatellite
mutation rates range from 10”to 107 events per locus per generation which is far higher
than the rates of point mutations (10”7 to 10"”) (Hancock, 1999). The majority of
microsatellite mutations involve changes in allele length. Therefore, alleles can be

easily amplified by PCR using primer sequences that flank the repeat region and then



identified by their electrophoretic mobility. Also, the use of PCR often allows the
typing of small and degraded samples. In contrast, it is not feasible to amplify most
minisatellites by PCR because the large size of minisatellite loci often exceeds PCR
limitations (McDonald and Potts, 1997). Also, the size difference between many
minisatellite alleles may not be detected on a gel because they are beyond the resolving

power of most gel systems.

Microsatellite evolution

The inference of microsatellite data in evolutionary and population genetic studies is
dependent upon accurate models of microsatellite evolution. The development of such
models necessitates a thorough understanding of the mutational processes occurring at
microsatellite loci. However, despite the widespread use of microsatellites as genetic
markers, their mutational processes remain little understood (Amos, 1999b; Estoup and

Cornuet, 1999; Ellegren, 2000).

Several mechanisms, which are not necessarily mutually exclusive, have been proposed
to explain the length mutations observed at microsatellite loci. The predominant
mechanism appears to be slipped strand mispairing (‘slippage’) during replication of a
single DNA double helix (Levinson and Gutman, 1987). Slippage is believed to occur
when the elongating (newly-synthesised) DNA strand dissociates from the template
strand and misaligns in the microsatellite region. When the strands reanneal and
synthesis continues, a small number of repeats will be either lost or gained on the
elongating strand (Figure 1.1a). Whether a gain or loss occurs depends upon whether
the misannealment results in a loop structure on the elongating strand, which will
produce a longer product, or on the template strand, in which case the resulting product
will be shorter (Hancock, 1999). Many of these errors are recognised and corrected by
exonucleoytic proofreading and mismatch repair enzymes (Eisen, 1999). Observed
mutation rates therefore represent the balance between the generation of allele length
changes by slippage and the correction of some of these errors by the mismatch repair

system (Schlotterer, 1998).



Figure 1.1 Possible mechanisms for length change mutations at microsatellite loci
(adapted from Armour, 1996). The progenitor alleles are at the top.

a. Slippage occurs when the elongating strand slips in relation to the template strand.
b. Unequal crossing over (UCO) involves DNA exchange between misaligned DNA
strands. It also results in the exchange of flanking markers.

c¢. Unequal gene conversion occurs when repeats are transferred from one DNA strand

to another.

The other mechanisms proposed to operate at microsatellite loci involve recombination
between DNA molecules. Recombination could cause microsatellite length change in
two ways; by unequal crossing-over (“UCO’) or by gene conversion. Unequal crossing-
over (Figure 1.1b) involves recombination between misaligned DNA strands and results
in an insertion in one DNA strand and a deletion on the other (Smith, 1976). Under this
model the high mutation rate of microsatellites is believed to result from the presence of
repeats which increase the chance that the two chromosomes will not be correctly
aligned during recombination. Unequal gene conversion (Figure 1.1c¢) involves the
transfer of information unidirectionally from one allele to another by recombination

(Szostak, et al., 1983).



Support for slippage as the primary mechanism of microsatellite mutation

Considerable support, from a number of different studies, exists for slippage being the
primary mechanism of microsatellite evolution. Genetic evidence suggests that the
stability of microsatellites is not affected by mutations in genes necessary for UCO such
as rad52 in Saccharomyces cerevisiae (Henderson and Petes, 1992). In contrast,
microsatellite mutation rates have been observed to increase when genes involved in
DNA replication error repair are defective (Strand et al., 1993). This is consistent with
the slippage model because it requires DNA replication (Eisen, 1999). If UCO is the
main mechanism of microsatellite evolution then mutations should be more common in
meiotic cells than mitotic cells because recombination is more frequent during meiosis
than mitosis. However, microsatellite mutation rates have been observed to be similar in
both mitotic and meiotic cells in S. cerevisae (Strand et al., 1993). Also, recombination
is expected to result in the exchange of regions flanking the repeat but this has not been
observed in the majority of cases studied (Morral et al., 1993; Kunst and Warren, 1994

but see Makova er al., 2000).

Although the majority of studies support slippage as the primary mechanism, the
occurrence of rare recombination events cannot be excluded. For example, Estoup et al.
(1995b) sequenced a new mutation in the haploid male offspring of a diploid honeybee.
Sequencing of the unique and maternal alleles revealed a complex rearrangement of the
core sequence and the possible involvement of recombination. There are also some
observations of microsatellite behaviour which are not consistent with slippage alone
but may be better explained by recombination. For example, the highly mutable disease
alleles of trinucleotide repeat disorders, such as Fragile X syndrome, have been
demonstrated to comprise large expansions and occasional contractions (reviewed in
Rubinsztein et al., 1999). Large deletions have also been observed in yeast (Wierdl et
al., 1997). In addition, studies also suggest that mutations in di- and trinucleotide
repeats may occur in a polar fashion (Kunst and Warren, 1994; Eichler ef al., 1995a;
Eichler et al., 1995b; Suzuki ef al., 2001). This similarity with minisatellites may reflect
a possible role of gene conversion in microsatellites (Hancock, 1999). Finally, an in
vivo study has provided evidence that recombination rates increase when microsatellites

are present (Wabhls ef al., 1990).



Mutational models

The use of microsatellite data for studies of population genetics and evolution requires a
model of microsatellite mutation. Several models have been applied to microsatellite
DNA markers. The infinite allele model (1IAM), where each new mutation creates a new
electrophoretically distinguishable allele not already present in the population, was
originally developed for use with allozyme data (Kimura and Crow, 1964). In contrast,
the stepwise mutation model (SMM) assumes that slippage will result in the addition or
subtraction of a single repeat unit and that mutations occur symmetrically, with gains of
repeats balancing losses on average (Kimura and Ohta, 1978). Thus alleles may mutate
towards alleles that are already present in the population, thereby producing
homoplasies i.e. alleles identical in state, but not descent (Estoup et al., 1995b). Under
the SMM it is predicted that closely related alleles will have a similar number of
repeats. Closely related to the SMM is the two phase model (TPM) introduced by
DiRienzo et al. (1994) which allows mutation steps of slightly larger sizes. A fourth
model, the K-allele model (KAM), has also been considered for microsatellite loci
(Crow and Kimura, 1970). Under this model there are K possible allelic states and each
allele has a constant probability of mutating to any other of the K-1 alleles (The IAM is
simply a form of the KAM where K is infinite). Under all these mutational models,
except the IAM, homoplasy is expected to occur. Homoplasy has been shown to have
an effect upon the parameters used to describe population structure (e.g. Angers et al.,
2000). For example, it may reduce genetic distances and therefore mask population
structure. In this study, the term 'electromorph allele' will be used to describe PCR
products of a given size determined by electrophoretic mobility, whilst 'sequence allele’
will refer to electromorphs exhibiting the same sequence. 'Allele’ will be used when

either term is appropriate.

There are several methods by which the suitability of these models for use with
microsatellite population data has been assessed. A direct method involves examination
of sequence alleles from pedigree studies that differ by a single mutational event. These
most strongly support the SMM or TPM (e.g. Weber and Wong, 1993; Primmer ef al.,
1996a). However, most conclusions from this direct method have been based on

averaging mutations across a large number of loci because the mutation rate per locus is



generally low. This pooling of results may conceal different mutation properties

between loci (Estoup and Cornuet, 1999).

A second approach involves comparing observed electromorph allele distributions in
populations with theoretical data generated under different models of microsatellite
evolution (Shriver et al., 1993; Estoup et al., 1995a). Conclusions from such statistical
tests of mutation models appear to be contradictory or inconclusive, which suggests that
mutation processes occurring at these loci may be more complex than those assumed for

the theoretical model being tested (Estoup and Angers, 1998).

Other factors influencing microsatellite mutation

There are several other factors, that the classical forms of the above models do not take
into account, that have been proposed to affect microsatellite evolution. Studies of these
factors, which are discussed below, have often produced conflicting results, making it

difficult to incorporate them into mutational models.

Pedigree studies by Weber and Wong (1993) suggested that microsatellites with
tetranucleotide repeat motifs had a higher mutation rate than those with dinucleotide
repeats. However, the opposite was found by Chakraborty ef al. (1997) who observed
an inverse relationship between mutation rate and size of repeat unit. The conflicting
results of these two studies may be explained by the confounding effect of repeat
number (Schlétterer, 2000). A recent study comparing loci with the same number of di-
and tetranucleotide repeats found that the mutation rate of the dinucleotide repeats was
significantly higher (Lee ef al., 1999). In addition, the base composition of the repeat
unit appears to correlate with levels of polymorphism, with most polymorphic tri- and
tetranucleotide repeats being AT-rich (Gastier et al., 1995; Sheffield er al., 1995).
Polymorphism levels of perfect microsatellites have also been observed to increase with
an increase in the average number of repeats (Goldstein et al., 1995; Wierdl et al. 1997;
Schlétterer et al., 1998). This has been suggested to occur because there is greater
opportunity for slippage to occur on longer repeat tracts (Primmer and Ellegren 1998).
Another factor influencing microsatellite polymorphism appears to be the purity of the
repeat array. Interrupting bases appear to lower the level of polymorphism, probably by

reducing the chance of misalignment (Jin et al., 1996).



The above factors may explain the observed differences in mutation rate between loci
and between alleles at a locus, as well as differences between the same locus in different

species.

In addition to the above factors, asymmetry of microsatellite mutations is not
considered in the classical mutational models. Observed mutations in pedigree studies
have suggested that there i1s a mutational bias towards gain of repeats (Weber and
Wong, 1993; Amos et al., 1996; Primmer et al., 1996a; Twerdi et al., 1999). However,
these studies involved hypervariable or very long microsatellites, and this mutational

bias may not be present in all types of microsatellites.

[f a mutation bias towards the gain of repeats does exist, then theoretically it would
result in microsatellite arrays expanding to very large sizes. However, this is not
observed as most microsatellite loci contain only a few tens of repeats. Several
mechanisms have been proposed to account for size constraints. A few studies have
assumed that selection prevents infinite growth of the microsatellite (Bowcock et al.,
1994; Garza et al., 1995), although the only direct evidence of selection restricting
allele length is from human diseases associated with trinucleotide expansions (Estoup
and Angers, 1998). More recently it has been proposed that substitutions causing
imperfection in the repeat array decrease the mutation rate (Bell and Jurka, 1997;
Krugylak et al,. 1998) and may even lead to degeneration of the array (Taylor et al.,
1999a).

However, Xu et al. (2000) studied large numbers of mutations in human tetranucleotide
loci and suggested that there is no mutational bias i.e. the overall expansion rate does
not differ from contractions. They propose that alleles shorter than a certain critical

repeat length are prone to expansion whereas longer alleles tend to contract.

Several variants of the SMM have been developed and take into account the following
factors: an upper boundary to the size of microsatellites (Nauta and Weissing, 1996),
the increase in mutation rate with repeat size (Falush and Iw_asa, 1999), the occurrence
of point mutations (Krugylak er al., 1998), multistep mutations and directionally biased

mutations (Kimmel and Chakraborty, 1996; Kimmel et al., 1996).



Although there have been many studies examining microsatellite evolution, the
mechanisms involved are still not fully understood. Slippage appears to be the primary
mechanism, although several studies have suggested a possible role of recombination

that may indicate mutations are far more complex than originally thought.

In this study, the evolution of microsatellites in penguins (Spheniscidae) will be
examined using two different methods. Firstly, microsatellite allele sequences from a
number of penguin species will be mapped on to an independent phylogeny. Secondly,
microsatellite electromorph alleles from ancient and living Adé€lie penguins (Pygoscelis

adeliae) will be amplified and compared.

1.3 A phylogenetic study of microsatellite evolution in penguins.

Penguins (Spheniscidae) are a monophyletic group consisting of 17 living species
which live exclusively in the Southern Hemisphere (Williams, 1995). The common and
scientific names of the penguins are given in Appendix A. Individuals from the penguin
species have previously been genotyped at 6 microsatellite loci (Roeder ef al.,
submitted). Sequencing of alleles at some of these loci, followed by the mapping of
sequence variation on to an independent phylogenetic tree provides a method by which

to examine microsatellite evolution.

1.4 Ancient DNA of Antarctic Adélie penguins provides a new perspective in

analyzing microsatellite evolution.

The advent of molecular genetic techniques has enabled investigations into population
genetics and evolution. Until recently, these analyses of past events have been limited to
inferences made from present day genetic patterns. The development of ancient DNA
technology (reviewed below in section 1.5) has provided a new method by which to
examine microsatellite evolution. In this study subfossil bones from Antarctic Adélie
penguins (Pygoscelis adeliae) will be used to examine microsatellite evolution and
temporal population genetics. Essential to this study are well-preserved subfossil
samples. Antarctica provides an ideal environment for the preservation of ancient DNA
because it is cold, dry and the climate has remained stable since the last glaciation

(Baroni and Orombelli, 1994).



Adélie penguins have a circum-Antarctic distribution and an estimated minimum
breeding population of 2.47 million pairs (Fraser and Trivelpiece, 1996). They form
dense breeding colonies in ice-free areas along the coastline during summer months.
For example, the colonies on Ross Island total approximately 250 000 breeding pairs
with individual colony sizes recorded as ranging from around 4 000 to over 150 000
pairs. Although colonies are large, they occupy only 3% of the Antarctic coastline.
Natal philopatry is believed to be a dominant feature of these colonies: an examination
of natal return to the Cape Crozier colony on Ross Island over five years estimated that
96% of penguins that survive to adulthood return to their natal colonies to breed (Ainley
et al., 1983). Consequently, significant deposits of stratified subfossil bones have been
accumulating at colony sites over a considerable amount of time. Carbon-14 radiometric
dating has indicated that some of these sites have been occupied for the last 8 000 years
(Spellerberg, 1970; Heine and Speir, 1989). The high level of natal philopatry,
combined with the small area of coastline that is free of ice and thus suitable for
breeding, assures the geographical separation of colonies (Roeder et al., in press).
However, recent genetic evidence suggest that Adélie penguins do not exhibit genetic
differentiation between populations, indicating that there may be significant levels of
gene flow between them and/or the large effective population sizes has resulted in little

genetic drift (Roeder er al., in press).

The Adélie penguin subfossil deposits, in combination with the DNA-preserving
climate of Antarctica, provide an ideal situation in which to examine population
genetics and the molecular evolution of microsatellites over a significant time frame.
Although the populations may not be genetically isolated, and thus new alleles may be
introduced into particular populations by migration, this does not pose a problem for
such a study because numerous samples from living Adélie penguins have been

collected from throughout their range.

1.5 Ancient DNA

The first report of the retrieval of ancient DNA sequences (Higuchi er al., 1984) led to
much excitement at the prospect of adding a temporal aspect to studies of molecular
genetics and evolution. This initial study involved cloning a DNA sequence from a

relatively young (150 year old), well preserved, museum specimen. Several studies
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followed and led to the conclusion that ancient DNA is often highly degraded which

may result in a low cloning efficiency and errors in cloned sequences (Péibo, 1989).

The development of the polymerase chain reaction (PCR) provided a major
technological advance to the field of ancient DNA research by allowing the
amplification of specific sequences from small amounts of intact DNA template. PCR
has allowed the amplification of DNA sequences from a range of ancient samples, e.g.
bone (Hoss and Péiibo, 1993) and coprolite (Poiner et al., 1998) dating back to 50 000
years BP in some cases (Hoss and Piébo, 1993; Krings et al., 1997; Adcock et al.,
2001). However, the degradation of DNA imposes a limit to the age of samples from

which DNA can be retrieved.

DNA degradation

Within living organisms DNA decays spontancously (undergoes random chemical
changes), but the majority of these mutations are corrected by DNA repair mechanisms.
After death, DNA repair ceases, but the decay of DNA continues. Both in vitro
experiments under controlled conditions and biochemical analyses of ancient samples
have demonstrated that DNA is a chemically unstable molecule that decays mainly
through hydolysis and oxidation (Piédbo, 1989; Lindahl, 1993; Tuross, 1994; Hoss et al.,
1996).

The most common type of hydrolytic damage is depurination. This process involves the
cleavage of phosphodiester bonds between purine nucleotides and sugar residues and
results in the release of free bases (adenine and guanine). These baseless sites are
susceptible to DNA strand breakages that leads to the fragmentation of the DNA
molecule. Oxidation also causes DNA strand breaks, as well as destroying the ring
structure of nucleotide bases. Oxidation results from both direct modification by
ionising radiation as well as damage from free radicals released through the interaction

of ionising radiation with water molecules.

Lindahl and Nyberg (1972) calculated a spontaneous depurination rate using modern
bacterial DNA in solution, and extrapolated these results to set an age limit of 100 000

years for specimens in which endogenous DNA could survive. However, the results of
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experiments using artificial conditions should be approached with caution because the
environmental conditions to which the ancient DNA has been exposed may be far more
complex. For example, several studies have suggested that DNA degradation does not
occur at a linear rate. Studies of archeological specimens led Pidibo (1989) to propose
that DNA undergoes an initial phase of rapid decay immediately after death, with this

rate then decreasing - the 'plateau effect'.

Although DNA has been demonstrated to decay spontaneously over time, numerous
publications have provided evidence that the environmental conditions in which a
sample is preserved have a greater effect on DNA preservation than the age of the
sample (Colson et al., 1997; Poiner, et al. 1996; Héss et al., 1996; Tuross, 1994). The
few studies that have examined the effect of individual environmental factors on DNA
degradation have concluded that favourable conditions for DNA preservation include
dryness, low temperature, neutral or slightly alkaline pH and the absence of

microorganisms (Burger et al., 1999).

The relative influence of each of the above factors is difficult to assess but several
researchers stress the importance of low temperatures during burial. According to Hoss
et al. (1996), a decrease in temperature of 20°C is estimated to reduce the rate of several
chemical reactions involved in DNA decay 10- to 25-fold. This claim is supported by
the fact that some of the oldest substantiated reports of ancient DNA have come from
50 000 year old woolly mammoth remains preserved in Arctic permafrost (e.g.

Hagelberg et al., 1994; Hoss et al., 1996).

The degradation of DNA is also influenced by the type of tissue in which it is
preserved. Initial ancient DNA studies used soft tissue specimens (Higuchi et al., 1984;
Pididbo, 1985) but more recently bones and teeth have become more popular sources of
DNA. This is because, on average, the molecular weight of ancient DNA extracted from
bone exceeds that of soft tissues. It has been proposed that the binding of DNA to

hydroxyapatite mineral surfaces in bone stabilises the DNA molecules (Tuross, 1994).

Ancient DNA Sequences

By far the majority of ancient DNA studies in vertebrates have focused on
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mitochondrial DNA sequences. With the low yield of ancient DNA, typically 1-5% of
the DNA able to be extracted from modern tissues (O'Rourke et al., 1996),
mitochondrial DNA sequences, which are present in several hundred to thousands of
copies per cell, are more easily retrieved than single-copy nuclear genes. In addition,
mitochondrial sequences have been used extensively for systematic and population
genetic studies in extant species. Therefore, a large data set of modern mitochondrial

sequences exists for comparison with ancient sequences.

Nuclear DNA sequences are desirable because they are a complement to mtDNA data
and provide further, independently inherited, characters for phylogenetic and population
genetic analysis (Cooper, 1997). However, nuclear single-copy sequences, present in
only two copies per cell in diploid organisms, are more difficult to amplify from
degraded samples. It was believed that sequencing of single-copy genes from ancient
samples would not produce consistent or reliable results (Landweber, 1999), but
improved extraction methods have led to numerous studies employing single-copy
sequences (e.g. Faerman et al., 1995; Zierdt et al., 1996; Burger et al., 1999).
Nevertheless, the number of samples that are expected to be able to yield such
sequences is likely to be smaller than those from which mitochondrial DNA can be
amplified. The majority of ancient nuclear DNA sequences reported have been from
recent (Holocene-aged) samples. One notable exception is the retrieval and
characterisation of both multiple and single copy nuclear DNA sequence from 13 000

year old mammoth samples (Greenwood et al., 1999).

The short length of nuclear microsatellite sequences make them advantageous for
ancient DNA studies (Schmerer er al., 1999). In addition, these sequences are rapidly
evolving making them particularly useful for studies of evolution and population

genetics (Cooper, 1997).

Contamination and genotyping errors associated with low DNA quantities

The polymerase chain reaction (PCR) has become the method of choice for ancient
DNA research because its extreme sensitivity allows amplification of small quantities of
target DNA. However, this sensitivity means that retrieving true ancient sequence may

be difficult. Contaminating DNA may be amplified in an ancient DNA extract,
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especially if there are few endogenous ancient DNA molecules present (Austin et al.,

1997).

In addition, a number of studies have identified genotyping errors associated with
amplifying nuclear DNA microsatellite loci from trace amounts of DNA (Navidi et al.,
1992; Taberlet et al., 1996; Gagneux et al., 1997; Goossens et al., 1998). Under such
conditions two main types of error have been shown to occur. The most frequent error,
allelic dropout, occurs when only one allele in a heterozygote is amplified and is a
consequence of unequal amplification of alleles (Taberlet er al., 1996). Allelic dropout

results in the incorrect typing of a heterozygous individual as homozygous.

The second type of genotyping error results from the tandem repeat structure of
microsatellites. This structural feature results in the amplification of artifact products,
called stutter or shadow bands that are usually one or two repeat units smaller than the
microsatellite allele. This phenomenon is characteristic of microsatellite loci, in
particular dinucleotide loci, and is believed to be a result of enzyme slippage during
PCR (Foucault et al. 1996). If slippage occurs during the first few cycles of a PCR in a
sample where the DNA quantity is low, then a greater quantity of artifact product may
be generated than the true allele, resulting in a ‘false allele’ and a corresponding

incorrect genotype.

Reliable amplification and genotyping of ancient DNA samples

As the field of ancient DNA has matured, a number of criteria have been developed by
researchers to reduce the risk of contamination and to verify sequences as truely ancient
(Cooper and Poiner, 2000). These criteria are summarised below.

A dedicated work area. Prior to amplification all ancient DNA research should be
carried out in a dedicated, physically isolated, laboratory to avoid contamination with

modern DNA, in particular PCR products (Austin et al., 1997).

Controls. Negative controls during both the extraction and PCR set-up are essential for

detecting contamination (Hummel and Herrmann, 1994).

14



Appropriate molecular behaviour. If single-copy nuclear DNA is able to be amplified
then mitochondrial DNA sequence should also be able to be amplified. In addition, an
inverse relationship should be demonstrated between the efficiency of amplification and
sequence length (Cooper and Poiner, 2000). The DNA sequences should also make
phylogenetic sense. That is, they should be similar to sequences from the same or

closely related species (Yang, 1997).

Replication. Sequences should be able to be reproduced from the same, as well as
different, extractions from a sample. In addition, samples should also be independently

re-extracted and sequenced in another laboratory (Austin ef al., 1997).

Preservation indicators. Histological preservation, but not overall appearance, of bone
appears to be indicative of DNA preservation (Hagelberg ef al., 1991). Also, apparent
correlations between both the level of hydantoins (Hoss er al., 1996) and the rate of
amino acid racemisation (Poiner ef al., 1996) with DNA hydrolysis may allow indirect

assessment of DNA survival.

All the above criteria have been designed to reduce the risk of contamination. However,
apart from replication, these criteria will not aid in detection of microsatellite
genotyping errors. The quantity of extracted ancient DNA determined using
conventional methods, such as fluorometry, may not give an accurate indication of
whether the samples may be at risk from genotyping errors for the following three
reasons: a) the DNA quantity is often too low; b) large amounts of DNA may be present
but be too degraded to amplify; ¢) much of the DNA present may be microbial DNA
(Taberlet and Luikart,1999).

One strategy to increase genotyping accuracy is to perform several independent
amplifications from each sample (the 'multiple-tubes approach’) (Navidi et al., 1992).
Taberlet et al. (1996) suggested a procedure based on the multiple-tubes approach
(Figure 1.2) which they propose obtains reliable genotypes with a confidence level of

99%.
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DNA extraction from one individual

dilution of the DNA extract to conduct ten PCR reactions per locus

analysis of three positive PCRs per locus

or or

heterozygous individual with
alleles A and B

analysis of four additional positive PCR reactions per locus
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_______ B|l—m— = - - O P
heterozygous
_ individual with A
alleles A and B =
——————— B|l—m——— ——

_homozygous uncommon ambiguous

individual with results, additional experi-
allele B ments should be carried out

Figure 1.2 Flow diagram of the multiple-tubes approach procedure (adapted from
Taberlet et al., 1996). Note that for an individual that is homozygous a total of seven

PCR reactions must be conducted to reach a 99% confidence interval.
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Questions addressed by ancient DNA research

Many areas of research have benefited from the direct historical perspective provided
by ancient DNA including the systematics of extinct species (e.g. Cooper et al., 1992),
conservation genetics (e.g. Cooper ef al., 1996) and the ecology of extinct plants and
animals (e.g. Poiner er al., 1998; Hofreitner et al., 2000). Some of the least explored,
but perhaps the most exciting, areas of research where ancient DNA has great potential

to be of use are the evolution of DNA sequences and populations (Wayne et al., 1999).

Mutations occurring in physically isolated populations over time provide a direct
measure of tempo and mode of mutations. Rates of evolution for the mitochondrial
control region have been estimated using ancient DNA from humans (Hauswirth et al.,
1994) and cattle (Bailey ef al., 1996). However, neither population was likely to have
been isolated and gene flow was likely to have provided new alleles in both cases

(Wayne et al., 1999).

Ancient DNA also provides a method with which to examine temporal population
genetics, including changes in gene frequency over time (Villablanca, 1994). The
majority of these studies have used museum specimens, and thus have been limited to
examining changes over the last 100 years. Studies of the San Clemente loggerhead
shrike (Mundy et al., 1997) and the greater prairie chicken (Bouzet et al., 1998) have
demonstrated loss of genetic diversity in post-bottleneck extant populations relative to
pre-bottleneck museum specimens. Two recent studies have examined population
genetics over a much longer period. Leonard et al. (2000) examined mitochondrial
sequence in Pleistocene brown bear samples. These results suggest that genetic diversity
was greater in bear populations 36 000 years ago but by 15 000 years ago was similar to
the present day diversity. Wang et al. (2000) studied human population change by
sequencing mitochondrial DNA from bones collected in a single region of China. A
comparison of sequences from the present with 2 000 and 2 500 year old sequences
indicated that the genetic backgrounds of the populations living at each of these time

periods were distinctly different.

Ultimately, ancient DNA may provide a means by which to test existing theoretical

models that reconstruct population genetic change from present-day patterns of genetic
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diversity (Wayne et al., 1999). Essential to studies of molecular evolution and
population genetics over time are a large number of well-preserved samples spanning a

considerable time period.

1.6 Research objectives

The objectives of this thesis are as follows:

* To reliably amplify and characterise ancient single-copy microsatellite DNA from
subfossil Adélie penguin bones by adhering to the 'criteria of authenticity' developed by

researchers in the ancient DNA field.

* To examine temporal population genetic change at three Adélie penguin colonies by

comparing microsatellite DNA data from ancient and living Adélie penguins.

* To investigate mutational mechanisms occurring at microsatellite loci by comparing

electromorph alleles from ancient and living Adélie penguins.
* To explore the evolution of four microsatellite loci on a broader scale by sequencing

alleles from a number of species of the Spheniscidae, and for one locus mapping the

sequences on to a phylogeny.
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CHAPTER TWO

The Extraordinary Preservation of Adélie

Penguin Ancient DNA.

2.1 Introduction

Studies of temporal population genetics and evolution require large numbers of well-
preserved specimens. Unfortunately, ancient DNA is often highly degraded and thus is

difficult, or impossible to amplify.

The observation that a cold, dry environment is particularly favourable for DNA
preservation (e.g. Burger er al., 1999) suggests that the Antarctic is likely to be an
excellent source of ancient DNA. This prediction will be tested by characterising
nuclear microsatellite DNA from Antarctic Adélie penguin subfossil bones ranging in
age from 300 to over 6000 yrs BP. Additionally, the histology of representative bone

specimens will be examined to test their usefulness as a predictor of DNA preservation.

Essential to retrieving ancient DNA are successful extraction and amplification
techniques. The components of the PCR amplification mix have been suggested to
influence the product yield and/or specificity of amplification (Hummel ez al., 1996).
For example, bovine serum albumin (BSA) has previously been demonstrated to be
essential for PCR amplification from Adélie subfossil bone extractions (Ritchie, 2001).
In this chapter the influence of the type of Taq DNA Polymerase used for amplification
was investigated. In addition, the amplification success rate of microsatellite loci was
compared both with sample age and the length of amplifiable mitochondrial DNA
sequence. Also, the prediction that an increase in the number of PCR cycles gives an

increase in the quantity of PCR product is discussed in relation to genotyping errors.
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2.2 Materials and Methods.

Sample collection and "*C dating

A total of 329 subfossil Adélie bone samples were excavated from 17 sites along the
Ross Sea coast (see preface). The sites selected (Figure 2.1) were deserted nesting areas
that were either in abandoned rookeries or near occupied rookeries. Pits one to six m” in
area were dug in order to locate and collect bones. Care was taken to keep the
stratigraphic layers intact in order to avoid cross-contamination between layers. The
depth of each sample was recorded. After collection, bones were kept frozen until being

returned to the laboratory where they were stored at -20°C.

"*C ages were determined from eight bones as well as a number of guano layers.
Analyses were performed at the Institute of Nuclear and Geological Sciences in Upper
Hutt, New Zealand, using Accelerator Mass Spectrometry (AMS). The Calib. 4.2
program (Stuiver and Reimer, 2000) was used to correct for atmospheric "“C
fluctuations, and a half-life for *C of 5730 years was used. The radiocarbon ages of the
samples were adjusted to take into account the 'reservoir effect’. This is the
incorporation of depleted "“C from seawater into organic material, which results in an
upward biasing of the age of the samples (i.e. the samples appear older). This effect is
particularly elevated in Antarctica because 'old’ carbon is introduced through glacial
meltwater and the upwelling of deep, old oceanic water (reviewed in Berkman et al.,
1998). This was taken into account when applying the calibration program. The
program requires the input of a AR value, which is an approximation of reservoir age of
the Southern Ocean. A AR value of 688+ 55 was used so that the correction was
appropriate for penguins (Petri and Baroni, 1997). This value was calculated from
radiocarbon ages of seven penguin remains, including Adélie penguins, of known

historical age (reviewed in Petri and Baroni, 1997).

Bones not directly carbon dated were assigned ages from dated guano or penguin bones

from the same stratigraphic level.
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Figure 2.1 Location of Adélie penguin subfossil bone collection sites.
The number of subfossil bones collected from each site is given in

brackets.
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Independent indicators of DNA preservation

Adélie penguin subfossil bone sections were prepared for microscopic analyses at the
Pathobiology section, Institute of Veterinary, Animal and Biomedical Sciences, Massey
University. Subfossil bones were decalcified before being processed using a standard

technique (Ross et al., 1995), then sectioned with a rotary microtome.

The histological preservation of six bones approximately 500 years old and three older
bones (with "*C calibrated ages of 3220465 yrs BP, 6082 yrs BP and 6424 yrs BP) was
examined. Bones were selected for sectioning that were intact and robust.
Preservation of the bone sections was assessed using the histological index of Hedges
and Millard (1995). This index categorises the extent of survival of the original bone

structure.

DNA extraction

DNA extractions were attempted from 123 ancient Adélie bones. A negative control
was included with each batch of extractions (6-10 samples). All ancient DNA
extractions were undertaken in a separate and dedicated laboratory to minimise the risk
of contamination. Benches and equipment were regularly cleaned with bleach and UV-

irradiated to remove foreign DNA.

Bones were selected, with tarso-metatarsus, tibio-tarsus, femur, radius or humerus
bones being preferred. The bone surface was shaved using a Dremel grinder in a
fumehood to remove surface contamination. The Dremel grinder was then used to cut a
sample of 0.5-1.5 g from the centre of the bone. Samples were homogenized in a coffee
grinder (cleaned rigorously with ethanol between each sample). The high concentration
of calcium ions present in the samples were removed by chelation with 0.5 M EDTA
pH 8.0 (15 ml added and rotated overnight at room temperature in a 50 ml tube).
Samples were then centrifuged for 20 minutes at 1000g in a swing bucket centrifuge

and the calcium-rich supernatent discarded.
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The decalcified bone material was then digested overnight at 50° C by rotation in 5 ml
of extraction buffer (10 mM Tris-HCI pH 8.0, 1 mM NaCl), 500 pl of 10% sodium-
dodecyl-sulphate (SDS, C,,H,;O,SNa), 30 ul of 200 mg/ml dithiothreitol (DTT,
C,H,,0,S,) and 50 pl of 50 mg/ml proteinase-K. Digestion was followed by
centrifugation for 20 minutes at 1000g in a swing bucket centrifuge, and the aqueous

solution was transferred to a new 15 ml tube.

Proteins were removed by adding 5 ml of Tris-saturated phenol (C,H,O with 10 mM
Tris HCI, pH 8.0, ImM EDTA) to the sample and rotating at room temperature for 30
minutes. Samples were then centrifuged for 5 minutes at 1000g and the top aqueous
layer containing the DNA was removed and transferred to a new 15 ml tube. The phenol
addition, centrifugation, and removal of the aqueous phase was then repeated. 5 ml of
chloroform:isoamyl alcohol (CHCl;: C{H,,0, 24:1) was added to the extracted DNA
solution and rotated for 5 minutes at room temperature. Following centrifugation at
1000g for 5 minutes the top aqueous layer (containing the DNA) was added to a new 15

ml tube.

The extracted solutions were then diluted by the addition of MilliQ H,O to make a total
volume of 15 ml. Up to 4 ml at a time of diluted extract was then concentrated to 200 pl
by spinning at 1000g through a 4 ml Vivaspin concentrator column (Viva Science,
U.K.) for 20 minutes. The membrane in these columns retains molecules above 30 000
MW, such as DNA, while smaller molecules pass through. This 200 pl extract was
stored at -20°C. 50 pl of the extracted solution was diluted to 200 ul with MilliQ H,O
and purified by using the QIAamp DNA mini kit (QIAGEN) following the
manufacturers' instructions. Purified DNA samples were kept at 4°C while in use, then

stored at -20°C.

Microsatellite primers and PCR amplifcation

Eight nuclear microsatellite loci were examined for this study (Table 2.1). Six of the
microsatellite loci used in this study (AM3, AM13, AM12, TP500, RM3, and RM6)

were isolated from Adélie genomic libraries (Roeder ef al., in press). The FhU2 locus

was isolated from the pied flycatcher, Ficedula hypoleuca, and the HrU2 locus from the
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Table 2.1 Primers used for amplifying microsatellite DNA from ancient Adélie bones.

Locus Name

Oligonucleotide sequence (5'to 3')

Repeal sequence

from cloned allele

AM3

AMI2

AM13

TP500

RM3

RM6

HrU2

FhU2

F - AGGAAAGAAGTAACTGAAGCAG
R - CATCTTCCCACAGAAGAAAC

F - AAAAACCCAACACAACAAAC
R - CCCAAGAAGAGATTTGTGAG
F - TTTTCCCATCTCTCTCTCCTG
R - CAGTTTTCAACAATCCTTCC

F - GGACACAGGCAGCCAC

R - GGGAGTGGTATGGCTGG

F - AATCAGGCTCCAAGGTCA

R - ATGCAAGTGACACAAAGG

F - CAGGAGGCTTTGAGACAA

R - CTGTTTACATCCGATGCA

F - CATCAAGAGAGGGATGGAAAGAGG

R - GAAAAGATTATTTTTCTTTCTCCC

F - GTGTTCTTAAAACATGCCTGGAGG
R - GCACAGGTAAATATTTGCTGGGCC

(AT).N; T,

(CA)y;

A] | N?l(GT)‘)(GC)d
(GT);,

(CA)y,

(CA)yg

(CA)io

(CT)5(CA)CT
(CA)

(GA),

swallow, Hirundo rustica (Ellegren 1992; Primmer et al. 1996b). Primers to all these

loci were manufactured by Sigma Genesis and the reverse primer was 5' -end labelled
with either 6-FAM or HEX phosphoramidite dye. Specifically, HrU2, AM12, TP500,
and AM3 were labelled with 6-FAM; and FhU2, RM6, AM 13, and RM3 were labelled

with HEX.

Polymerase chain reaction (PCR) amplification of microsatellite loci was performed in

10 pl volumes containing 0.5 units of Amplitaqg™ DNA polymerase (PE Applied
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Biosystems), 200 uM of each dNTP, 0.8 pmol of each primer, 1.5 mM MgCl,, PCR
reaction buffer (100 mM Tris-HCI pH 8.3, 500 mM KCI; PE Biosystems), 2 pg/pl
bovine serum albumin (BSA) and 1 pl of extracted DNA. The PCR mix for the TP500
locus also contained 10% DMSO (BDH Laboratory Supplies). For each PCR setup a
negative control (containing no DNA) and a positive control (with DNA extracted from
blood samples added in another laboratory) was included. Each reaction was overlain
with mineral oil and then transferred to another laboratory, where PCR was performed
in a Hybaid Omnigene Thermal Cycler. Thermal cycling conditions consisted of an
initial denaturation step of 94°C for 4 minutes, followed by 40 cycles of denaturation at
94°C for 45 seconds, annealment at 50°C (FhU2), 56°C (AM13, AM12, AM3, RM3,
HrU2), 60°C (RM6), or 62°C (TP500) for 50 seconds and elongation at 72°C for one
minute. Multiplex PCR was also trialled using the same PCR conditions as for single
locus PCR. Loci were grouped together if they amplified under the same thermal
cycling conditions and the size range of electromorph alleles labelled with the same dye
did not overlap. Following amplification, PCR products were visualised using ethidium
bromide ultraviolet-fluorescence. 3 ptl of each PCR product was mixed with 3 pl of
loading dye (10% w /v bromophenol blue, 15% w /v Ficoll, 1X TA buffer). Samples
were then run on an agarose gel (1% MS, 1% LE) containing 1 pl ethidium bromide in a
minigel chamber (Horizon®58 GibcoBRL) with 1X TA (10 mM Tris, 11.4 mM acetic
acid). A 1 Kb plus DNA ladder (GibcoBRL) was run beside the samples to determine if
the observed DNA was in the correct size range. The relative intensity of the PCR
products was also estimated so that when pooled for genotyping they could be diluted to
roughly the same concentration. After electrophoresis, gels were photographed using a

UV transillumintor (Insta Doc™ System, Bio-Rad).

The effect of AmplitaqGold™ (PE Applied Biosystems) on product yield, compared to
standard Amplitag™, was investigated at the TP500 and AM3 loci for a subset of
samples. The PCR reaction mixes were set up as master mixes using the same
components as described above (except for the Taq). The master mixes were then
divided in half before the addition of 0.5 units per sample of either Amplitaq or
AmplitaqgGold. Thermal cycling conditions were the same as described above except

that the Amplitaq Gold samples underwent a pre-PCR step of 94°C for 10 minutes. PCR
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products were run adjacently on a gel with mass ladder and the intensity of product

observed.

Sequences of varying length from the mitochondrial control region had previously been
amplified from the same extracted samples (Ritchie, 2001). For some samples a
maximum amplifiable sequence length was determined (i.e. the amplification of larger
fragments was attempted but not successful). These samples were used in a comparison
of maximum amplifiable mitochondrial sequence length with the number of amplifiable

microsatellite loci.

Automated genotyping

Samples were genotyped using an ABI Prism 377 Sequencer. Single locus amplification
products were pooled when samples had high band intensity on an agarose gel, to make
a total volume of 10 pl. This involved combining PCR products, the volume of each
depending on their relative estimated concentration, so that the size range of
electromorph alleles from different microsatellite loci labelled with the same dye were
not overlapping. This allowed each sample to be genotyped across six loci in two lanes
(usually TP500, AM3 and AM13 in a lane and HrU2, RM6 and RM3 in another lane).
Poorly amplifying single locus amplification products and multiplex PCR products were

not pooled but used directly for genotyping.

PCR products (0.5 pl) were mixed with 2.5 pl of formamide, 0.5 pl loading buffer
(containing 5% blue dextran) and 0.5 pl of an internal size standard, ROX (PE Applied
Biosystems). Samples were then denatured for 5 minutes at 95°C, quenched on ice and
2 ul loaded onto a 5% polyacrylamide gel (BioWhittaker Molecular Applications). The
sequencer was run according to the manufacturer's instructions, and the data was

analysed using GeneScan Analysis 3.1.

Authentification of results

In this study, seven extractions were repeated (i.e. the same bones were re-extracted on

independent occasions) and genotyped to test for consistency of results. Another six
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extractions had previously been repeated, and mitochondrial DNA amplified and

sequenced at an independent laboratory at the University of Auckland (Ritchie, 2001).

In this study, an examination of the occurrence of genotyping errors, such as allelic
dropout and the generation of false alleles (see Chapter One, section 1.5), was
undertaken by performing independent PCR reactions for a subset of samples. Samples
selected to have amplifications repeated had low band intensity on agarose. For the
RME6 locus a total of 41 amplifications were performed for 17 samples (average of 2.4
amplifications/sample); for the RM3 locus 38 amplifications were done on 16 samples
(an average of 2.4 amplifications/sample); and at the TP500 locus a total of 55
amplifications were performed from 26 samples (an average of 2.1

amplifications/sample). The samples examined covered a range of radiocarbon ages.
Statistical analysis

To test for a relationship between the number of microsatellite loci amplified and both
the sample age and the maximum length of mitochondrial sequence amplified,
Spearman's rank-order correlations were performed. This is a nonparametric statistical
test that does not make assumptions about the distribution of the data. The test was
performed using the program SPSS (SPSS, 1997).

2.3 Results

"C dates

The radiocarbon-dated Adélie bones and their ages are shown in Table 2.2. Samples,
whose ages were inferred, are listed in Appendix B. These ages ranged from 275 yrs BP
to 6424 yrs BP

Histology

The younger bones (c. 500 yrs BP) that were examined were extremely well preserved

and assigned a value of 5 on the histological index. Hedges ez al. (1995) define category
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Table 2.2 Ancient Adélie bones that were directly radiocarbon-dated. The calibrated

age takes into account the reservoir effect. Adapted from Ritchie (2001).

Extraction  Location Carbon Dating Radiocarbon Age  Cal. Age
Number (yrs BP £ S.E.) (yrs BP)
PE 4B3 Cape Crozier NZA-8818 1475 £ 59 440
PEIB3 Cape Crozier NZA-10306 1380 + 60 310
PE9B3 Cape Crozier NZA-8819 1503 £57 461
PE11B3 Cape Crozier NZA-8820 1616 £ 62 523
PE13B3 Cape Crozier NZA-8821 1564 £ 55 523
PE48 Cape Bird NZA-9182 1534 £ 55 481
PE42 Beaufort Island NZA-12287 1313453 275
PE64 Inexpressible Island  NZA-12286 6358 + 55 6082

5 as having over 95% of the bone intact and being virtually indistinguishable from fresh
bone. The histological sections of the older bones were not successful because they

disintegrated during the decalcification step.

DNA amplification

All extractions that were repeated gave consistent results. In addition, no negative

extraction controls exhibited signs of contamination.

The FhU2 locus was only genotyped for 23 ancient samples because they were all
monomorphic for a 122 bp band (it was also monomorphc for 49 living samples). The
success of AM12 amplification was poor, only 17 /34 samples that were younger than

500 years old amplified, so it was omitted.
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Multiplex PCR was not successful for the vast majority of samples trialled because the
poorer amplifying locus tended not to amplify. For example, when AM13 and AM12
were combined, AM12 often did not amplify at all, despite amplifying successfully
independently.

The comparison of Ampilitaq Gold and Amplitaq suggests that there are significant
differences between these two types of Taq Polymerase when amplifying ancient Adélie
penguin samples (Figure 2.2). Fewer ancient samples could be amplified using
AmplitagGold, especially when they contained low quantites of DNA (i.e. when only

faint bands were obtained with Amplitaq).

The success rate of microsatellite amplifications at each locus versus sample age are

presented in Figure 2.3. These graphs demonstrate that there is considerable variation in

&
@\ O ancient samples

‘b
\\) 00(\ (O/\ Q

& L L

(A)

(B)

Figure 2.2 PCR products from amplifications of the TP500 locus using standard
Amplitaq Polymerase (A) and AmplitagGold Polymerase (B). For the ancient samples
PCR products were only produced with Amplitaq (samples PE160, PE168 and PE174).
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Figure 2.3 Success rate of the amplification of six microsatellite loci in ancient Adélie
penguin samples of varying ages. (a) TP500 locus (b) RM6 locus (¢) RM3 locus (d) AM13
locus (e) AM3 locus (f) HrU2 locus.



amplification success of ancient samples between both microsatellite loci and sample
age. The differences in amplification success between loci are not related to the length
of alleles. For example, the RM3 locus, with alleles around 220 bp in length, amplified
in a greater number of samples than the AM13 locus which has alleles around 100 bp
shorter. A scattergraph was constructed to display the relationship between the number
of microsatellite loci able to be amplified and sample age (Figure 2.4). Although the
points appear scattered, a Spearman's rank-order correlation suggests a significant
negative correlation between these two variables (r,=-0.411, p<0.001). That is, there is

a tendency for fewer microsatellite loci to amplify with increasing sample age.

A scattergraph was also constructed to compare the number of microsatellite loci
amplified and the maximum length of mitochondrial sequence amplified (Figure 2.5). A

highly
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Figure 2.4 Scattergraph of the number of microsatellite loci amplified versus

sample age for 123 ancient Adélie DNA samples.
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Figure 2.5 Scattergraph of the number of microsatellite loci able to be amplified
versus the maximum length of mitochondrial DNA able to be amplified from ancient

Adélie DNA samples (n=49).

significant positive association is suggested by a Spearman's rank-order correlation (r,=
0.635, p< 0.0001). That is, the longer the fragment of mitochondrial DNA that can be
amplified from a sample, the more likely a large number of nuclear microsatellite loci

will also be able to be amplified.

Assessment of genotyping errors

Of the three loci examined for genotyping errors, only one sample, at the TP500 locus
demonstrated a genotyping error. This sample, PE 74, with a calibrated radiocarbon

date of 2513 yrs BP, initially appeared homozygous at this locus, but a second

amplification revealed it was a heterozygote (Figure 2.6).
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Figure 2.6 Electropherograms demonstrating allelic dropout at the TP500 locus in

sample PE74 from Cape Hickey. The first amplification (top picture) suggests that
PE74 is homozygous for an allele 114 bp in size (blue peak). The second
amplification (bottom picture) shows that an allele 124 bp in size is also present.

The red peaks are the size standard.
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2.4 Discussion

Ancient Adélie DNA Preservation

No other DNA study has been as successful in amplifying single-copy nuclear
sequences (e.g. 100% success rate for amplification at the RM6 locus in Adélie penguin
samples up to 500 years old). Ramos et al. (1996) observed a 71.4% nuclear
microsatellite amplification success rate from bone and tooth samples up to 5000 years
old. However, samples were only selected from which mitochondrial DNA had
previously been successfully amplified. In addition, repeated analysis revealed
genotyping errors in 97% of samples. Zierdt et al. (1996) amplified single-copy nuclear
DNA from 1200-1500 year old bone samples with a 22.2% success rate. However, they

also reported allelic dropout, inferred from a deficiency of heterozygotes.

The remarkable preservation of Adélie penguin ancient DNA is likely to result from the
low temperatures and dry conditions present in Antarctica. These conditions slow the
rate of hydrolytic and oxidative damage (Greenwood et al., 1999) and, in addition, low

temperatures reduce micro-organism infestation (Burger ef al., 1999).

The weak negative correlation between the number of microsatellite loci amplified and
sample age was unexpected because many studies have reported there to be no
relationship between the age of a sample and its preservation (e.g. Hoss et al., 1996;
Burger et al., 1999). A negative correlation was also observed, but not quantified, for
these samples between the length of mitochondrial sequence able to be amplified and
sample age (Ritchie, 2001). One reason that a correlation between preservation and age
has not been observed previously might be because significant numbers of samples
preserved in the same conditions, and of varying ages, are not commonly available.
Most comparisons of preservation have been between samples preserved in different
environments. Therefore, environmental factors were also exerting an influence. The
Adélie subfossil samples are plentiful and the conditions in which they are preserved
are relatively constant, making them ideal for studies of the types and rate of DNA

damage.
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Independent indicators of DNA preservation

The main purpose of indicators of DNA survival is to verify the authenticity of ancient
DNA, i.e. that the preservation conditions of a sample are compatible with DNA
preservation. Several studies that examined the histological preservation of human
and/or cow bones found a correlation with ancient DNA presence (Hagelberg er al.,
1991: Colson et al., 1997). However, histological preservation does not seem to be an
accurate predictor of ancient DNA survival in Adélie subfossils because many of the
bones were soft and friable, and thus unsuitable for sectioning. Yet, they yielded DNA

of sufficient quality and quantity to enable PCR of the studied microsatellite loci.

The level of amino acid racemisation (Poiner ef al., 1996), the presence of hydantoins
(Hoss et al., 1996) and the preservation of proteins (Poiner and Stankiewicz, 1999) have
all been correlated to the presence of DNA in ancient samples. These techniques could
be included in future studies of Adélie ancient DNA to support the authenticity of

ancient DNA found in these samples.

The strong positive correlation between the length of mitochondrial DNA (mtDNA)
able to be amplified and the number of microsatellite loci amplified in this study
suggests that the presence of mtDNA may indicate if nuclear DNA is able to be
retrieved. For example, in all samples where 1 kb of mtDNA was able to be amplified,

DNA sequence from all six microsatellite loci also amplified (n=5).

Accurate amplification of ancient DNA.

The negative extraction and amplification controls demonstrated no signs of
contamination, and several mitochondrial amplifications were independently extracted
and amplified in another laboratory (University of Auckland). These results suggest that

the procedures undertaken to prevent contamination were successful.

In this study, although not involving a large number of repeat amplifications,
genotyping appears to be producing reliable results because all but one of the repeated
genotypes produced consistent results. According to Schmerer et al. (1999) genotyping

errors are related to both the quality and quantity of DNA. That the ancient Adélie DNA
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is very well preserved is suggested not only by the success of microsatellite
amplification, but also by the ability to amplify mitochondrial DNA fragments up to 1.6
kb (Ritchie, 2001). Further support comes from the relatively small number of PCR
cycles performed. Only 40 PCR cycles were used to amplify the microsatellite loci,
compared to the 60 or more cycles used by many ancient DNA studies (e.g. Zierdt er al.

(1996) used a total of 90 cycles).

According to Rameckers et al. (1997) if a large number of PCR cycles are required to
produce amplification products (i.e. more than 50), then the initial number of target
template molecules is estimated to be within the range of 1-10. When amplifications are
performed from such low target numbers, genotyping errors can become a problem. By
reducing the number of PCR cycles to 40, the majority of samples with very low target
numbers and thus those most at risk of genotyping errors, will not amplify. Restricting
amplification in this way may result in more accurate genotyping. This method may be
more practical when using ancient DNA for population studies, because implementing
the multiple-tubes approach (Navidi ez al., 1992) for large numbers of samples is

expensive and time consuming when multiple loci are involved (see Figure 1.2).

The findings of the Taq Polymerase trial were not in agreement with a study by
Hummel et al. (1996) who concluded that the use of PE Applied Biosystems
AmplitaqGold enzyme yielded greater amounts of PCR product from ancient DNA.
They also found that the specificity of amplification increased and that the size of the
stutter bands decreased, thus allowing easier scoring of microsatellite alleles. They
suggested that this is a consequence of the amplification reaction being able to reach a
temperature that favours specific primer annealing, thus decreasing primer dimers. In
this study, the AmplitagGold reaction yielded less product than Amplitaq for ancient
samples. However, it did appear to decrease primer-dimer formation in the negative and
positive control reactions compared with Amplitaq. Primer-dimers were not present in
the amplifications of ancient samples for either type of Taq Polymerase. Contrary to
Hummel et al. (1996), the use of AmplitagGold™ in this study did not decrease stutter
bands on the electropherograms. In conclusion, standard Amplitaq appears to amplify
ancient DNA samples better than AmplitaqGold, despite the latter being commonly

used for ancient DNA studies.
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2.5 Concluding Remarks

1. Adélie penguin subfossil DNA from Antarctica is generally extremely well
preserved, indicated by the single copy nuclear DNA loci and the long fragments of
mitochondrial DNA that can be readily amplified. In addition, genotyping errors, a
common problem when working with nuclear microsatellites from ancient DNA, do
not occur often in amplifications from Adélie penguin ancient DNA. This

extraordinary preservation is likely to be a consequence of the cold, dry conditions in
Antarctica.

2. A weak negative correlation was observed between the success of microsatellite

amplification and sample age. Though intuitive, this finding was contrary to previous
studies, and may result from the large number of samples of varying ages preserved

under the same conditions that were analysed.

3. The length of mitochondrial DNA able to be amplified was found to be a fairly
accurate indicator of success of microsatellite amplification. However, histological
preservation, which has been suggested in other studies to be an indicator of DNA

preservation, was not found to be useful as an indicator of the presence of DNA in

ancient Adélie penguin bones.

4. The Taq polymerase enzyme commonly used for amplifying DNA from ancient

samples, AmplitaqGold, was found in this study to produce less PCR product than
standard Amplitaq.
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CHAPTER THREE

Temporal Genetic Change in Adélie Penguin

Colonies.

3.1 Introduction

The advent of molecular genetic techniques has enabled a range of original and precise
investigations into the genetics of natural populations. However, until recently, the
extension of this research has been limited by the fact that inferences about past events
had to be made from present day genetic patterns. Ancient DNA provides a unique
opportunity to investigate genetic change in populations over time. This area of ancient
DNA research has been described as perhaps the most intriguing, yet most neglected
(Tessier and Bernatchez, 1999; Wayne et al., 1999) facet of recent studies. The majority
of population genetic analyses that have included ancient DNA have been restricted to
examining change over the last 100 years because museums have been the best source
of large numbers of well-preserved samples (e.g. Nielson er al., 1997; Nielson et al.,
1999). Those studies that have examined older samples have typically used
mitochondrial DNA as a genetic marker (e.g. Wang et al., 2000). This chapter will
examine the feasibility of detailing population genetic change over a significant
geological time period using nuclear microsatellite loci. The large, well-preserved

deposits of Antarctic Adélie penguin bones are ideal for such a study.

The aims of this chapter are to examine the population history of three Adélie penguin
colonies. Specifically the study was aimed at determining whether the ancient samples
from those colonies exhibit genetic differentiation. In addition, the research aims to
reveal if changes in gene frequencies have occurred within colonies over time. The

three populations, all from the Terra Nova Bay region, were selected because they are

38



presently occupied and moderate numbers of subfossil bones had been collected at these

sites.

3.2 Materials and Methods

Sample collection

Subfossil bone samples were collected from the Inexpressible Island, Northern Foothills
and Edmonson Point sites (Figure 3.1) as described in Chapter Two (section 2.2). Blood
samples were taken from adult birds in these same colonies after capturing them with a
hand net (see preface). A 23-gauge syringe was used to remove approximately 300 pl of
blood from the intertarsal or jugular vein. Blood was temporarily stored in 0.2 M
Na,EDTA before being placed in lysis buffer (Seutin e/ al., 1991). Following

transportation to the University of Auckland, the blood samples were stored at -4°C.

DNA extraction

DNA was extracted from ancient subfossil bone samples as described in Chapter Two
(section 2.2). Genomic DNA was extracted from blood samples at the University of
Auckland using the instagene kit (Biorad) following the manufacturer's instructions.

DNA was transported to Massey University and stored at 4°C.

PCR amplification and genotyping

Six microsatellite loci (AM3, AM13, TP500, RM3, RM6, HrU2) were amplified and
genotyped, as described in Chapter Two (section 2.2), for both the living and ancient
DNA samples (these genotyping results are in Appendices B and C).

Statistical analysis

The microsatellite loci were tested for genotypic linkage disequilibrium using

GENEPOP v3.1c (Raymond and Rousset, 1995). All possible combinations of loci were

analysed for each population as well as a global test for all pairs of loci across all
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Figure 3.1 The location of Adélie penguin colonies where
blood and subfossil bone samples were collected for population

genetic analysis.

populations (Fisher's method). Markov chain parameters (Guo and Thomson, 1992)
were set at 1000 dememorisation steps, 100 batches, and 1000 iterations/batch. The
genetic diversity of each of the Adélie penguin populations was measured by the
number of electromorph alleles per locus, and the observed and expected
heterozygosity. Conformity with Hardy-Weinberg equilibrium predictions at each locus
was tested with a Markov chain method (Guo and Thompson, 1992). The number of
steps in the Markov chain was set at 1000 with 100 batches and 1000 iterations/batch.
The above tests were conducted using GENEPOP v3.1c (Raymond and Rousset, 1995).



Genic analyses were chosen to examine population differentiation rather than genotypic
analyses because gene frequencies change more slowly than than genotypic arrays.
Genotypic arrays are only useful over short time-scales, such as in the study of
migration or parentage, because they are usually destroyed within a single round of
sexual recombination (Sunnocks, 2000). Exact tests of heterogeneity (Raymond and
Rousset, 1995) were performed using Genepop v3.1c. Tests were performed separately
between all living populations and between all ancient populations, as well as between
the temporal samples from each colony. To minimise the chance of making a type 1
error, the sequential Bonferroni correction was applied to adjust the levels of
significance for the multiple tests that were performed (Rice, 1989). To investigate the
effect of small sample sizes and missing data (as is present in the ancient samples) on
the exact test, the living data set was made similar to the ancient data set by randomly
manually removing samples and loci. For example, to make the Inexpressible Island
living data similar to the ancient samples from the same location the living data set was
randomly reduced from 28 to 22 samples. The number of loci amplified was also made
the same as in the ancient data set e.g. the number of genotypes at the TP500 locus was
decreased from 22 to 20. The exact test was then performed on this simulated data set.

This bootstrapping procedure was repeated 25 times.

The extent of differentiation between all living populations, between all ancient
populations, and between temporal samples from each colony was then investigated by
calculating Fq; values (Wright, 1951; Weir and Cockerham, 1984) and Ry, values
(Slatkin 1995; Michalakis and Excoffier, 1996). In addition, overall Fg; and Rg; values
were calculated for the living populations and for the ancient populations. These values
measure the reduction in heterozygosity of a population resulting from random genetic
drift. If the populations being compared are in Hardy-Weinberg equilibrium and have
the same electromorph allele frequencies then Fg; and Ry, values = 0. Significant
differentiation is present between populations when Fg; and Rg; > 0.05. Fg; is based on
the IAM model of evolution and Rg; is based on the SMM. Both Fg; and Rg; values
were computed because it is unknown which, if either, of these underlying mutation

models the loci in this study follow.

Fg; values were calculated using FSTAT v.2.8 (Goudet, 1999). 95% confidence
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intervals for Fg were also calculated in FSTAT by using a bootstrapping procedure.
Rg;, was calculated using the program R CALC (Goodman, 1997). This program was
used because it corrects for differences in sample size between populations. Rg;CALC
was also used to calculate 95% confidence intervals for Rg; by bootstrapping with 1000
iterations. The AM13 locus genotypes were removed from calculations of Fg; and Rgp
values involving the Northern Foothills ancient population. This was because samples
from this population could not be genotyped at this locus and both the FSTAT and

R, CALC programs would not calculate Fg; and Ry, values when this locus was

included.

To further investigate differentiation, individuals were classified according to their
composite genotype by an assignment test. This test assigns each individual to the
population in which its composite genotype has the highest probability of occurring
(Paetkau et al., 1995; Paetkau et al., 1997; Wasser and Strobeck, 1998). The greater the
level of differentiation between populations the greater the number of individuals
assigned to the correct population. The genotypic data from all loci were used to
perform this assignment test using the calculators at

http://www.biology.ualberta.ca/jbrzusto/Doh.php. Assignment tests were performed

between living populations, between ancient populations and between living and ancient
samples after pooling living and ancient populations into separate groups. Assignment
tests were also performed between the two time periods (ancient and living) for each

colony.

3.3 Results

Genetic diversity within Adélie penguin populations

Genotyping of 125 samples was attempted for six microsatellite loci. These samples
were from three locations and were divided into modern (blood) samples and ancient
(bone) samples of varying ages. Figure 3.2 shows soil profiles and the location and "*C
dates of some of the subfossil samples used in this chapter. The success rate of
amplifying the ancient samples varied considerably, resulting in very small sample sizes
for some loci e.g. the RM3 locus could only be amplified in three ancient Northern

Foothills samples. Therefore, for some loci, a smaller number of electromorph alleles
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Figure 3.2 Soil profiles and the approximate locations of subfossil bones from

several of the sites used in this study. The calibrated ages of subfossil bones and

guano layers are given. (a) Inexpressible Island. Site P3. 6.2 metres above sea level
(a.s.l). (74°54'21"S, 163°43'42"E). (b) Inexpressible Island. Site S2/94. Promontory
south of Seaview Bay. 50m a.s.l. (74°54'40"S, 163°43'42"E). (c) Inexpressible
[sland. Site S3. Promontory south of Seaview Bay. 50m a.s.l. (74°54'40"S,

163°44'00"E). Note that the ages for site C are based on a correlation with site B.
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Figure 3.2 continued. Soil profiles and the approximate locations of the subfossil
bones from several of the sites used in this study. The calibrated ages of subfossil
bones and guano layers are given. (d) Northern foothills. S3/94. South of Cape
Icaro. 60m a.s.l. (74°42'50"S, 164°06'30"E). (e) Northern Foothills. S2/94. North
Adélie Cove. 40m a.s.l. (74°44'07"S, 164°06'55"E). (f) Northern Foothills. Terra
Nova Station. 40m a.s.l. (74°41'37"S, 164°06'39"E). (g) Northern Foothills. Terra
Nova Station. 33m a.s.l. (74°41'37"S, 164°06'39"E).



were amplified for the ancient samples, with electromorph alleles that were rare in the
living samples not detected. The electromorph allele frequencies and expected and
observed heterozygosities at each locus for each location and time period are shown in

Table 3.1.

The analysis of genotypic linkage disequilibrium indicated that none of the loci
demonstrated disequilibrium (p-values all > 0.05). This is consistent with the results of
Roeder et al. (in press) who examined linkage between the same loci except for HrU2
and TPS00. This study indicates that HrU2 and TP500 also do not show linkage

disequilibrium.

Deviation from Hardy-Weinberg equilibrium was tested at each locus in each
population (Table 3.1). Three tests demonstrated a significant departure from Hardy-
Weinberg equilibrium (with p-values < 0.05). These tests were all from different
populations (one from each of the modern (AM13 locus) and ancient (AM3)
Inexpressible Island populations and one from the modern Northern Foothills
population (AM3)). However, the application of the sequential Bonferroni correction
reduced the number of significant tests to one (the AM3 locus of the modern Northern

Foothills population).

Genetic analysis between Adélie penguin populations of a given time period

Fisher's exact test of genic differentiation (Table 3.2) showed that, following the
application of the Bonferroni correction, there was no significant difference in
electromorph allele frequency distributions between living populations. Fg; and Rg;
values also indicate that there is no significant heterogeneity between living colonies,
with Fg; values ranging from -0.006 to 0.006, and Rg; values from -0.025 to - 0.003
(Table 3.3). Assignment tests were used as another, largely independent, measure of
differentiation. These methods determine if individuals can be assigned correctly to the
colony from which they were collected. They can hence be used to determine whether
living populations could be distinguished (Figure 3.3). Assignment of the living
samples to their colony of origin did not differ greatly from random (y* = 3.945,

p=0.4135), which is in agreement with the results of the exact test, Fg; and Rg; values.
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Table 3.1 Electromorph allele frequencies, observed (H,,) and expected (Hy,)

heterozygosities of each population and the probability (p) that it is not in Hardy-

Weinberg equilibrium. Values that are significant at the 5% level after the

sequential Bonferroni correction are shown in bold type.

Locus Electro

Inexpressible Is.

Northern Foothills

Edmonson Pt.

-morph
modern ancient modern ancient modern ancient
n=28 n=20 n=28 n=9 n=30 n=8
TP500 108 0.033
112 0.089 0.025 0.179 0.167 0.133 0.188
114 0.339 0.300 0.161 0.444 0.183 0.250
116 0.107 0.150 0.232 0.278 0.183 0.250
118 0.179 0.175 0.054 0.083 0.125
120 0.054 0.025 0.071 0.067
122 0.089 0.025 0.179 0.056 0.15 0.125
124 0.125 0.225 0.125 0.056 0.15 0.062
126 0.018 0.075 0.017
Ho 0.8214 0.8193 0.8481 0.732 0.8718 0.8583
He 0.8571 0.750 0.8214 0.5555 0.8667 0.7777
o} 0.5172 0.3545 0.6408 0.1930 0.5994 0.7252
RM6 n=27 n=14 n=26 n=>5 n=32 n=7
170 0.036 0.020 0.031
172 0.815 0.964 0.740 0.700 0.797 0.929
174 0.148 0.160 0.300 0.172 0.071
176 0.037 0.080
Ho 0.3186 0.0714 0.4217 0.4667 0.3398 0.1429
He 0.2593 0.0714 0.3461 0.2000 0.4062 0.1429
p 0.1923 0.1992 0.3327 0.6988
RM3 n=28 n=9 n=27 n=3 n=32 n=3
219 0.018
221 0.750 0.944 0.852 0.833 0.812 1.000
223 0.018 0.016
225 0.196 0.056 0.148 0.167 0.172
227 0.018
Ho 0.4052 0.1111 0.2572 0.3333 0.3149
He 0.2857 011711 0.2963 0.3333 0.3125
o] 0.2736 1.0000 1.0000
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Table 3.1 continued.

Locus Electro Inexpressible Is. Northern Foothills Edmonson Pt.
-morph
modern ancient modern ancient modern ancient
AM13 n=28 n=12 n=27 n=31 n=3
109 0.019
i1 0.018 0.042 0.019 0.016
112 0.018 0.016
113 0.042
114 0.018 0.016
118 0.036 0.167 0.065
119 0.054 0.167 0.019 0.145
120 0.018 0.093 0.016
121 0.074 0.032 0.167
122 0.018 0.037 0.032
123 0.036 0.019 0.081 0.167
124 0.107 0.125 0.148 0.097
125 0.089 0.083 0.111 0.081
126 0.143 0.042 0.148 0.129
127 0.161 0.208 0.185 0.129 0.500
128 0.179 0.125 0.037 0.113 0.167
129 0.074 0.016
130 0.107 0.019 0.016
Ho 0.9000 0.8949 0.9022 0.9175 0.8000
He 0.8889 0.8333 0.8889 0.7742 0.6667
p 0.0289 0.5039 0.3236 0.5300 0.6034
AM3 n=28 n=16 n=28 n=3 n=29 n=6
174 0.839 0.933 0.857 1.000 0.820 0.917
175 0.089 0.069 0.107 0.180 0.083
176 0.071 0.036
Ho 0.2877 0.1287 0.2571 0.200 0.3128 0.1667
He 0.2500 0.0000 0.0714 0.6667 0.3103 0.1667
p 0.3037 0.0345 0.0001 1.0000 1.0000
Hru2 n=28 n=17 n=27 n=8 n=32 n=7
116 0.059 0.071
118 0.019 0.071
120 0.037
122 0.125 0.088 0.037 0.188 0.047
124 0.554 0.647 0.519 0.688 0.516 0.286
126 0.321 0.147 0.352 0.125 0.359 0.571
128 0.059 0.019 0.078
130 0.019
Ho 0.5851 0.5615 0.6149 0.5083 0.6061 0.6264
He 0.6071 0.4706 0.6667 0.3750 0.5000 0.5714
p 0.1354 0.1672 0.7463 0.2811 0.2241 0.3487
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Table 3.2 Results of the genic differentiation tests within each time period (first
two categories), between living and ancient samples (third category), and between
temporal samples of each colony (last three categories), for each microsatellite
locus. The standard error is given in brackets. Results that are significant after the

application of the sequential bonferroni correction are shown in bold type.

TP500 RM6 RM3 AMI3 AM3 HrU2 Overall

Between Living 0218 0367 0807  0.043  0.159 0.109 0.069
Popsidions (0.011)  (0.009)  (0.007)  (0.005  (0.005)  (0.010)  (df=12)
Between Ancient 0.443 0.024 0.644 0280  0.146 0.018 0.018
Populations 0.011)  (0.002)  (0.003)  (0.007)  (0.003)  (0.002)  (df=12)
All Living vs. Al 0.126 0244 0579 0302 0511 0.086 0.161
Andian 0.007)  (0.006)  (0.007)  (0.112)  (0.086)  (0.006)  (df=12)
Inexpress. Island 0.006 0018 0.692 0288 0399 0.046 0.003

w2 ; 2 =
(Living vs. Ancient) (0.002) (0.001) (0.006) (0.009) (0.004) (0.004) (df=12)

Northern Foothills _ 0.254 0.514 1.000 - 0.327 0.194 0.478

{Living vs. Ancient) (0.006) (0.005) (0.000) (0.005) (0.006) (df =10)

Edmonson Point 0.947 0.635 0.614 0.644 0.675 0.044 0.632

o 3 2 =12
(Living vs. Ancient) (0.002) (0.004) (0.004) (0.009) (0.002) (0.003) (df = 12)

Therefore, in summary, none of the above tests provided any evidence for genetic
structure between the living Adélie penguin populations. In contrast, the overall exact
test when applied to the ancient population comparisons suggests the presence of
significant heterogeneity (p=0.018, Table 3.2). This finding was also supported by the
formation of the simulated ancient data sets. A graph of the p-values of exact tests
performed on these 25 simulated data sets is shown in Figure 3.4. The small sample
sizes and/or missing data do appear to have a large effect on the results of the exact test
because the simulated data generated a wide range of p-values (from 0.027-0.961). If
the small sample sizes and/or missing data had little effect on the p-value calculation,

then the range of values would be expected to be much smaller. However, despite this
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Table 3.3 Pairwise Fs;, Rg; values and estimates of 95% confidence intervals for
these values between living populations, between ancient populations and
between the two time periods for pooled samples and for each colony. An asterisk
denotes populations in which the AM13 locus was removed before the

calculation. Significant Fg; and Ry, estimates are shown in bold type.

Comparison Fer 95% ClI Ry 95% CI
Living

]nexpressible Is. vs Northern FH 0.006 -0.013-0.018 -0.011 -0.015-0.058
Inexpressibie Is. vs. Edmonson Pt. -0.001 -(.008-0.006 -0.003 -0.005-0.099
Northern FH vs. Edmonson Pt. -0.006 -0.012-0.002 -0.003 -0.0112-0.058
Overall -0.001 -0.009-0.005 -0.025 -0.005-0.542
Ancient

[nexpressible Is. vs Northern FH * 0.039 -0.018-0.136 0.003 -0.039-0.181
Inexpressible Is. vs. Edmonson Pt. 0.040 -0.042-0.130 0.053 -0.049-0.354
Northern FH vs. Edmonson Pt. * 0.117 0.010-0.197 -0.026 -0.054-0.253
Overall 0.038 0.008-0.093 -0.026 -0.046-0.138

Living-Ancient

Living vs. Ancient 0.006 0.002-0.013 0.015 -0.000-0.089
Inexpressible Island 0.027 0.008-0.050 0.055 -0.015-0.215
Northern FH * 0.019 -0.039-0.044 0.085 -0.026-0.309
Edmonson Point 0.008 -0.13-0.029 -0.008 -0.042-0.258

large effect, the p-value of the actual ancient samples (0.018) falls outside the range
(0.027-0.961). The assignment test of the ancient samples into the three populations
(Figure 3.3) showed that the correct assignment was significantly better than random

(x> = 5.587, p=0.0159), therefore also supporting the presence of differentiation.

In contrast to the exact test and assignment test, Fg; and R, estimates did not, in
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1. Living Assignment test classification
Inexpressible | Northern Edmonson Total

Source population | Island Foothills Point

Inexpressible 13 6 9 28

Island

Northern 9 11 8 28

Foothills

Edmonson 9 13 10 32

Point

x =3.945, p=0.4135

2. Ancient Assignment test classification
Inexpressible | Northern Edmonson Total

Source population | Island Foothills Point

Inexpressible 11 9 2 22

Island

Northern 1 5 4 7

Foothills

Edmonson 2 2 3 10

Point

¥’ =5.587, p=0.0159

Figure 3.3 Results of assignment tests for 1) living samples from the three colonies
2) ancient samples from the three colonies. The number of individuals correctly
assigned is shown in bold type. %* values and p-values for each assignment test are

shown below each table.
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3. Overall Classification 4. Inexpressible Classification
Living Ancient Island Living Ancient

Source Source

Living 57 31 Living 22 6

Ancient 16 23 Ancient 6 16

x’ = 8.936, p=0.0028 x’ = 13.687, p=0.0002

5. Northern Classification 6. Edmonson Classification

Foothills Living Ancient Point Living Ancient

Source Source

Living 16 12 Living 25 7

Ancient 6 4 Ancient 4 3

¥’ =0.972, p=0.3243 ¥’ =10.267, p=0.0013

Figure 3.3 continued. Results of assignment tests for between the two time periods
3) overall, 4) for Inexpressible Island, 5) Northern Foothills and 6) Edmonson Point.
The number of individuals correctly assigned is shown in bold type.y* values and p-

values for each assignment test are shown below each table.

general, indicate the presence of structure among ancient colonies. Overall Fg; and Ry
values between all ancient populations were not significant (0.038 and -0.026
respectively). However, both Fg; and Rg; values were considerably higher for
comparisons between ancient samples than between living samples and one Fg; value

(Northern Foothills vs. Edmonson Point) and one Rg; value (Inexpressible Island vs.
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Figure 3.4. Graph of the p-values from the exact tests of simulated ancient
microsatellite data (n=25). The p-values range from 0.027 to 0.961. The arrow
indicates where the p-value (0.018) for the actual ancient samples falls in this

distribution (ie. outside of the range of the simulated data).

Edmonson Point) were significant (p>0.05, Table 3.3). It should be noted that
confidence intervals for the Fg; and R, values of the ancient samples are far larger than
for the living samples. This is likely to be a result of the smaller sample sizes of the
ancient populations. All of the confidence intervals exceed the 0.05 threshold level,
suggesting that there is no certainty that the Fg; and Rg; values are not significant.
Therefore, whilst all of the statistical tests of the living populations produced
concordant results, measures of genetic structure between ancient Adélie penguin
populations were ambiguous with an exact test and assignment test, but not Fg; and R,

values, supporting the presence of structure.

Genetic analysis of Adélie penguins over time

Exact tests (Table 3.2), Fq; and Rg; values (Table 3.3) indicated a lack of genetic
differentiation over time when samples from each time period were pooled i.e. when the
total number of ancient samples were compared to the total number of living samples.

However, assignment of these pooled samples to ancient and living categories resulted
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in 63% of samples being assigned correctly (Figure 3.3); this result is significantly

better than random (% = 8.936, p = 0.0028).

Significant heterogeneity between temporal samples of the Inexpressible Island penguin
colony was inferred from the exact tests, both by the TP500 locus data and averaged
over all loci. The R, value, but not the Fg; value, for the comparison of the past and
present populations on Inexpressible Island was also significant (p-value = 0.055),
although the 95% confidence intervals have a large range and extend below the 0.05
threshold. This high variance is not unexpected and has been suggested to be a major
drawback of statistics such as R¢; which incorporate allele size differences (Slatkin,
1995). Assignment of individuals at this colony as either ancient or living was correct
76% of the time (x° = 13.687, p=0.0002). Collectively, these results suggest that the
genetic structure of this population has changed over time. Figure 3.5 illustrates the
electromorph allele frequencies at each locus in both living and ancient samples from

Inexpressible Island.

The exact test and Fg,; values were not significant for the comparison between the past
and present populations of the Northern Foothills colony. In addition, the assignment of
individuals did not differ significantly from a random-based assignment (3 = 0.972,
p=0.3243). In contrast, the Rg; value was significant (p-value = 0.085) although the

95% confidence intervals have a large range and extend below the 0.05 threshold.

The exact tests, Fg; and Rg; values also indicated that there was no significant
differentiation between living and ancient populations from Edmonson Point. However,
the assignment test resulted in individuals being assigned to their correct time period

more often than expected by chance ()* =10.267, p=0.0013).

3.4 Discussion

The lack of genetic differentiation among the living populations of Terra Nova Bay, as
indicated by Fisher's exact test, assignment tests and genetic distance data, is in

agreement with the previous study of Adélie penguin population genetics (Roeder et al.,

in press). The reasons proposed in Roeder et al. (in press) for this lack of heterogeneity
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Figure 3.5 Electromorph allele frequencies at the TP500 locus (a) living (n=28) and
(b) ancient (n=20), RM6 locus (c) living (n=27) and (d) ancient (n=14), RM3 locus
(e) living (n=28) and (f) ancient (n=9) in populations of Adélie penguins from
Inexpressible Island.
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Figure 3.5 continued. Electromorph frequencies at the AM13 locus (g) living
(n=28) and (h) ancient (n=12), AM3 locus (i) living (n=28) and (j) ancient (n=16),
HrU2 locus (k) living (n=28) and (1) ancient (n=17) in populations of Adélie
penguins from Inexpressible Island.

55



include a high level of dispersal and/or large population sizes resulting in stable gene

and genotype frequencies.

The degree of structure between ancient populations is not so clear. An exact test
between the ancient populations indicates that there is a significant level of structure
present. The exact test p-value for the ancient data falls below the distribution of values
calculated from simulated data sets (permuted from the living data sets to contain an
equivalent amount of data as the ancient populations), suggesting that this significance
is not just an artifact of the small sample size and missing data present in the ancient
data set. However, only 25 simulated data sets were created because of the need to do
these calculations by hand. A more accurate result would be achieved if a greater
number of data sets were constructed (e.g. 1000). However, a specialised computer
program would be required to calculate such a large number of data sets. An assignment
test was able to accurately assign ancient individuals to their population of origin, which

also suggests that the populations are genetically distinct.

In contrast, the F, values and R, values of overall relationships among the ancient
populations do not suggest differentiation between them. The non-significance of these
results may be caused by either the small sample sizes and missing data, because these
tests are not powerful enough to detect low levels of differentiation, or because
assumptions of the underlying models of these measures, in particular the model of
evolution, are not fulfilled in this data set. However, the presence of differentiation

cannot be rejected at a 95% confidence interval.

[t should be noted that the ancient samples are not all from a single time period. The
average age of samples from each colony varies by four thousand years. Therefore, the
detection of differentiation between the ancient populations by the exact and assignment

tests may represent temporal, not just spatial, differences.

Tests for differences in the genetic composition of colonies over time also gave
variable results. Both an exact test, assignment test and R value suggest that the two
temporal groups of samples from Inexpressible Island (i.e. ancient and modern) are

genetically distinct. In contrast, only one of the four statistical tests indicated
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differentiation between the two time periods for both the Northern Foothills and
Edmonson Point samples; an R, value and an assignment test respectively. This
result is not unexpected because the Inexpressible Island ancient samples are, on
average, at least a thousand years older than samples from the other two sites. These
results may indicate that Adélie colonies in the greater Terra Nova Bay region prior
to 5000 yrs BP (e.g. the Inexpressible Island ancient population) were genetically
differentiated from modern populations. The level of differentiation may have
decreased over time until it reached the modern level. Consistent with this is that
there is less support for the Northern Foothills and Edmonson Point samples, which
average have average ages of 4000 and 1000 years respectively, being differentiated

from the modern samples.

Holocene climatic change: possible implications for Adélie penguin population

genetics

Such temporal change in the genetic structure of the Adélie populations may be a
reflection of climatic change during the Holocene. During the last ice age the
majority of the Ross Sea region was occupied by a large marine based ice shelf
(Ingblfsson et al., 1998). This ice shelf is believed to have reached as far north as
Coulman Island about 20 000 yrs BP (see Figure 3.6) (Licht et al., 1996). During this
time the lack of areas of open water during the summer, which Adélie penguins
require, is likely to have resulted in a reduction in the number and size of their
colonies. Consequently, Adélie penguins may have been restricted to refugia in
which they were subject to quite different demographic processes than the large and
expansive modern populations. Genetic drift in small refugial populations and low
levels of dispersal between the scattered colonies may have led to inter-populational
genetic differentiation. Following the Last Glacial Maximum (LGM) (25 000-18 000
yrs BP), Adélie penguin populations may have expanded (both in numbers and
geographically). The timing and pattern of deglaciation has been inferred from a
number of sources including glacial landforms, raised beaches and orthinographic
soils from penguin rookeries (reviewed in Ing6lfsson et al, 1998). These studies
suggest that the minimum age for the retreat of the ice sheet past the Drygalski ice

tongue, which forms the southern border of Terra Nova Bay, is approximately 11 400
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Figure 3.6. The Ross Sea region with estimated
ages for deglaciation. The location of the Ross
Ice Shelf grounding line at the Last Glacial
Maximum (LGM) is indicated by a dotted line.

yrs BP. However, the Terra Nova Bay region is thought to have been occupied by ice for
considerably longer. Glacial drift deposits indicate that Terra Nova Bay was occupied by
a small ice shelf that was fed by glaciers draining the East Antarctic ice sheet (Baroni

and Orombelli, 1991). Radiocarbon dates from penguin rookeries provide a minimum
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date of 7000 yrs BP for when Terra Nova Bay probably became free of ice (Baroni and
Orombelli, 1991). Greater dispersal of Adélie penguins following deglaciation may have
reduced genetic differentiation between populations, while larger population sizes may
have given rise to a more temporally 'stable’ structure. This scenario may explain why
the Inexpressible Island ancient population, with the oldest samples in this study, appears
strongly differentiated from modern populations, whereas there is less support for the
other younger populations (i.e. Northern Foothills and Edmonson Point) being

differentiated from modern samples.

However, no firm conclusions can be made for several reasons. In particular, data
from the ancient samples contains a large amount of missing loci and consist of only
small numbers of samples. In addition, and perhaps more importantly, samples that
have been called members of a particular ancient 'population’ actually range in age
over several thousand years. Therefore, they have not really been taken from a single

ancient population.

This study suggests that investigating population genetics over long time periods using
nuclear microsatellites is not straightforward. This is despite the ancient DNA used in
this study being extremely well preserved. It should be pointed out that the samples
used here were not collected specifically for this study, but instead to cover a
considerable geographic range rather than a large number of bones of similar age from a
few sites. Ideally a temporal population genetic study should involve a large number of
bones from a single site from the same stratigraphic level to provide a 'snapshot in time'.
For example, for follow-ups of this study, a greater number of samples from
Inexpressible Island should be collected that are approximately 6000 yrs in age. The
younger samples, which may mask differences that have occurred over time, could then
be removed from the data set. Ideally, large numbers of samples from the same colony
but separated into several different ages may provide a means by which to examine

population change more closely.

3.5 Concluding Remarks

1. All the methods employed in this study suggest that there is no differentiation
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between the three living populations of Adélie penguins in the greater Terra Nova

Bay region.

2. An exact test of differentiation and an assignment test indicate the presence of genetic

differentiation between the ancient populations.

3. Exact and assignment tests, as well as an R, value, indicate that Adélie penguins
populations from the two temporal time periods at Inexpressible Island are
genetically distinct. This genetic change is suggested to be an indirect consequence
of climatic change since the LGM. There is less support for differentiation between
the temporal samples of the Northern Foothills and Edmonson Point colonies. Only

one of the four statistical tests used was significant for each of these colonies.

4. The measures of genetic structure employed in this study often gave ambiguous
results. Discrepancies between measures of genetic structure have been previously
noted (Valsecchi et al., 1997). The inconsistent results in this study may be a
consequence of the small and unequal sample sizes, missing data, the level of
differentiation being too low for the measures to detect and/or unrealistic models of

microsatellite evolution.
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CHAPTER FOUR

A Study of Microsatellite Evolution in

Ancient and Living Adélie Penguins.

4.1 Introduction

Microsatellites are increasingly becoming the marker of choice for population genetic
studies (Jarne and Lagoda, 1996; Estoup and Angers, 1998). However, their use in
estimating numerous population parameters (e.g. genetic differentiation, number of
migrants per generation, etc.) depends upon the mutational model of evolution that is
assumed (Estoup and Angers, 1998). It is widely believed that current theoretical
models do not accurately portray microsatellite evolution because there is insufficient
knowledge of the complex mutational processes occurring at these loci (Estoup and
Cor;luel, 1999; Chambers and MacAvoy, 2000). In this study, mutational processes at
microsatellite loci will be explored. In addition, homoplasy, which has recently become
the focus of many microsatellite studies because of its possible influence on population

genetic parameters, will be examined.

In the majority of studies that have employed microsatellites, alleles have been
identified by length alone (via electrophoretic mobility) without detailed nucleotide
sequence information. Recently a number of researchers have sequenced microsatellite
alleles and have found that differences in repeat number are not the only form of
variation between microsatellite alleles at a locus (e.g. Grimaldi and Crouau-Roy, 1997;
Taylor et al., 1999b). Alleles may also differ by interruptions in the repeat, as well as
nucleotide substitutions and indels in the flanking sequences. This additional variation
may result in the products of distinct evolutionary lineages being categorised as alleles
of the same size. This process is known as size homoplasy. Size homoplasy has been

found to be a common feature of microsatellite loci and has been observed in
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individuals from the same population (e.g. Viard et al., 1998; Makova et al., 2000),
from different populations of the same species (e.g. Orti et al., 1997; Taylor et al.,
1999b) and between species (e.g. Garza and Freimer, 1996; Angers and Bernatchez,
1997). Several features of microsatellite alleles result in them being particularly prone
to size homoplasy. Firstly, there is some evidence to suggest that microsatellites evolve
in a stepwise fashion (see Chapter One, section 1.2), therefore restricting possible
mutational outcomes. Secondly, the high mutation rates increase the probability of

parallel mutations occurring in different lineages (Taylor et al., 1999b).

Specifically, the aims of this chapter are to explore microsatellite evolution and
homoplasy on three scales. Firstly, microsatellite evolution was examined by
genotyping ancient Adélie subfossil bones and comparing the electromorphs they
contain with those that are presently found in living populations. Secondly, alleles from
both living and ancient Adélie penguins were examined through sequence analysis.
Lastly, microsatellite evolution was examined on a broader scale by sequencing alleles
from a number of penguin species and, at one locus, these sequences were mapped onto

an independently derived phylogeny.
4.2 Materials and Methods
Sample collection

The comparison of living and ancient Adélie electromorphs involved all of the ancient
samples that were described in Chapter Two (section 2.2). The living samples included
the Terra Nova Bay samples from chapter three as well as the 442 individuals described
in Roeder et al. (in press). These living samples cover much of the distribution of

Adélie penguins in Antarctica (Figure 4.1).

The blood or tissue samples from the other penguin species were supplied, as described

in the preface.
DNA extraction and microsatellite genotyping

All the ancient DNA samples described in Chapter Two (section 2.2) were also used in
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Figure 4.1 Location of Adélie penguin breeding colonies and blood sample collection

sites around Antarctica (adapted from Roeder et al., in press). The samples collected

cover much of the distribution of Adélie penguins.

this part of the study (see Figure 2.1 for the distribution of these samples). Terra Nova

Bay Adélie blood samples were extracted as described in Chapter Three (section 3.2).

DNA from blood samples of the remaining Adélie samples and blood or tissue from

other penguin species was extracted using a protocol modified from Sambrook et al.

(1989). About 100 mg of ground tissue or 4 pl of blood was added to 400 pl of
extraction buffer (10 mM Tris-HCI pH 8.0, I mM NaCl), 10 pl of 10% SDS and 10 pl

of 10 mg/ml proteinase-K. This mixture was incubated overnight in a rotisserie at 55°C.

Proteins were removed by adding 400 pl of phenol to each sample. They were rocked

for 30 minutes followed by centrifugation at 13 000g for 5 minutes and removal of the

phenol. This phenol step was then repeated. Next, 400 pl of chloroform:isoamyl alcohol

(C:1, 24:1) was added and the rocking and centrifugation steps were repeated. Finally,

the chloroform:isoamyl was removed.

The DNA was precipitated by adding 1 ml of 100% ethanol and 40 pl of 3 M NaOAc

pH 5.2 to each sample and placing at -20°C for 1 hour. The samples were then
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centrifuged for 15 minutes at 13 000g and the supernatant removed. The pelleted DNA
was then washed by vortexing with 500 pl of 70% ethanol. This was followed by
centrifugation at 13 000g for 15 minutes. The ethanol was removed and the pellet dried
under vacuum for 10 minutes. Finally, the pellet was resuspended overnight in 200 pl of

10 mM Tris-HCI pH 8.0.

Genotyping of the ancient and Terra Nova Bay samples was performed using an
Applied Biosystems 377 sequencer as described in Chapter Two (section 2.2). The
remaining living Adélie samples and the samples from other penguin species were
genotyped using the autoradiographic technique described in Roeder ef al. (in press).
Because two genotyping techniques were used, and the results were to be compared, a
representative of each allele at each locus was genotyped using both techniques. The
sizes of the alleles genotyped with an automated sequencer were adjusted so that they

were equivalent to the alleles genotyped by the autoradiographic technique.

Determination of allele sequence

Alleles from the RM3, AM3, AM13 and FhU?2 loci were sequenced. Samples that had
been genotyped as homozygotes were directly sequenced, whereas each allele of a
heterozygote was cloned before sequencing. PCR products of both homo- and
heterozygotes were purified by using the High Pure PCR product purification kit
(Roche) following the manufacturer's instructions. Samples were concentrated to

10 pl under vacuum at 45°C. PCR products were quantified by running 1 pl with 2 pl
Low DNA Mass™ ladder (GibcoBRL®) on a 1% MS, 1% LE agarose gel.

Cloning of PCR products

Following purification and concentration, alleles of heterozygotes were cloned using the
pGEM®-T Easy vector system (Promega). PCR products were ligated for one hour at
room temperature in 10 pl volumes containing 3 units of T4 DNA ligase, 2X rapid
ligation buffer, 50 ng pPGEM®-T Easy vector, 10 ng PCR product and MilliQ H,O.
DHS5a cells were made competent by a procedure similar to that described by Pope and

Kent (1996). Firstly, a liquid culture was obtained by inoculating 2 ml of autoclaved



L-broth (LB) (containing 1% bacto-peptone, 1% NaCl and 0.5% bacto-yeast extract)
with a single colony, and incubating at 37°C overnight on a shaker. 50 ml LB was then
inoculated with 750 pl of the overnight culture of DHS« cells. They were grown at
37°C on a shaker until log phase (~4 hours). The cells were pelleted by centrifugation at
800g for 5 minutes. The supernatant was then removed, the pellet gently vortexed and
the cells resuspended in 20 ml 0.1M CaCl, and then placed on ice for 30 minutes. The
cells were then centrifuged as above and resuspended in 2 ml 0.1M CaCl,. Competent
cells were stored at 4°C for 24 hours before being transformed. Transformation
involved combining 100 pl of competent cells with 3 pl ligation reaction and placing on
ice for 5 minutes. The cells were then spread onto agar plates (containing 1% bacto-
peptone, 1%NaCl, 0.5% bacto-yeast extract, 1.5% bacto-agar and 100 pg/ml

amplicillin), pre-warmed to 37°C, and then grown overnight at 37°C.

Six colonies were selected from each plate and screened by PCR amplification using the
standard M 13 primers whose sequences are complementary to sequences flanking the
insertion site of the vector. Each PCR reaction mix was inoculated with cells from a
single colony. Cells from the same colonies were grown in 2 ml LB broth containing
ampicillin (100 pg/ml) on a shaker overnight at 37°C. PCR products were sized by
running on a 1% LE/1% MS agarose gel. DNA was extracted from the cultures that
contained inserts of the correct size by using a High Pure plasmid isolation kit (Roche)

and following the manufacturer’s instructions.

Following extraction, the samples were screened by an EcoR1 digest. 5 pl of plasmid
was digested at 37°C for two hours with 1 pl EcoR1 enzyme, 1 pl of 10X buffer and
3 ul MilliQ H,O. After digestion the samples were run on a 1% LE/1% MS agarose gel.

Samples in which the insert was present were then sequenced.

DNA sequencing and purification

ABI Prism cycle sequencing reactions contained 4 ] terminator ready reaction mix
(Big Dye termination mix for AM3, AM13 and FhU2, and dGTP termination mix for

RM3) (PE Applied Biosystems), 3.2 ul of either a forward or reverse primer (10 uM),
20-30 ng PCR product, and made up to a total volume of 10 pl with MilliQ H,0. After
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being overlain with mineral oil, reactions were performed in a Hybaid Omni-E Thermal
Cycler. Thermocycling conditions consisted of 25 cycles of 96°C for 10 seconds, 50°C
for 5 seconds and 60°C for 4 minutes. The products were purified using an isopropanol
clean-up. This involved placing each sample (minus the mineral oil) in a new eppendorf
tube and adding 10 pl MilliQ H,O and 80 pl of 75% isopropanol. These were vortexed,
precipitated at room temperature for 15 minutes then centrifuged for 20 minutes at

13 000g to pellet the DNA. The supernatent was then carefully removed with a pipette
and discarded. A further 250 ul of 75% isopropanol was added, the samples vortexed
and centrifuged for S minutes at 13 000g. The isopropanol was again removed and the

pellet dried under vacuum at 45°C for 10 minutes. Samples were then stored at -20°C.,

Samples were sequenced at the Massey University sequencing facility on an Applied

Biosystems ABI Prism 377, according to the manufacturer's instructions.

DNA sequence analysis

The microsatellite DNA sequence data was aligned using Sequencher™ 3.1.1(Gene
Codes Corp.). At the RM3 locus the repeat region was aligned manually because
Sequencher was unable to align these sequences. This alignment was constructed by
allowing indels to account for the variation in repeat number and reducing the number

of base substitutions in the repeat.

4.3 Results

The evolution of Adélie microsatellites over time

A comparison of the electromorphs present in ancient and living Adélie penguins at six
loci revealed no novel electromorphs in the ancient samples (see Table 4.1). However,
several electromorphs were present in living Adélie penguins that were not detected in
ancient samples (e.g. electromorphs 168 and 180 at the RM6 locus). These
electromorphs were uncommon in the living samples so it is likely that they were not
found in the ancient samples because fewer of these samples were genotyped. The allele
discovery curves for each of the six loci for both ancient and living samples (Figure 4.2)

flatten, suggesting that the variation at each locus has been sampled.
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Table 4.1. The electomorphs present in living and ancient Adélie penguin samples at

six loci. Electromorph frequencies are given and n is the number of samples genotyped.

Locus Electromorph Frequency living Frequency ancient
TP500 n=280 n=111
106 0.002 0.000
108 0.018 0.009
110 0.012 0.000
112 0.113 0.176
114 0.241 0.252
116 0.173 0.171
118 0.099 0.081
120 0.066 0.050
122 0.173 0.135
124 0.095 0.122
126 0.007 0.005
RM6 n=519 n=96
168 0.002 0.000
170 0.006 0.010
172 0.842 0.844
174 0.130 0.140
176 0.012 0.005
180 0.002 0.000
RM3 n=517 n=70
219 0.025 0.007
221 0.777 0.779
223 0.004 0.014
225 0.159 0.179
227 0.031 0.021
231 0.002 0.000
AMI13 n=504 n=52
109 0.001 0.000
110 0.002 0.000
111 0.014 0.009
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Table 4.1. continued.

Locus Electromorph Frequency living Frequency ancient
112 0.012 0.009
114 0.005 0.009
115 0.001 0.009
118 0.007 0.075
119 0.085 0.321
120 0.041 0.047
121 0.011 0.019
122 0.016 0.000
123 0.043 0.047
124 0.176 0.094
125 0.112 0.000
126 0.114 0.085
127 0.097 0.023
128 0.167 0.094
129 0.018 0.028
130 0.076 0.009
132 0.001 0.000
135 0.001 0.000

AM3 n=522 n=79
173 0.001 0.000
174 0.789 0.873
175 0.169 0.127
176 0.042 0.000

Hru2 n=123 n=94
116 0.004 0.021
118 0.004 0.011
120 0.012 0.021
122 0.110 0.090
124 0512 0.585
126 0.352 0.245
128 0.028 0.016
130 0.028 0.005
134 0.004 0.005
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Figure 4.2 Allele discovery curves for six microsatellite loci: (a) TP500, (b) RM6,
(c) RM3, (d) AM13, (e) AM3 and (f) HrU2. The blue diamonds represent the living

samples and the red squares represent the ancient samples. The X-axis values represent t

cumulative number of alleles sampled and the Y -axis indicates the cumulative number o

new alleles sampled.
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The RM3 locus

A total of 31 DNA sequences were obtained for four different electromorphs at the

RM3 locus in Adélie penguins, resulting in a total of 15 different sequence alleles. Eight
of the *homozygotes’ that were sequenced exhibited heteroplasmy (double peaks) (see
Figure 4.3), suggesting that more than one sequence was present. These sequences were

not included in the analysis.

Within each Adélie electromorph, sequence alleles differed by substitutions in the
repeat region and/or in the flanking sequence (see Table 4.2). The Adélie alleles can be
grouped into two genealogical groups based on two sites where mutations have
occurred (Figure 4.4). Group One contains five 221 bp alleles, one 225 bp and one 227
bp allele and is defined by (TA), at the beginning of the microsatellite repeat and T at
character 45. Group Two contains five 221 bp alleles, two 223 bp alleles and a 225 bp
allele and has a single TA at the beginning of the microsatellite and a C (or in one case
an A) at character 45. Allele 221j appears to be intermediate between the two groups
because it has a flanking region from each group, i.e. a single TA at the beginning of the
microsatellite and a C at character 45. The population of origin for each of these
sequence alleles is shown in Figure 4.5. It should be noted that three of these sequence

alleles (221¢, 221h and 2211) are unique to the ancient samples.

CATGCATACACACACACACA

A

Figure 4.3 An example of sequence heteroplasmy (arrowed) in an RM3 'homozygote'
This individual probably contains two different alleles - one allele with a thymine at tl
site and the other with a cytosine. The majority of RM3 'homozygotes' in which
heteroplasmy was observed had double peaks at the site pictured above (immediately

adjacent to the repeat tract) and at character 45.
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Table 4.2. Polymorphic sites in Adélie RM3 alleles (sequences are listed 5' to 3").
Nucleotides identical to the consensus sequence (CS) are labelled with a dot. n is the
number of sequenced alleles. Only the repeat region for allele 227 is included because

the flanking region sequenced poorly.

Allele  n Repeat region 11
1 23 334667 89 900
4 4 1395891429435

CS (TA),(CA),(O), AGATTCAATGTTAGT

221a 3 (TA)R(CA)(O); T

221b 1 (TA),(CA)«(C), G . T

221c 1 (TA),(CA)«(C), e 5 = . T G A .

221d 2 (TA),(CA),(C)g T .

221e 1 (TA),(CA),(C), T C

221f 5 (TA)(CA),(C),

221g 1 (TA)CA),(C), .. .. AL

221h 1 (TA)CA),(C), cow oa wow owm s ox oa B s Mew A

2211 1 (TA)CA)(C),

221j 1 (TA)CA)(C), i & % @ @ T

221k 1 (TA)CA)(C), e B % o om 8 5 EEa

223 2 (TA)CA),,(C), ¢« % s o owm om ¥ s 3 m ow u K

225a I (TA),(CA),(C), o u & v owm L

225b 1 (TA)XCA)LGA)CAC, . . . . C. GG.

227 1 (TA)CA);(O),

Figure 4.6 shows the possible relationships between the Adélie penguin RM3 sequence
alleles using a parsimony criterion to minimise the overall number of mutational steps.
This diagram is based on the assumption that the substitution rate is lower than the
occurrence of length changes. Allele 221a is considered to be the ancestral allele in this
diagram because it is closest to the alleles that were sequenced in Chinstrap penguins
(the closest available relative to Adélie penguins). Allele 221a differs from the most

common Chinstrap allele by one base pair (a 1 bp transition in the flanking region).
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Group One l l

Group Two

Intermediate

=== microsatellite flanking region
(- TA repeat

i | CA repeat

] C repeat

o T at character 45

Figure 4.4 Schematic diagram of a representative allele from each of the two groups
of RM3 sequence alleles, as well as the allele (221)) that appears intermediate
between the two groups. The defining characters of the two groups are the number of

TA repeats before the CA repeat and the nucleotide at character 45.

A further 22 copies of two electromorph alleles at the RM3 locus were sequenced in 11
other penguin species (Table 4.3). Apart from the Chinstrap penguin (and Gentoo
penguin which was genotyped in Roeder et al., submitted, although not sequenced in
this study), all of these other penguin species were monomorphic for an electromorph of
211 bp at this locus. However, the sequence of this electromorph demonstrated a
number of substitutional differences between species in both the flanking sequence and
repeat region. These alleles can be separated into three groups based on differences in
the number of cytosine residues in the repeat region (Figure 4.7). As in Adélie penguin
alleles, the number of cytosine nucleotides present at the end of the microsatellite repeat

region is two, four or six. Mapping the three forms of the RM3 repeat region on
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Figure 4.5. The distribution of RM3 alleles around Antarctica. Group One alleles are in
red and Group Two alleles are in blue. Alleles from ancient samples are shown in italics.
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221c (C,) 21g(C,)  223(Cy)

N

223 (C,) «—» 221a(C,) «—» 221f (C,) +—» 221i(C,)
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225a(C,) 21 (C,) 221b (C,) 221h (C,)
o
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(TA)(CA), (TAXCA),
Group One Group Two

Figure 4.6 A diagram illustrating the possible relationships between the Adélie
penguin RM3 alleles sequenced in this study. A parsimony criterion was used to
minimise the number of overall mutational steps. This diagram is based on the
assumption that the substitution rate is lower than the occurrence of length changes.
Each arrow represents either a change in a single repeat unit or, when the same size
alleles are joined, one or more substitutions in the flanking region. Hypothetical
intermediates of the repeat region are shown in boxes and the number of cytosine
nucleotides at the end of the (CA) , repeat tract is in brackets. Allele 221a is

underlined to indicate that it is the likely ancestor.
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SL

Table 4.3. Polymorphic sites at the RM3 locus in penguin species excluding Adélie penguins (sequences are listed 5' to 3').

Nucleotides identical to the consensus sequence (CS) are labelled with a dot. n is the number of sequenced alleles. The Chinstrap

alleles are 221 bp in length and the alleles in the remaining penguin species are 211 bp.

Allele n  Repeat region I, 1 1 @
L 1 2 2 % 3 4 4 5 O 0 0 1 2
4 5 3 8 5 9 6 9 5 1 5 6 0 4

Consensus (TA),(CA),(C), A A A A A G C T G T T T A T

Chinstrap | 3 (TA)(CA)(C), il I C

Chinstrap 2 1 (TA),(CA)(C), . G [ T C

Emperor I (TA)CA)C),

Little Blue 2 (TA)CA)T(C)s G C

African 1 (TA)CA)(C), G

Humbolt 1 (TA)CA)(C),

Galapagos 1 (TA)CA)(C),

Erect-cr. I (TA)CA)C),

Snares-cr. 1 (TA)CA)(C),

Fiordland-cr. 2 (TA)CA)(C),

Rockhopper | 1 (TA)CA)(C),

Rockhopper 2 I (TA)CA)(C),

Yellow-eyed | 2 (TA)CA)(C),

Yellow-eyed 2 1 TA(CA),TA(C), c

Yellow-eyed 3 | TA(CA),TA(C), €

Yellow-eyed 4 1 (TA)CA)(C), C . G C ¢

Yellow-eved § I (TAWCALO) = e



to a penguin phylogeny (Figure 4.7) demonstrates that they are not clustered together

but are scattered across the tree.

The AM3 locus

At the AM3 locus two copies of each of the three electromorph alleles (174, 175 and
176) present in Adélie penguins were successfully sequenced. Each of these six
sequences came from an individual from a different population. One electromorph allele
was also sequenced in each of the following species of penguin: Rockhopper,
Fiordland-crested, Chinstrap, Gentoo and Yellow-eyed penguins. The Adélie penguin
AM3 microsatellite repeat consists of two discrete regions where length mutations have
occurred (see Table 4.4). An AT unit is repeated either four or five times, and a poly-T
repeated eight or nine times. In the other penguin species, there were no length variation
in the alleles that were sequenced. However, the poly-T region was shorter in the other

penguin species than in Adélie penguins with only six T repeats.

In Adélie penguins, the only electromorphs that were identical in sequence were the two
174 bp alleles. The remaining pairs of alleles differed by substitutions in either the
flanking or repeat sequences (see Table 4.4). The 176 bp electromorphs had identical
flanking sequences, but differed by a single substitution within the AT repeat. The 175

bp alleles differ by a 1 bp substitutions in the flanking region.

The FhU?2 locus

The FhU2 locus was sequenced in seven penguin species (Table 4.5). This locus had
been previously amplified in 15 diverse bird species, including Adélie penguins
(Primmer and Ellegren, 1998). The Adélie penguin sequence amplified in this study was
identical to the sequence recorded by Primmer and Ellegren (1998). The only length
variation observed in any of the penguin species was a 2 bp deletion in the flanking
region of the Yellow-eyed penguin sequence. Therefore, there was no length variation
in the microsatellite repeat in the penguin species examined. Three different single base
pair substitutions were observed. In relation to the consensus sequence, the Emperor
penguin sequence had two different transitions, and the Adélie sequence had a single

base pair transversion.
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Figure 4.7 Top. Schematic representation of the three forms of the 211 bp allele at the RM3

locus. Bottom. The distribution of these three allele forms on a penguin phylogeny. The

phylogeny is from Roeder et al. (submitted).
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Table 4.4 Polymorphic sites in penguin AM3 alleles. Nucleotides identical to the

consensus sequence (CS) are labelled with a dot. n is the number of sequenced alleles.

Species Allele n

length 3 3 repeat 4

1 7 1 7 region 4

CS 174 A T C C (AT, GGT,
Adélie 174 Zs a5 5 = BATh T
Adélie 738 1 o = <« = (AL Ty
Adélie 17 1 . C . . (AT), T,
Adélie 176a 1 . . . . (AT), Ty
Adélie 1760 1 . . . . (ATHAA T,
Gentoo 174 1. . T . (AT), Gl T,
Chinstrap 174 l « T T (ATk GG T;
Fiordland- 174 1 . . T . (AT), GG T,
crested
Rockhopper 174 1. « T . (AT) GG T
Yellow-eyed 174 L€ . T . (AT, GG T,

The AM13 locus

The AM13 locus was the most polymorphic locus of those examined in this study, with
21 electromorph alleles. This locus demonstrated a high level of heterozygosity.
Therefore, there were few electromorph homozygotes. Five of these electromorph
homozygotes were directly sequenced in Adélie penguins, and one each from
Galapagos, African and Yellow-eyed penguins. The electropherograms demonstrated
heteroplasmy suggesting that two sequences were present for each of these

'homozygotes', i.e. heterozygotes had actually been sequenced. Therefore, despite the
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Table 4.5. Polymorphic sites in penguin FhU2 alleles. Nucleotides identical to the
consensus sequence (CS) are labelled with a dot. Dashes represent deletions. One allele

was sequenced from each species.

Species
3 3 repeat 5
1 3 1 2 region 3
CS T € € T (GA) A
Adélie 6
Emperor v % o« s . G
Humboldt

Snares-crested
Fiordland-crested
Rockhopper

Yellow-eyed N

AM13 locus already having a large number of electromorph alleles, it seems that an

even greater number of sequence alleles may be present.

4.4 Discussion

Conclusions about several aspects of microsatellite evolution, including the occurrence
of homoplasy, mutational mechanisms, microsatellite formation and flanking sequence

instability, can be drawn from this data.

Extensive allele size homoplasy of penguin microsatellite alleles

The results of sequencing microsatellite alleles in this study suggest that genetic
diversity at these loci is not purely from length changes in the microsatellite repeat

regions. This observation is in agreement with those from other species such as humans
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(Grimaldi and Crouau-Roy, 1997), mice (Makova et al., 2000), honeybees (Estoup et
al., 1995b) and cichlid fishes (van Oppen et al., 2000). Size homoplasy was observed at
three of the loci examined (RM3, AM3 and FhU2 loci), and was also likely to be
present at the AM13 locus. Homoplasy at the RM3 locus was found to occur among
alleles from the same population of Adélie penguins, between populations of Adélie
penguins, as well as between penguin species. In addition, the observation that a
number of the RM3 ‘homozygotes’ had double peaks suggests that homoplastic alleles

may also be present within individuals.

Variation within the flanking regions of the Adélie RM3 locus allowed the
reconstruction of possible relationships between alleles. This reconstruction suggested
that alleles of the same size are not necessarily more closely related to each other than
to alleles in non-adjacent size classes (e.g. the two 225 bp alleles at the RM3 locus were

members of different genealogical groups).

The occurrence of homoplasy amongst alleles sequenced in this study may mean that
although no new microsatellite electromorphs were found in the ancient Adélie
subfossil bones, unique sequence alleles may still be present. At the RM3 locus three
sequence alleles were unique to ancient samples (221¢, 221h and 2211). However, the
number of samples sequenced was so small that it cannot be concluded that these alleles

are not present in living Adélie penguins.

Mutational mechanisms

Discrimination between the mutational mechanisms that have been proposed to result in
length change at microsatellite repeats requires variation in the flanking sequences.
Recombinational mechanisms, e.g. unequal crossing over and gene conversion, are
expected to result in the exchange of flanking sequences, whereas slippage would not.
Sequence alleles of the RM3 locus show variation in the flanking region following the
repeat tract and, although only a small length of sequence was recovered from the
flanking region preceeding the repeat, the TA repeat at the beginning of the
microsatellite region can be considered a marker. Polymorphism in these two regions
define two genealogical groups of sequence alleles. The separation of the sequence

alleles into two groups suggests that the majority of mutations at the RM3 locus appear
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to result from slippage rather than recombination. This is consistent with other studies
of microsatellites with sufficient flanking region variation to discriminate between these
mutational mechanisms (e.g. Orti et al., 1997; Makova et al., 2000). However, one
allele at the RM3 locus has an intermediate sequence (221j). It may have originated in
three possible ways: via recombination, by a back mutation in either the TA repeat or at
character 45, or it may represent an ancestral intermediate mutational stage between the
two groups. Sequencing a longer length of flanking region before the microsatellite
repeat may allow discrimination between these hypotheses. It should also be noted that
even if this allele was formed by recombination there is no evidence that this was

accompanied by a change in the number of repeat units.

Microsatellite formation

Little is known about the process by which microsatellites form. It is widely assumed
that random point mutations expand repeat arrays beyond the minimum number of
repeats on which slippage can act (Schlétterer, 2000). The threshold number of
nucleotides required for microsatellite expansion is suggested to be eight to ten (i.e. four
to five dinucleotide repeat units) (Messier et al., 1996; Rose and Falush, 1998).
However, more recent studies have suggested that there is no critical number of repeats
above which microsatellites become hypervariable, with shorter microsatellites having
the potential to expand, albeit with a lower probability than longer microsatellites

(Pupko and Grauer, 1999; Zhu et al., 2000; Noor et al., 2001).

Microsatellite evolution at the FhU2 locus in 15 bird species, including Adélie
penguins, was discussed by Primmer and Ellegren (1998). They suggest that Adélie
penguins possess the ancestral repeat form of (GA),, and that this is not a sufficient
number of repeats to allow slippage to occur. In passerines, where repeat length
polymorphism is present, the minimum total repeat length was 14 bp, with this extended
polymorphic state possibly evolving twice independently in the passerine group. In this
study, FhU?2 alleles were sequenced from other penguin species, and it was revealed
that these species also contain the ancestral number of repeats. Therefore, this locus
appears to have maintained its stability across the diversification of penguin species.

The two repeat regions of the AM3 locus also contain close to eight nucleotides each.
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There is little length variation in either of the repeat regions, suggesting that there are

not enough repeat units for slippage to occur often.

In contrast to the stability of the FhU2 and AM3 loci, expansion appears to have
occurred at the RM3 locus in some species of penguin. The majority of penguin species
are monomorphic for a 211 bp electromorph allele which contains (CA),C,, (CA);C,or
(CA), C,repeats. However, the repeat region has expanded in the ancestor of the extant
Pygoscelis lineages because Gentoo, Chinstrap and Adélie penguins all have longer
alleles. This locus is also polymorphic in the three Pygoscelis species which is in
agreement with the positive relationship between repeat number and polymorphism that

has been observed in other studies (e.g. Primmer and Ellegren, 1998).

A comparison of the flanking region sequence provides information concerning whether
initial increases in repeat number have occurred via slippage or base-pair substitution.
Base-pair substitution in the flanking region resulting in the formation of an additional
repeat unit would cause the flanking region to change in sequence. Substitution may
have occurred in repeat regions of both the AM3 and RM3 loci. The poly-T region of
the AM3 locus has undergone two transversions from G—T in the Adélie lineage, thus
increasing the number of T repeats from six to eight. Therefore, at this locus
substitution appears to have increased the number of adjacent T nucleotides to the
minimum slippage threshold of eight nucleotides suggested by Rose and Falush (1998).
In Adélie penguins the number of T nucleotides varies from eight to nine with this
variation probably caused by slippage rather than substitution. In the RM3 locus a
C—A transversion may have occurred several times thus increasing the number of
repeat units (although the ancestral state, and thus the direction of mutation, is

unknown).

Instability at the end of the RM3 microsatellite sequence

An interesting observation from Table 4.3 is the variability in the number of cytosine
nucleotides at the end of the Adélie penguin RM3 microsatellite repeat. These cytosines
are always present in multiples of two, suggesting that they are the result of a
transversion between an A and a C in the microsatellite repeat, rather than the result of

slippage during replication of the cytosine nucleotides. The direction of mutation, i.e.
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whether an A—C or C—A, is unknown because the ancestral state is uncertain. This
change in the number of cytosine nucleotides appears to have occurred independently in
both groups of alleles because the flanking region mutation at character 45 is only likely
to have occurred once. This variation in the number of cytosine nucleotides is also
present in the other penguin species resulting in three forms of allele (A,B,C). These
other penguin species are monomorphic for an electromorph allele of 211 bp that
further supports the hypothesis that change in the number of these cytosine nucleotides
has been generated by substitution rather than slippage, since slippage would be

expected to generate allele length change.

A mutation at character 124, separating all Adélie and Chinstrap alleles from those in
the other penguin species, suggests that the variation in the number of cytosine
nucleotides is homoplastic between the Pygoscelis group (i.e. Adélie and Chinstraps)
and the remaining penguin species. The mutation at character 124 would have initially
occurred in a 2C, a 4C or a 6C allele, with the remaining two states subsequently

regenerating in parallel.

The scattered distribution pattern of the 2C, 4C and 6C alleles over the phylogeny of the
non-Pygoscelis penguins (Figure 4.7) is also likely to be a result of homoplasy.
However, an absence of phylogenetically informative flanking region variation means
that ancestral polymorphism cannot be ruled out. In addition, only a small number of
individuals from each species were sampled, so the possibility exists that all forms of

the 211 allele are present in each species but that not all were detected.

The data suggests that substitutions occur more often at the 3' end of the RM3 CA
repeat than in the middle of the repeat region. This is in agreement with the findings of
Grimaldi and Crouau-Roy (1997) who observed a relatively unstable flanking region at
one end of a (CA), microsatellite from the human MHC region. Brohede and Ellegren
(1999), who examined a large set of (CA), microsatellites in sheep and cattle, suggest
that instability is restricted to a 5-10 bp region at the border of the repeat. However,
neither of the above two studies noted a bias in the substitutions towards any particular

nucleotide base, as appears to be present at the RM3 locus.
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Several models, all associated with mismatch repair during either replication or
recombination, have been proposed to account for this observed instability in the border
region (Brohede and Ellegren, 1999). Firstly, an increased chance of substitution in this
border region could be produced if there is an increased chance that slippage will occur
at the end of a repeat tract. Several studies have reported the occurrence of polarity in
slippage mutations (see Chapter One, section 1.2). Secondly, DNA loops may form at
the repeat border during recombination between two different length microsatellite
alleles. These loops may form when the migrating recombination joint reaches the end
of the microsatellite tract where the sequence is not homologous (i.e. repeat units are
present on one strand, and flanking region on the other). In both of the models proposed
above, the DNA loops formed are either excised or filled in by DNA mismatch repair
systems. If the mismatch repair enzymes which fill in these loops have a lower fidelity
compared to DNA polymerases involved in standard replication, then it would result in
a higher substitution rate (Brohede and Ellegren, 1999). Consistent with this hypothesis
is the observation that there is significant variation in polymerase fidelity (Kunkel er al.,

1992).

Neither of the models proposed by Brohede and Ellegren (1999) provide an explanation
for why the same mutation, an A<>C transversion, has apparently occurred
independently at two positions at the RM3 locus in each Adélie allele group, as well as
in different penguin species. However, if the mutations that have occurred are A—C
transversions then an explanation may be provided by crystallographic studies of DNA
duplexes. According to Timsit (1999), accurate DNA replication depends not only upon
polymerase fidelity but also the DNA sequence, although the latter's role is less well
understood. Analysis of the crystal structure of (CA), tracts reveals that structural
alterations, rather than slippage due to looped out bases, may explain the high rate of
replication errors at these loci. Crystallographic, NMR and biochemical studies have
shown that (CA), tracts may exhibit shifted base-pairing during replication (reviewed in
Timsit and Moras, 1996). This occurs when the nucleotide bases pair with their direct 5'
neighbours on the opposite strand, rather than their Watson-Crick complements. The
bases form a run of consecutive A*G and C-T mispairs on the major groove side, while
the base-pairing is unaltered in the minor groove (the major and minor grooves are the
two grooves in the sugar-phosphate backbone produced by the stacking of bases in the

DNA helix - Figure 4.8).
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Minor groove

Major groove

Figure 4.8. Diagram illustrating the position of the major and minor
grooves on the DNA double helix. (The DNA drawing is from Futuyma,
1998).

The apparently normal geometry in the minor groove may mislead correction enzymes,
which have been shown to detect replication errors through the incorrect geometry they
cause in the minor groove of the nascent duplex. Timsit (1999) suggests that base
substitution mutations may be produced if the nascent template-primer strands realign
prior to a subsequent nucleotide incorporation (Figure 4.9). The base substitution is
templated by the next template base. This base substitution may escape correction
because the strand has the correct geometry in the minor groove. Under this model, the
bias towards A—C transversions at the RM3 locus is explained by the base substitution

being templated by the adjacent guanine nucleotide (Figure 4.9).

4.5 Concluding Remarks

1. No novel electromorph alleles were found in the Adélie penguin ancient samples

despite the examination of a large number of both living and ancient genotypes.
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Figure 4.9. A pathway for an A—C transversion in an RM3 allele.

a) A template (left-strand)-primer duplex with normal base-pairing. The flipped out
template bases (non-repeat tract) are boxed.

b) The base-pairing may shift within a repeat tract without movement of the bases.
The thymine template base that should be paired with an incoming dATP forms a
TeC mismatch. Consequently, the next base is considered a template for ANTP
incorporation, in this case a guanine is the template base for an incoming dCTP.

¢) The DNA strands realign prior to nucleotide incorporation and the incoming
dCTP interacts with the thymine template base forming a TeC mismatch (the newly

incorporated cytosine is marked with asterisk).

Novel sequence alleles from the RM3 locus were found in the ancient samples.
However, the low number of sequences from living Adélie penguins meant that it
could not be concluded these sequence alleles were truly unique to the ancient

samples.

2. Homoplasy is a common feature of the loci that were sequenced. For a given
electromorph allele a number of sequence alleles are often 'hidden’, even within a
population. These sequence alleles are not detected using conventional

electrophoretic methods. This observation, and its possible impacts on this study
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(particularly, Adélie population genetics and microsatellite evolution over time), will

be discussed further in the following chapter.

3. The majority of length mutations at the microsatellite loci investigated in this study
are consistent with generation by slippage rather that recombination. However, the
occurrence of a large number of mutations in the microsatellite flanking regions of
the loci examined suggests that the mutational processes occurring at these loci may

be considerably more complex than simple DNA slippage.

4. Sequence from the AM3 locus suggests that initial microsatellite formation has
occurred via substitutions creating a sufficient number of repeat units on which

slippage has then occurred.

5. The RM3 locus exhibits instability in the region bordering the repeat tract. In
particular, an A«<>C transversional bias appears to be present. If this bias is an A— C
substitution, then it is proposed to be a product of inaccurate DNA replication caused

by structural features of the DNA.
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CHAPTER FIVE

Summary and Discussion of Future Work

5.1 Synopsis of Major Findings

The major findings of this thesis are summarised below in relation to the research aims

(italicised) from Chapter One (section 1.6):

« To reliably amplify and characterise ancient single-copy microsatellite DNA from
subfossil Adélie penguin bones by adhering to the ‘criteria of authenticity' developed by

researchers in the ancient DNA field.

In this study, single-copy microsatellite DNA was readily, and reliably, extracted from a
large number of ancient Adélie penguin subfossil bones. The extraction process and
PCR set-up were carried out in a dedicated ancient DNA laboratory. Controls and
replication were routinely used to check for contamination. The excellent preservation
of DNA in these bones is likely to be a consequence of the cold, dry, undisturbed

Antarctic environment.

* To examine temporal population genetic change at three Adélie penguin colonies by

comparing microsatellite DNA data from ancient and living Adélie penguins.

All the statistical tests used in this study suggest that there is no genetic differentiation
between the three populations of living Adélie penguins from the Terra Nova Bay
region. In contrast, both an exact test and an assignment test indicated the presence of
differentiation between ancient Adélie penguins from these sites. These tests also
suggest that the ancient and living Inexpressible Island populations have genetically

diverged over time, as do an Ry value. There is also some support for the younger
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Northern Foothills and Edmonson Point temporal populations being genetically
differentiated. However, to make these conclusions more robust, more ancient samples

of similar ages are required.

* To investigate mutational mechanisms occurring at microsatellite loci by comparing

electromorph alleles from ancient and living Adélie penguins.

A comparison of six loci present in ancient and living Adélie penguins revealed that
there were no novel electromorph alleles in the ancient samples. However, there is a
possibility that novel sequence alleles exist in the ancient samples. Limited sequence
analysis revealed several unique sequence alleles in the ancient samples. However,
insufficient sequence data from living Adélie penguins means that no firm conclusions

can be drawn.

» To explore the evolution of four microsatellite loci on a broader scale by sequencing
alleles from a number of species of the Spheniscidae, and for one locus mapping the

sequences on to a phylogeny.

The sequencing of alleles from several microsatellite loci in both Adélie and other
penguin species resulted in the discovery of substantial size homoplasy. This finding

suggests size homoplasy may be a common feature of microsatellite loci.

Microsatellite flanking region variation at the RM3 locus permitted an examination of
the mutational mechanisms proposed to produce length change at microsatellite loci.
Slippage is considered the most plausible mechanism for the generation of length
change at this locus in Adélie penguins. Sequence from the AM3 locus in a number of
penguin species suggests that substitutions initially create a sufficient number of

adjacent repeat units on which slippage can occur.
A transversional bias was observed in the region bordering the microsatellite repeat

tract of the RM3 locus. This bias is suggested to be a consequence of inaccurate DNA

replication resulting from structural features of the DNA.
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5.2 Future Work

Population genetics

There is still a considerable amount of future work that could be done on Adélie
penguin population genetics using living and ancient material. Firstly, more genotyped
samples are required from ancient subfossils to investigate whether population
differentiation is present between the ancient populations. These samples should be
approximately the same age and preferably the data generated from them should contain

no missing elements.

Secondly, a greater number of loci would increase the resolving power of population
differentiation measures (reviewed in Estoup and Angers, 1998). Therefore, more loci
should be used in any future studies. There is little discussion in the literature of the
ideal number of loci to use, although Takezaki and Nei (1996) claim that Ry estimates

will have large standard errors unless at least thirty loci are considered.

Thirdly, sequence alleles, rather than electromorph alleles, could be used to provide
more accurate estimates of population differentiation and structure. The finding of high
levels of size homoplasy at the loci examined in this study is likely to have an impact on
the analysis of population structure. Population structure was examined using
electromorph alleles rather than sequence alleles. Therefore, the number of
electromorph alleles, heterozygosities and genetic diversities within and between
populations was likely to be underestimated in Chapter Three because only allele size
was considered. However, the effect of homoplasy on population structure is more
difficult to predict (Rousset, 1996). Previous studies have demonstrated that size
homoplasy does not necessarily mask population structure (Angers et al., 2000). The
effect of homoplasy on population parameters depends upon the fraction of
electromorph alleles shared between populations (Viard ef al., 1998). When few
electromorph alleles are shared between populations, homoplasy will not have a great
influence upon measures of population genetic structure. However, if a large proportion
of electromorph alleles is shared between populations, then sequencing may reveal
different alleles in different populations and thus increase the measured population

structure. Studies that have investigated the effect of microsatellite homoplasy on
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population structure have examined populations that exhibited a high level of
differentiation when electromorph alleles alone were considered (Viard ef al., 1998;
Angers et al., 2000). Moreover, both these studies examined only a single locus. The
one study (Sunnocks et al., 2000) that has examined multiple loci, obtained inconsistent
results from different loci when studying population differentiation using electromorph
alleles. Most loci had fixed differences between populations (i.e. supported
differentiation). However, some loci had electromorph alleles common in both

populations. Sequencing one such locus demonstrated substantial homoplasy.

In this study the Adélie penguin populations shared all of the common electromorph
alleles for all six loci and, when electromorph alleles alone were considered, there was
no genetic differentiation between living populations. Therefore, genetic differentiation
may be present between living Adélie penguin populations and is masked at all of the
loci examined. Alternatively, there may be no genetic differentiation even when
sequence alleles are considered and if homoplasy is present at some or all loci, it does
not mask estimates of differentiation. In any case, estimates of population structure
made with sequence alleles rather than electromorph alleles are likely to be more

accurate because the number of allelic states is higher (Estoup and Angers, 1998).

Sequencing by cloning the large number of samples required for population studies is a
time-consuming and expensive method. A technique that has been successfully used to
distinguish between different microsatellite sequence alleles in other studies, and which
may be suitable for this study, is single-stranded conformation polymorphism (SSCP)
(Angers et al., 2000; Sunnocks et al., 2000). SSCP is a fast and inexpensive method to
assay sequence variation (Orita et al., 1989). SSCP is particularly sensitive for short
DNA fragments, such as those used in this study. For example, single base pair
differences are resolved 99% of the time in 100-300 bp fragments (Sunnocks et al.,
2000). The SSCP technique would be ideal for assaying allele sequence variation

present in these populations.

Microsatellite evolution

Microsatellite evolution is another aspect of this research that warrants further

investigation. Microsatellite evolution over time could be further studied by searching
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for novel alleles in the ancient samples. If novel alleles were to be confirmed in ancient
samples it is important to consider what conclusions might be drawn from them about
microsatellite evolution. This type of study is not a direct investigation of microsatellite
evolution because the direct mutational steps cannot be determined as in parent-
offspring pedigree analyses. However, new mutations may reveal information about
broader aspects of evolution. For example, if several new alleles were found in the
ancient samples and they were all shorter than the alleles from living penguins, then this
would suggest the presence of mutational directionality where the mutations were

biased towards an increase in length.

There are two methods that could be used to search for new alleles in the ancient
samples. Firstly, a greater number of loci could be investigated. Although
microsatellites have a rapid mutation rate relative to other DNA sequences, it may still
not result in the occurrence of many mutations over the time period being examined
(about 5000 years). Therefore, the examination of a large number of microsatellite loci,
i.e. thirty to fifty would increase the chances of finding new mutations. The initial
selection of additional loci would be important to consider. Information that has been
gained concerning the lifecycles of microsatellites may be a useful tool in predicting
which loci may have the highest probability of having unique alleles in the ancient
samples. Numerous studies have suggested that loci with a small number of repeats (e.g.
the AM3 and FhU?2 locus in this study) and interrupted loci have lower mutation rates
(Weber and Wong, 1993; Xu et al., 2000). These loci are less likely to have changed
over the time period being examined. Thus, future work in this area should concentrate
on loci with long stretches of uninterrupted repeats (Bill Amos, pers. comm). A long
repeat length for dinucleotide microsatellite in birds is about 17 repeat units (estimated
from Figure 4.1 in Amos, 1999b). The majority of loci used in this study were
considerably shorter than this length (see Chapter Two, Table 2.1). However, if only
long microsatellites were to be examined and novel alleles were found, the inferences
they provide for microsatellite evolution could not be extrapolated to all microsatellite

loci.

An alternative method by which to further investigate microsatellite evolution using the
ancient DNA of Adélie penguins is to examine in greater detail the loci from this study,

by investigating allele sequence, rather than electromorph allele size, in a large number
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of samples. Again, SSCP would be an ideal technique to sample the sequence variation
present in these samples. If a novel SSCP variant is detected in the ancient samples then
it can be sequenced. This can be achieved by sequencing a band excised from an SSCP

gel (Orti et al., 1997).

5.3 Concluding Remarks

The research presented in this thesis demonstrates that ancient DNA in Adélie penguin
subfossil bones is extremely well preserved and therefore provides an ideal situation for
the study of the evolution of both populations and nuclear DNA sequences. Several
studies have claimed that ancient single-copy sequence, such as nuclear microsatellite
DNA, would not be able to be reliably amplified from sufficient numbers of samples to
study population genetics (e.g. Ramos er al., 1996; Landweber, 1999). However, this
study provides a tantalising glimpse of the possibilities for examining temporal

population genetics on a larger scale.

Furthermore, the excellent preservation of these ancient samples means that, despite
finding no new electromorph alleles in this study, they still offer an excellent
opportunity to study microsatellite evolution over time by either examining the

sequence (via SSCP) of alleles and/or examining a greater number of loci.
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Appendix A

Table of the common and scientific names of the penguin species used in this study.

Common Name

Scientific Name

Adélie
Chinstrap
Gentoo

King

Emporer

Little Blue/Fairy
African
Magellanic
Galapagos
Humboldt

Royal

Macaroni
Erect-crested
Fiordland-crested
Snares-crested
Rockhopper
Yellow-eyed

Pygoscelis adeliae
P. antarctica
P. papua

Aptenodytes patagonicus

A. forsteri

Eudyptula minor
Spheniscus demersus
S. magellanicus

S mendiculus

S. humboldti
Eudyptes schlegeli
E. chrysolophus

E. sclateri

E. pachyrhynchus

E. robustus

E. chrysocome
Megadyptes antipodes
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Appendix B

Results of genotyping six loci from ancient Adélie subfossil bone samples together with

their inferred ages. Grey boxes indicate unsuccessful amplification attempts.

DNA samples Locus

[c14 (yrsBP) TPS00 | RmMe | mAM3 | AMi13 |  Aam3 [ Hru2
Northern Bird
PE7 481+57 174/172
PES 481457 174/172 225/221
PE9 481457 122/112 174/172 223/221 128/127
PE10 481457 116/114 172/172 221/221 128/124 e
PE27 481457 122/116 172/172 223/221 128/124 174/174 122/122
PE28 481457 122/118 172/172 221/221 120/119 174/174 126/124
PE29 481457 116/114 174/172 225/221 127/119 174/174 124/122
PE31 48157 124/114 172/172 225/221 L 11747174 124/124
PE32 481457 124/114 172/172 225/221  |127/127  |174/174 124/124
PE33 481457 124/114 172/172 225/221 B 1174/174 124/122
PE47 48157 114/112___[172/172__ |227/219 _ [127/123 __|174/174 |
PE48 481+57 114/112 172/172 221/221 L 174/174 124/124
PE49 440459 118/114 172/172 221/221 - 74/174 124/122
PE189 440+59 124/112 . l225/221 118/118 174/174 124/124
Western Crozier
PE19, PE132|523+62 114/112 174/174 221/221 127/121 174/174 126/124
PE14 440459 122/112  [172/172 |221/221 | i
PE15 440+59 114/112  |174/172  |221/221  |128/127 [174/174 24/12
PE17 498+57 fl172/172  |221/221 |l 175/174 | .
PE18 440+59 122/112 172/172 221/221 127/127 175/174 124/122
PE20 c. 446 124/112 172/172 225/221 119/119 174/174 124/122
PE21 c. 446 120/114 172/172 221/221 125/124 174/174 124/124
PE22 c. 446 118/116 172/172 225/221 118/118  |174/174 124/118
PE23 c. 446 122/114 172/172 225/221 h L 174/174 124/124
PE24 310460 122/116 174/172  |225/221
PE25 c. 446 116/114 172/172 225/221 . .
PE30 c. 446 124/114 172/172 225/221 123/119 175/175 124/124
PE35 c. 446 124/114 172/172 225/221 126/119 175/174 124/124
PE36, PE131[461+57 114/112 172/172 221/221 129/125 175/174 124/124
PE37 498+57 124/114 172/172 225/221 174/174 126/124
PE38 c. 446 120/114 172/172 174/174 126/124
Beaufort Island
PE41 275455 118/116 172/172 225/221 130/125 174/174 124/124
PE42 275455 114/114 174/174 227/221 128/124 174/174 126/124
PE43 275455 118/114 172/172 221/221 126/126 175/174 124/122
PE44 275455 124/116 172/172 227/221 128/119 174/174 126/124
PE45 275455 124/114 172/172 225/221 123/119 174/174 124/124
Inexpressible Island
PE51, PE104]2040+85 114/112 172/170 221/221 128/118 174/174 126/124
PE55 2328485 116/116 172/172 221/221 125/118 174/174 126/126
PE56 232885 116/116 172/172 221/221 119/118 174/174 124/124
PE63 5706+195 [124/112 128/128
PE64 6082455 122/114 172/172 225/221 125/119 174/174 124/124
PE65 608255 124/122 172/172 221/221 128/126 174/174 124/116
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PEB6 6082455 124/122 172/172

PE67 6082455 114/112 172/172 e
PE70 6082455  [118/108  |172/172
PE71 6082455 122/122 - 175/175

PE72 6082455 120/114 172/172 128/124 174/174

PE50,PE103 [2040£85 116/112 _ [172/172  |221/221  |127/124  [174/174  |126/124
PE60.PE107 [4740£195 [122/112 172/172 127/127 174/174 126/124
PE143 6082+55 116/112 172/172 174/174 124/122
PE144 6082455 o i . & 124/124
PE145 6082455 116/114 127/113 174/174 124/122
PE146 6082455 122/112 221/221  |119/119 174/174 124/124
PE147 6082455 ' : 124/124
PE148 6082455 122/112 124/124
PE150 57064195 [112/112

PE151 5706+195 |112/112 0 . .

PE154 57064195 [122/114 H174/174 124/124
|Cape Hickey

PE73 2513455 120/116 172/172 125/123 174/174 126/124
PE74 2513455 124/118 172/172 126/124
PEB7 3456455 124/116 174/172 _ |221/221 127/120 174/174 124/124
PESS 3456455 122/112 174/172 _ |221/221 127/126 175/175 124/116
PE8&9 3456155 124/118 172/172  |221/221 120/115 174/174 126/124
|Cape Ross

PE75 3514460

PE76 3514460 116/116

PE77 3514460 114/112 172/172 _ |225/221 174/174 124/124
PE78 3514460 122/118 172/172 _ |225/221 - 174/174 128/126
PE79 3514460 126/114 174/172  |221/221  [127/127  |175/174 124/124
PE81 3514460 124/122 174/172 126/124
PES2 3514460 124/122 1741172

PEB3 3514460 112/108 172/172

PE8S 351460 ; fli72/i72  [221/221 1277127 |174/174  [126/126
PE140 3514460 H172/172 | b o e
PE156 3514460 | o
PE159 3514460 116/116 172/172 . 130/122
PE160 3514460 124/116 172/172 127/119 124/122
Prior lIsland (Upper)

PES0 [3888:65  [11a/112  [172/172 | 125/120  [174/174__ |126/124
Prior Island (Lower)

PES7 75075 118/112 172/172

PESS 1258480 122/116 172/172 =

PEJ9 75075 122/112 172/172  |221/221 125/124 174/174 124/120
PE100 949475 122/114 172/172 _ |221/221 124/112  [174/174 124/120
PE101 1057475 122/118 172/172 _ |225/221 129/125  |174/174 126/124
PE102 1085480 120/112 172/172 _ |221/221 127/126  |174/174 126/126
Cape Roberts

peris — oarouss Trzarize Trraris ]
Gondwana Station

PE113 3370+80 122/114 172/172

PE169 3970+80 120/114 174/174

PE170 642480 114/114

Northern Foothills

PE115 3800+70 114/112

PE116 3800470 122/114

PE123 3580440 114/114 175/174  |122/122
PE157 4795+40 116/116

PE162 4525+125  [116/116

PE164 3800+70 116/114

PE174 3580440 114/112

PE182 c. 2700 114/114

PE190 ? 124/112

Dunlop Island

PE118 2230460

PE119 2230460

PE120 5030480 120/114 1741172 |221/221 126/124
PE121 5030480 124/122 172/172 _ |221/221 126/124
PE163,168 |5030+80 124/118 172/172

PE165 5030480 124/112 172/172 _ |221/221
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Peninsula/Depot Island

PE122 |3020+50 |122/116 [172/170  |225/221 126/126

Cape Hallet

PE125 c. 500 118/116 172/172 174/174 124/120
PE126 607+80 124/114 174/172 174/174 126/126
PE138 541+45 124/120 172/172

PE139 c. 600 114/114

Cape Day

PE129 c. 3000 118/116

PE130 3364 116/112

PE166 c. 3000 118/114 225/225 174/1717

PE171 c. 3000 120/114 |176/174 174/174

PE172 c. 3000 116/112  |172/172  [221/221 174/174

PE173 c. 3000 118/112 124/124
Cape lIriziar

PE134 [3220+65 [116/114 [1747172  l221/221  J124/119  J175/1175 [126/124
Edmonson Point

PE135 1086+40 122/122 172/172  |221/221 127/127 174/174 126/126
PE183 1126+40 116/112 172/172  |221/221 123/121 174/174 126/124
PE184 1086440 114/112 172/172  |221/221 128/127 174/174 126/124
PE185 1126440 118/116 174/172 ' 175/174 124/116
PE186 1126440 118/114 172/172 124/118
PE191 1126+40 124/112

PE194 1126440  |116/114 172/172 126/126
PE195 1126+40 116/114 172/172 -
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Appendix C

Results of genotyping six loci from Adélie penguin samples from the Terra Nova Bay

collection sites.

DNA samples Locus

Inexpressible Island TP500 RM6 RM3 AM13 AM3 Hru2
TO1 118/114 172/172 221/219 127/127 174/174 126/124
TO2 116/114 174/172 225/221 128/119 174/174 126/126
T03 124/116 172/172 225/221 122/114 174/174 126/124
T04 124/114 176/172 221/221 130/119 176/174 124/124
TO05 124/116 172/172 221/221 128/118 174/174 126/124
TO6 120/118 172/172 221/221 130/124 174/174 124/122
TO07 124/114 172/172 223/221 130/124 174/174 126/124
TO8 124/118 174/172 227/221 125/112 174/174 124/122
TO9 124/118 221/221 128/123 176/174 124/122
T10 118/114 172/172 225/221 128/128 174/174 124/122
T11 116/114 172/172 221/221 126/126 174/174 124/124
T12 122/122 174/172 221/221 125/120 175/174 124/124
TA8 118/112 172/172 225/225 127/127 175/174 126/126
T14 124/122 174/174 221/221 128/111 175/174 124/124
T15 118/114 172/172 225/221 126/126 176/174 124/122
T17 114/112 172/172 221/221 130/119 174/174 126/124
T18 114/114 172/172 221/221 130/126 174/174 126/124
T19 114/114 172/172 225/225 128/126 174/174 126/124
T20 114/114 174/172 225/225 125/124 175/175 124/124
Ta4 122/114 172/172 221/221 127/124 174/174 126/124
T22 122/114 172/172 221/221 127/124 174/174 126/126
T23 116/114 172/1172 221/221 124/118 174/174 126/126
T24 120/112 172/1172 221/221 128/126 174/174 126/124
T25 118/114 172/172 221/221 130/123 174/174 124/124
T26 118/112 176/174 221/221 127/127 174/174 124/124
T27 126/114 172/172 221/221 128/127 176/174 124/122
T28 120/116 172/172 221/221 126/125 174/174 126/124
T29 118/112 174/172 225/221 128/125 174/174 124/122
Northern Foothills

T61 116/116 172/172 221/221 126/124 175/175 124/124
T62 124/114 176/174 221/221 127/124 174/174 124/122
T64 118/116 172/172 221/221 130/127 174/174 126/124
T65 124/118 172/172 221/221 127/125 174/174 126/124
T66 122/118 172/172 221/221 127/127 174/174 126/124
T67 116/114 172/172 225/221 126/126 174/174 124/122
T68 122/112 174/172 221/221 122/109 174/174

T69 122/114 176/174 221/221 124/119 174/174 128/124
T70 122/116 176/172 225/221 125/122 174/174 126/124
T71 122/120 172/172 221/221 127/127 176/174 126/126
T73 124/124 174/172 225/221 126/120 174/174 124/118
T74 114/112 172/172 225/221 125/120 174/174 124/124
T79 122/120 172/172 221/221 124/111 174/174 126/124
T80 116/116 172/172 221/221 127/124 174/174 124/124
T82 120/114 172/172 221/221 174/174 126/124
T85 116/112 172/172 225/221 128/120 174/174 124/120
T86 114/112 172/172 221/221 129/120 174/174 130/124
T88 122/122 172/172 221/221 128/121 174/174 126/124
T89 120/116 174/174 221/221 124/121 174/174 126/124
T90 124/114 172/172 225/221 129/125 174/174 126/126
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T93 122/112 [172/172 [221/221__|126/120 |174/174 _ |124/124
T94 116/112__[174/172 120/124 __|174/174 _ |124/124
195 124/114 _ |172/172 _ |221/221 __|126/125 _ |176/174 _|124/120
T96 116/112__ [174/172 _|221/221___|126/121__|175/175 ___|126/124
T99 124/122 _ |176/172 _ |225/221 _ |127/123 _ |174/174 __|126/126
T101 116/112  |172/172  |225/221  |129/125 |175/175 |126/124
T102 112/112 _ |172/172 2217221 |127/124 _|174/174 __|126/124
T106 116/114  [172/170  |221/221  [126/121  |174/174 |124/124
Edmonson Point

T167 120/120 _ |172/172 _ |225/221 _ [122/119 _ |174/174___|126/124
T168 124/116 _ |174/172 _ |221/221 __|128/124 _ |174/174 _ |124/124
T169 124/114 _ [172/172__ |225/221 __|119/119 __|174/174 __|126/124
T170 122/112___|172/172__|225/221 __|123/112__ |174/174 __|124/122
T171 124/122 _ [174/172 _ |223/221 _ |128/123 _ [174/174 __|126/124
T172 118/114 _ |172/172__ |221/221 __|127/126 __|[175/174 __|124/122
T173 B .2 201221 [123/119 174174 [124/124
T174 120/112 _ |172/172 __|225/221 __|126/126 __|174/174 __|122/122
T175 124/122  |172/172  |221/221  |126/126 |000/174 |126/124
T176 124/114 _ |174/172  |221/221  |127/118  [175/174 _ |[124/122
T177 122/120  |172/170 |225/225 [126/120 [174/174 |126/126
T178 116/112 _ |172/170 _ |221/221 _ |121/114 _ |174/174 _ |124/124
T179 116/114 _ |174/172_ |221/221 __|127/127 __|175/174__|126/126
T180 172/172___|221/221___|125/119 __|174/174___ |126/124
T181 122/116 _ |172/172 _ |221/221 __|118/118__|000/174 __|126/126
7182 122/112_ |174/172 _ |221/221 __|126/111___|174/174 _ |128/126
T184 122/118 _ |172/172__ |221/221 __|124/118 __|175/174___|128/124
T185 124/118 _ |172/172  |221/221 _ |128/128  |175/174 _ |126/126
T186 114/114___|172/172__|221/221 __|128/127 _ |174/174 __|126/126
T187 114/112_ |172/172 _ |225/221 _ |125/125  |175/174 _ |128/124
T188 122/108__ |172/172  |221/221 _ |127/121 _ |000/174 _ |124/124
T189 122/116  [174/172  [221/221  [129/125 |174/174 |124/124
T191 116/114 _ |172/172 _ |221/221 _ |126/125 |175/174 _|124/124
T192 114/112  |174/172  [221/221  |123/119  |175/174 |126/124
T193 116/116 __|172/172 __ |221/221 _ |124/122 _|174/174 _|124/124
T194 124/114___|172/172__ |225/221__ [123/119 __|174/174 _ |124/124
T195 124/112 _ |172/172__ |225/221 _ |130/128 _ |175/174 _|126/126
T196 116/116__ |172/172_ |225/221__ |127/124 _|175/175 _ |124/124
T197 118/108__ [172/172 _ |221/221 _ |128/127 |174/174 _ |128/124
T198 116/114___|174/172 _ |221/221___|126/126__|174/174 __|126/124
T199 124/112___|174/172__|221/221___|124/119 __|174/174___|128/124
T200 126/118 _ |174/172__ |225/221 174/174__ |126/126
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Appendix D

Animal ethics and Antarctic permits

Approval to sample blood from Antarctic Adélie penguins was granted by the Massey
University Ethics Committee (protocol 96/146 and 99/160). Blood sampling from
Adélie penguins and entering Specially Protected Areas (SPA) and Sites of Special
Scientific Interest (SSSI) was approved by Antarctica New Zealand (permit numbers

96/4, 97/5, 98/7, 99/9).
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