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Abstract
Microsatellites are simple repetitive DNA sequences that are used as genetic markers
throughout the biological sciences. The high levels of variation observed at microsatellite loci
contribute to their utility in studies at the population and individual levels. This variation is a
consequence of mutations that change the length of microsatellite repeat tracts. Current
understanding suggests that most mutations are caused by polymerase slippage during DNA
replication and lead to changes of a single repeat unit in length, but some changes involving
multiple repeats can also occur. Despite this simplistic overview, there is evidence for
considerable heterogeneity in mutation processes between species, loci and alleles. Such
complex patterns suggest that other mechanisms, including those associated with DNA
recombination, are also involved in the generation of microsatellite mutations. Understanding
which mutational mechanisms are responsible for variation at microsatellite markers is
essential to enable accurate data interpretation in genotyping projects, as many commonly
used statistics assume specific mutation models.

I developed microsatellite markers specific to the X and Y chromosomes and an autosome in
the tammar wallaby, Macropus eugenii, and investigated their evolutionary properties using
two approaches: indirectly, as inferred from population data, and directly, from observation of
mutation events. First, I found that allelic richness increased with repeat length and that two
popular mutation models, the stepwise mutation model and the infinite allele model, were
poor at predicting the number of alleles per locus, particularly when gene diversity was high.
These results suggest that neither model can account for all mutations at tammar wallaby
microsatellites and hint at the involvement of more complex mechanisms than replication
slippage. I also determined levels of variation at each locus in two tammar wallaby
populations. I found that allelic richness was highest for chromosome 2, intermediate for the
X chromosome and lowest for the Y chromosome in both populations. Thus, allelic richness
varied between chromosomes in the manner predicted by their relative exposure to
recombination, although these results may also be explained by the relative effective
population sizes of the chromosomes studied. Second, I used small-pool PCR from sperm
DNA to observe de novo mutation events at three of the most polymorphic autosomal
markers. To determine the reliability of my observations I developed and applied strict criteria
for scoring alleles and mutations at microsatellite loci. I observed mutations at all three
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markers, with rate variation between loci. Single step mutations could not be distinguished
because of the limitations of the approach, but 24 multi-step mutations, involving changes of
up to 35 repeat units, were recorded. Many of these mutations involved changes that could not
be explained by the gain or loss of whole repeat units. These results imply that a large number
of mutations at tammar wallaby microsatellites are caused by mechanisms other than
replication slippage and are consistent with a role for recombination in the mutation process.

Taken as a whole, my results provide evidence for complex mutation processes at tammar
wallaby microsatellites. I conclude that careful characterisation of microsatellite mutation
properties should be conducted on a case-by-case basis to determine the most appropriate
mutation models and analysis tools for each locus. In addition, my work has provided a set of
chromosome-specific markers for use in macropod genetic studies, which includes the first
marsupial Y chromosome microsatellites. Sex chromosome microsatellites open a new range
of possibilities for population studies, as they provide opportunities to investigate gene flow
in a male context, to complement data from autosomal and maternally-inherited mitochondrial
markers.

10

Acknowledgements
This would not be the thesis it is without the advice, help and encouragement of a great many
people. To list all of those who have assisted me in some way would be impossible, but I will
try my best. You should all know that I will be eternally grateful for the support you have
given me. I couldn’t have done this PhD without you.

To my supervisors in this endeavour, Stephen Sarre and Nancy FitzSimmons, you have both
been fantastic in helping me get to the end of the thesis. I don’t think it has quite turned out
the way any of us imagined at the start, but I hope it is better for that. You’ve given me
direction when I’ve been feeling lost and helped me to focus on the important things to make
this a more rounded project. Steve, thanks in particular for getting me to look more at the
bigger picture, for dealing so competently with my liberal scatterings of ‘howevers’ and ‘due
tos’, and for always seeking that ‘killer punch’. Nancy, thank you for keeping me on my toes
with my writing, I don’t know how many times you’ve pointed out that something could be
interpreted completely differently (and very wrongly) by readers with a different background.
Thanks too for reminding me that there’s always space for kayaking and for letting me
infiltrate the world of turtle genetics these last few months.

This thesis would truly be a different beast without the input of Jenny Graves. Thank you,
Jenny, for your suggestions, encouragement and generosity throughout this project and for
inviting me to participate in the meetings and workshops of the ARC Centre of Excellence for
Kangaroo Genomics. The members of KanGO have all been extremely generous with their
time and their knowledge, especially Natasha Sankovic, Kyall Zenger, Matthew Wakefield,
Amber Alsop, Edda Koina, Kathy Belov, Hannah Siddle, Des Cooper, Lee Webley, Kejun
Wei and Barbara Harriss. Marilyn Renfree, Geoff Shaw, Danielle Hickford and Terry Fletcher
collected many tissue samples for me from Kangaroo Island. Brian Chambers from the
University of Western Australia also generously donated tissue samples, as did Lyn Hinds
from CSIRO. Thanks Lyn for even letting me get near the occasional wallaby. Merrilee Harris
from the University of Newcastle taught me about wallaby sperm and obtained samples for
me. Thank you, Merrilee, for such kind hospitality during my visit. Meizhong Luo from the
Arizona Genomics Institute was kind enough to share unpublished BAC sequence data.
Advice on statistical analyses was provided by the very understanding David Pederson.

11

My research was funded by an Australian Research Council Discovery Grant (DP0211687)
awarded to Stephen Sarre and Nancy FitzSimmons. Financial assistance for conference
attendance was also provided by the University of Canberra, the Institute for Applied
Ecology, the Genetics Society of Australasia and the Society for the Study of Evolution.

In the early days of my PhD, I carried out PC2 work in the CCMI lab at the University of
Canberra, then under Jenelle Kyd. Members of that lab, including Nancy Fisher, Claire Batum
and Donna Easton, were all generous with their time and, when needed, their restriction
enzymes. Towards the end of my PhD, when contamination avoidance became extremely
important, Dennis McNevin was kind enough to provide access to the forensic lab’s PCR
setup area.

To all of those associated with the Wildlife Genetics Laboratory, thank you for all of your
input over the years and thanks to all who have helped me in the lab. Oliver Berry and Marion
Höhn introduced me to the joys of making enriched microsatellite libraries. I think I have
forgiven them. Rachel Walsh was a tammar wallaby DNA extraction and PCR legend.
Lachlan Farrington, Alex Quinn, Niccy Aitken, Kiki Dethmers, Katarina Mikac, Erika Alacs,
Kate Hodges, Michael Jensen, Jo Lee, Linzi Wilson-Wilde, Justine Lewis, Shona Hodgetts,
and Alicia McCudden were all great lab companions. Thanks for sharing reagents, putting
stuff in the fridge / CEQ, sharing early mornings, evenings and weekends and introducing me
to a diversity of musical influences. Niccy, thanks especially for your thorough editing efforts
and all those beautiful hours spent discussing spikes, blobs, tails, babble, and hoojiedoozies.
Alex, thanks for your minute attention to detail and your left-field questions. Arthur Georges,
thank you for taking the trouble to read and comment on my manuscripts and for your
seemingly never-ending supply of dubious jokes. Thanks also to the wider communities of the
Institute for Applied Ecology and the School of Resource, Environmental and Heritage
Sciences for your advice and encouragement, especially Will Osborne, Jim Hone and Peter
Caley. Margi Böhm, thanks for your boundless enthusiasm, for teaching me about teaching
and for keeping me employed. Shona Hodgetts, Linda Langford, Sue Ceeney, Janet PalmerAllen, Lorraine Goodwin, Martha Rees, Glen Fisher, Brian Marsh and many others provided
invaluable help with University matters.

My fellow postgrad students have shared with me the highs and lows of temperature and
theses in our cosy office. To John Roe, Anett Richter, Wendy Dimond, Carla Eisemberg, Deb

12

Bower, Pippa Featherston, Nadav Pezaro, Christy Davies, Ben Corey, Megan McCann,
Michelle Dawson, Don Fletcher (you will always be my token ecologist) and all the WGLers,
you’ve all been wonderful to work with. Special thanks to those of you who have joined me
for a cup of tea or several. Thanks too to the “upstairs people” for sharing many morning teas
and to Alice Kenney, Nina Jenkins and Jo Keogh for cake supplies during the last few weeks.

My good friends have kept me anchored in reality during the course of my PhD. I have shared
pleasant dinners and intrepid expeditions with Steve Pratt, Pat Gleeson and Fran Dumbrell.
Hockey games and associated eating and drinking with Ian McDermid, Conrad Barr, Kath
Jorgensen, Rob Solomon, Trish Marskell and other Barbarians and PrimeTimers have also
helped me keep my sanity. Alicia Brinton and John Roe have been amazing. Thanks to you
both for feeding me when Simon was away, for cheesecake brownies, for your ability to
conjure wildlife out of thin air and for all the outings and trips to the coast. Special thanks to
Tasman Brinton Roe for saying my name to my face before moving to the US and for being
such an all round top bloke.

I would not have embarked on this journey in the first place without the influence of my
family. My mum, Sylvia, and my dad, Andy, encouraged my zoological leanings from an
early age: who knows where I would be now without that garden pond full of frogs and newts
and the woodpile for the insects. Thanks to you and to my aunt, Margaret, and my siblings,
Katie and James, for all the big and little things you’ve done for me to get me to this point.
My greatest regret is that my wonderful dad, who saw me start this adventure, is not here now
to see me finish it. It is to his memory that I dedicate this work.

Finally, there is one person above all for whom the words “thank you” seem insufficient. My
partner in life, Simon Troman, has been the greatest support I could have imagined and more
besides. Simon, I’m not really sure you knew what you were getting yourself into when I
started this PhD, but you knew that it was important to me and you have taken it all in your
stride. Through all of the late nights and lost weekends you’ve been there for me with dinner
or a cup of tea or an encouraging word. You’ve made me get up and get to work when I’ve
been down and you’ve made me stop and get some rest when I’ve needed it. I have no idea
how you’ve managed it, but thank you. I would never have made it to the end without you!

13

Publications associated with this thesis
This thesis includes publications for which I am the senior but not the sole author. I took the
lead in this research in that I designed the research, undertook the laboratory work, analysed
the data and wrote the manuscripts. I was, however, assisted by my co-authors.

The publications associated with this thesis are as follows:

Chapter 2
MacDonald AJ, Sankovic N, Sarre SD, FitzSimmons NN, Wakefield, MJ, Graves JAM and
Zenger, KR (2006) Y chromosome microsatellite markers identified from the tammar wallaby
(Macropus eugenii) and their amplification in three other macropod species. Molecular
Ecology Notes 6, 1202-1204.

Chapter 3
MacDonald AJ, Sarre SD, FitzSimmons NN, Graves JAM (2007) Chromosome-specific
microsatellites from the tammar wallaby X chromosome and chromosome 2. Molecular
Ecology Notes 7, 1063-1066.

Chapter 4
To be submitted for publication as: MacDonald AJ, Sarre SD and FitzSimmons NN.
Microsatellite evolution in marsupial sex chromosomes: which model fits?

Chapter 5
To be submitted for publication as: MacDonald AJ, Sarre SD, FitzSimmons NN and Aitken,
NA. Characterising microsatellite mutations using small-pool PCR.

Chapter 6
MacDonald AJ, Sarre SD, FitzSimmons NN. Sex chromosome microsatellites: new tools for
macropod population ecology. Submitted for publication in the Proceedings of the Australian
Mammal Society Macropod Symposium held in Melbourne, July 2006.

14

Chapter 1
Introduction
In this thesis, I investigate the mutational mechanisms acting on microsatellite loci isolated
from the X and Y chromosomes and an autosome of the tammar wallaby, Macropus eugenii.
Each of these chromosomes is exposed to a different level of recombination. My results are
presented in a series of five chapters, each written as a stand-alone manuscript for publication.
Literature cited in each chapter is combined to form a single reference list, provided at the end
of the thesis. This introductory chapter provides background on microsatellite DNA and the
importance of understanding microsatellite mutational processes. The utility of the tammar
wallaby as a model marsupial species is discussed and the aims of my study are introduced.

Microsatellite DNA

A microsatellite locus consists of a short DNA sequence motif repeated in tandem and flanked
by unique sequences in which polymerase chain reaction (PCR) primers can be anchored.
Microsatellite repeat motifs are typically described as between one and six nucleotides in
length, of any sequence composition (but some sequences are observed more commonly than
others) and repeated from around five times up to as many as 100 times (Jarne and Lagoda
1996; Colson and Goldstein 1999; Schlötterer 2004), although there is no real consensus on
the exact definition of a microsatellite (Ellegren 2004). Microsatellites can consist of perfect
or interrupted repeat stretches. Compound repeats consist of two or more adjacent repeat
motifs (which can be perfect or interrupted) within a certain radius, for example within 3 bp
(Weber 1990) or 50 bp (Sainudiin et al. 2004) of each other. Microsatellites have been
identified in most species investigated to date and tend to be found throughout the
euchromatic parts of genomes studied (Schlötterer 2004). Thanks to their high levels of
natural variation and relative ease of use in the laboratory, microsatellites have become one of
the most popular classes of genetic marker. They are widely applied in population genetics,
molecular ecology, forensics, medical research and genomics (Tautz 1989; Jarne and Lagoda
1996; Jobling and Gill 2004; Schlötterer 2004).
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Many statistical tools that are used to analyse data from microsatellite markers make
assumptions about microsatellite mutation processes. Mutation events alter the number of
repeat units present at microsatellite alleles and may vary in terms of direction, i.e., whether
the repeat region increases or decreases in length, and in terms of magnitude, i.e., whether one
or several repeat units are added to or lost from the microsatellite. Some types of mutation
may be more common than others. Genetic differentiation measures are used routinely to
analyse microsatellite data to infer migration rates, population divergences and relationships
between populations. Some of these measures assume specific microsatellite mutation
processes (e.g., Goldstein et al. (1995a) and Slatkin (1995)). Thus, the accuracy and precision
of population parameter estimates obtained from such analyses will necessarily be a function
of the relationship between the mutational model assumed and the mutational processes as
they occur in nature (Zhivotovsky and Feldman 1995; Colson and Goldstein 1999; Eisen
1999). Simulations have shown that, depending on population size and mutation rate,
predictions of demographic structure and phylogenetic relationships from microsatellite data
can vary considerably when based on different mutation models because of the homogenising
effect of accumulated mutations (Nauta and Weissing 1996). It is clear that the better we
understand the microsatellite mutation process, the more accurate we can make these
analytical tools and the better we can understand their limitations.

Mutational mechanisms at microsatellite DNA

Replication slippage, also known as slipped-strand mispairing, is considered to be the most
important cause of microsatellite mutations (Levinson and Gutman 1987b; Schlötterer and
Tautz 1992; Schlötterer 2000; Ellegren 2004). During DNA replication, the DNA polymerase
may temporarily dissociate from the parent DNA strand. In these circumstances the 3’ end of
the daughter DNA strand may be able to re-align out of register with the parent strand if it
anneals to an incorrect microsatellite repeat unit. Continuing replication from this point
results in one or more repeat units being either copied twice, or not being copied at all (Figure
1.1). The daughter strand will thus contain a mutant allele that is longer or shorter than the
parent allele. Slippage mutations appear to be more likely at microsatellite sequences than at
other classes of DNA, possibly because slippage and misalignment are more likely to occur at
simple repeats (Eisen 1999).
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Microsatellite mutations may also be generated by non-slippage mechanisms. For example,
base substitutions or insertions and deletions (indels) may occur within microsatellite repeats
or their flanking regions (Figure 1.1). These mutations may create imperfect repeats, cause
changes in fragment length of fractions of a repeat unit, or lead to size homoplasy, where
alleles with the same fragment lengths have different evolutionary histories (Estoup et al.
1995; Grimaldi and Crouau-Roy 1997). DNA recombination may also be a source of
microsatellite mutations. Unequal crossing-over is the uneven exchange of DNA sequences
between misaligned homologous chromosomes during recombination (Figure 1.1). This
uneven exchange has been described as important for the generation of tandemly-repeated
sequences such as duplicated genes, satellite DNA sequences and minisatellites (Sturtevant
1925; Smith 1976; Kurnit 1979; Anderson and Roth 1981), leading to speculation that
unequal crossing-over may also be an important source of microsatellite mutations (Jarne and
Lagoda 1996). Gene conversion, the non-reciprocal transfer of DNA between chromosomes,
such as the replacement of one allele by its homologue, is another mutational process
associated with recombination (Figure 1.1). Some large expansion mutations at trinucleotide
microsatellites, which cause human genetic disorders, may be generated by gene conversion
events during recombination (Jakupciak and Wells 2000; Richard and Paques 2000).
Interactions between slippage and recombination mechanisms may also be responsible for
some mutation events (Li et al. 2002). However, at present there is little empirical evidence
for mutations caused by recombinational mechanisms at microsatellite markers other than
triplet repeats. Consequently, some authors suggest that recombination does not have an
important role in the microsatellite mutation process and need not be accounted for in
microsatellite mutation models (Hancock 1999; Kayser et al. 2000; Huang et al. 2002;
Ellegren 2004).

Models of microsatellite mutation

The most commonly used models of microsatellite mutation are the stepwise mutation model
(SMM) and the infinite allele model (IAM). The SMM (Kimura and Ohta 1978) models the
distribution of allele frequencies in a finite population, where mutations change the allele by a
single step in either a positive or a negative direction. The observation that the majority of
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Figure 1.1: Potential mutational mechanisms acting on microsatellite DNA. Shaded boxes represent microsatellite repeat units. A) Replication
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microsatellite mutations cause either the gain or loss of a single repeat unit (Weber and Wong
1993) led to the adoption of the SMM as a model for the microsatellite mutation process
(Shriver et al. 1993; Valdes, Slatkin, and Freimer 1993). Under a strict SMM, replication
slippage is considered the main, if not the only, source of microsatellite mutations. Mutations
can add or subtract a single repeat unit with equal probability, but multi-step mutations
involving more than one repeat unit do not usually occur (Ellegren 2000b). There are also no
constraints on allele size under the SMM, meaning that a series of stepwise mutations can
cause the unlimited expansion of a microsatellite allele or the reduction in size of the repeat
region, leading to the ‘death’ of the microsatellite (Taylor, Durkin, and Breden 1999). The
SMM has two important implications for population genetics. First, alleles that differ by a
small number of repeat units are considered to be more closely related in terms of their
evolutionary history than alleles that differ by a larger number of repeat units (Jarne and
Lagoda 1996). Second, size homoplasy (the occurrence of alleles which are identical in state
but not identical by descent) is expected under the SMM. This is important because failure to
account for homoplasy can lead to underestimation of the level of divergence between
populations (Estoup et al. 1995; Jarne and Lagoda 1996).

The IAM (Kimura and Crow 1964), which was originally applied to allozyme studies, models
a system in which the number of possible allelic states is so large that each new mutation
creates an allele not already present in the population. In the context of microsatellite
mutations, this model assumes that every mutation event creates a unique allele, that
mutations can involve any number of repeat units and that there are no constraints on the
direction of mutations or the potential size of alleles (Eisen 1999). Under the IAM, the
difference in size between alleles provides no information on the evolutionary relationships of
those alleles. In addition, there can be no size homoplasy under the IAM, as alleles identical
in state must be identical by descent (Estoup and Cornuet 1999).

The SMM and the IAM represent two extremes as models of microsatellite evolution. The
SMM is a strict mutation model, with a tendency to underestimate the expected number of
alleles in a population. In contrast, the IAM places few restrictions on potential microsatellite
mutations and has a tendency to overestimate the expected number of alleles. Consequently, a
variety of other mutation models have been developed to describe the microsatellite mutation
process (Table 1.1). Most of these are extensions of the SMM in which mutations follow a
stepwise pattern but more complexity is allowed (Ellegren 2004). The two-phase mutation
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model (TPM) (Di Rienzo et al. 1994), is one of the more commonly-used alternative models
of microsatellite evolution. Here, most mutations alter the length of the repeat by a single
repeat unit, but a certain proportion of multi-step mutations can also occur. Another model,
the proportional slippage model (PSM) (Kruglyak et al. 1998), provides for microsatellites to
have equal probabilities of expansion and contraction mutations and the slippage rate is
proportional to the length of the repeat. Point mutations that break up repeat tracts are also
incorporated into this model. Other models based on the SMM may impose constraints on the
range of allele sizes allowed in a system (Nauta and Weissing 1996; Feldman et al. 1997),
allow for bias in the direction of the mutation process (Garza, Slatkin, and Freimer 1995),
account for the occurrence of point mutations that interrupt perfect repeats (Calabrese,
Durrett, and Aquadro 2001) or account for variation in the microsatellite repeat length
(Calabrese and Durrett 2003). In contrast, the K-allele model (KAM) (Crow and Kimura
1970), which allows exactly K allelic states at a microsatellite locus, is closer to the IAM (the
IAM is effectively a specific version of the KAM in which K is infinite). Under the KAM, an
allele has a constant probability of mutating to any other allelic state occurring in the
population (Jarne and Lagoda 1996; Eisen 1999).

Evidence for a complex mutation process

Our current understanding of the microsatellite mutation process comes from a variety of
approaches, including the inference of mutational mechanisms from population genetic data
(Chakraborty et al. 1997), comparisons of microsatellite properties between related species
(Schlötterer, Amos, and Tautz 1991; Rubinsztein et al. 1995), observations of mutation events
in artificial systems (Levinson and Gutman 1987a; Henderson and Petes 1992; Strand et al.
1993) and direct observations of mutations from pedigrees (Weber and Wong 1993; Ellegren
2000a; Xu, Peng, and Fang 2000) and sperm cells (Crawford, Wilson, and Sherman 2000;
Holtkemper et al. 2001; Brohede, Arnheim, and Ellegren 2004).

A growing body of evidence demonstrates that the microsatellite mutation process can be
complex and unpredictable (Eisen 1999; Ellegren 2000b; Brohede et al. 2002; Ellegren 2004).
For example, multi-step mutations (changes of more than one repeat unit in a single mutation
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Kruglyak et al. (1998)

Crow and Kimura (1970)

Kimura and Crow (1964)

Di Rienzo et al. (1994)

Valdes, Slatkin and Freimer (1993)

Kimura and Ohta (1978), Shriver et al. (1993),

References

Table 1.1: Key assumptions of a selection of mutation models commonly applied in the interpretation of microsatellite data.

event) are more common than was initially believed (FitzSimmons 1998; Nielsen and Palsboll
1999; Gardner et al. 2000; Huang et al. 2002), which violates the assumptions of the strict
SMM. In addition, neither the IAM nor the SMM impose constraints on the maximum allele
size that can be reached at a microsatellite, yet, with the exception of some triplet expansion
disease loci (Usdin and Grabczyk 2000; Gomes-Pereira et al. 2007), there is little evidence for
large numbers of very long microsatellites in genomic data (Lai and Sun 2003). This implies
that microsatellite expansions are limited. This may be driven by selection against long
microsatellites, or by directionality to the mutation process, where short alleles are more
likely to get longer and long alleles are more likely to get shorter. Such directionality has been
observed in a number of mutation studies (Zhang et al. 1994; Primmer et al. 1998;
Rubinstzein, Amos, and Cooper 1999; Huang et al. 2002; Dupuy et al. 2004). Alternatively,
the accumulation of point mutations within repeat regions may occur at sufficient frequency
to prevent the infinite growth of microsatellite alleles (Schlötterer 2000). Whatever the
explanation for this apparent constraint on microsatellite allele length, the observations of a
size limit and directional mutations imply that the SMM and the IAM are incomplete models
for the evolution of microsatellite sequences. There is also evidence of significant
heterogeneity in the mutation processes affecting microsatellites. For example, mutation rates
have been shown to vary between loci (Brinkmann et al. 1998b; Gardner et al. 2000;
Vigouroux et al. 2002; Leopoldino and Pena 2003; Weetman, Hauser, and Carvalho 2006)
and between alleles at the same locus (Zhang et al. 1994; Primmer et al. 1998; Brohede et al.
2002; Weetman, Hauser, and Carvalho 2006). In light of this heterogeneity, it is apparent that
a more complex model than the SMM or the IAM is needed to analyse microsatellite data and
that a single mutation model may not be able to explain all microsatellite mutations (Estoup
and Cornuet 1999; Brohede et al. 2002).

Investigating microsatellite mutations in a model marsupial

The tammar wallaby, Macropus eugenii, is a member of the family Macropodidae, which
includes the kangaroos and wallabies. The species’ historic distribution included the western
part of South Australia, the south-west of Western Australia and ten offshore islands. The
Nullarbor Plain has separated the Western Australian and South Australian populations for at
least 50,000 years, while the island populations have been isolated from the mainland for
7,000 to 15,000 years. Since European settlement the tammar wallaby’s distribution has been
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greatly reduced as a consequence of land clearing and predation by introduced foxes
(Tyndale-Biscoe 2005). Populations on the South Australian mainland and three nearby
islands have been classed as extinct since at least the 1970’s (McKenzie and Cooper 1997),
although descendents of wallabies translocated to New Zealand in the 1870’s have recently
been reintroduced to the Yorke Peninsula (Department for Environment and Heritage 2006)
after genetic analysis revealed their South Australian mainland heritage (Taylor and Cooper
1999). Tammars on the Western Australian mainland are now found only in small, isolated
populations in areas where fox predation is controlled. The largest extant tammar population
is found on Kangaroo Island, approximately 130 km south-west of Adelaide in South
Australia, with a total land area of around 3890 km2 (Inns 1980). The remaining island
populations in Western Australia, including Garden Island, are all found on much smaller
islands, each with a total area of less than 10km2 (Tyndale-Biscoe 2005) (Figure 1.2). Fixed
genetic differences have been observed between tammar wallabies from Western Australia
and South Australia, prompting suggestions that these populations could represent distinct
species or subspecies (Hinds et al. 1990). In captivity, animals from these two populations can
produce fertile hybrids (McKenzie and Cooper 1997) and they are usually classified as a
single species. Within Western Australia, genetic diversity has been shown to be significantly
lower in the Garden Island population than in the mainland population at Tutanning in the
south-west of the state (Figure 1.2). A similar pattern of lower diversity in island than in
mainland populations was also observed for two other Western Australian marsupials,
suggesting that, despite their small sizes, the mainland populations are important reservoirs of
genetic diversity for these species (Eldridge et al. 2004). In contrast, significant geographic
heterogeneity in allele frequencies is thought unlikely on Kangaroo Island, given the mobility
of tammar wallabies and the large size of this population (Taylor and Cooper 1999).

The tammar wallaby has been the model macropod species for reproductive biologists and
physiologists for over three decades. More recently this species has also become a model for
marsupial genetics and genomics (Hinds et al. 1990) and will be the first Australian marsupial
to have its genome fully sequenced. These efforts have been championed by the Australian
Research

Council

Centre

of

Excellence

for

Kangaroo

Genomics

(http://kangaroo.genomics.org.au/). The tammar has many attributes that make it useful as a
model species. It is relatively small and can be bred in captivity, which has allowed the
establishment of a number of captive research colonies around Australia (Tyndale-Biscoe
2005). The captive colony of tammar wallabies at CSIRO Sustainable Ecosystems, Canberra,
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was established in 1974 from animals of Kangaroo Island stock. Since the colony was
established, new animals, also of Kangaroo Island stock and mostly males, have been added
approximately every five years. In recent years the colony has been maintained at 200-300
animals, divided into several breeding yards with a ratio of one male to every five females. A
new generation is born each year in February-March: females mature in 9-12 months and
generally produce their first young the following year, whereas males do not mature until they
are two years old. Paternity is not usually known for each animal.

The tammar wallaby has eight pairs of large, easily distinguishable chromosomes (seven pairs
of autosomes and one pair of XY sex chromosomes) that are amenable to cytogenetic analysis
(Alsop et al. 2005). In addition, the ability to breed fertile hybrids between the genetically
distinct Garden Island and Kangaroo Island tammar wallabies has facilitated genetic map
construction (McKenzie and Cooper 1997; Zenger, McKenzie, and Cooper 2002). As one of
the best-studied marsupials the tammar is of particular interest to comparative genomics
researchers, who hope to use marsupial genomes to fill the ‘phylogenetic gap’ between
eutherian mammals and birds and reptiles in their quest to understand mammalian genome
evolution (Graves and Westerman 2002; Wakefield and Graves 2003; Margulies et al. 2005).

One area in which marsupial studies have proved their value is in improving our
understanding of mammalian sex chromosome evolution. Marsupials share with eutherian
mammals an XX female / XY male sex chromosome system, but marsupial sex chromosomes
differ from eutherian sex chromosomes in terms of gene content, X chromosome inactivation
patterns and evolutionary histories (Graves and Watson 1991; Graves, Koina, and Sankovic
2006). Comparative analyses of the eutherian and marsupial sex chromosomes have been
instrumental in demonstrating that SRY is the male-determining gene in mammals (Sinclair et
al. 1988) and in understanding the evolution of the eutherian pseudoautosomal regions
(Graves, Wakefield, and Toder 1998). In eutherian mammals, homologous sections of the X
and Y chromosomes, known as the pseudoautosomal regions, undergo recombination at
meiosis in males (Burgoyne 1982). However, marsupial X and Y chromosomes seem to lack
pseudoautosomal regions and so do not recombine at male meiosis: instead they pair end to
end. There is no evidence for the formation of synaptonemal complexes or chiasmata between
the marsupial X and Y chromosomes (Solari and Bianchi 1975; Sharp 1982; Roche, Seluja,
and Wettstein 1986; Page et al. 2005) and chromosome painting shows no homology between
the X and Y chromosomes in a range of marsupial species (Toder, Wakefield, and Graves
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2000). In the tammar wallaby, homologous sequences between the X and Y chromosomes
have been identified by chromosome painting, but it is unlikely that these could undergo
recombination without synaptonemal complex formation at male meiosis (Toder et al. 1997).
The implications of these findings are that the different classes of marsupial chromosomes are
exposed to different levels of recombination: autosomes recombine in both males and
females, X chromosomes undergo recombination in XX females but not in XY males, while
Y chromosomes do not undergo any recombination at all (excluding occasional illegitimate
recombination between non-homologous regions). This raises the possibility of using the
tammar wallaby as a model system in which to investigate the influence of recombination on
evolutionary processes by comparing sequences from chromosomes exposed to differing
levels of recombination. Comparisons between microsatellite markers from the tammar
wallaby sex chromosomes and an autosome may therefore shed light on the importance of
recombination as a mutational mechanism at microsatellite DNA.
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Kangaroo
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Figure 1.2: Locations of tammar wallaby populations discussed in the Introduction

Tutanning Nature
Reserve

Garden Island

Thesis scope and aims
The broad aims of this thesis are to develop chromosome-specific microsatellites for the
tammar wallaby and to use the tammar wallaby as a model species with which to investigate
microsatellite evolution. This is the first such study to be conducted in a marsupial and
represents the first concerted effort to develop sex chromosome microsatellites from any
marsupial species.

Specific objectives

1. Identify chromosome-specific microsatellite markers from the tammar wallaby X and
Y chromosomes and an autosome, chromosome 2. Develop PCR primers and optimise
reaction conditions for these microsatellites (Chapters 2 and 3).

2. Investigate population-level variation at tammar wallaby microsatellites. Infer
mutational mechanisms and the appropriateness of the SMM and the IAM as mutation
models (Chapter 4).

3. Develop an approach to consistently and reliably identify microsatellite mutation
events using small-pool PCR from tammar wallaby sperm DNA and use that approach
to investigate the types and frequencies of microsatellite mutations occurring at
autosomal loci (Chapter 5).

4. Investigate the potential for the X and Y chromosome microsatellites developed in this
study to be applied to macropod population genetics as novel classes of marsupial
genetic markers (Chapter 6).
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Chapter 2
Y chromosome microsatellite markers identified from the tammar wallaby
(Macropus eugenii) and their amplification in three other macropod species.*

* This chapter has been published as: MacDonald AJ, Sankovic N, Sarre SD, FitzSimmons
NN, Wakefield, MJ, Graves JAM and Zenger, KR (2006) Y chromosome microsatellite
markers identified from the tammar wallaby (Macropus eugenii) and their amplification in
three other macropod species. Molecular Ecology Notes 6, 1202-1204.

Abstract
Microsatellites were identified from three fully sequenced Y chromosome-specific bacterial
artificial chromosome (BAC) clones from the tammar wallaby, Macropus eugenii. Ten
microsatellites were genotyped in male tammar wallabies. Four loci were polymorphic with
between two and six alleles per locus. 11 different haplotypes were identified from 22 male
tammar wallabies. No amplifications were obtained from female samples. Each microsatellite
was also shown to amplify reliably in at least one other macropod species. These markers may
therefore prove useful as some of the first male-specific genetic markers for marsupials, with
potential application to studies of male-biased dispersal and mating systems.
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Y chromosome microsatellites have been applied as paternally-inherited markers to infer
male-specific population histories and migration patterns in various eutherian species
including humans; (Seielstad et al. 1999), cattle (Hanotte et al. 2000), wolves (Sundqvist et al.
2001) and shrews (Lawson Handley and Perrin 2006). No marsupial Y chromosome
microsatellites have been published to date. The tammar wallaby (Macropus eugenii) is a
model species for marsupial genetic and physiological studies and is currently the subject of a
genome sequencing project. Here we report on the identification of ten novel Y chromosome
microsatellites from the tammar wallaby and their amplification success in three other
macropod species.

DNA

sequence

from

three

BAC

clones

(MeVIA_53A23,

MeVIA_80O22

and

MeVIA_112D12), isolated from a tammar wallaby BAC library (Sankovic et al. 2005) with Y
chromosome-specific probes (Sankovic et al. 2006), was screened using a combination of
regular expression string searching (Python2.3), RepeatMasker (Smit, Hubley, and Green
1996-2004) and manual inspection to identify 33 microsatellites. PCR primers were designed
for 20 loci using Primer 3 (Rozen and Skaletsky 2000) on repeat-masked sequence. Each
forward

primer

was

5’-tailed

with

19

bp

of

M13

sequence

(5’-

CACGACGTTGTAAAACGAC-3’) to facilitate fluorescent labelling of products (BoutinGanache et al. 2001). Ten loci could not be reliably amplified. The remaining ten loci (Table
2.1) were tested on six female and up to 26 male tammar wallabies from Kangaroo Island and
from captive colonies at the Australian National University and CSIRO Sustainable
Ecosystems, Canberra. PCRs of 10 µl total volume contained final concentrations of 1x PCR
buffer (BIOLINE), 1.5 mM MgCl2, 0.2 mM each dNTP, 500 mM betaine, 0.3 µM WellRed
dye-labelled M13 primer (Proligo), 0.3 µM reverse primer, 0.15 µM M13-tailed forward
primer, 0.4 U Taq polymerase (BIOLINE) and c.100 ng DNA. PCR conditions were: 94 °C
for 4 min; 32 cycles of 94 °C for 30 s, 60 °C for 45 s, 72 °C for 45 s; and 72 °C for 30 min.
Amplified products were run on a Beckman Coulter CEQ 8000 with a 60-420 bp size
standard (Beckman Coulter) and the results analysed using the CEQ 8000 Genetic Analysis
System software Version 8.0.52.

PCR products from all ten loci were male-specific in the tammar wallaby. No amplification
was obtained from female samples, as expected with Y chromosome loci. Six loci were
monomorphic (Table 2.1), and of those, five (MeY04, MeY06, MeY36, MeY56 and MeY57)
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had relatively short or interrupted repeat regions which may limit the opportunities for
mutation through replication slippage (Wierdl, Dominska, and Petes 1997; Brinkmann et al.
1998b). However, the sixth monomorphic locus (MeY03) had 17 uninterrupted repeats and
might be expected to exhibit some variation with increased sample size. The remaining four
loci (MeY01, MeY27, MeY28 and MeY37) were polymorphic with between two and six
alleles per locus (Table 2.1). The least variable of these (MeY37) contained the smallest
number of uninterrupted repeats in its longest segment (nine repeats), while the two most
variable loci (MeY01 and MeY27) had the two largest repeat stretches observed (27 and 31
repeats respectively). It is important to note that MeY28 contains a trinucleotide repeat and is
located within a predicted exon of a gene (Sankovic 2005).

In total, 22 males were genotyped across all four variable loci, identifying 11 different
haplotypes. This suggests that these microsatellites will be useful as markers for population
genetic studies in the tammar wallaby.

All variable loci were tested for linkage disequilibrium in the CSIRO population using
GenePop web version 3.4 (Raymond and Rousset 1995). Six pairwise comparisons were
possible and p values ranged from 0.022 to 0.047, suggesting some linkage as expected due to
the absence of recombination on the Y chromosome. However, these results may also reflect
the small sample size (n = 12) used in this analysis.

Primers were tested for cross-species amplification on ten males each from three other
macropod species (Table 2.2). PCR conditions were as above, except that annealing
temperature was lowered to 56 °C. Amplification was most successful from Bennett’s
wallaby (M. rufogriseus rufogriseus). Four loci were polymorphic in this species (MeY01,
MeY03, MeY28 and MeY37) with two to seven alleles each. Amplification from eastern grey
kangaroos (M. giganteus) was less reliable and all loci were monomorphic except for MeY06,
MeY27 and MeY37, in which unique alleles were seen in the same individual. In the yellowfooted rock wallaby (Petrogale xanthopus) only one of the loci that amplified (MeY37) was
polymorphic, with a different allele in just one individual. These results are consistent with
those obtained by Zenger et al. (2003) for autosomal microsatellites in macropods where the
success of cross-species amplification was found to be inversely proportional to the
evolutionary distance between species.
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We have developed a suite of Y chromosome-specific microsatellites, four of which are
polymorphic in tammar wallaby, and have demonstrated their potential for use in other
macropod species. These markers will provide new, male-specific tools with applications to
studies of marsupial mating systems and sex-biased dispersal. Fixed allelic differences
between species may also be useful tools for species identification.
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Genbank Accession number in parentheses following locus name. b BAC clone of origin (MeVIA). cNumber of samples tested. dNumber of
alleles observed, eAllele size in bp, allele frequency in parentheses. *5’ tagged with 19bp M13 sequence 5’-CACGACGTTGTAAAACGAC-3’.

a

Table 2.1: Microsatellites developed from three BAC clones from the tammar wallaby Y chromosome (Sankovic 2005) showing repeat motif,
primer sequences, number of samples tested, number of alleles, allele sizes and allele frequencies observed in male tammar wallaby samples. No
amplification was seen in female samples.
Allele size and
Locusa
BACb
Repeat
Primer sequences (5’-3’)
Nc Ad
frequencye
MeY01
112D12 (TG)27
F: *CCAAGGAACAGAAGTTTAGGTTTAG
25
6 340 (0.08), 342 (0.04),
(DQ641481)
R: CTGTGACATCAAGCCAGTTC
344 (0.32), 346 (0.08),
348 (0.16), 350 (0.32)
MeY03
112D12 (TG)17
F: *GATGGGAGAAATGAATCAGGAG
26
1 303 (1.0)
(DQ641482)
R: CCAAGACAGCATACAATTCAAC
MeY04
53A23 (AT)2AC(AT)5TT(AT)3AC(AT)2
F: *GCCAGACAGCAGATTACATTG
24
1 225 (1.0)
(DQ641483)
(AC)6GTCA(AC)2
R: TCATTGAGTTGATACTTCTTGCTC
MeY06
53A23 (AC)7AT(AC)7AT(AC)9AT(AG)5
F: *AAGGTGAATGGTTTACGTTCC
24
1 267 (1.0)
(DQ641484)
R: CATTCCATTTCTCCATTTCTCC
MeY27
53A23 (AC)4ATCATATACC(AC)31
F: *GATTACTATGGACCATTATGC
22
6 281 (0.32), 283 (0.14),
(DQ641485)
R: ATGGGAATCACTTTAACCAG
287 (0.18), 291 (0.05),
293 (0.18), 295 (0.14)
MeY28
112D12 (GAT)14GAC(GAT)4GACGATGA F: *GTTGGGATAAGCAGAATAGGTTG
22
5 349 (0.05), 352 (0.41),
(DQ641486)
CGAT(GAC)4GAT(GAC)8(GAT)7 R: AACTGGAGCAAAGGAGAAGC
355 (0.09), 358 (0.14),
364 (0.32)
MeY36
53A23 (TA)2CTTTAAAT(TA)5CAAA
F: *AATCTCAACCAGAAAATGTACC
24
1 324 (1.0)
(DQ641487)
(TA)4CAATATAA(TA)4TG(TA)2 R: TGGGAAACACTTTGATGGAC
MeY37
80O22 (GT)8GCATGTGCGTGCGTGCG F: *AGAGTAAGAGTAATAATGAAAGTTAGC 22
2 179 (0.86), 181 (0.14)
(DQ641488)
TGAGTGC(GT)9
R: AGCACCTACCACAGAGTTG
MeY56
53A23 (AC)7
F: *GCTGTAATGTCACTGAGGAAG
22
1 292 (1.0)
(DQ641489)
R: GTGAGCAGTTATGGGTAAGC
MeY57
53A23 (AT)5
F: *CTTCCAAGTGCAAATGTTATG
23
1 358 (1.0)
(DQ641490)
R: GTTCAGATGACCTTCCCAAG
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Petrogale xanthopus

B

A

B

C

A

A

B

B

A

MeY03

MeY04

MeY06

MeY27

MeY28

MeY36

MeY37

MeY56

MeY57

1

1

3

1

5

-

*

1

2

7

360

292

171-179

330

335-347

-

c.270

212

309-311

384-400

A

B

A

A

B

B

A

C

B

A

1

1

2

1

1

2

2

*

1

1

365

292

169-173

338

367

263-271

245-247

c.245

281

250

A

C

B

C

C

A

B

C

B

C

1

-

2

*

-

1

*

*

1

*

366

-

168-172

c.363

-

282

c.250

c.228

281

c.345

A, good amplification; B, further optimisation required; C, poor / no amplification; *Alleles could not be scored due to stutter.

A

a

Macropus giganteus

PCR
PCR
PCR
No. alleles Allele size (bp)
No. alleles Allele size (bp)
No. alleles Allele size (bp)
successa
successa
successa

MeY01

Locus

Macropus rufogriseus rufogriseus

Table 2.2: Amplification of tammar wallaby Y chromosome microsatellites in three species of macropod.

Chapter 3
Chromosome-specific microsatellites from the tammar wallaby X chromosome
and chromosome 2*

* This chapter has been published as: MacDonald AJ, Sarre SD, FitzSimmons NN, Graves
JAM (2007) Chromosome-specific microsatellites from the tammar wallaby X chromosome
and chromosome 2. Molecular Ecology Notes 7, 1063-1066.

Abstract
Microsatellites were identified from fully sequenced bacterial artificial chromosome (BAC)
clones from the X chromosome and chromosome 2 of the tammar wallaby, Macropus eugenii.
A total of 20 microsatellites were genotyped. Seven X chromosome loci and eight loci from
chromosome 2 were polymorphic, with between two and 11 alleles per locus. These markers
will facilitate genetic mapping in the tammar wallaby and will have wider applications in
macropod population genetics. In particular, X chromosome microsatellites will provide a
novel evolutionary perspective from which to view macropod mating systems and gene flow.
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The tammar wallaby, Macropus eugenii, has long been a model species for the study of
marsupial reproduction and physiology (Hinds et al. 1990). More recently it has also become
a model for genetic and genomic studies (Wakefield and Graves 2003). Microsatellites
developed from the tammar wallaby will facilitate the construction of genetic maps for this
species. They will also be applicable to population genetic studies in the tammar wallaby and
related species. We report on the identification of nine microsatellites from the tammar
wallaby X chromosome and 11 microsatellites from chromosome 2.

DNA sequence from six tammar wallaby BAC clones was screened for microsatellites using a
combination of RepeatMasker (Smit, Hubley, and Green 1996-2004) and manual inspection.
BAC clones MeAGI_162E23 (Genbank accession number AC154070) and MeAGI_583I21
(sequenced by M. Luo, Arizona Genomics Institute) have been mapped to the long arm of the
tammar wallaby X chromosome (pers. comm. E. Koina). BAC clones MeAGI_170K8,
MeAGI_206L23, MeAGI_389E8 and MeAGI_458L18 (Genbank accession numbers
AC148427, AC148209, AC148563 and AC148510 respectively) have been mapped to the
long arm of tammar wallaby chromosome 2 (pers. comm. A. Alsop).

Primers were designed for 13 loci from each chromosome using Primer 3 (Rozen and
Skaletsky 2000) on repeat-masked sequence. A search of Genbank indicated that these
markers have not previously been identified from tammar wallaby. Each forward primer was
5’-tailed with 19 bp of M13 sequence (5’-CACGACGTTGTAAAACGAC-3’) to facilitate
fluorescent labelling of products (Boutin-Ganache et al. 2001). Primers were tested on DNA
from 38 female and seven male tammar wallabies from a captive colony at CSIRO
Sustainable Ecosystems, Canberra. PCRs of 10 µl total volume contained final concentrations
of 1x PCR buffer (BIOLINE), 2 mM MgCl2 (2.5 mM MgCl2 for Me2-123), 0.2 mM each
dNTP, 500 mM betaine, 0.3 µM WellRed dye-labelled M13 primer, 0.3 µM reverse primer,
0.15 µM M13-tailed forward primer, 0.4 U Taq polymerase (BIOLINE) and c.100 ng DNA.
PCR conditions were: 94 °C for 4 min; 35 cycles of 94 °C for 30 s, annealing temperature
(Table 3.1) for 45 s, 72 °C for 45 s; and 72 °C for 30 min. Amplified products were run on a
Beckman Coulter CEQ 8000 with a 60-640 bp size standard and the results were analysed
using the CEQ 8000 Genetic Analysis System software Version 8.0.52.
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Four X chromosome microsatellites and two microsatellites from chromosome 2 could not be
reliably amplified. The remaining nine X chromosome microsatellites were hemizygous in all
males tested. Seven X chromosome microsatellites were polymorphic with between two and
seven alleles per locus. Eight microsatellites from chromosome 2 were polymorphic with
between two and 11 alleles per locus (Table 3.2). With the exception of Me2-040, which
contains only six uninterrupted repeats, all polymorphic loci contained at least eight
uninterrupted repeats (Table 3.1).

Two X chromosome loci (MeX-016 and MeX-041) and three loci from chromosome 2 (Me2020, Me2-053 and Me2-123) were monomorphic. These loci all contained shorter repeat
regions (fewer than seven uninterrupted repeats) which may limit opportunities for mutation
through replication slippage (Brinkmann et al. 1998b).

Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium were evaluated for each
chromosome separately using FSTAT (Goudet 2001). No significant deviations from HWE
were observed (Table 3.2). Significant linkage disequilibrium was detected between the
following five pairs of loci after correction for multiple comparisons (P < 0.05): MeX034/MeX-048, MeX-054/MeX-070, MeX-066/MeX-070, Me2-077/Me2-084 and Me2084/Me2-088. These observations should be considered when using these markers for
population genetic analyses. A series of linked X chromosome markers may prove useful for
analysing patterns of linkage disequilibrium within populations (Freeman et al. 2006).

We have identified 20 novel chromosome-specific microsatellites from the tammar wallaby,
of which 15 are polymorphic. Evidence from Chapter 2 and a previous study (Zenger et al.
2003) suggests that these markers may be adaptable for use in other macropod species,
particularly those closely related to tammar wallaby. These microsatellites will be applicable
to macropod population genetic studies and, in the case of the X chromosome microsatellites,
may provide novel evolutionary perspectives on gene flow and mating systems in natural
populations (Schaffner 2004).
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EF105487
EF105488

EF105489
EF105490
EF105491
EF105492

MeX-048
MeX-049

MeX-054
MeX-055
MeX-066
MeX-070

583I21
583I21
583I21
583I21

583I21
583I21

BACc
162E23
583I21
583I21

Repeat
[AT]4[GT]3[AT]5
[GT]2AT[GT]16
[TA]5TG[TA]6CATG
[TA]3CA[TA]2TG[TA]2
[TG]10
[AC]3AG[AC]2AG
[AC]2AG[AC]8AG
[AC]3AG[AC]8
[TG]30
[TAG]16[CAG]16[TAG]3
[TG]10TA[TG]10
[TG]19

Table 3.1 continued to second page.

Genbankb
EF105484
EF105485
EF105486

Locusa
MeX-016
MeX-034
MeX-041

sequences and PCR annealing temperatures.

TTGTACCAACTGTTCCTGTTATAC
GGGAGGACATGGATAAGAGTC
CCTGGATTTAACTGGTCCAC
CTGAATCTACTATAATGAGCTACC

CTTTTACTTGCCTCTTTTATG
AATAATTGGACTTGGCAGAAC

F Primers (5’-3’)d
GAGGGTCACTGAAGCATCC
CCTGCTCAGACTAAGCCAAGAC
AATGAGTGATTCTTGACCAG

AGTGGTTGACTGCTTCTCC
CCATCATCACTGGTCTTCTCC
ATGCCTGTATAGCCATCCTC
GTGCTGTGGAACTGATGG

GGACTTACTAATGAAAGACAATAC
GGATCTCACCCTTTCCTAAG

R Primers (5’-3’)
CTAGTACTGTCACTCACAAGC
GCCTTGCTCCTGTCCTAG
GGATGTTATACCCTTTCAAATTCC

60
60
60
58

56
58

Tme
58
58
60

Table 3.1: Microsatellites developed from BAC clones from the tammar wallaby X chromosome and chromosome 2: repeat motifs, primer
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CTTCTGGAGCATCAGGAATG
TGACGGAGGGATCTTGTCTC
TGCTCCCTTAATCTACCCTTCTC
CTTGATGACATTCCACTAGC

CCAAGGATTTAACTCAGGTG

TTGAAGAAGTTATGTTGCATTG
CAGGAAAGGAACTCAAATCTATAC
GGTATTCTTATGTCTCATTTAACACC
CATTTACATAACACTTTAAGGTTGG
CACTATGTCAGATTCACAACTTC

F Primers (5’-3’)d
CTTGATAAACATGCCACTTAG

TTTCATCAAAGGCATCTCAAG
CGGGCATTTCTAAGGGTTG
TTTGAAATTCACTCCCATCC
GGTCATAATCCCAGTCCTG

GAGCAAGAAAGGGTGACAATG

AAAGAGATGAATTGAACTTGG
TCTAACCCTATAAAGAAGAGAAATG
CAAGTCTTCTTCAAGGGCAAG
GGCATAGGAAAGATTAAGTG
CACTATTTAGATTTGGACTTTC

R Primers (5’-3’)
GAAAAGATCATTAGTGAATAATAGC

MeX loci originate from the X chromosome, Me2 loci originate from chromosome 2. bGenbank accession number. cBAC clone of origin

Repeat
[TA]3GG[TA]5AA[TA]2
[AT]4[TA]3CA[TA]3
[TG]5[TA]6
[CA]17CG[CA]2
[CTG]3[CTA]13
[ATC]7[ACC]4[ATC]2
[TA]5CA[TA]4CATA
[CA]19[TA]3
[CA]11TA[GA]2TACA
GA[CA]2GA[CA]2GA
[CA]2GA[CA]6
[GT]10
[AC]17
[TG]19
[AT]5

(°C). f2.5 mM MgCl2 was used for this locus.

(MeAGI). dAll forward primers were 5’ tagged with 19bp M13 sequence 5’-CACGACGTTGTAAAACGAC-3’. ePCR annealing temperature

a

458L18
458L18
458L18
458L18

206L23

Me2-066 EF105499

EF105500
EF105501
EF105502
EF105503

389E8
389E8
389E8
206L23
206L23

EF105494
EF105495
EF105496
EF105497
EF105498

Me2-040
Me2-041
Me2-047
Me2-053
Me2-061

Me2-077
Me2-084
Me2-088
Me2-123

BACc
170K8

Locusa
Genbankb
Me2-020 EF105493

primer sequences and PCR annealing temperatures.

Table 3.1 continued: Microsatellites developed from BAC clones from the tammar wallaby X chromosome and chromosome 2: repeat motifs,

58
58
58
58f

58

58
58
60
56
58

Tme
58

39

45

Me2-088

6

Ab
3
2
3
7
5
2
5
2
7
8
6
3
3
11

Allele size and frequencyc
206 (0.01) 214 (0.91) 234 (0.08)
308 (0.09) 312 (0.91)
309 (0.42) 311 (0.57) 313 (0.01)
237 (0.01) 251 (0.03) 253 (0.17) 255 (0.10) 257 (0.14) 259 (0.43) 261 (0.12)
258 (0.04) 261 (0.62) 264 (0.15) 267 (0.18) 270 (0.01)
272 (0.08) 286 (0.92)
269 (0.09) 275 (0.07) 277 (0.45) 279 (0.35) 281 (0.04)
214 (0.99) 216 (0.01)
239 (0.03) 241 (0.04) 243 (0.30) 245 (0.38) 247 (0.11) 249 (0.08) 251 (0.06)
358 (0.02) 370 (0.18) 373 (0.02) 376 (0.25) 379 (0.36) 382 (0.11) 385 (0.02) 388 (0.04)
275 (0.04) 281 (0.27) 283 (0.01) 285 (0.35) 287 (0.32) 289 (0.01)
217 (0.02) 219 (0.97) 223 (0.01)
213 (0.68) 215 (0.14) 217 (0.18)
244 (0.17) 252 (0.39) 254 (0.02) 264 (0.11) 266 (0.08) 268 (0.01) 270 (0.03) 272 (0.08)
284 (0.02) 286 (0.08) 294 (0.01)
180 (0.29) 192 (0.17) 194 (0.18) 196 (0.22) 198 (0.05) 200 (0.09)

0.81

HEd
0.17
0.17
0.51
0.75
0.57
0.15
0.67
0.02
0.75
0.78
0.71
0.07
0.49
0.80

0.87

HOd
0.18
0.18
0.62
0.77
0.53
0.17
0.68
0.02
0.73
0.85
0.65
0.07
0.44
0.80

0.89

HWEe
1.00
1.00
0.96
0.69
0.31
1.00
0.59
1.00
0.34
0.96
0.53
1.00
0.19
0.49

Number of diploid samples successfully genotyped (from a total of 45 (males and females) for chromosome 2 loci or 38 (females only) for X
chromosome loci). bNumber of alleles observed. cAllele size in bp, allele frequency in parentheses following allele size. dObserved (HO) and
expected (HE) heterozygosity calculated using GENETIX (Belkhir et al. 1996-2004). eP-value of test for HWE (all loci non-significant)
calculated in FSTAT (Goudet 2001). Nominal level of significance (5%) adjusted to allow for multiple comparisons is P < 0.007 for each
chromosome.

a

Na
38
38
37
35
38
36
37
44
45
41
43
45
45
45

Locus
MeX-034
MeX-048
MeX-049
MeX-054
MeX-055
MeX-066
MeX-070
Me2-040
Me2-041
Me2-047
Me2-061
Me2-066
Me2-077
Me2-084

genotyped, number of alleles observed, allele size ranges, expected and observed heterozygosity and conformity to Hardy-Weinberg equilibrium.

Table 3.2: Polymorphic microsatellites from the tammar wallaby X chromosome and chromosome 2: number of samples successfully

Chapter 4
Microsatellite evolution in marsupial sex chromosomes: which model fits?

Abstract
Interpretation of microsatellite data can be impeded by poor understanding of the mutational
mechanisms responsible for generating variation at these popular genetic markers. It is
therefore important to determine appropriate mutation models for the analysis of data from
loci used in genotyping studies. We have investigated the evolutionary properties of
microsatellite loci from the sex chromosomes and an autosome of the tammar wallaby,
Macropus eugenii. We found that allelic richness is higher for loci with longer uninterrupted
repeats, suggesting that such loci have higher mutation rates. Further, the stepwise mutation
model (SMM) tends to underestimate and the infinite allele model (IAM) tends to
overestimate the number of alleles per locus. Both models are poor at predicting the observed
patterns of variation at higher gene diversities and θ values for loci from all chromosomes.
Thus, neither model is well suited to explaining the microsatellite mutation process. We also
observed that, in the population from which the loci were developed (Kangaroo Island),
allelic richness was significantly lower on the Y chromosome than on chromosome 2, and
intermediate on the X chromosome, suggesting that allelic richness varied between
chromosomes in the manner predicted by their relative exposure to recombination. The same
trend was observed in a second population (Garden Island), but reduced diversity in this
population, possibly due to ascertainment bias, may have precluded a significant result. We
cannot ascertain the importance of recombination in the generation of mutations, as these
results could also be explained by differences in chromosomal effective population sizes. We
conclude that replication slippage alone seems unable to account for all mutations at
microsatellite loci. Additional mutation mechanisms are also important, although the
confounding effects of male-biased mutations, chromosomal evolutionary histories and
demographic factors obscure the relative importance of specific mechanisms.
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Introduction
Microsatellites (tandemly repetitive sequences with repeat motifs typically 1-6bp in length),
are versatile and informative genetic markers that have enabled an unprecedented
understanding of the genetic diversity present in natural populations (Schlötterer 2004). They
have been used to identify individuals from DNA samples and to assess relatedness between
individuals (e.g., Jobling et al. (1997), Primmer et al. (2000), Taylor et al. (2000), Gemmell et
al. (2001)) and as such are invaluable for forensics and mating system studies. Microsatellites
are routinely used to investigate the genetic diversity and structure of natural populations
(e.g., Paetkau et al. (1995), Garza and Williamson (2001), Balloux and Lugon-Moulin (2002),
Rosenberg et al. (2002)) and differences in microsatellite allele frequencies between species
have allowed investigation of hybridisation and admixture (e.g., Evans et al. (2001), Vilà et
al. (2003b), Freeman et al. (2006)). The utility of microsatellites as genetic markers can be
attributed to their high levels of variation relative to coding DNA (Schlötterer 2000) and the
fact that most microsatellite polymorphisms take the form of PCR product length variations,
making them amenable to DNA fragment analysis.

Since the discovery of microsatellite DNA sequences, there has been intense interest in
understanding how they evolve. In part, this interest has been driven by the need to better
understand the mutation processes affecting these ubiquitous molecular markers. The
interpretation of microsatellite data in population studies relies on assumptions about the
mutational mechanisms responsible for generating microsatellite variation. For example, the
genetic differentiation measure FST (Wright 1951) is estimated from microsatellite data by
assuming a low mutation rate and an infinite allele model (IAM) of microsatellite mutation
(Kimura and Crow 1964). The IAM assumes that an infinite number of alleles are possible
and that every mutation creates a unique allele, meaning that homoplasy (presence of alleles
identical in state but not identical by descent) does not occur. It is widely accepted that these
assumptions are not valid for microsatellites, so estimates of population parameters based on
FST may be flawed (Di Rienzo et al. 1994; Slatkin 1995). In particular, the failure to account
for homoplasy may overestimate the degree of genetic similarity between populations,
leading, for example, to overestimation of migration rates. An alternative measure, RST, was
devised specifically for microsatellites to allow for their higher mutation rates and the
occurrence of homoplasy (Slatkin 1995). However, this statistic assumes that there are no
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constraints on allele size and that the mutation process is independent of allele size. The
validity of both of these assumptions has been questioned. Evidence for an upper size limit for
microsatellite alleles has emerged, suggesting either that there is selection against longer
alleles or that longer alleles may be more likely to contract than expand (Garza, Slatkin, and
Freimer 1995; Ellegren 2000b; Harr and Schlötterer 2000; Calabrese, Durrett, and Aquadro
2001). In addition, a number of studies have found evidence for higher mutation rates at
microsatellites with longer repeats (Zhang et al. 1994; Wierdl, Dominska, and Petes 1997;
Brinkmann et al. 1998b; Brohede et al. 2002; Vigouroux et al. 2002; Lai and Sun 2003). An
understanding of the mutational mechanisms that affect microsatellites is therefore critical to
enable accurate statistical analysis of microsatellite data (Balloux and Lugon-Moulin 2002;
Estoup, Jarne, and Cornuet 2002).

Most microsatellite mutations are thought to be generated during DNA replication, by
replication slippage (Levinson and Gutman 1987b; Schlötterer and Tautz 1992). During
replication, the DNA polymerase can become dissociated from the template DNA strand. At a
microsatellite it can subsequently re-align next to the wrong repeat unit. Resumption of
replication after mis-alignment means that one or more repeat units are either copied twice,
giving rise to a longer daughter strand, or else not copied at all, producing a daughter strand
shorter than the parent strand (Levinson and Gutman 1987b). Replication slippage typically
involves the gain or loss of a single repeat unit, although a small proportion of two- or threestep mutations has also been attributed to replication slippage (Weber and Wong 1993). These
observations have led to the widespread use of the stepwise mutation model (SMM) (Kimura
and Ohta 1978) to interpret microsatellite data, in which a single repeat unit is either added to
or removed from the parent allele with equal probability (Valdes, Slatkin, and Freimer 1993).
The SMM has been described as the null model of microsatellite evolution (Markert, Danley,
and Arnegard 2001). However, it is clear that the microsatellite mutation process is complex
and cannot be explained by replication slippage alone (Eisen 1999; Ellegren 2004). For
example, the occurrence of multi-step mutations (changes of >1 repeat unit in a single
mutation event) and the possible directionality of microsatellite mutations (Farrall and Weeks
1998; Huang et al. 2002) do not fit a strict one-step SMM.

To allow for complexity in the microsatellite mutation process, a number of other mutation
models have also been applied to microsatellite data, including the two-phase model (TPM),
in which most mutations are stepwise mutations caused by slippage but a certain proportion of
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multi-step mutations are also assumed to occur (Di Rienzo et al. 1994) and the proportional
slippage model (PSM), in which the slippage rate is proportional to the length of the
microsatellite repeat (Kruglyak et al. 1998). Some of these alternate models allow for a
proportion of mutations to be generated by non-slippage mechanisms, which may include
base substitutions, insertions and deletions (indels) and recombination. Substitutions and
indels in microsatellite flanking regions and between repeat segments of interrupted
microsatellites have now been observed in a range of species and have the potential to cause
size homoplasy, where alleles with distinct nucleotide sequences are not distinguished by
standard genotyping methods because they are observed as electromorphs of the same length
(Angers and Bernatchez 1997; Grimaldi and Crouau-Roy 1997; Colson and Goldstein 1999;
Shepherd and Lambert 2005; Lia et al. 2007). Recombinational mechanisms, such as gene
conversion or unequal crossing-over between alleles, have been shown to cause mutations in
tandemly-repeated minisatellite sequences (Armour 1996) and may explain some
trinucleotide repeat expansions implicated in human genetic diseases (Jakupciak and Wells
2000; Richard and Paques 2000; Usdin and Grabczyk 2000). In addition, levels of
microsatellite variation were correlated with regional recombination rates at Drosophila
melanogaster dinucleotide loci (Schug et al. 1998). However, there is relatively little
empirical evidence for the widespread generation of microsatellite mutations by
recombination. In contrast to the findings of Schug et al. (1998), an earlier study found no
correlation between microsatellite mutations and local recombination rates at Drosophila
melanogaster trinucleotide loci (Michalakis and Veuille 1996). In addition, no such
correlations have been detected at human dinucleotide microsatellites (Payseur and Nachman
2000; Huang et al. 2002). In an analysis of inheritance patterns at polymorphic loci flanking
microsatellite mutations in human pedigrees there was no evidence for mutations caused by
unequal crossing over (Klintschar et al. 2004), although this study only considered four
separate mutation events. Further, microsatellite data did not fit simulation results from a
model of sequence-dependent amplification, unequal crossing over and mutation in different
classes of tandem repeats, suggesting that unequal crossing over does not act on microsatellite
repeats (Stephan and Cho 1994). Consequently, it is now widely assumed that recombination
is not an important source of microsatellite mutations (Ellegren 2000b; Kayser et al. 2000;
Huang et al. 2002; Ellegren 2004).

Here we report on variation observed at 29 microsatellite loci, from the X and Y
chromosomes and an autosome, in the two largest extant tammar wallaby (Macropus eugenii)
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populations in Australia. This species serves as the model for studies of macropod genetics
and reproduction and is currently the focus of the kangaroo genome project (Wakefield and
Graves 2003). We infer mutational properties of the loci studied from population genetic data,
using three separate approaches and investigate the relationship between allelic richness and
the length of the microsatellite repeat tract. We compare the observed number of alleles at
each locus with the number predicted by two mutation models, the SMM and the IAM. If
microsatellite mutations occur exclusively as a consequence of replication slippage and
follow a stepwise pattern, then the SMM will be a good model for the microsatellite mutation
process. In contrast, if mutations deviate greatly from a stepwise pattern as a consequence of
mutations generated by non-slippage mechanisms, we anticipate deviations from the
expectations of the SMM. We also compare levels of microsatellite variation between
chromosomes exposed to different levels of recombination. In contrast to eutherian mammals
there is no evidence in marsupials for formation of synaptonemal complexes between the X
and Y chromosomes at meiosis or for a pseudoautosomal region shared between the sex
chromosomes (Sharp 1982; Sharp and Hayman 1988; Toder et al. 1997). Thus, unlike most
eutherian Y chromosomes, the marsupial Y chromosome is unable to undergo homologous
recombination along its entire length, while the marsupial X chromosome can recombine only
in XX females and not in XY males. If recombination is an important cause of microsatellite
mutations, we expect that microsatellite variation will be lowest on the Y chromosome (where
recombination is absent in marsupials), intermediate on the X chromosome (where
recombination is reduced) and highest on chromosome 2.

Materials and Methods

Sampling and DNA extractions

The largest extant population of the tammar wallaby, Macropus eugenii, is found on
Kangaroo Island, off the South Australian coast. All other South Australian populations were
driven to extinction by land clearing and introduced predators following European settlement
(McKenzie and Cooper 1997; Tyndale-Biscoe 2005), although tammars have recently been
re-introduced to the Yorke Peninsula (Department for Environment and Heritage 2006)
following the discovery that animals translocated to New Zealand in the 1870’s were likely
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taken from the South Australian mainland (Poole, Wood, and Simms 1991; Taylor and
Cooper 1999). Tammar wallabies were also once widespread in Western Australia, but only a
small number of isolated populations now remain on the mainland and on smaller islands, of
which the largest is the Garden Island population (Tyndale-Biscoe 2005). Substantial genetic
divergence has been recorded between Kangaroo Island and Garden Island tammar wallabies,
suggesting that the South Australian and Western Australian animals could constitute distinct
subspecies (Hinds et al. 1990). Ear biopsies were taken from male and female tammar
wallabies from the North West of Kangaroo Island (in the Jump Off Road area) in early 2006
and from the Stirling Naval Base on Garden Island in 2005-2006. DNA was extracted from
ear tissue samples using a salting out method as follows. For each sample a 2 mm2 piece of
tissue was incubated overnight at 55 °C in 330 µl tissue extraction buffer (40 mM Tris / HCl;
100 mM NaCl; 20 mM EDTA, pH 7.2; 0.6% SDS; 0.5 mg/ml Proteinase K). After incubation,
150 µl of 7.5 M ammonium acetate was added. Samples were chilled at -80 °C for 25 minutes
before centrifugation for 20 minutes at 13,000 rpm and 4 °C. Supernatant was then transferred
to a new tube and DNA was ethanol precipitated. DNA pellets were resuspended in 1 x TE.

Microsatellite loci

Microsatellites used in this study were di- and tri-nucleotide repeats originally developed
from Kangaroo Island tammar wallabies (Chapters 2 and 3). Microsatellites were identified
from BAC clone sequences from the Y chromosome and from the long arms of the X
chromosome and chromosome 2. All loci contained at least one uninterrupted repeat segment
of five or more repeat units. We chose this minimum because minimum thresholds for
slippage expansion have been identified as between four and six repeats for dinucleotide loci
(Messier, Li, and Stewart 1996; Rose and Falush 1998; Kruglyak et al. 2000; Sibly,
Whittaker, and Talbot 2001; Lai and Sun 2003; Shinde et al. 2003), indicating that loci with
small numbers of repeats may be important to understanding microsatellite evolution.
Compound microsatellites were defined as containing two or more different repeat motifs,
each represented by a segment with five or more uninterrupted repeat units. Loci with
interrupted repeat regions were included, with the same criteria applied to each locus to define
the boundaries of the repeat region. Each repeat segment was defined as containing two or
more consecutive repeat units and interruptions of up to 10 bp were allowed between
segments. The segments at the start and end of the repeat region were defined as those that
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had no other segments within 10 bp either upstream or downstream. Repeat motifs, repeat
lengths and degree of interruption were selected to be as similar as possible between the
chromosomes, given the available sequence information (Table 4.1). Complementary and
mirror image motifs were taken to be equivalent, for example references to [AC]n repeats
include those with the motifs [AC]n, [CA]n, [TG]n and [GT]n.

Microsatellite genotyping

A total of 97 male and 102 female tammar wallabies from Kangaroo Island and 78 male and
34 female tammar wallabies from Garden Island were genotyped at 29 microsatellite loci.
Nine loci came from the Y chromosome, nine loci came from the X chromosome and 11 loci
came from chromosome 2 (Table 4.1). PCR primer sequences are given in Chapters 2 and 3.
To allow fluorescent labeling of products, each forward primer was 5’-tailed with 19 bp of
M13 sequence (5’-CACGACGTTGTAAAACGAC-3’) (Boutin-Ganache et al. 2001). PCRs
of 10 µl total volume contained final concentrations of 1x PCR buffer (BIOLINE), 2 mM
MgCl2 (2.5 mM for locus Me2-123) , 0.2 mM each dNTP, 500 mM betaine, 2.5 ng BSA,
0.4 µM WellRed dye-labeled M13 primer, 0.2 µM M13-tailed forward primer, 0.4 µM reverse
primer, 0.3 U Taq polymerase (BIOLINE) and ~50 ng DNA. PCR conditions were: one cycle
of 94 °C for 4 min; 36 cycles of 94 °C for 30 s, annealing temperature for 45 s, 72 °C for 1
min; and one cycle of 72 °C for 30 min. Amplified products were run on a Beckman Coulter
CEQ 8000 with a 60-420 bp or 60-640 bp size standard (Beckman Coulter) and the results
analysed using the CEQ 8000 Genetic Analysis System software Version 8.0.52. All
genotypes were scored manually. Microsatellite stutter peaks can make it difficult to score
alleles consistently at some loci, particularly dinucleotide repeats (van Oosterhout et al.
2004). So, to determine the importance of genotyping errors within this study, a total of 420
single-locus genotypes from seven dinucleotide loci were repeated from separate PCRs. These
replicate genotypes were scored blind and results of the two replicates were compared once
all scoring had been completed.
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MeAGI_583I21
MeAGI_583I21
MeAGI_583I21
MeAGI_583I21

Table 4.1 continued to second page.

EF105489
EF105490
EF105491
EF105492

MeAGI_162E23
MeAGI_583I21
MeAGI_583I21
MeAGI_583I21
MeAGI_583I21

EF105484
EF105485
EF105486
EF105487
EF105488

MeX-054
MeX-055
MeX-066
MeX-070
X chr. mean

MeAGI_458L18
MeAGI_458L18
MeAGI_458L18
MeAGI_458L18

EF105500
EF105501
EF105502
EF105503

Me2-077
Me2-084
Me2-088
Me2-123
Chr. 2 mean
MeX-016
MeX-034
MeX-041
MeX-048
MeX-049

MeAGI_170K8
MeAGI_389E8
MeAGI_389E8
MeAGI_389E8
MeAGI_206L23
MeAGI_206L23
MeAGI_206L23

EF105493
EF105494
EF105495
EF105496
EF105497
EF105498
EF105499

Me2-020
Me2-040
Me2-041
Me2-047
Me2-053
Me2-061
Me2-066

BAC Cloneb

Genbanka

Locus

Di
Tri
Di
Di

Di
Di
Di
Di
Di

Di
Di
Di
Di

Di
Di
Di
Tri
Tri
Di
Di

Typec

AC
AGC/AGT
AC
AC

AT
AC
AT
AC
AC

AC
AC
AC
AT

AT
AC/AT
AC
ACG/ACT
ACC/AGT
AC/AT
AC

Motifsd

[AT]4GTGTGT[AT]5
[GT]2AT[GT]16
[TA]5TG[TA]6CATG[TA]3CA[TA]2TG[TA]2
[TG]10
[AC]3AG[AC]2AG[AC]2AG[AC]8AG[AC]3
AG[AC]8
[TG]30
[TAG]16[CAG]16[TAG]3
[TG]10TA[TG]10
[TG]19

[TA]3GG[TA]5AA[TA]2[AT]4[TA]3CA[TA]3
[TG]5[TA]6
[CA]17CG[CA]2
[CTG]3[CTA]13
[ATC]7[ACC]4[ATC]2
[TA]5CA[TA]4CATA[CA]19[TA]3
[CA]11TAGAGATACAGA[CA]2GA[CA]2
GA[CA]2GA[CA]6
[GT]10
[AC]17
[TG]19
[AT]5

Repeat region

30
16
10
19
13.3

10
17
19
5
11.7
5
16
6
10
8

Longest
repeate
5
6
17
13
7
19
11

1
3
2
1
2.6

1
1
1
1
2.8
2
2
5
1
6

5
2
2
2
3
7
6

Segf

60
60
60
58

58
58
60
56
58

58
58
58
58

58
58
58
60
56
58
58

Tmg

119
234
188
160
202

224

312
328
314
250
289
238
274
260
118

350

336
196
88
342
332
330

Nh

Table 4.1: Characteristics of 29 tammar wallaby chromosome-specific microsatellites: Genbank accession number, BAC clone, repeat motif,
length of longest repeat, number of repeat segments and PCR annealing temperature.
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DQ641484
DQ641486

DQ641487

DQ641488

MeY-06
MeY-28

MeY-36

MeY-37

Typec

Di
Di

Di

Di

AC
AT

AC

AT

AC/AG
ACG/ACT

AC
AC
AC/AT

Motifsd

[TG]27
[TG]17
[AT]2AC[AT]5TT[AT]3AC[AT]2[AC]6GTCA
[AC]2
[AC]7AT[AC]7AT[AC]9AT[AG]5
[GAT]14GAC[GAT]4GACGATGACGAT
[GAC]4GAT[GAC]8[GAT]7
[TA]2CTTTAAAT[TA]5CAAA[TA]4CAAT
ATAA[TA]4TG[TA]2
[GT]8GCATGTGCGTGCGTGCGTGAGT
GC[GT]9
[AC]7
[AT]5

Repeat region

7
5
11.0

9

5

9
14

Longest
repeate
27
17
6

1
1
4.4

7

5

5
11

1
1
8

Segf

60
60

60

60

60
60

60
60
60

Tmg

85
83
88

95

94

84

82

94

91
83

Nh

Genbank accession number. bBAC clone of origin. cMicrosatellite motif type (dinucleotide or trinucleotide). dRepeat motif(s) for comparison

MeVIA_53A23
MeVIA_53A23

MeVIA_80O22

MeVIA_53A23

MeVIA_53A23 Di
MeVIA_112D12 Tri

MeVIA_112D12 Di
MeVIA_112D12 Di
MeVIA_53A23 Di

BAC Cloneb

PCR annealing temperature (°C). hNumber of chromosomes genotyped.

g

each microsatellite, based on BAC clone sequence derived from Kangaroo Island tammar wallabies. fNumber of repeat segments at each locus.

between loci. Complementary and mirror image motifs are taken to be equivalent. eLength in repeat units of the longest uninterrupted repeat at

a

DQ641489
DQ641490

DQ641481
DQ641482
DQ641483

MeY-01
MeY-03
MeY-04

MeY-56
MeY-57
Y chr. mean

Genbanka

Locus

repeat motif, length of longest repeat, number of repeat segments and PCR annealing temperature.

Table 4.1 continued: Characteristics of 29 tammar wallaby chromosome-specific microsatellites: Genbank accession number, BAC clone,

Population genetic analyses

Allelic richness (a measure of the number of alleles per locus, corrected for sample size) was
calculated using FSTAT (Goudet 2001) based on a minimum sample size of 82 chromosomes
from Kangaroo Island and 57 chromosomes from Garden Island. Because genotyping data
were collected from sex chromosomes and an autosome and from males and females, they
comprised a mixture of haploid and diploid data. Haploid data can be analysed in FSTAT by
the duplication of each haploid result to create a false homozygote. To determine allelic
richness for all loci in one calculation, using data from males and females, all data were
analysed as if haploid, i.e., diploid genotypes were split to make two false homozygotes from
each genotype. For all other population genetic analyses, diploid data were not modified in
this way and were analysed separately from haploid data as necessary. FSTAT was also used
to evaluate linkage disequilibrium (LD) at polymorphic loci on each chromosome (LD was
assessed separately for haploid males and diploid females at X chromosome loci) and to test
conformity to Hardy-Weinberg equilibrium (HWE) for chromosomes X and 2. Observed (HO)
and expected (HE) heterozygosities were calculated for loci on chromosomes X and 2 using
Microsatellite Analyser (MSA) version 4.05 (Dieringer and Schlötterer 2003). MSA was also
used to estimate the parameter θ (a function of mutation rate and effective population size) for
each locus and the number of alleles expected at each locus under the SMM and the IAM.
Micro-checker (van Oosterhout et al. 2004) was used to identify loci that displayed evidence
of null alleles. Gene diversity (H) was calculated for each locus, including those from the Y
chromosome, using the formula:

H=

m
n 

1 − ∑ xi2 
n −1
i =1


(1)

where m is the number of alleles, n is the number of chromosomes analysed and x is the allele
frequency. All analyses were performed separately for the Kangaroo Island and Garden Island
populations.
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Allelic richness

To investigate the relationship between allelic richness and microsatellite repeat length, two
regression analyses were performed using data combined for loci from all chromosomes. In
the first analysis, we compared the relationship between allelic richness and the length (in
repeat units) of the entire microsatellite repeat region, as defined above. In the second
analysis, we compared the relationship between allelic richness and the length of the longest
uninterrupted stretch of repeats in the initially cloned allele at each microsatellite locus.
Higher allelic richness at loci with longer repeat regions would indicate that mutation rates are
influenced by the length of DNA included within the microsatellite region. Alternatively,
higher allelic richness at loci with longer uninterrupted repeat tracts would indicate that
mutation rates are influenced by the number of consecutive repeat units within the
microsatellite region. Because the length of the longest repeat tract was found to be an
important indicator of allelic richness, throughout the rest of the study, to account for the
inclusion of both perfect and interrupted microsatellites, repeat length was defined as the
length of the longest uninterrupted stretch of repeats. We assumed that all allele length
differences reflected differences in the number of repeat units between alleles and were not
caused by flanking sequence indels. Allelic richness was compared between chromosomes X,
Y and 2 using an analysis of covariance (ANCOVA) to account for differences in the length
of the longest repeat between loci. Data for all loci were analysed, with chromosome of origin
and population included as factors in the model. The covariate was the length of the longest
uninterrupted stretch of repeats at each microsatellite locus. To ensure that differences in
genetic diversity between the chromosomes were not simply the product of differences
between the sexes, as a result of demographic factors or sampling bias, an analysis of variance
(ANOVA) was performed in which data from chromosomes X and 2 were combined and sex
was included as a factor. Statistical analyses were performed in SPSS version 14.0.
Bonferroni adjustment was used to correct for multiple comparisons in determining levels of
significance as appropriate. For each analysis the distribution of the residuals was tested for
normality using a one-sample Kolmogorov-Smirnov test.
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Mutation model

The number of alleles observed at each locus was compared to the expected number of alleles
under the SMM and the IAM in the Kangaroo Island population. This analysis was not
performed for the Garden Island population because of the low levels of microsatellite
variation observed in that population and the possibility of ascertainment bias and null alleles
at some loci. Allele excess (AE) was calculated as follows:

AE =

(n

obs

− nexp )

(2)

nexp

where nobs is the observed number of alleles at a locus and nexp is the number of alleles
expected at the same locus under a specific mutation model. A regression analysis was
performed with allele excess as the dependent variable and gene diversity as the predictor. No
intercept was included in the model and a separate regression line was fitted for each
chromosome and method of estimation (SMM or IAM), giving a total of six regression lines.
In the first iteration, data points for which the standardised residual was less than -3 or greater
than +3 were considered to be outliers and were deleted. A second iteration was then
performed, and so on until none of the remaining data points were outliers. Outliers with
allele excess much lower or higher than other loci may represent microsatellites with unusual
mutational properties. Consequently, we removed any outliers to provide an overview of the
general relationship between allele excess and gene diversity. The slope of each regression
line was tested for significance using a p-value of 0.008 (= 0.05/6) to allow for multiple
comparisons. Sample size was included as a covariate in these initial analyses, but removed
from subsequent analyses if it was shown to have no significant effect on allele excess. An Ftest was carried out to determine whether the slopes for the three chromosomes under the
SMM method of estimation were different and a similar test was carried out for the IAM
method of estimation. Finally, the data for the three chromosomes were combined and an Ftest was carried out to determine whether the slope for the SMM method was different from
the slope for the IAM method. The procedure described above was repeated with θ as the
predictor variable. Statistical analyses were performed in SPSS version 14.0.
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Male-biased mutation

Microsatellite genotyping data from Kangaroo Island tammar wallabies were analysed for
evidence of a male mutation bias. This analysis was not performed for the Garden Island
population because of the low levels of microsatellite variation observed in that population
and the possibility of ascertainment bias at some loci. For the Kangaroo Island population,
mean homozygosity (h) was calculated for the X chromosome (data from females only) and
chromosome 2 (data from males and females). Using the method of Huttley et al. (2000), the
ratio of male to female mutations (α) was estimated by solving the following equation:

α=

vm 2ka − 2k x
=
2k x − k a
vf

(3)

where vm is the male mutation rate and vf is the female mutation rate. ka and kx were derived
by Huttley et al. (2000) as follows:

 1

ka =  2 − 1 = 8 N a va = 4 N a (vm + v f )
h a


(4)

6 N a (vm + v f )
 1

k x =  2 − 1 = 8 N x v x =
3
h x


(5)

where N is the effective population size, va is the autosomal mutation rate and vx is the X
chromosome mutation rate.

Huttley et al. (2000) used Ohta and Kimura's (1973) formula to describe the relationship
between homozygosity and mutation rate under a stepwise mutation model (their equation
(1)). We also investigated the effect of estimating α using the formula derived by Kimura and
Crow (1964), which describes the relationship between homozygosity and mutation rate under
an infinite allele model thus:

h=

1
1 + 4 Nv

(6)
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Using this method, we derived ka and kx as follows:

1
ka =   − 1 = na − 1
 ha 

(7)

1
k x =   − 1 = nx − 1
 hx 

(8)

where n is the effective number of alleles. These definitions of ka and kx were used to estimate
α in the same manner as described in equation (3) above.

The 95% confidence intervals for our estimates of α were estimated by resampling across loci,
as variation in homozygosity between loci was considered the most important source of error.
For each randomisation we sampled with replacement a total of nine loci from the X
chromosome and 11 loci from chromosome 2 and recalculated α from each randomised data
set. A total of 5,000 randomisations were performed for each estimate of α. Homozygosity
was estimated based on data from between 15 and 175 diploid individuals per locus. A mean
of 144 individuals per locus was sampled for microsatellites from chromosome 2, whereas a
mean of 58 individuals was sampled per locus for microsatellites from the X chromosome
(here analysis was restricted to diploid females). For this reason a regression was performed
to determine whether estimates of homozygosity decreased with increasing sample size.

Results
General microsatellite characteristics

Of 29 microsatellite loci, similar numbers were polymorphic in each population tested, with
19 loci polymorphic among Kangaroo Island animals (Table 4.2) and 17 loci polymorphic
among Garden Island animals (Table 4.3). The greatest number of polymorphic loci was
observed on chromosome 2, with eight loci polymorphic in both populations. The least
number of polymorphic loci was observed on the Y chromosome, with three loci polymorphic
in both populations and an additional polymorphic locus in each population. On the X
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chromosome, seven loci were polymorphic in Kangaroo Island samples, but only five of these
loci were polymorphic in Garden Island samples. Despite the similarity between populations
in terms of the numbers of polymorphic loci, there were substantial differences in the levels of
variation observed within each population. The number of alleles per polymorphic locus
ranged from two to 19 among Kangaroo Island wallabies (Table 4.2), but from two to just
four alleles per locus among Garden Island wallabies (Table 4.3). Levels of heterozygosity
were also much lower for Garden Island, with mean He for chromosome 2 of 0.441 for
Kangaroo Island and 0.093 for Garden Island, and mean He for the X chromosome of 0.373
for Kangaroo Island and 0.175 for Garden Island. Complete genotypes for all five variable Y
chromosome microsatellites were available for 73 males from Kangaroo Island and 55 males
from Garden Island. A total of 18 Y chromosome haplotypes were observed from these males
in the Kangaroo Island population. In contrast, four Y chromosome haplotypes were observed
from Garden Island wallabies, but three of these haplotypes were each observed in only a
single individual and differ from the predominant haplotype by a single repeat unit at one or
two loci. No haplotypes were shared between populations (Table 4.4).

There may have been some ascertainment bias when applying this suite of microsatellite
markers to Garden Island samples. Many loci proved difficult to score in PCRs from Garden
Island samples, producing much weaker PCR products than Kangaroo Island samples. Some
loci could not be scored at all in large numbers of Garden Island samples, despite successful
amplification of other loci from the same DNA extractions. Such ascertainment bias may
result from sequence variations at primer binding sites between the populations, but the
presence of weak PCR product in some samples suggests that it may be possible to further
optimise reaction conditions for samples from Garden Island. No null alleles were detected at
any locus in the Kangaroo Island population, but null alleles were detected at two loci from
chromosome 2 in the Garden Island population. Null allele frequencies were estimated by
Micro-checker (using Brookfield Estimator 1) as 0.04 for locus Me2-040 and 0.03 for locus
Me2-077. The observation of null alleles provides further evidence for the occurrence of
primer-binding site variations in the Garden Island population.

Conformity to HWE could not be assessed for locus MeX-070 in the Garden Island
population. No deviations from HWE were detected at all other loci from chromosomes X
and 2 in either population. Linkage disequilibrium was detected between four pairs of loci
from chromosome 2 in the Kangaroo Island population and between one pair of loci from
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chromosome 2 in the Garden Island population (Table 4.5a). On the X chromosome, three
pairs of loci displayed significant linkage disequilibrium in both haploid males and diploid
females sampled from Kangaroo Island. Linkage disequilibrium was also detected between
six other pairs of X chromosome loci in Kangaroo Island males but not in females.
Differences in the ability to detect linkage disequilibrium between males and females may
reflect the presence of at least one rare allele (with frequency ≤ 0.05) and at least one very
common allele (with frequency ≥ 0.30) at each of the loci concerned, in conjunction with the
greater opportunity to determine haplotypes from hemizygous males relative to potentially
heterozygous females at X chromosome loci. In the Garden Island population, a single pair of
X chromosome loci displayed significant linkage disequilibrium in females, but not in males
(Table 4.5b). In this case, the difference between males and females likely reflects the
occurrence of some alleles at low frequency and the poor genotyping success from Garden
Island samples. In Garden Island males only two alleles were identified at locus MeX-048.
One of these alleles (sized at 314 bp) was observed in only four males and only two of these
males could also be successfully genotyped at locus MeX-054. On the Y chromosome,
significant linkage disequilibrium was detected between two pairs of loci in the Kangaroo
Island population (Table 4.5c). This result likely reflects the low levels of variation observed
at Y chromosome loci, as all Y chromosome microsatellites should be considered to be linked
as a consequence of the absence of recombination on this chromosome. In the Kangaroo
Island population only three alleles were observed at locus MeY03, two of these with
frequencies of ≤ 0.05. That fact that significant linkage disequilibrium was not detected
between MeY03 and any other locus most likely reflects the fact that polymorphism at this
locus is entirely due to a small number of males carrying these rare alleles. Significant linkage
disequilibrium was detected between two of the remaining three pairs of polymorphic Y
chromosome loci in the Kangaroo Island population. No significant linkage disequilibrium
was detected for any pair of Y chromosome loci in the Garden Island population, but in this
population, all but three males shared the same Y chromosome haplotype. A number of pairs
of loci could not be assessed for linkage disequilibrium in the Garden Island population
(Tables 4.4a, b) because of the presence of alleles at low frequencies and the effect of large
numbers of incomplete genotypes in this population.

To determine genotyping error rates for this study, the PCR and genotyping process was
repeated for a total of 420 single-locus genotypes (representing seven loci). In all 420 cases

55

identical alleles were observed for each replicate, suggesting that mis-scored alleles do not
represent a serious problem in this study.

Allelic richness

No significant correlation was observed between allelic richness and the length of the entire
microsatellite repeat region for either Kangaroo Island (P = 0.38) or Garden Island (P = 0.82).
A significant positive correlation was observed between allelic richness and the length of the
longest repeat stretch within the repeat region for both the Kangaroo Island (P < 0.01) and
Garden Island (P < 0.01) populations, when all loci were considered together (Figure 4.1).
Although there was no significant difference between the chromosomes with regard to the
mean length of the longest repeat (P = 0.8), we subsequently controlled for repeat length
when comparing allelic richness between loci. In both populations, chromosome 2 had the
highest allelic richness, the Y chromosome had the lowest allelic richness and the X
chromosome was intermediate (Figure 4.2). In the Kangaroo Island population, allelic
richness was significantly lower (P = 0.03) on the Y chromosome than on chromosome 2.
Allelic richness on the X chromosome was not significantly different from that on either the
Y chromosome (P = 0.9) or chromosome 2 (P = 0.3). In the Garden Island population, there
was no significant difference in allelic richness between any pair of chromosomes (P ≥ 0.9 in
each case).

Allelic richness was compared between males and females at loci from chromosomes X and
2, to investigate whether reduced allelic richness on the Y chromosome could be explained by
a reduction in the genetic diversity of males relative to females, as a consequence of
population demographics or sampling bias. There was no significant difference in allelic
richness between the sexes in the Kangaroo Island population (mean allelic richness for males
= 4.04; for females = 3.99; P = 0.96; allelic richness based on minimum sample size of 30
chromosomes) or the Garden Island population (mean allelic richness for males = 1.55; for
females = 1.53; P = 0.8; allelic richness based on minimum sample size of 11 chromosomes).
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1.0
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0.750
249 (0.03) 251 (0.03)
355 (0.01) 358 (0.04) 367 (0.01) 370 (0.11) 373 (0.07)
0.801 376 (0.26) 379 (0.26) 382 (0.17) 385 (0.03) 388 (0.03)
391 (0.01)
0.000 471 (1.00)
275 (0.12) 279 (0.01) 281 (0.22) 283 (0.10) 285 (0.15)
0.824
287 (0.28) 289 (0.11) 291 (0.01)
0.200 217 (0.11) 219 (0.88) 223 (0.01)
0.551 213 (0.64) 215 (0.19) 217 (0.17)
244 (0.11) 246 (0.01) 252 (0.32) 254 (0.01) 264 (0.11)
266 (0.09) 268 (0.11) 270 (0.06) 272 (0.06) 274 (0.01)
0.817
276 (0.01) 280 (0.01) 286 (0.02) 290 (0.01) 292 (0.01)
294 (0.01) 296 (0.01) 298 (0.02) 300 (0.01)
180 (0.27) 192 (0.13) 194 (0.19) 196 (0.24) 198 (0.09)
0.733
200 (0.06) 202 (0.01) 210 (0.01)
0.000 380 (1.00)
0.434
0.371
0.000 350 (1.00)
206 (0.01) 212 (0.01) 214 (0.86) 216 (0.02) 234 (0.07)
0.247
236 (0.01) 240 (0.01) 242 (0.01)
0.000 228 (1.00)
0.167 308 (0.12) 312 (0.87) 314 (0.01)
0.448 309 (0.35) 311 (0.64) 313 (0.01)
237 (0.04) 239 (0.01) 251 (0.02) 253 (0.06) 255 (0.19)
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257 (0.17) 259 (0.47) 261 (0.04)

HOk Allele sizes and frequenciesl

Table 4.2: Genetic variability observed at 29 microsatellite loci from chromosomes X, Y and 2, in tammar wallabies from Kangaroo Island.
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Allele size in base pairs, allele frequency in parentheses.

l

diversity for each locus. kHeterozygosities: HE = expected heterozygosity, HO = observed heterozygosity, X chromosome based on females only.

excess relative to the predictions of the SMM and hallele excess relative to the predictions of the IAM. iEstimate of θ and jestimate of gene

chromosomes. dNumber of alleles observed. eNumber of alleles expected under the SMM and fnumber of alleles expected under the IAM. gAllele

Standard deviations for each chromosome. bNumber of chromosomes analysed. cAllelic richness based on a minimum sample size of 82
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Table 4.2 continued: Genetic variability observed at 29 microsatellite loci from chromosomes X, Y and 2, in tammar wallabies from Kangaroo
Island.
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288 (1.00)
294 (0.16) 298 (0.80) 302 (0.01) 304 (0.03)
267 (0.01) 269 (0.99)

266 (1.00)
214 (0.98) 216 (0.02)
225 (0.04) 227 (0.06) 247 (0.90)
407 (0.34) 410 (0.10) 413 (0.46) 416 (0.10)
471 (1.00)
277 (0.98) 279 (0.01) 289 (0.01)
215 (0.01) 217 (0.98) 221 (0.01)
213 (0.99) 215 (0.01)
244 (0.01) 266 (0.98) 270 (0.01)
178 (0.99) 182 (0.01)
380 (1.00)

HOj Allele sizes and frequenciesk

Table 4.3: Genetic variability observed at 29 microsatellite loci from chromosomes X, Y and 2, in tammar wallabies from Garden Island.
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2.0
3.0
1.0
1.0
2.0
1.0
1.0
1.0
2.0
1.5

ARb

2
3
1
1
2
1
1
1
2
2

Ac

1.1
1.3
1.0
1.0
1.1
1.0
1.0
1.0
1.1
1.1

ASMMd

1.1
1.3
1.0
1.0
1.1
1.0
1.0
1.0
1.1
1.1

AIAMe

0.76
1.34
0.00
0.00
0.75
0.00
0.00
0.00
0.77
0.40

AESMMf

0.76
1.31
0.00
0.00
0.75
0.00
0.00
0.00
0.76
0.40

AEIAMg

0.03
0.07
0.03
0.04
0.03
0.03
0.03
0.03
0.03
0.03
0.01

θh

Gene
div.i
0.028
0.060
0.000
0.000
0.030
0.000
0.000
0.000
0.027
0.016
0.02

-

H Ej

-

328 (0.01) 330 (0.99)
305 (0.01) 307 (0.98) 309 (0.01)
217 (1.00)
254 (1.00)
337 (0.01) 343 (0.99)
324 (1.00)
185 (1.00)
292 (1.00)
358 (0.99) 360 (0.01)

HOj Allele sizes and frequenciesk

chromosome based on females only. mAllele size in base pairs, allele frequency in parentheses.

of θ and kestimate of gene diversity for each locus. lHeterozygosities: HE = expected heterozygosity, HO = observed heterozygosity, X

expected under the IAM. hAllele excess relative to the predictions of the SMM and iallele excess relative to the predictions of the IAM. jEstimate

minimum sample size of 82 chromosomes. eNumber of alleles observed. fNumber of alleles expected under the SMM and gnumber of alleles

Null alleles detected at this locus. bStandard deviations for each chromosome. cNumber of chromosomes analysed. dAllelic richness based on a

72
66
75
57
67
72
75
76
73
70

MeY-01
MeY-03
MeY-04
MeY-06
MeY-28
MeY-36
MeY-37
MeY-56
MeY-57
Y chr. mean
Std. dev.b

a

Nb

Locus

Table 4.3 continued: Genetic variability observed at 29 microsatellite loci from chromosomes X, Y and 2, in tammar wallabies from Garden
Island.

Table 4.4: Y chromosome microsatellite haplotypes observed from Kangaroo Island and
Garden Island tammar wallabies.

Haplotype

MeY01
allelea

MeY03
allelea

MeY28
allelea

MeY37
allelea

MeY57
allelea

Kangaroo
Islandb

Garden
Islandc

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
21
22
23
24

348
340
340
340
340
342
342
344
346
346
348
348
350
350
342
342
344
344
328
330
330
330

301
303
303
303
303
303
303
303
303
303
303
303
303
303
305
305
301
303
305
307
309
307

358
349
352
358
361
352
361
352
352
355
358
364
358
364
352
358
352
352
337
343
343
343

179
179
179
179
179
179
179
179
179
179
179
179
179
179
179
179
181
181
185
185
185
185

358
358
358
358
358
358
358
358
358
358
358
358
358
358
358
358
358
358
358
358
358
360

1
3
9
6
1
9
1
17
2
2
2
3
1
3
1
1
2
9
73

1
52
1
1
55

a

Allele size in base pairs for each locus. bNumber of individuals with each haplotype in the

Kangaroo Island population (- means this haplotype was not observed in this population).
c

Number of individuals with each haplotype in the Garden Island population (- means this

haplotype was not observed in this population).
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Table 4.5: Linkage disequilibrium at polymorphic microsatellite loci from the tammar
wallaby: (a) chromosome 2; (b) X chromosome; (c) Y chromosome.

(a) Chromosome 2 microsatellitesa,b
BAC
MeAGI_389E8

Locus
Me2-040
Me2-041
Me2-047
Me2-061
Me2-066
Me2-077
Me2-084
Me2-088

Kbc

Me2
-040

9.06
30.82

49.61

Me2
-041

Me2
-047

MeAGI_20
6L23
Me2 Me2
-061 -066

Me2
-077

Me2
-084

Me2
-088

*

*
*

*

n
n

*

n

n

n

43.48
30.83

MeAGI_458L18

n

n

n

n

(b) X chromosome microsatellitesa
MeAGI_583I21
BAC
c
MeX MeX MeX MeX
MeX
MeX
MeX
Kb
Locus
-034 -048 -049 -054 -055 -066 -070
MeX-034
*m
MeX-048 54.41
*
2.93
MeX-049
*m
*
*m
MeX-054 21.41
*m
*m
*f
MeX-055 13.56
*m
MeX-066 48.68
*
MeX-070 27.12 n(f)
n
n
n(f)

(c) Y chromosome microsatellitesa,b

Locus
MeY-03
MeY-28
MeY-01

MeY-57

BAC

MeVIA_112D12

MeVIA
_53A23

MeVIA
_80O22

Kbc

MeY- MeY MeY
-01
-28
03

MeY-57

MeY-37

9.03
10.28

*

*

n

MeY-37
a

Kangaroo Island results are shown above the diagonal and Garden Island results below the
diagonal. bDifferently-shaded areas represent different BAC clones. cDistance in Kb between
adjacent loci from the same BAC clone.
* significant linkage disequilibrium was observed at this pair of loci (P < 0.05).
n: this pair of loci could not be assessed for linkage.
f: X chromosome result observed in females only.
m: X chromosome result observed in males only.

62

16
14
2

12

R = 0.53

Allelic richness

10
8
6
4
2

2

R = 0.24

0
0

5

10

15

20

25

30

35

Length of longest repeat

Figure 4.1: Regression of allelic richness against the length of the longest repeat region at 29
tammar wallaby microsatellite loci in samples from Kangaroo Island (triangles and solid line)
and Garden Island (squares and dashed line).
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Figure 4.2: Regressions of allelic richness against the length of the longest microsatellite
repeat stretch at loci from the tammar wallaby X chromosome (diamonds and dotted line), Y
chromosome (squares and dashed line) and chromosome 2 (triangles and solid line). (a)
Kangaroo Island population, (b) Garden Island population.
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Mutation model

Data from loci MeX-034 and MeY03 were removed as outliers under both mutation models,
for calculations involving both θ and gene diversity, as described in the Methods section. In
addition, data from locus Me2-084 was removed as an outlier for calculations involving gene
diversity under the SMM. There was no significant effect of sample size on allele excess for
calculations involving either gene diversity (P = 1.0) or θ (P = 1.0). Sample size was therefore
not included as a covariate once the outliers had been removed.

A correlation was observed between gene diversity and allele excess (Figure 4.3). Under the
SMM, a positive correlation was significant for the X chromosome (P < 0.001), but not for
the Y chromosome (P = 0.2) or chromosome 2 (P = 0.01). Under the IAM, a negative
correlation was significant for each chromosome (P < 0.001 for chromosome 2, P = 0.001 for
the X chromosome and P = 0.005 for the Y chromosome). No significant difference was
detected between the slopes of the different chromosomes for either model (P = 0.3 for the
SMM, P = 0.8 for the IAM). When all chromosomes were included in the same analysis, there
was a significant positive correlation between allele excess and gene diversity under the SMM
(P = 0.001) and a significant negative correlation between allele excess and gene diversity
under the IAM (P < 0.001). The slopes of the two mutation models were significantly
different from each other (P < 0.001).

There was also a correlation between θ and allele excess (Figure 4.3). Under the SMM, a
positive correlation was significant for chromosome 2 (P < 0.001) and the X chromosome
(P = 0.002), but not for the Y chromosome (P = 0.519). Under the IAM, a negative correlation
was significant for chromosome 2 (P < 0.001) but not for the X and Y chromosomes
(P = 0.015 and P = 0.026 respectively). As above, there was no significant difference between
the slopes of the different chromosomes for either model (P = 0.25 for the SMM, P = 0.22 for
the IAM). When all chromosomes were included in the same analysis, there was a significant
positive correlation between allele excess and θ under the SMM (P = 0.002) and a significant
negative correlation between allele excess and θ under the IAM (P < 0.001). The slopes of the
two mutation models were significantly different from each other (P < 0.001).
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Figure 4.3: Regressions of gene diversity and θ against the observed allele excess at tammar
wallaby microsatellite loci, relative to the predictions of the stepwise mutation model (SMM,
squares and solid lines) and the infinite allele model (IAM, triangles and dashed lines) for
samples from Kangaroo Island. For gene diversity: (a) chromosome 2, (b) X chromosome, (c)
Y chromosome. For θ: (d) chromosome 2, (e) X chromosome, (f) Y chromosome.
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Male-biased mutation

Mean homozygosity on Kangaroo Island was 0.57 for chromosome 2 and 0.66 for the X
chromosome. Our estimates of homozygosity were not affected by variation in sample size
between loci. No significant relationship was detected between sample size and homozygosity
when loci from both chromosomes were considered together (P = 0.99), or when loci from
each chromosome were considered independently (P = 0.88 for loci from chromosome 2;
P = 0.43 for loci from the X chromosome).

Using the method outlined in Huttley et al. (2000), the male to female mutation rate ratio, α,
was estimated as 3.3, suggesting a three-fold excess of mutations in the male germline relative
to females. However, after resampling, the mean estimate of α was -2.5 and the 95%
confidence interval ranged from -23.7 to 18.2. Using a modified method based on Kimura and
Crow’s (1964) definition of homozygosity under an infinite allele model, α was estimated as
1.8. In this case the 95% confidence interval ranged from -22.1 to 23.0 and the mean estimate
of α was 1.8 after resampling. Thus our results suggest a male mutation bias in the tammar
wallaby, but the large confidence intervals around our estimates prevents us from excluding
the possibility of no sex-bias to the mutation process, or even of a female mutation bias.

Discussion
We have investigated levels of variation at tammar wallaby microsatellites from three
chromosomes with different modes of inheritance and inferred mutational properties of these
genetic markers. We have found that allelic richness is positively correlated with the length of
the longest repeat stretch and is significantly lower on the Y chromosome than on
chromosome 2. We have also shown that neither the SMM nor the IAM can fully explain
patterns of microsatellite variation in the tammar wallaby. Our results demonstrate that
replication slippage alone cannot adequately account for all microsatellite mutations, which is
consistent with a role for other mechanisms in the microsatellite mutation process.
Recombination is one potential mutational mechanism, but we are unable to distinguish the
relative importance of mutations generated during recombination from the effects of malebiased mutation and differences in effective population size between chromosomes.
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Our observation that allelic richness increases with the length of the longest repeat stretch, but
not with the length of the entire repeat region, suggests that microsatellites with longer repeat
stretches have higher mutation rates than those with shorter repeat stretches. This may reflect
greater opportunities for replication slippage at longer repeats (Ellegren 2000a; Sibly,
Whittaker, and Talbot 2001) and provides evidence that mutations within the longest repeat
stretch are important contributors to microsatellite variation. However, mutations caused by
other mechanisms, such as substitutions and indels, may also occur more frequently within
longer stretches of DNA. Pedigree mutation studies (Brinkmann et al. 1998b; Leopoldino and
Pena 2003) and genome analysis (Lai and Sun 2003) in humans indicate that the relationship
between microsatellite mutation rate and repeat length is not linear, but is instead an
exponential or power relationship. The assumptions of the SMM are violated by such a
relationship, as it implies that mutation properties vary between loci, and even between alleles
at the same locus, depending on their repeat length. Empirical evidence for locus- and allelespecific heterogeneity in the microsatellite mutation process has been found in a number of
studies. For example, considerable differences in mutation rates between microsatellite loci
have been observed in species as diverse as humans (Brinkmann et al. 1998b; Leopoldino and
Pena 2003), maize (Vigouroux et al. 2002) and an Australian lizard (Gardner et al. 2000).
Mutation rates at two hypermutable barn swallow microsatellites may increase with repeat
length by as much as 0.1% per repeat unit, leading to an order of magnitude difference in
mutation rates between the shortest and longest alleles (Brohede et al. 2002). At the
trinucleotide expansion disease-linked androgen receptor locus on the human X chromosome,
sperm mutation analysis revealed a 4.4 times higher mutation rate and a significantly higher
contraction rate for long normal alleles (28-31 repeats) relative to average-sized normal
alleles (20-22 repeats) (Zhang et al. 1994). The relationship we have observed between allelic
richness and the length of the longest repeat now provides evidence for locus-specific
heterogeneity in microsatellite mutations in a marsupial. This suggests that the SMM may not
be an appropriate model for the analysis of data from these microsatellites.

Further evidence that the SMM cannot account for all microsatellite mutations comes from
our finding that the SMM tends to underestimate the expected number of alleles at each locus.
Neither the IAM nor the SMM can fully explain patterns of variation at tammar wallaby
microsatellites. Both models become significantly worse at predicting the number of alleles at
loci as gene diversity and θ values increase. This lends empirical support to two previous
simulation studies that suggest the number of alleles present at a locus is influenced by its
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mutation rate. In particular, Schlötterer et al. (2004) used a neutral coalescent simulation
approach to study allele excess at microsatellites under the SMM and the IAM. They found
that allele excess under the SMM and allele deficiency under the IAM increased with
increasing values of θ. Shriver et al. (1993) simulated the effects of genetic drift and mutation
on microsatellite allele frequency distributions. They demonstrated that the number of alleles
predicted under the SMM is an underestimate at all but very low mutation rates, leading them
to conclude that some microsatellite mutations are caused by mechanisms other than
replication slippage. Our results suggest that this pattern holds for marsupial microsatellites
from both the sex chromosomes and an autosome, and that there is greater complexity to the
microsatellite mutation process than these two models can account for.

We observed differences in allelic richness between chromosomes, which may reflect
differences in the mutational mechanisms acting on microsatellites from those chromosomes
as a consequence of their differing exposure to recombination. The X chromosome can only
recombine in females and in contrast to eutherian mammals there is no recombination on the
hemizygous marsupial Y chromosome. Levels of microsatellite variation observed from these
chromosomes vary in the manner predicted by their relative exposure to recombination, which
is consistent with recombination being an important source of microsatellite mutations.
However, other factors (summarised in Table 4.6) may also explain differences in levels of
genetic variation when comparing mammalian sex chromosomes and autosomes, for example
differences in chromosomal modes of inheritance or the effect of a male mutation bias
(Haldane 1947; Miyata et al. 1987). In particular, results similar to those observed are also
predicted as a consequence of the relative effective population sizes of these chromosomes.

Our results are suggestive of a male mutation bias in the tammar wallaby, as α was calculated
to be greater than one after comparing homozygosity at loci from chromosomes X and 2, but
our results were non-significant given the wide confidence intervals observed. This may result
from the relatively small number of loci included in our study, particularly given that our
resampling demonstrates that the estimation of α by this method is sensitive to variation in
levels of homozygosity between loci from the same chromosome. However, it is worth noting
that our estimates of α for the tammar wallaby are consistent with estimates obtained from
eutherian mammals such as felids, rodents and caprids, when we consider generation time and
age at first male reproduction (reviewed in Goetting-Minesky and Makova (2006) and
Ellegren (2007)). Larger studies, involving greater numbers of microsatellite loci, may help
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Table 4.6: Factors that may influence levels of microsatellite variation on different marsupial
chromosomes.

Autosome

X
chromosomec

Y
chromosomec

50%

33%

100%

Relative exposure to
recombinationa,b

3

2

0

Relative Ne of each chromosomea

4

3

1

Relative effect of male mutation
bias on mutation ratea

>

~

>>

Relative effect of recombination
mutations on mutation ratea,b

>>

>

~

Relative effect of chromosome Ne
on mutation ratea

>>

>

~

Proportion of evolutionary time
spent in male germlinea

a

Assuming an equal sex ratio. bAssuming that recombination rates do not vary between males

and females. cAssuming no recombination between X and Y chromosomes. > greater than and
>> much greater than, relative to ~.
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to determine the relative importance of different mutational mechanisms at tammar wallaby
microsatellites and may provide better evidence for or against a male mutation bias in this
species.

The reduced level of genetic variation observed on the tammar wallaby Y chromosome is
likely to reflect the history of the population studied, not just the evolutionary histories of the
sex chromosomes. Assuming that a locus is selectively neutral, allelic richness is affected by
the mutation rate, which influences the creation of new alleles, and also by demographic
factors, which influence the number of alleles transmitted between generations. Therefore, to
understand the causes of reduced allelic richness on the tammar wallaby Y chromosome, we
also need to consider factors which may affect the X and Y chromosomes differently as a
consequence of their modes of inheritance. For example, a skew in sex ratio or in male
reproductive success may act as a bottleneck for the transmission of Y chromosome alleles
much more effectively than for autosomal alleles, as these have higher effective population
sizes and can also be transmitted by females. The effect of such demographic factors on Y
chromosome diversity has been demonstrated in a number of species with low levels of Y
chromosome variation, such as baboons (Lawson Handley et al. 2006), shrews (Lawson
Handley, Berset-Brändli, and Perrin 2006) and domesticated species such as horses and cattle,
where only very small numbers of ‘stud’ males and large numbers of females contribute to
current genetic variation (Hellborg and Ellegren 2004; Lindgren et al. 2004). The tammar
wallaby is known to have a promiscuous mating system with a male dominance hierarchy but,
at least in captivity, subordinate males are able to mate with females and secure a relatively
large (50%) proportion of paternities (Hynes et al. 2005). Nonetheless, we would expect
greater variation in male reproductive success in the tammar wallaby relative to females. Such
variation may reduce further the effective population size of the Y chromosome. In contrast,
levels of variation on the tammar wallaby Y chromosome are unlikely to be reduced by a
skewed sex ratio as there is no evidence for a female bias in this species. There is some
evidence for a male bias in tammar wallaby pouch young (Inns 1980; Wright and Stott 1999),
which might be influenced by maternal condition or age (Sunnucks and Taylor 1998), but
other studies have failed to find any significant sex bias in tammar wallaby populations
(Andrewartha and Barker 1969; Christensen 1980; Cockburn 1990). It is possible that the
combination of a slight excess of male pouch young and elevated adult male mortality (Inns
1980) may therefore result in the maintenance of an adult sex ratio close to unity in the
tammar wallaby.
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A key feature of our study is the use of microsatellites from the tammar wallaby X and Y
chromosomes. The evolution of autosomal microsatellites has been studied in depth in a wide
range of species, leading to the development of a model of microsatellite evolution as a life
cycle encompassing the birth, expansion and degeneration of short tandem repeats (Amos
1999; Chambers and MacAvoy 2000; Buschiazzo and Gemmell 2006). In contrast,
comparatively few studies have looked at microsatellite evolution on the sex chromosomes
and most of those studies have involved human Y chromosome microsatellites. The main
pattern emerging from those studies is that the mutational properties of microsatellites on
different chromosomes are affected by similar mutational mechanisms. For example, average
mutation rates were similar for Y chromosome (Kayser et al. 2000) and autosomal loci
(Brinkmann et al. 1998b) and mutations at both Y chromosome (Heyer et al. 1997; Kayser et
al. 2000; Dupuy et al. 2004) and autosomal loci (Weber and Wong 1993; Leopoldino and
Pena 2003) followed a stepwise pattern consistent with generation by replication slippage.
These similarities between chromosomes have been taken as evidence that recombination is
not an important source of mutations at autosomal microsatellites. However, there is also
evidence for locus- and allele-specific heterogeneity at human Y chromosome microsatellites:
mutation rates are higher at loci with longer uninterrupted repeat regions (Carvalho-Silva et
al. 1999; Dupuy et al. 2004) and there is a bias towards expansion mutations at shorter alleles
and contraction mutations at longer alleles (Dupuy et al. 2004). In this study we have
demonstrated that allelic richness is greater at tammar wallaby X and Y chromosome
microsatellites with longer repeat regions, suggesting that mutation rates vary between loci,
and possibly alleles, dependent on the length of the longest uninterrupted repeat. Thus, it
appears that the mutation process at Y chromosome microsatellites shares the complexity
apparent at autosomal loci and that, even on this non-recombining chromosome, the SMM is
not an appropriate model of microsatellite evolution.

Conclusion
We have demonstrated that neither the SMM nor the IAM can reliably predict the patterns of
variation seen at loci with the high mutation rates typically observed at microsatellite markers.
In addition, microsatellite variation is reduced on the tammar wallaby Y chromosome relative
to an autosome. It is clear that the mutation processes acting on microsatellites on all
chromosomes are more complex than a simple stepwise process and may vary considerably
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between loci and between alleles at the same locus. Further work is needed to identify the
types and frequencies of mutations occurring at microsatellites from the different
chromosomes, particularly with regard to direct observation of mutation events to determine
the potential for large multi-step mutations that may be caused by recombination.
Comparative sequencing of alleles may also prove useful to determine the extent of indels and
substitution mutations, which may contribute to the complex mutation patterns inferred for
compound and interrupted loci. As a consequence of this mutational complexity, we suggest
that the suitability of specific mutation models for the analysis of microsatellite genotyping
data should be assessed on a case-by-case basis. Many popular analyses of microsatellite data
make assumptions about the microsatellite mutation process and these assumptions commonly
rely on the SMM or the IAM. The implications for data interpretation of widespread and
locus-specific deviations from these models should therefore be carefully considered.
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Chapter 5
Characterising microsatellite mutations using small-pool PCR

Abstract
Small-pool PCR (SP-PCR) has been used to investigate mutations at microsatellite loci in
humans, but few authors have provided clear criteria to guide conduct and allele scoring in
such studies. As a possible consequence of this, the application of SP-PCR to mutation studies
in most other species has been limited. Here we present an analysis of microsatellite
mutations in a marsupial, the tammar wallaby (Macropus eugenii), and provide a framework
for the validation of SP-PCR studies. Three autosomal microsatellites were amplified from
somatic DNA to characterise PCR efficiency and reliability. Reconstruction experiments,
where samples of different genotypes were mixed in different ratios, were performed to
determine our ability to discriminate mutations from parental alleles. We used these
experiments to develop a series of rules to guide the interpretation of such studies and scored
mutations only once strict criteria had been satisfied concerning our ability to distinguish
mutations from parental alleles, artefacts and stutter peaks. We then applied our rules in the
identification of mutant alleles in sperm DNA from three males. We estimated mutation rates
at the three loci to range from 1.5 x 10-2 to 2.2 x 10-3 mutations per locus per generation, but,
because of the limitations of SP-PCR, these represent relative rather than absolute mutation
rates. Large multi-step mutations were observed, providing evidence for complex mutation
processes at microsatellite loci and demonstrating the need for researchers to actively screen
for large mutation events. Our observations highlight the importance of understanding
microsatellite amplification characteristics through rigorous experimentation before
embarking on SP-PCR studies or microsatellite genotyping studies reliant on amplification
from trace DNA, including forensic samples and non-invasive wildlife samples.
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Introduction
Microsatellites, or short tandem repeats, are an important class of genetic marker. Since their
discovery in the 1980s (Tautz and Renz 1984; Weber and May 1989) they have been widely
applied throughout the biological sciences (Jarne and Lagoda 1996; Jobling and Gill 2004;
Schlötterer 2004). The popularity of microsatellites in population genetic studies can be
explained by their high levels of polymorphism (a consequence of their high mutation rates)
and the relative ease of microsatellite genotyping through PCR analysis (Schlötterer 2004).
Despite their application as genetic markers, the mutational mechanisms affecting
microsatellite loci are not completely understood. What is clear from the results of Chapter 4
and from previous studies (Di Rienzo et al. 1998; Eisen 1999; Ellegren 2004; Lopez-Giraldez,
Marmi, and Domingo-Roura 2007) is that microsatellites are subject to complex mutation
processes that can vary between species, individuals, loci and alleles. A good understanding
of microsatellite mutations is critical for the development of accurate mutation models to
enable reliable analysis of microsatellite genotyping data (Balloux and Lugon-Moulin 2002;
Estoup, Jarne, and Cornuet 2002).

The microsatellite mutation process has been directly observed in a wide range of species,
with the resulting observations used to refine mutation models (Ellegren 2000b; Schlötterer
2000). Pedigree analyses have provided much information on de novo mutation events by
identifying allelic differences between parents and their offspring (Beck, Double, and
Cockburn 2003; Klintschar et al. 2004; Gow et al. 2005). However, pedigree analysis is not
suited to all situations as it requires the availability of large numbers of samples with known
parentage. An alternative approach used to characterise mutations at genetic markers such as
microsatellites is small-pool PCR (SP-PCR) from sperm DNA (Jeffreys et al. 1994;
Holtkemper et al. 2001). In that approach, PCR is performed on small aliquots of DNA from
sperm from a single individual, with each reaction containing DNA from between one and
200 cells (Mornet et al. 1996; Jeffreys et al. 1997; Crawford, Wilson, and Sherman 2000;
Holtkemper et al. 2001; Piñeiro et al. 2003; Coolbaugh-Murphy et al. 2004). Any alleles
observed in the PCR product in addition to the known paternal alleles are considered to
represent mutations, allowing estimation of the frequencies and types of mutations occurring.
SP-PCR has been used extensively to investigate microsatellite mutations at human disease
loci and population genetic markers (Mornet et al. 1996; Crawford, Wilson, and Sherman
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2000; Bacon, Dunlop, and Farrington 2001; Holtkemper et al. 2001), but to date this approach
has had little application to other species.

Despite its apparent value in the analysis of mutational processes, there are a number of
limitations to SP-PCR, most of which are associated with the small numbers of target
molecules included in each reaction. For example, the mutation rate may be underestimated if
differential amplification of alleles, reflecting their copy number at the start of the PCR,
results in failure to detect the presence of genuine mutant molecules against the background
of larger numbers of ‘normal’ alleles (Crawford, Wilson, and Sherman 2000). Alternatively,
the mutation rate may be overestimated if PCR artefacts, which are more common or more
easily detected when amplifying from small numbers of DNA molecules (Foucault et al.
1996; Goossens, Waits, and Taberlet 1998), are mistaken for mutant alleles (Crawford,
Wilson, and Sherman 2000; Coolbaugh-Murphy et al. 2004). Ultimately, genotyping
reliability is a problem for all microsatellite studies that rely on the analysis of trace DNA
samples, particularly in the analysis of non-invasive samples from wildlife, such as hair
(Gagneux, Boesch, and Woodruff 1997) and faeces (Reed et al. 1997) and degraded ancient
DNA samples (Hofreiter et al. 2001). In these situations, where only a very small number of
template molecules are added to each reaction, any factor that makes it difficult to reliably
score alleles can potentially lead to genotyping errors.

When amplifying from low quantities of DNA molecules, as in SP-PCR, there are several
possible outcomes for each reaction (Table 5.1), including a correct or incorrect genotype, or
the absence of a PCR product (Taberlet, Waits, and Luikart 1999). An incorrect genotype may
be caused by the observation of only one allele in a heterozygous sample (allelic drop-out) or
by the presence of an extra, false allele in addition to the correct genotype (allelic drop-in).
Allelic drop-out is thought to be a consequence of stochasticity associated with pipetting or
the more efficient PCR amplification of one allele (usually the shortest) at the expense of the
other allele (Wattier et al. 1998). Allelic drop-in can be caused by contamination or by the
generation of PCR artefacts (Taberlet et al. 1996). In addition, in studies using sperm DNA as
the PCR template, mutant alleles are expected in some samples and need to be reliably
distinguished from false alleles. In an ideal SP-PCR study, the only outcomes observed would
be a correct paternal genotype with either no mutations (outcome 2A of Table 5.1) or
mutations scored correctly (outcome 2B), although an incomplete paternal genotype
(outcomes 3A and 3B) would also be acceptable if the genotype of the sperm donor was
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Table 5.1: Potential PCR outcomes when screening small pools of DNA for mutations.

Genotyping outcome

1

2

3

4

No

Yes

Yes

Yes

Correct genotype?

-

Yes

Incomplete

No

Mutant alleles scored?

-

No

Mutant alleles correct?

-

-

Yes

No

-

Yes

No

-

Yes

No

SP-PCR outcome

1

2A

2B

2C

3A

3B

3C

4A

4B

4C

PCR product?

Yes
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No

Yes

No

Yes

known and contamination was strictly controlled. In reality, genotyping errors are likely in
most studies, making quantification of errors and determination of acceptable error rates a
necessity (Fernando et al. 2003; Hoffman and Amos 2005; Pompanon et al. 2005).

Microsatellite stutter peaks, generated by polymerase slippage during PCR, can also make
reliable scoring of alleles difficult when genotyping from low quantities of DNA (van
Oosterhout et al. 2004) by making genuine alleles or mutations difficult to distinguish
(Brohede, Arnheim, and Ellegren 2004). Stutter peaks generated during the first few PCR
cycles may have higher peak intensities than genuine peaks when only a few DNA molecules
are used as PCR templates (Taberlet et al. 1996). Scoring difficulties may therefore be most
apparent for samples heterozygous for adjacent alleles, which risk being scored as
homozygous for the longer allele, or for homozygous samples with strong stutter peaks,
which risk being scored as heterozygotes (Fernando et al. 2003; Hoffman and Amos 2005;
DeWoody, Nason, and Hipkins 2006). To reduce the risk of mis-scoring alleles because of
stutter, some authors score the predominant peak in a series of stutters, or include a peak with
a weaker signal only if its intensity is above a certain threshold relative to the stronger allele
(Ewen et al. 2000; Bacon, Dunlop, and Farrington 2001; Miquel et al. 2006). However, these
approaches may still be prone to genotyping errors if relative peak intensities of the two
alleles in heterozygotes, or the alleles and their stutter peaks, vary considerably between
samples or reactions. Thus it is important to characterise the stutter patterns typical at each
locus and develop guidelines which consider the relative position of each peak within the
observed stutter pattern, rather than signal intensity alone (Haberl and Tautz 1999; Fernando
et al. 2003; Paetkau 2003).

In light of the high risk of genotyping errors in SP-PCR and other microsatellite studies, and
the observations that error rates and types of errors may vary between samples and between
loci (Taberlet et al. 1996; Paetkau 2003), it is clear that more attention needs to be paid to
characterising and accounting for potential errors when such studies are designed (DeWoody,
Nason, and Hipkins 2006). In each case, researchers need to devise and follow a predetermined procedure of analysis, derived from empirical results, in order to decide
consistently and logically which peaks they will accept as real and to avoid errors caused by
contamination, PCR artefacts and allelic drop-out. In this paper, we describe an approach to
investigate genotyping errors and their implications for mutation identification when
conducting SP-PCR from sperm DNA. From a series of tests conducted on somatic DNA
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samples using three autosomal microsatellite loci in the tammar wallaby, Macropus eugenii,
we derive a set of guidelines to allow us to consistently score microsatellite alleles and
mutations. In particular, we focus on the problems associated with the analysis of
microsatellite DNA from trace samples including allelic drop-out, PCR artefacts and the
ability to distinguish artefacts from rare mutation events. We then use SP-PCR from sperm
DNA to screen for mutations at the same three microsatellite loci. Although our insights are
derived from a specific set of loci in a single species, our approach is general and can be
modified to meet the challenges of other species and loci with similar genotyping reliability
concerns.

Materials and Methods
Method outline

To identify appropriate and realistic rules for the analysis of trace samples of sperm DNA in
the tammar wallaby, we established a process in which accurate quantitation followed by
reconstruction experiments and replicate PCRs were performed on DNA from somatic (ear)
tissue to determine PCR efficiency and reliability at the loci of interest (Figure
5.1). For those experiments, we used DNA extracted from ten wild-caught wallabies that had
been previously genotyped at three microsatellite loci from chromosome 2 (Chapter 4). Once
the characterisation was complete and the rules for interpretation established, small-pool PCR
was undertaken to identify mutations in sperm.

DNA extraction, quantitation and dilution

Sperm samples were obtained by electro-ejaculation from three male tammar wallabies from
the University of Newcastle research colony. The collected semen was left to coagulate and
spermatozoa were then swum up into ~15 ml of TBS buffer. To allow estimation of cell
concentration using a haemocytometer, an aliquot of each sample was fixed in an equal
volume of 4% paraformaldehyde. The remainder of each sample was aliquoted into 1.5 ml
tubes, snap frozen in liquid nitrogen for transport and stored at -80°C until DNA extraction.
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Characterise:

• Quantify PCR artefacts

• PCR from single DNA
sample of known genotype

Experiment 2

• Analyse according to guidelines

• Small-pool PCR from sperm DNA

Experiment 3

Establish guidelines for scoring alleles, mutations and PCR artefacts

• Relative intensities of alleles and stutter peaks

• Allelic drop-out and short allele dominance frequencies

• How often is spike detected for
each reference DNA amount?

Evaluate and select
optimal DNA
template amount for
use in sperm DNA
screening

Figure 5.1: Overview of methods used in this SP-PCR study; ‘ge’ refers to haploid genome equivalents.
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DNA:
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another male

• Test ability to detect a single
variant allele

Experiment 1

DNA was extracted from each sperm sample using a standard phenol-chloroform method
(Sambrook and Russell 2001), followed by ethanol precipitation. To minimise the risk of
contamination from external sources, all extractions were performed in a class II biological
safety cabinet. To minimise the risk of contamination between samples, DNA from each
sample was extracted on a separate occasion. The biological safety cabinet was disinfected
with 2% glutaraldehyde and UV irradiated between extractions. DNA was extracted from
somatic (ear) tissue samples from Kangaroo Island wallabies using a salting out method as
follows. For each sample a 2 mm2 piece of tissue was incubated overnight at 55 °C in 330 µl
tissue extraction buffer (40 mM Tris / HCl; 100 mM NaCl; 20 mM EDTA, pH 7.2; 0.6%
SDS; 0.5 mg/ml Proteinase K). After incubation, 150 µl of 7.5 M ammonium acetate was
added. Samples were chilled at -80 °C for 25 minutes before centrifugation for 20 minutes at
13,000 rpm and 4 °C. Supernatant was then transferred to a new tube and DNA was ethanol
precipitated. DNA pellets were resuspended in 1 x TE.

A single tammar wallaby haploid genome contains ~3.6 Gb of DNA (pers. comm. M.
Wakefield), which equates to ~3.68 pg of DNA per haploid cell (Gregory 2006). We refer to
this amount as 1 haploid genome equivalent, or 1 ge. Aliquots of the somatic and sperm DNA
samples were quantitated using 50 µl MiniCell cuvettes and Hoechst dye in a Hoefer DQ 300
fluorometer calibrated with standard DNA at a concentration of 5 ng/µl. The lower detection
threshold of the fluorometer was determined, using DNA dilutions of known concentration, to
be ~2 ng/µl. Consequently, for each DNA sample dilutions were made to a concentration of
approximately 3-6 ng/µl, corresponding to around 1000-2000 ge/µl. The concentrations of
these stock dilutions were confirmed by 12 replicate fluorometer quantitations for each
sample. Further dilutions were made from these stocks to obtain working dilutions at
concentrations of 1 ge/µl, 10 ge/µl, 50 ge/µl and 100 ge/µl for each sample. These dilutions
were obtained directly from the stocks rather than through serial dilutions to minimise
variability between aliquots, which increases as the concentration of aliquots decreases
(Stenman and Orpana 2001).
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PCR conditions
Three microsatellite loci isolated from tammar wallaby chromosome 2 were used in this
study: Me2-047, Me2-084 and Me2-088 (Chapter 3). Me2-047 contains a compound
trinucleotide repeat sequence, while Me2-084 and Me2-088 each have dinucleotide repeat
sequences. These loci were selected because each contains an uninterrupted repeat region and
each displayed high levels of variation in a survey of Kangaroo Island tammar wallabies
(Chapter 4). Primer sequences for the three microsatellite loci used are given in Chapter 3,
however in this study, forward primers did not include a 5’ M13 tag. Instead, forward primers
were labelled with WellRed dyes (Sigma Proligo) as follows: Me2-047 was labelled with D4,
Me2-084 was labelled with D3 and Me2-088 was labelled with D2. Thus, the length of each
allele was 19 bp shorter in this study than the same allele as described in Chapters 3 and 4.

The same two-stage PCR process was used for all reactions conducted as part of this study. In
the first PCR stage (PCR1), reactions of 10 µl total volume contained final concentrations of
1x PCR buffer (Eppendorf HotMaster Taq Buffer, includes 2.5 mM Mg2+ per reaction),
0.2 mM each dNTP, 500 mM betaine, 0.5 µM forward primer, 0.5 µM reverse primer, 0.25 U
Taq polymerase (Eppendorf HotMaster Taq) and the appropriate amount of DNA. Cycling
conditions for PCR1 were: 94 °C for 2 min; 11 touchdown PCR cycles of 94 °C for 20 s,
annealing temperature (starting from 65 °C and decreasing to 60 °C by 0.5 °C per cycle) for
30 s, 65 °C for 30 s; nine cycles of 94 °C for 20 s, 60 °C for 30 s, 65 °C for 30 s; and 65 °C
for 30 min. At least two negative controls containing ddH2O instead of DNA were included as
part of each PCR1 master mix. In the second PCR stage (PCR2), 10 µl of master mix was
made per sample containing the same reagents at the same concentrations as for PCR1, with
the exceptions that we added no DNA and the final concentration of each dNTP was 0.3 mM
for each 10 µl aliquot. To each 10 µl aliquot we added 5 µl product from PCR1, to give a final
reaction volume of 15 µl for PCR2. Cycling conditions for PCR2 were: 94 °C for 2 min; 40
cycles of 94 °C for 20 s, 60 °C for 30 s, 65 °C for 30 s; and 65 °C for 30 min. At least four
negative controls were included as part of each PCR2 master mix. Product from the PCR1
negative controls was added to half of these control samples, while the remaining control
samples contained ddH2O instead of product from PCR1. PCR2 products were run on a
Beckman Coulter CEQ 8000, using a 60-420 bp internal size standard. For each CEQ run,
3 µl PCR2 product from each locus was pooled to allow simultaneous analysis of all loci.
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To minimise the risk of contamination, all reactions were set up in a dedicated pre-PCR lab in
which no marsupial DNA had previously been analysed. Master mixes for PCRs 1 and 2 were
prepared and aliquoted in a DNA-free PCR hood, which was UV irradiated before each use.
DNA samples were opened and added to the aliquoted PCR1 reagents in a laminar flow hood.
When screening DNA for mutations, DNA from only a single male was used as template on
any given occasion to minimise the risk of contamination between samples. Reaction plates
were transported on ice to thermocyclers (Eppendorf Mastercyclers) located in a different
building, where all post-PCR work was carried out, including the addition of product from
PCR1 to PCR2 reagents.

Reconstruction experiments and SP-PCR from sperm DNA
In Experiment 1, we used a series of PCRs of known cell number and composition to
empirically determine our ability to detect a single mutant allele against the background of a
greater number of paternal alleles. Our primary objective here was to determine the optimal
quantity of DNA to screen for mutations in each reaction. The greater the quantity of DNA in
each small pool, the greater the number of cells that can be screened for each PCR, and the
greater the number of potential mutations that can be detected for the available resources.
Conversely, increasing the number of cells in each reaction increases the risk that a single
mutant cell will not be amplified, and therefore detected, because of competition from nonmutated alleles. So, the ideal number of cells per reaction will be a compromise between
maximising the number of cells screened whilst maximising the ability to detect rare
mutations.

In order to establish appropriate quantities of DNA for mutational analysis, we used a
reconstruction approach in which PCRs contained a mixture of two somatic DNA samples of
known genome equivalents. A reconstruction mixture consisted of 10, 50, 75 or 100 ge of
‘reference’ DNA from one male wallaby, plus 1 ge of ‘spike’ DNA from a male wallaby with
a non-overlapping genotype. Reference DNA samples were chosen to have genotypes with
the same or similar alleles as one or more of the sperm donors, as somatic DNA samples were
not available from these animals. To account for the possibility that PCR amplification is less
efficient for longer DNA fragments (Wattier et al. 1998), the spike DNA samples were
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selected to have alleles at least two repeat units longer than the reference DNA samples. For
ease of analysis, spike samples were selected to be homozygous, with the exception of locus
Me2-088 for which no homozygous samples with appropriate allele length were available. In
that case, a heterozygous sample was used, with alleles differing in length by one repeat unit.
Based on the results of 20 replicate PCRs for each DNA ratio, 75 ge of DNA per reaction was
selected as the optimal amount of DNA to use in subsequent experiments, as spike alleles
were detected as often when co-amplified with 75 ge reference DNA as when amplified alone.
An additional 50 PCRs were then performed using the test ratio of 75 ge of reference DNA to
1 ge of spike DNA, together with 70 PCRs using no reference DNA and just 1 ge of spike
DNA as template. This allowed us to determine the number of times the single copy spike
allele was detected in the mixed sample relative to the number of times it was detected when
amplified alone.

In Experiment 2, we investigated the occurrence of PCR artefacts and false alleles at the three
loci studied. For each locus, 51 replicate PCRs were performed using DNA from a single
male wallaby of known, heterozygous, genotype. Based on the results of Experiment 1, each
PCR contained 75 ge of template DNA derived from somatic tissue samples. With the
exception of some disease-related instability (Ionov et al. 1993; Sharma et al. 2002),
microsatellite mutations are much less likely in somatic samples than in germ cells (but see
Lian et al. (2004)), so the results of this experiment provide a baseline estimate of artefact
frequencies using the same amplification conditions that were later used to screen sperm
DNA for mutations.

The results of Experiments 1 and 2 were used to devise a set of guidelines for reliably scoring
microsatellite alleles and identifying mutations in PCR product from small numbers of DNA
molecules. To test these rules we conducted a third experiment (Experiment 3) using smallpool PCR from tammar wallaby sperm DNA to screen for de novo mutation events at the
same three microsatellite loci. For each locus, 51 replicate PCRs were performed for each of
the three males, totalling 459 small pools across all loci and DNA samples. Each small pool
PCR contained 75 ge of template DNA, meaning that approximately 34,425 haploid cell
equivalents were tested in these PCRs.
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Analysis of genotyping results: reconstruction experiments
All genotyping results were analysed using the CEQ 8000 Genetic Analysis System software
Version 8.0.52 (Beckman Coulter). All peaks were scored manually. If PCR product was
observed in any of the negative control samples, results obtained from that entire master mix
were discarded. Samples were regarded as failures and discarded from the analysis if the
genotyping trace was too messy to score alleles (due to excessive stutter or non-specific
peaks) or if size standard peaks could not be correctly assigned for a particular sample.

All peaks observed within a locus-specific target size range were scored. For each locus, the
lower size threshold of the target size range was determined as the size of an allele with the
entire microsatellite repeat region absent. The upper size threshold was based on the known
maximum sizes recorded in a large field study of the species (Chapter 4). We noted the size of
the largest allele previously observed at each locus and set the upper size threshold to be 15
repeat units larger than this allele, to allow for the identification of large expansion mutations.
Based on these target size ranges, we therefore scored mutations between 135 bp and 221 bp
for locus Me2-088, between 196 bp and 310 bp for locus Me2-084 and between 279 bp and
417 bp for locus Me2-047.

Peaks observed in each sample analysed were classified as follows: (i) reference alleles,
peaks representing alleles known to occur in the reference DNA sample; (ii) spike alleles,
peaks representing alleles known to occur in the spike DNA sample (for Experiment 1); (iii)
-1 repeat stutter peaks, peaks representing PCR-generated stutter products that were one
repeat unit shorter than a reference or spike allele; and (iv) spurious peaks, peaks outside
stutter regions that resembled a genuine allele but were not expected in a particular sample.
Peaks that were particularly ‘spiky’ or that resembled ‘dye blobs’ were not included in the
analysis of PCR products, as such peaks had shapes completely different from those of
genuine alleles. For each sample, we recorded the presence or absence of all expected
reference and spike alleles, along with details of any spurious peaks and the peak intensity
(peak height) and estimated fragment size of each peak present. Spurious peaks identified in
each sample were further categorised into those observed in multiple samples at a locus
(locus-specific artefacts) and those observed in a single sample (false alleles), which have the
potential to be erroneously scored as genuine alleles or mutations. Locus-specific artefacts
may represent commonly-amplified non-specific PCR products, for example from different
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regions of the genome, or secondary structures or heteroduplexes formed by genuine PCR
products (Zhang et al. 1994). The number of individual reactions affected by spurious peaks
was calculated, rather than the number of spurious peaks, as this provides a better indication
of the number of genotypes with potential to be scored incorrectly.

The estimated fragment size of each reference allele was used to determine the reproducibility
of PCR product migration through the CEQ’s gel capillaries. Fragments of different lengths or
sequence composition may migrate at different rates through the gel, leading to
inconsistencies in estimated fragment sizes between alleles and samples run at different times
(Haberl and Tautz 1999; Ewen et al. 2000). For any given allele, the minimum and maximum
estimated fragment sizes observed in Experiments 1 and 2 were compared. A difference
between these estimates of greater than half of the distance between alleles, for example
greater than one nucleotide for a dinucleotide microsatellite, may make it difficult to
determine which of two adjacent alleles is represented by a peak.

Results from Experiments 1 and 2 were pooled to investigate PCR efficiency from small
quantities of DNA. For Experiment 1, where reactions contained a mixture of reference and
spike DNA, only the reference genotype was considered. We calculated the proportion of
analysed PCRs in which the correct genotype was observed for each amount of template DNA
at each locus and tested for differences in PCR efficiency between loci and between template
DNA quantities using a binary logistic regression with categorical explanatory variables. The
model included the number of reactions in which the correct genotype was observed as the
dependent variable and the locus and the amount of reference DNA per reaction as categorical
variables. The fitted values from this model were plotted against the amount of reference
DNA per reaction to demonstrate the relationship between template DNA amount and PCR
outcome.

We also recorded the number of samples with allelic drop-out and the number of alleles that
were observed with a -1 repeat stutter peak. We compared peak intensities between the two
alleles of heterozygotes and between alleles and their -1 repeat stutter peaks. Particular note
was taken of samples in which a -1 repeat stutter peak was observed without a corresponding
allele as in these circumstances the genotype could be erroneously recorded. Stutter peaks
could not be analysed for the longer allele at heterozygous samples with adjacent alleles, as
the -1 repeat stutter peak for such alleles was the same size as the shorter allele.
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The efficiency of PCR from 1 ge of DNA was determined from the results of Experiment 1.
We calculated the proportion of analysed PCRs in which the spike DNA was detected,
considering only PCRs in which one or more alleles from the reference DNA had been
identified. By analysing only those reactions that were known to work by the amplification of
a reference allele, we excluded reactions that failed completely for reasons other than poor
amplification efficiency. To allow us to compare the number of samples from which spike
and reference DNA were co-amplified with the number of samples from which 1 ge of DNA
was amplified alone, we also included the results of PCRs from only 1 ge of DNA in this
analysis. A binary logistic regression was conducted with categorical explanatory variables.
The model included the number of reactions in which spike alleles were observed as the
dependent variable and the locus and the amount of reference DNA per reaction as categorical
variables.

Analysis of genotyping results: small-pool PCR from sperm
To analyse the results of our SP-PCRs from sperm DNA, we scored paternal alleles and
mutations at each locus according to the guidelines developed from Experiments 1 and 2
(summarised in Figure 5.2). We confirmed for each result that all size standard peaks were
identified and assigned the correct fragment sizes by the CEQ software. We also identified
any traces that could not be scored because of excessive amounts of stutter or non-specific
products. Results that did not meet either of these criteria were failed for technical reasons
and excluded from the study.

Paternal alleles were identified in each analysed SP-PCR. We employed a threshold minimum
peak intensity when scoring paternal alleles, where peaks with lower intensities were
excluded from subsequent analyses. In Experiments 1 and 2 we frequently observed clear,
unambiguous peaks of the correct fragment length below 1000 relative fluorescent units (rfu)
at all three loci, but only a very small number of clear allele peaks were observed with
intensities below 500 rfu (Table 5.3). We therefore set 500 rfu as the minimum threshold for
further studies with these loci. In so doing, it should be recognised that it was not possible to
reliably score all peaks above the defined threshold, because peaks could not be reliably
distinguished from background noise in the CEQ trace in some PCRs. PCRs in which no
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SP-PCR from sperm DNA
(Experiment 3)

NO
Electrophoresis analysis OK?

DISCARD
RESULT

YES
Score paternal alleles:
- at least one of correct size?
- peaks > threshold intensity?

NO

YES
Acknowledge known stutter peaks and locusspecific artefacts within target size range for locus

Identify all other peaks within target size
range for locus as potential mutations

CHARACTERISE
GENOTYPING
ERRORS
(Experiments
1 & 2)

Is the peak > threshold intensity?

NO
IGNORE

YES
Is it a clear peak
(not too spiky / dye blob)?

NO

YES
Is it in a region of unscorable/messy background of the
same dye, or ‘pulled up’ by a strong peak of another dye?

YES

NO

YES
Is it in a region of stutter peaks from a paternal allele?

NO
Incorporate
false allele
frequency

SCORE PEAK AS
A MUTATION

Figure 5.2: Guidelines for scoring microsatellite mutations following small-pool PCR from
sperm DNA. The target size range for each locus is the region within which mutations are
screened for. Further explanations and definitions are presented in the text.

88

paternal alleles were identified were not included in subsequent analyses, as amplification
may have failed. We did not require that both alleles were observed in samples from
heterozygous individuals because, in Experiments 1 and 2, allelic drop-out occurred in up to
5% of PCRs depending on the locus analysed. A single paternal allele was considered a
sufficient positive control for the specificity of the PCR in these circumstances. We also
identified -1 repeat stutter peaks for each paternal allele, as well as known locus-specific
artefacts in each SP-PCR. Estimated fragment size and peak intensity were recorded for all
peaks.

To identify mutant alleles, we scored all other peaks observed within the specific target size
range at each locus. Based on reconstruction experiments in Experiment 1, we set a minimum
peak intensity threshold of 300 rfu for scoring mutant alleles, although, as above, we did not
score all peaks above this threshold as some could not be reliably distinguished from
background noise. We adopted a conservative approach by scoring only clear peaks to which
a fragment length could be assigned and by avoiding excessively spiky peaks and ‘dye blobs’,
which are likely artefacts of the capillary electrophoresis process. We also checked each peak
scored as a mutation to make sure that it was not an artefact ‘pulled up’ in the CEQ trace by a
more intense peak labelled with a different dye. Peaks were not counted if they were observed
within regions of the CEQ trace where there was excessive, unscorable background from the
same dye. Finally, we excluded any peaks that could not be confidently distinguished from
paternal alleles, locus-specific artefacts or their stutter peaks. Peaks meeting all of the above
criteria were scored as mutations.

A binary logistic regression with categorical explanatory variables was used to test for
correlations in the number of mutations detected between loci and between DNA samples
from different males. The model included the number of reactions in which a mutation was
observed as the dependent variable and the locus and the individual male as categorical
variables. To investigate any relationship between mutation rate and repeat length, a second
binary logistic regression was performed which also included the repeat length of the
progenitor allele as a variable. This analysis only considered expansion mutations and repeat
length was taken to be the length of the longest allele at each locus for heterozygotes: this was
to avoid bias caused by our inability to detect mutations within the stutter region.

All statistical analyses were performed in SPSS version 14.0.
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Results

PCR efficiency and allelic drop-out
PCRs were conducted for a total of 753 samples across three microsatellite loci in
Experiments 1 and 2. Of these, 97 samples were classed as failures because their CEQ traces
could not be scored or their size standard peaks were incorrectly assigned, leaving 656
samples. It is notable that for each locus most of the failed samples contained only 1 ge or
10 ge of template DNA (Table 5.2), suggesting that quantity of template DNA was a
contributing factor to analysis failure. For example, at locus Me2-084, all 20 PCRs containing
10 ge of DNA and 19 out of 70 PCRs containing 1 ge of DNA failed.

In many PCRs from the same DNA samples, we identified relatively large differences
between replicates in terms of the estimated fragment sizes of alleles. Such variation likely
reflects slight differences in the rates of migration of PCR products during capillary
electrophoresis, especially between samples run on different occasions when variations in
temperature and humidity may have influenced migration rates (Davison and Chiba 2003).
For example, at locus Me2-088, a sample with 161 bp and 179 bp alleles was used as the
reference DNA for Experiment 1. Subtracting the minimum from the maximum estimated
fragment size observed for each allele gives the range of estimated fragment sizes between
samples. This range was 1.16 nucleotides for the 161 bp allele and 1.19 nucleotides for the
179 bp allele. Over all loci, the range in estimated fragment sizes was greater than one
nucleotide for several alleles in this study, but was never as high as two nucleotides.

The proportion of analysed PCRs in which the correct reference genotype was observed
increased significantly (P < 0.001) with the amount of DNA added to the reaction (Figure
5.3). For each locus, the highest proportion of reactions with the correct genotype was
observed when 100 ge of template DNA was used. There was no significant difference
between results from 100 ge and 75 ge of DNA (P = 0.23) or 100 ge and 50 ge of DNA
(P = 0.45). Relative to PCRs from 100 ge of DNA, the correct genotype was observed in
significantly fewer reactions from 10 ge (P < 0.001) or 1 ge (P < 0.001) of DNA. When using
10 ge of template DNA or less per PCR a maximum of 63% of analysed reactions, and in
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353/359

Sp

0 359/362 -

0
1
1
1
1

Sp Ref

Genotypeb

75

1
10
50
75
100

Me2-047

expt. 1
expt. 2
expts.
1+2
Me2-084

Ref

DNAa

60
11
16
67
20
174
51

225

251

205

251

70
20
20
70
20
200
51

51
0
16
67
20
154
51

226

251

70
20
20
70
20
200
51

61
11
16
67
20
175
51

N

70
20
20
70
20
200
51

PCR

225

60
11
16
67
20
174
51

51

0
0
0
0
0
51

165

0
11
16
67
20
114
51

NHet

Number of samplesc

164

8
9
15
64
20
116
48

130

7
15
42
19
83
47

144

1
7
13
61
16
98
46

Any

10

5
1
1
2
0
9
1

0

0

3

Short
onlyd
2
0
0
0
2
1

1

0
1
0
0
0
1
0

0

0

0

Long
onlye
0
0
0
0
0
0

68.0

5.0
63.6
87.5
92.5
100.0
60.9
92.2

63.4

13.7
93.8
62.7
95.0
53.9
92.2

62.4

1.6
45.5
81.3
91.0
80.0
54.9
88.2

C(%)f

Allelic drop-out

153

6
7
13
61
20
107
46

130

7
15
42
19
83
47

136

1
3
13
58
16
91
45

Short

149

7
14
61
20
102
47

47

47

89

4
12
57
16
89
-

Long

1

1
0
0
0
1
-

13

2
8
3
13
-

9

1
2
3
3
9
-

Sp

-1 repeat stutterg

15

3
5
4
3
15
-

15

2
10
3
15
-

17

1

1
0
0
0
1
-

0

0
0
0
0
-

0

7.1

13.3
36.4
31.3
6.0
15.0
14.0
-

7.3

13.7
12.5
14.9
15.0
14.6
-

7.5

9.1

33.3
33.3
6.3
15.0
13.9
-

11.5

13.3
23.8
15.8
19.7
-

11.8

1 ge template DNA
detectedh
N
Any
Ref -Ref
(%)
(%)
1.6
1
0
9.1
14.3
4
0
25.0
30.8
9
0
13.4
14.8
3
0
15.0
18.8
17
0
14.9
17.5
-

Table 5.2: Results from SP-PCR and reconstruction experiments using somatic DNA samples at three autosomal microsatellites.

Locus

91

96

0
6
5
41
13
65
34

9

0
1
6
0
7
2

0

0
0
0
0
0
0
0

L

2

1
0
0
1
0
2
0

0

0
0
0
0
0
0

5

0
1
1
1
0
3
2

F

Artefactsi
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DNA amount (haploid genome equivalents; ge) added to each reaction. Ref. = reference DNA, Sp. = spike DNA. bAlleles present in each DNA

the term short reference allele also includes alleles observed at homozygous samples, where appropriate.

which a spike allele was also detected. iNumber of samples in which PCR artefacts were observed: L, locus-specific artefacts; F, false alleles. NB

analysed samples in which 1 ge of DNA was detected; Ref(%) = Percentage of the samples in which at least one reference allele was observed in

spike allele was observed: Ref. = in conjunction with a reference allele; -Ref. = in the absence of a reference allele; N(%) = percentage of

repeat stutter peak: short allele = short reference allele, long allele = long reference allele, Sp. = spike allele. hNumber of samples in which a

Percentage of analysed samples in which the correct genotype was observed. gNumber of samples in which an allele was observed with a -1

f

in which only the short reference allele was observed. eNumber of heterozygous samples in which only the long reference allele was observed.

heterozygous samples analysed; Any: Number of samples in which at least one reference allele was observed. dNumber of heterozygous samples

sample. cPCR: Number of samples for which PCRs were set up; N: number of samples included in the analysis of results; NHet: number of

a

Table 5.2: legend

most cases less than 50%, produced the correct reference genotype (Table 5.2). The locus at
which the highest proportion of correct genotypes was observed was Me2-088. The correct
genotype was observed in significantly fewer reactions at locus Me2-084 (P = 0.01), but not
at locus Me2-047 (P = 0.07).

Allelic drop-out was observed in three reactions at locus Me2-047 and 11 reactions at locus
Me2-088, representing 1.8% and 4.9% of heterozygous samples analysed respectively. In 13
of the 14 reactions affected by allelic drop-out, the longer of the two alleles was the missing
allele (Table 5.2). No allelic drop-out was observed at locus Me2-084 in the 51 heterozygous
samples from Experiment 2. The peak intensities of alleles were compared for heterozygous
samples without allelic drop-out. The allele with the shorter fragment length had higher mean
peak intensity than the longer allele in 66% of reactions at locus Me2-047, 92% of reactions
at locus Me2-084 and 93% of reactions at locus Me2-088. Thus, peak intensity was highest
for the longer allele in some samples at each locus, especially when PCRs contained 10 ge of
template DNA or less (Table 5.3).

Microsatellite stutter peaks
Microsatellite stutter peaks can make it difficult to score alleles and mutations consistently
because the intensity of stutter peaks relative to genuine peaks can vary considerably between
reactions. Thus, it is important to characterise stutter patterns at loci used as markers. We
found stutter to be common at the three loci used in this study in all PCR categories, with -1
repeat stutter peaks recorded at over 95% of reference alleles scored in Experiments 1 and 2
(Table 5.2). The relative peak heights of alleles and their stutter peaks varied between loci,
but in most cases the allele had higher mean intensity than its -1 repeat stutter peak (Table
5.3). The short allele was more intense than its -1 repeat stutter peak in 99% of reactions at
locus Me2-047, 98% of reactions at locus Me2-084 and 99% of reactions at locus Me2-088.
The long allele, where present, was higher than its -1 repeat stutter peak in 98% of reactions
at locus Me2-047, 89% of reactions at locus Me2-084 and 99% of reactions at locus Me2-088.
A -1 repeat stutter peak was observed in the absence of the corresponding allele in two
samples, one at locus Me2-084 and one at Me2-088. Both of these results were observed in
PCRs from 75 ge of template DNA in Experiment 1.
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1
0.9

Proportion of PCRs with correct
genotype (fitted values)

0.8
0.7
0.6
0.5

Me2-047

0.4

Me2-084
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Amount of template DNA per PCR

Figure 5.3: The proportion of PCRs with the correct genotype (represented by the fitted
values of the logistic regression model) increases with the amount of template DNA
(measured in haploid genome equivalents) added per reaction: Me2-047 (diamonds and solid
line), Me2-084 (squares and dotted line) and Me2-088 (triangles and dashed line).
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Me2
-088

0
1
1
1
0
1
0
1
1
1
0
1
0
1
1
1
0
1

Sp

Short reference allele estimated
fragment size
Max- Std.
Mean Min
Max
Min dev.
365.76 365.76 365.76 0.00 0.00
353.45 353.20 353.75 0.55 0.20
353.18 353.00 353.35 0.35 0.10
353.18 352.73 353.63 0.90 0.18
359.15 358.93 359.44 0.51 0.10
353.30 353.18 353.52 0.34 0.08
245.19 244.98 245.38 0.40 0.15
233.66 233.31 234.11 0.80 0.20
233.45 233.21 233.66 0.45 0.11
233.58 233.11 234.08 0.97 0.19
233.71 233.51 234.21 0.70 0.18
182.98 182.35 183.34 0.99 0.29
162.03 161.88 162.29 0.41 0.12
161.92 161.29 162.14 0.85 0.22
161.66 160.61 161.99 1.38 0.22
161.82 161.38 162.33 0.95 0.20
162.00 161.71 162.45 0.74 0.18

Table 5.3 continued to second page.

1
10
50
75
75
100
1
10
50
75
75
100
1
10
50
75
75
100

Me2
-047

Me2
-084

Ref

DNA
amounta
Long reference allele estimated
fragment size
Max- Std.
Mean Min
Max
Min dev.
359.46 359.31 359.88 0.57 0.24
359.36 359.11 359.74 0.63 0.15
361.21 361.95 362.55 3.50 1.48
362.22 361.96 362.52 0.56 0.11
359.41 359.29 359.60 0.31 0.08
250.83 250.69 251.04 0.35 0.10
185.03 185.01 185.07 0.06 0.03
178.90 178.75 179.16 0.41 0.14
178.83 178.49 179.11 0.62 0.18
178.50 178.11 178.85 0.74 0.16
178.66 178.16 179.30 1.14 0.23
178.81 178.58 179.09 0.51 0.15

Short reference allele peak
intensity
Std.
Mean Min
Max
dev.
38114 38114 38114 0
31372 608
120793 44671
33898 1459 143606 43360
62475 1069 183684 51385
48040 468
176620 39703
68356 5066 122784 29880
5753 1676 11921 3678
54659 819
148590 52109
29798 1675 79668 18682
58628 2145 159976 41872
40759 3438 76388 21612
4616 585
25565 8527
63928 5473 168374 55134
29894 701
106285 34369
54011 540
161573 37125
52112 960
170555 40186
31358 4432 96996 23259

reference alleles, spike alleles and their -1 repeat stutter peaks at three autosomal tammar wallaby microsatellites.
Long reference allele peak
intensity
Std.
Mean Min Max
dev.
84143 3570 157187 73628
29463 860 135884 40428
49434 635 185097 45867
36672 1987 125186 30355
62244 6135 129153 34801
12602 1523 41526 8317
12705 1153 35096 19394
32556 850 79946 28612
12936 2707 32705 9063
18231 711 38718 9774
17016 1266 56582 11814
14660 2092 42008 11220

Table 5.3: Variations in estimated fragment sizes (in nucleotides) of reference alleles and peak intensities (in relative fluorescent units) of

Loc

95

96

1
10
50
75
75
100
1
10
50
75
75
100
1
10
50
75
75
100

Me2
-047

DNA amount (haploid genome equivalents; ge) added to each reaction. Ref. = reference DNA, Sp. = spike DNA. NB the term short reference

0
1
1
1
0
1
0
1
1
1
0
1
0
1
1
1
0
1

Sp

Short reference allele -1 repeat
Long reference allele -1 repeat
Spike allele -1 repeat stutter
Spike allele peak intensity
stutter peak intensity
stutter peak intensity
peak intensity
Std.
Std.
Std
Std
Mean
Min
Max
Mean Min
Max
Mean
Min
Max
Mean
Min
Max
dev.
dev.
dev
dev
28399 28399 28399
0
- 38114 38114 38114
0 28399 28399 28399
0
50428
759 113855 57789 100298 2692 181514 74998 109443 109443 109443
0 95306 95306 95306
0
10423
325 47388 14056 14226 371 60435 19124
791
176
1994
849 3576 1729 5422 2611
22148
481 85616 19376 24113 593 124952 25550
5912
2107 10084 3094 8425 7712 9217 756
16563 1492 60062 13902
21863 1364 40422 9748 26574 2203 54785 14733
3462
1581
5362 1891 3551 3013 3945 482
5567 1660 16162 5086
5753
1676 11921 3678 5567 1660 16162 5086
33310
307 93564 32610
- 11669 10311 13027 1921 10618 8825 12411 2536
16138
888 44815 10686 11726 1414 38666 7926
2079
385
6934 2007 2515
992 5831 1532
32353
949 95769 25100
22632 1782 44149 12385
2576
1231
3476 1187 1968
834 2796 1016
3762
391 15005 5568
6822
585 35096 11849 3762
391 15005 5568
24766 2694 48964 17938 24863 3053 49812 18144
4129
660 11460 5065 9178 9178 9178
0
7973 1310 24046 8489
7476 1626 18054 5200
1557
695
3439
922
0
0
0
0
12785
645 45471 9353 10513 839 27354 6214
695
317
1287
342
0
0
0
0
13680
443 50040 10501
9718 671 33040 7192
7774
493 26380 6452
8993 1279 24747 7197
475
173
772
219
0
0
0
0

allele also includes alleles observed at homozygous samples, where appropriate.

a

Me2
-088

Me2
-084

Ref

Loc

DNA
amounta

units) of reference alleles, spike alleles and their -1 repeat stutter peaks at three autosomal tammar wallaby microsatellites.

Table 5.3 continued: Variations in estimated fragment sizes (in nucleotides) of reference alleles and peak intensities (in relative fluorescent

Reconstruction experiments
In Experiment 1, there was no significant difference between loci in terms of the proportion of
reactions in which spike alleles were observed (P = 0.49 when all analysed samples were
included; P = 0.33 when including only samples in which reference alleles were detected).
Overall, spike alleles were detected in 9.3% of analysed PCRs containing only 1 ge of
template DNA. This amplification efficiency was particularly poor at locus Me2-047 with
1 ge of DNA detected in only 1.6% of analysed reactions, relative to 13.7% and 13.3% of
analysed reactions for loci Me2-084 and Me2-088 respectively. In comparison, in reactions
containing 1 ge of spike DNA in addition to a greater amount of reference DNA, spike alleles
were detected in 14.2% of all analysed PCRs, or 14.9%, 14.6% and 14.0% of analysed
reactions at loci Me2-047, Me2-084 and Me2-088 respectively. When analysis was restricted
to samples in which at least one allele from the reference DNA sample was also observed,
1 ge of spike DNA was detected in 16.7% of reactions across all loci, or 17.5%, 19.7% and
13.9% of reactions at loci Me2-047, Me2-084 and Me2-088 respectively (Table 5.2). The
DNA sample used as spike DNA at locus Me2-088 was heterozygous, with alleles of 183 bp
and 185 bp in length. Spike DNA was detected in a total of 15 out of 114 analysed samples at
this locus. In six samples, only the 183 bp peak was observed and in a single sample only the
185 bp peak was observed. Both the 183 bp and the 185 bp peaks were detected in the
remaining eight samples.

When all reactions in which at least one reference allele was observed are considered, the
proportion of samples in which spike alleles were detected varied significantly with the
quantity of reference DNA added to the PCR (P = 0.05). To determine whether a single copy
of a spike allele was more likely to be detected when amplified alone or when co-amplified
with another DNA sample, the proportion of reactions in which spike alleles were detected for
each category of reference DNA was compared to the results from 1 ge of spike DNA alone.
Spike alleles were more likely to be observed in PCRs that also contained 10 ge of reference
DNA (P = 0.04) or 50 ge of reference DNA (P = 0.01) than in PCRs from only 1 ge of spike
DNA, meaning that a single mutant allele was more likely to be detected against a
background of 10 or 50 copies of ‘normal’ alleles than when amplified alone. In contrast,
spike alleles were observed no more frequently in PCRs that also contained 75 ge of reference
DNA (P = 0.18) or 100 ge of reference DNA (P = 0.17) than in PCRs from only 1 ge of spike
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DNA. We therefore chose to use 75 ge of template DNA per PCR in Experiment 3 because
there was no significant difference in our ability to detect a spike allele when co-amplified
with 75 ge of reference DNA than when that same allele was amplified alone (Table 5.2). We
decided not to use 100 ge of DNA per PCR for more subjective reasons, as it seemed more
difficult to score peaks from the spike DNA in CEQ traces using 100 ge of reference DNA.

When the peak intensities of spike alleles were compared with those of their co-amplified
reference alleles, the reference allele had higher peak intensity than the spike allele in every
sample but one, in which only 10 ge of reference DNA was used. In some samples the
reference allele peak was over 100 times more intense than the spike allele peak (Table 5.3).
Where reference samples were heterozygous, the reference allele with the shortest fragment
length was used for this comparison. The number of spike alleles with a -1 repeat stutter peak
varied from 7% to 87% between loci (Table 5.2). At locus Me2-084, a -1 repeat stutter peak
was observed in the absence of the corresponding spike allele in four samples. The relative
peak intensities of the spike alleles and their -1 repeat stutter peaks varied considerably
between samples. The spike allele had higher peak intensity than its stutter peak in 56% of
reactions in which a spike was observed at locus Me2-047, 54% of reactions in which a spike
was observed at locus Me2-084 and 100% of reactions in which a spike was observed at locus
Me2-088.

PCR artefacts and false alleles
Results from Experiments 1 and 2 were used to calculate the frequency of PCR artefacts for
each locus. In Experiment 2, which was conducted to quantify PCR artefacts, locus-specific
artefacts were observed in 67% of PCRs at locus Me2-088 (Table 5.2). These typically took
the form of a relatively small peak between 145 bp and 153 bp in length, with a series of
dinucleotide stutters stretching between this artefact peak and the genuine allele at 161 bp
(Figure 5.4). In contrast, locus-specific artefacts were observed in only two samples at locus
Me2-084 and in no samples at locus Me2-047. Only two samples were observed to contain
false alleles that may have been scored as genuine alleles if the correct genotype was
unknown. Both of these false alleles were in PCRs from locus Me2-047 (Table 5.2), meaning
that there was potential for genotyping error because of false alleles (excluding locus-specific
artefacts) in 3.9% of samples for that locus under our chosen mutation screening conditions,
or 1.3% across all three loci. In Experiment 1, across all reference DNA categories, an
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Figure 5.4: Examples of CEQ traces displaying locus-specific artefacts in PCRs from locus
Me2-088. Peaks labelled 161 nt and 177 nt represent the alleles present in the reference DNA
sample. Peaks labelled 159 nt and 175 nt represent their -1 repeat stutter peaks. Peaks labelled
145 nt and 153 nt represent common locus-specific artefacts at this locus. Low intensity
stutter peaks can be observed in the gaps between the artefacts and the 159 nt peaks. In SPPCR results such as this it was not possible to score mutations with sizes between the locusspecific artefact peak and the peak representing the longest paternal allele.
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additional five samples containing one or two false alleles were identified at loci Me2-047
and Me2-088 (Table 5.2). With the exception of one sample, in which no reference allele was
detected, all false alleles were much less intense than the genuine allele peaks observed from
the same reaction (Table 5.4).

SP-PCR and identification of microsatellite mutations in sperm DNA
Overall, at least one paternal allele was amplified in 357 of the 459 small pool PCRs,
implying that 26,775 haploid cell equivalents (357 pools x 75 ge) were screened for mutations
(Table 5.5). Mutations were identified from each male and at each locus, but the number of
mutations varied between loci and between individual males (Table 5.5). At locus Me2-088,
two small pools contained two mutant alleles each. Initially a total of 32 mutation events were
identified from 30 small pools. However, we subsequently noted that eight of the peaks
scored as mutations at locus Me2-047 were the same size (407 bp) and that a PCR artefact of
this size was identified at this locus during Experiment 1. Thus, we cannot rule out the
possibility that these peaks represent a previously unidentified locus-specific artefact. We
therefore calculated mutation rates for locus Me2-047 excluding the 407 bp peaks. With these
removed we counted a total of 24 mutation events across all three loci, giving an overall
mutation rate estimate of 9.0 x 10-3 mutations per locus per generation. Considering all males
together, mutation rate was highest for locus Me2-047, at 1.5 x 10-2, intermediate for Me2088, at 9.2 x 10-3 and lowest for Me2-084, at 2.2 x 10-3. The number of reactions in which
mutations were observed was significantly different between loci (P = 0.006). Considering all
loci together, mutation rate was highest for male C, at 1.5 x 10-2, intermediate for male A, at
5.3 x 10-3, and lowest for male B, at 5.4 x 10-3 (Table 5.5). There was no significant difference
in the number of reactions in which mutations were observed between males (P = 0.85).
Considering all loci and all males together (and considering only expansion mutations
originating from the longest allele of each male, to avoid bias caused by our inability to detect
all mutations within the microsatellite stutter region), there was no significant relationship
between the number of reactions in which mutations were observed and the repeat length of
the progenitor allele (P = 0.3).

For each mutation, the progenitor allele was assumed to be the paternal allele closest in length
to the mutant allele. This is a common assumption in microsatellite mutation studies
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(Brinkmann et al. 1998b; Primmer et al. 1998; Bacon, Farrington, and Dunlop 2000;
Leopoldino and Pena 2003) and while it may not be appropriate in every case it provides a
conservative estimate of the number of repeat unit changes associated with each mutation
event. Based on this assumption, all 24 mutations identified in this study represented a change
of at least two repeat units, and up to 35 repeat units, relative to the progenitor allele (Table
5.6). All but two mutations represented expansions rather than contractions of the repeat tract.
However, because of the difficulty distinguishing mutations from stutter peaks we were only
able to identify mutations within small regions of the target size range for each locus. We
were unable to distinguish mutations one repeat larger or smaller than paternal alleles from
the stutter peaks of those alleles, despite the fact that single step mutations are predicted to be
the most common type if replication slippage is an important mutational mechanism (Ellegren
2000b; Schlötterer 2000). Furthermore, we found that stutter peaks between one and
approximately five to ten repeats (dependent on the allele) shorter than each allele were too
intense to allow us to reliably score mutations in these regions. This problem was exacerbated
in heterozygous samples, where any mutations intermediate in size between the two paternal
alleles were impossible to distinguish from the stutter. Our results are therefore likely biased
towards detecting expansion mutations rather than contraction mutations and provide only a
partial picture of the mutation processes acting on these microsatellites.
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Spike DNA
amountc
1
1
0
0
1
0
0
1
1

Ref. DNA
False
d
genotype allele sizee
353/359
407
353/359
371
359/362
331
359/362
322
353/359
371
183/185
159
183/185
179
161/179
194
161/179
200

Peak intensity ratio of
ref. allele: false allele
147.7
12.4
9.7
33.5
4.0
77.6
16.5

False allele has less intense stutters at 155 bp and 157 bp
False allele has less intense stutter at 177 bp

False allele has less intense stutters at 404 bp and 401 bp
False allele has less intense stutter at 368 bp

Presence of stutter peaks

These two false alleles were observed in the same reaction. No reference allele was observed in this sample. bThese two false alleles were

Ref. DNA
amountc
10
50
75
75
75
1
1
75
75

sample. eSize in bp of observed false alleles.

observed in the same reaction. cDNA amount (haploid genome equivalents; ge) added to each reaction. dAlleles present in reference DNA

a

Me2-047
Me2-047
Me2-047
Me2-047
Me2-047
Me2-088a
Me2-088a
Me2-088b
Me2-088b

Locus

Table 5.4: False alleles observed in PCRs from somatic DNA samples at autosomal tammar wallaby microsatellite loci.
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A
B
C
All
A
B
C
All
A
B
C
All
A
B
C
All

175/177
161/177
161/179
245/253
233/249
233/233
360/363
357/363
360/360
-

Genotype

28
49
38
115
22
49
48
119
25
51
45
121
75
149
131
355

Correct

b

28
49
39
116
22
49
48
119
26
51
45
122
76
149
132
357

Any

c

0
0
1
1
0
0
0
1
0
1
1
0
1
2

Short
onlyd

0
0
0
0
0
0
0
0
0
0
0
0
0
0

Long
onlye

2100
3675
2925
8700
1650
3675
3600
8925
1950
3825
3375
9150
5700
11175
9900
26775

Cells

f

3
29
24
56
3
0
3
6
5
0
3
8
11
29
30
70

Artefact

g

1
2
3
6
0
0
2
2
2
4
8
14
3
6
13
22

Pools with
mutationh

Pools with
mutation
(%)i
3.57
4.08
7.69
5.17
0.00
0.00
4.17
1.68
7.69
7.84
17.78
11.48
3.95
4.03
9.85
6.16

Total
number
mutations
1
2
5
8
0
0
2
2
2
4
8
14
3
6
15
24

4.8 x 10-3
5.4 x 10-3
1.7 x 10-2
9.2 x 10-3
0
0
-3
5.6 x 10
2.2 x 10-3
1.0 x 10-2
1.0 x 10-2
2.4 x 10-2
1.5 x 10-2
5.3 x 10-3
5.4 x 10-3
1.5 x 10-2
9.0 x 10-3

Mutation
rate

Alleles present in each DNA sample. bNumber of reactions in which the correct paternal genotype was observed. cNumber of reactions in which
at least one paternal allele was observed. dNumber of reactions from heterozygous samples in which only the short paternal allele was observed.
e
Number of reactions from heterozygous samples in which only the long paternal allele was observed. fNumber of sperm cells screened by SPPCR. This number is calculated from the amount of DNA added to each reaction (75 haploid genome equivalents) and the number of reactions in
which at least one paternal allele was observed. Reactions in which no paternal alleles were observed were not included in the analysis. gNumber
of reactions in which a locus-specific artefact was observed. hNumber of small pools in which a mutation was observed. iPercentage of small
pools in which a mutation was observed. NB the term short allele also includes alleles observed at homozygous samples, where appropriate.

a

Me2-088
Me2-088
Me2-088
Me2-088
Me2-084
Me2-084
Me2-084
Me2-084
Me2-047
Me2-047
Me2-047
Me2-047
All loci
All loci
All loci
All loci

Locus Male

a

Table 5.5: Mutations and locus-specific artefacts observed in SP-PCRs from tammar wallaby sperm DNA at three microsatellite loci.
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Progenitor
Mutant allele
Est. Allele
Size
Est.
Peak
Peak intensity
Paternal Allele
Locus Male
Presence of stutter peaks
a
b
c
d
name
size
name
change
size intensity
ratioe
genotype
Me2-047
A
360/363
363 362.12
369
+2.0
368.4
650
160.43 Less intense stutter at 371.5 bp
Me2-047
B
357/363
363 362.45
373
+3.3
372.1
497
383.82
Me2-047
B
357/363
363 362.27
375
+4.0
374.9
1029
144.05
Me2-047
B
357/363
363 362.13
375
+4.0
374.5
453
312.65
Me2-047
C
360/360
360
359.4
375
+5.0
374.2
998
36.36 Less intense stutter at 370.9 bp
Me2-047
C
360/360
360 359.35
376
+5.3
375.3
495
149.88 Less intense stutter at 372 bp
Me2-047
C
360/360
360 359.46
379
+6.3
378.9
401
60.16 Less intense stutter at 375.3
Me2-047
C
360/360
360 359.74
386
+8.6
385.8
507
314.22 Less intense stutter at 382.4
Me2-047
A
360/363
363 362.38
389
+8.6
388.6
478
297.18 Less intense stutter at 385.4
Me2-047
B
357/363
363 362.36
399
+12.0
398.1
847
208.56 Stutter of similar intensity at 396.1 bp
Me2-047
C
360/360
360
360.2
408
+16.0
408.2
645
165.57 Less intense stutter at 405.6 bp
Me2-047
C
360/360
360 358.88
410
+16.6
409.7
340
450.64 Less intense stutter at 406.7 bp
Me2-047
C
360/360
360 360.42
412
+17.3
412.4
666
215.94 Less intense stutter at 409.5 bp
Me2-047
C
360/360
360 360.12
413
+17.6
413.2
2261
53.44 Less intense stutter at 410.35 bp
Me2-084
C
233/233
233 233.64
211
-11.0
211.1
385
434.54
Me2-084
C
233/233
233 233.87
304
+35.5
304.2
2160
27.56
Me2-088
C
161/179
161 161.92
143
-9.0
143.1
3203
22.23 Less intense stutter at 144.11 bp
Me2-088
B
161/177
177 176.56
181
+2.0
180.8
602
42.87
Me2-088
B
161/177
177 176.49
184
+3.5
183.5
703
54.06 Less intense stutter at 184.49 bp
Me2-088
C
161/179
179 178.92
187
+4.0
187.5
2886
23.95
Me2-088
A
175/177
177 176.74
198
+10.5
197.7
2568
12.64
Me2-088
C
161/179
179 178.72
202
+11.5
201.9
416
56.57 Stutter of similar intensity at 202.6 bp
Me2-088
C
161/179
179 178.64
207
+14.0
206.8
1325
19.99 Stutter of similar intensity at 207.8 bp
Me2-088
C
161/179
179 178.92
209
+15.0
208.8
790
87.49
a
b
Estimated fragment size of the progenitor allele. Number of repeat units added to or removed from the allele by the mutation event. cEstimated
fragment size of the mutant allele. dpeak intensity (relative fluorescent units) of the mutant allele eRelative peak intensity of the progenitor allele
relative to the mutant allele.

Table 5.6: Characteristics of mutations observed in SP-PCRs from tammar wallaby sperm DNA at three autosomal microsatellite loci.

Discussion
We have conducted a series of experiments using somatic DNA to investigate the efficiency
and reliability of SP-PCR at three autosomal microsatellite loci in the tammar wallaby. We
tested the insights gained from these experiments by screening sperm DNA for mutations at
the same three loci. Our observations demonstrate that a logical, consistent and regulated
approach is required to avoid allele scoring errors caused by allelic drop-out, false alleles and
locus-specific PCR artefacts. Further, the criteria used to score alleles need to be clearly stated
in each study, to facilitate comparison of results and conclusions between studies.

PCR success from small pools of DNA
Our results suggest that there is a threshold amount of template DNA needed per PCR to
obtain the correct genotype in a high proportion of reactions, likely between 10 ge and 50 ge
of DNA. This finding is supported by previous research which has shown that successful
amplification is more likely from reactions containing DNA extracted from greater amounts
of tissue, although DNA quality and quantity was observed to vary between samples
(Goossens, Waits, and Taberlet 1998). Knowledge of the amount of DNA required for
successful amplification at each locus may allow better study design and exclusion of poor
quality samples (Morin et al. 2001; Paetkau 2003). Our threshold estimate is consistent with
the suggestion that there is a danger zone when amplifying up to 16 ge of DNA, where the
probability of obtaining a PCR product is greater than the probability of obtaining the correct
genotype (Taberlet et al. 1996; Taberlet, Waits, and Luikart 1999).

Allelic drop-out, where only one allele is observed in PCR product from a heterozygous
sample, can affect high proportions of reactions in studies using low quality or small
quantities of DNA (Taberlet et al. 1996; Gagneux, Boesch, and Woodruff 1997; Goossens,
Waits, and Taberlet 1998). If it remains unrecognised, allelic drop-out has potential to cause
important genotyping errors in wildlife genetic studies (Taberlet, Waits, and Luikart 1999;
Martinez and Burke 2003; Paetkau 2003; Hoffman and Amos 2005; Pompanon et al. 2005;
DeWoody, Nason, and Hipkins 2006). Here we observed relatively low levels of allelic dropout. The missing allele in all but one of the samples in which allelic drop-out was noted was
the allele with the longest fragment length. This suggests that the allelic drop-out we observed
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was mostly a consequence of more efficient amplification of shorter alleles (Wattier et al.
1998). Some studies have observed no difference in the probability of allelic drop-out
between longer and shorter alleles (Gagneux, Boesch, and Woodruff 1997), which may
indicate a different cause for allelic drop-out in these cases: when pipetting from dilute DNA
samples, different numbers of each allele may be added to each reaction by chance,
irrespective of allele length (DeWoody, Nason, and Hipkins 2006). We observed no allelic
drop-out in any PCRs from 100 ge of template DNA. In contrast, in PCRs from 50 ge or 75 ge
of template DNA, which produced the correct genotype as often as PCRs from 100 ge of
DNA, a proportion of the incorrect results were a consequence of allelic drop-out rather than
complete amplification failure. This suggests that 100 ge (368 pg) of DNA may be sufficient
template to minimise the differential amplification of alleles or sampling stochasticity
implicated in allelic drop-out. Genotyping errors caused by allelic drop-out may therefore be
more likely when less than 100 ge of DNA is used as PCR template.

Previous studies have reported better amplification success than we achieved from single
genome equivalents. In PCRs from single human sperm cells the average amplification
efficiency per cycle was 65% (Li et al. 1988) and >50% (Holtkemper et al. 2001). It is unclear
why our success rate was so much lower than this, but our results are similar to at least one
other SP-PCR study in which Bacon, Dunlop and Farrington (2001) detected products in
~30% of reactions from single DNA templates. Our loci may be less well optimised for PCR
from low quantities of DNA than markers used routinely in human studies, but our results
may also reflect inaccuracies in the amounts of DNA added to each reaction. SP-PCR is a less
accurate method than single cell analysis for estimating mutation rates or amplification
efficiencies because of the uncertainty surrounding the amount of DNA actually used as
template in each small pool. This uncertainty arises because of inaccuracies in DNA
quantitation methods and stochasticity in pipetting when setting up DNA dilutions (Stenman
and Orpana 2001). These factors mean that mutation rate estimates based on SP-PCR can
only ever be interpreted as relative mutation rates, comparable between different samples and
different loci included in the same study (Bacon, Farrington, and Dunlop 2000; Crawford,
Wilson, and Sherman 2000). It is possible that the DNA dilutions used to set up our PCRs
contained different DNA concentrations than intended, but if this was the case it is likely that
the error was similar for each dilution. For each sample, all working dilutions were derived
from a single stock dilution. Serial dilutions, which have been relied upon in previous SPPCR studies (Bacon, Dunlop, and Farrington 2001; Holtkemper et al. 2001; Piñeiro et al.
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2003), were avoided to minimise the possibility of increasing sampling stochasticity with
each subsequent pipetting event (Stenman and Orpana 2001). Further, different DNA samples
were used at each locus in Experiment 1, yet no significant differences were observed
between loci in terms of the proportion of reactions in which spike alleles were detected.
Thus, we are confident that we have recorded relative PCR efficiencies and mutation rates and
comparisons can be made between the samples and loci included in this study.

We were able to detect 1 ge of spike DNA against a background of up to 100 ge of a reference
DNA sample as often as we were able to detect 1 ge of spike DNA alone. Our ability to detect
a single mutant allele from a pool of cells, relative to the amplification success of a single
allele alone, is therefore comparable to previous studies. For example, at human Y
chromosome microsatellites, a single longer allele could be detected when co-amplified with
up to 40 copies of a shorter allele with the same efficiency as obtained from single molecule
PCR (Holtkemper et al. 2001). In contrast, an investigation of microsatellite instability in
human somatic tumour cells, the ability to detect mutations decreased as the amount of
template DNA per reaction increased up to 100 ge. In that study, 1 to 2 ge of DNA per
reaction was found to be the most effective amount of template DNA to allow quantification
of rare mutations (Coolbaugh-Murphy et al. 2004). In another study at a human (CA)n
microsatellite, the less concentrated allele in a reconstruction experiment was only detectable
when it represented at least 6% of the total DNA in the reaction (Foucault et al. 1996). This
would be equivalent to detecting a single mutant molecule in reactions containing only ~15 ge
of template DNA or less.

Recommendations for microsatellite genotyping studies
Genotyping reliability is crucial for the accurate interpretation of microsatellite data, whether
the aim is to improve understanding of variation in natural populations or understanding of
the mutational processes behind that variation. Genotyping errors are of particular concern
when working with trace DNA samples because of the small number of template molecules
added to each PCR. A multiple tubes approach, where several PCRs are performed for each
sample at each locus to confirm its genotype, is therefore considered the most reliable
approach to genotyping from small quantities of DNA (Taberlet et al. 1996). However, this
approach can be costly, in terms of time, reagents and DNA (Paetkau 2003), and it is not
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applicable to all studies. In order for quality data to be obtained from trace DNA studies, it is
therefore essential that the limitations to interpretation are well understood. Many limitations
may be specific to individual species or even loci, so quantification of sources of error when
working with trace DNA samples will necessarily proceed on a case-by-case basis. We
therefore recommend empirical investigation of microsatellite amplification characteristics at
all loci to be used as genetic markers. Specific recommendations for microsatellite genotyping
studies arising from our results are as follows:
• DNA amount. A threshold amount of template DNA, likely between 10 ge and 50 ge, needs
to be added to obtain the correct genotype in a high proportion of PCRs. Adding at least
100 ge of template DNA per reaction might reduce the incidence of allelic dropout.
• Estimated fragment size variation. We observed the estimated fragment size of specific
alleles to vary between replicates by more than one nucleotide. Such variation could make
it difficult to consistently score alleles at dinucleotide loci in samples with unknown
genotypes, so we recommend the thorough characterisation of allele migration patterns and
the use of reference samples of known genotype in all fragment analyses. The use of triand tetranucleotide markers, for which alleles are more distinct, should also mitigate this
problem.
• Distinguishing genuine alleles from stutter. In some cases we observed peak intensity to be
higher for the allele with the longest, rather than the shortest fragment length, or for a -1
repeat stutter peak rather than its associated allele. Simply relying on relative peak
intensities to determine which peaks are genuine may therefore lead to mis-scoring in these
circumstances. Thus, an understanding of the typical patterns of stutter peaks and peak
intensity variation at each locus is essential to score alleles consistently and reliably
between samples. In addition, in two reactions we observed a -1 repeat stutter peak without
a peak representing the corresponding allele. This highlights the value of a multiple tubes
approach for identifying infrequent genotyping errors in studies where genotypes are
unknown. Our results also highlight the danger inherent in the practice of scoring strong
stutter peaks observed in SP-PCR results as mutant alleles. It has been assumed that the
small amounts of template DNA in these reactions allow mutations to be reliably
distinguished from stutter peaks (Coolbaugh-Murphy et al. 2004), but if this assumption is
incorrect then mutation rates may be over-estimated.
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• Identification of PCR artefacts. If unrecognised, PCR artefacts may be erroneously
recorded as genuine alleles where sample genotypes are unknown, or as mutations in SPPCR studies. We identified two classes of PCR artefacts: locus-specific artefacts and false
alleles. Our results demonstrate that the incidence of locus-specific artefacts can vary
considerably between loci and that care needs to be taken to identify infrequent locusspecific artefacts before data are analysed. False alleles are, by definition, harder to
characterise and therefore pose much greater problems for reliable allele scoring. In this
study false alleles were observed at very low frequencies and all false allele peaks were
much less intense than the reference allele peaks observed in the same reactions. Thus,
these false alleles are of greatest concern when screening for mutations which tend to have
peaks much less intense than those of paternal alleles. It is therefore important to determine
the frequencies of false alleles in different study systems to allow mutation rate estimates
to be adjusted accordingly.

Mutation detection using SP-PCR
Small-pool PCR is a valuable method for the identification of de novo microsatellite
mutations. SP-PCR studies in humans (Crawford, Wilson, and Sherman 2000; Bacon,
Dunlop, and Farrington 2001; Holtkemper et al. 2001; Sharma et al. 2002; Piñeiro et al. 2003)
have allowed characterisation of the types and frequencies of mutations occurring at
microsatellite loci and subsequent inference of the mechanisms causing those mutations. Such
studies are important because knowledge of mutation processes allows the refinement of
microsatellite mutation models and their application to genetic analyses specific to
microsatellite markers (Valdes, Slatkin, and Freimer 1993; Di Rienzo et al. 1994; Goldstein et
al. 1995a; Slatkin 1995; Michalakis and Excoffier 1996; Rousset 1996; Kruglyak et al. 1998).

We are confident that most of the peaks we identified as mutations through SP-PCR from
sperm DNA are genuine mutations and do not represent PCR-generated artefacts. Mutations
were observed in 11.5% of pools at locus Me2-047, whereas false alleles were observed in
only 3.9% of pools at this locus and no false alleles were detected at the other two loci
screened. Our mutation rate estimates are within the range of those determined for other
microsatellite loci using SP-PCR (Crawford, Wilson, and Sherman 2000; Holtkemper et al.
2001), but it should be noted that SP-PCR studies can only provide relative estimates of

109

mutation rates because of uncertainty surrounding the exact numbers of template molecules
added to each reaction. In addition, it is extremely likely that we observed only a portion of
the mutant alleles actually present in the sperm DNA screened, in part as a consequence of the
conservative approach adopted to score mutations. In our reconstruction experiments, we
found that reference alleles almost always had higher peak intensities than spike alleles and in
most cases the reference alleles were at least ten times, and up to 180 times, more intense than
the spike alleles. Thus it is likely that in our SP-PCR study, mutations falling within regions
of stutter were masked by the presence of the stutter peaks. The difficulty of distinguishing
mutations from stutter peaks has been recognised as a limitation of SP-PCR studies. For
example, Mornet et al (1996) and Crawford, Wilson and Sherman (2000), were unable to
score mutations within four repeat units either side of alleles at trinucleotide loci. These
difficulties have caused some researchers to instead turn to more costly and time consuming
single cell analysis to screen for microsatellite mutations (Brohede, Arnheim, and Ellegren
2004). The only other data currently available on tammar wallaby microsatellite mutations
comes from a backcross pedigree study in which 44 di- and tetranucleotide loci were
screened. A total of 11 mutations were observed at seven loci, from a total of 10,648 parentoffspring transfers examined, giving an average mutation rate for these loci of 1.03 x 10-3 per
locus per gamete per generation (Zenger 2001). All of these mutations were single step
mutations, comprising six expansion mutations and five contraction mutations. Three
mutations were paternal in origin and eight mutations were maternal in origin. These data
show that single step mutations were predominant at the loci studied and there was no bias
towards expansion or contraction, suggesting that a large number of mutations in our SP-PCR
study were not identified. Although the mutation rates estimated by our study are similar to
those estimated by Zenger (2001), the types of mutations identified differ between the two
studies. This may indicate that mutation rates were in fact considerably higher for the loci
used in our study, as we were unable to identify single-step mutations for the reasons
described above. Alternatively, Zenger may have failed to identify larger PCR products as
multi-step mutation events: the criteria used for scoring alleles are unclear. Some of the
differences in results between these studies could be attributed to the different experimental
approaches used. For example, Zenger (2001) sampled animals from known pedigrees,
whereas our approach relied on sperm DNA: it is therefore possible that some of the larger
mutational events we observed may be unlikely to be passed on to offspring and so would not
be identified in the subsequent generation. However, caution should be taken when comparing
results between studies of this type as there are many potential explanations for differences in
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results: different loci and DNA samples were used in each study and the ability to detect
alleles with sizes much larger or smaller than anticipated may have varied between the
different genotyping and analysis approaches used.

Despite these limitations in our ability to identify all mutant alleles present in the DNA
screened, our results provide important information about the types of mutations occurring at
tammar wallaby microsatellites. We have demonstrated that mutation events involving
multiple repeat units are relatively common at these loci, with 16 mutations involving changes
of more than five repeats if we take the paternal allele closest in size to be the progenitor. In
addition, only half of the mutations observed changed the length of the microsatellite allele by
a whole number of repeat units. This suggests that the remaining mutations were caused by
mechanisms more complex than replication slippage. In light of the number of multi-step
mutations observed in this study, it is clear that it is important for researchers to actively
screen for larger microsatellite mutation events. This assertion is supported by the results of
some non-SP-PCR studies in which multi-step microsatellite mutations were relatively
common (FitzSimmons 1998; Nielsen and Palsboll 1999; Gardner et al. 2000). Despite such
observations, some authors fail to collect data on larger mutation events. For example, in a
single sperm typing study, Brohede, Arnheim and Ellegren (2004) assumed that large
mutation events were unlikely and that fragments more than ten repeat units different in size
from paternal alleles represented artefacts. Such peaks were consequently excluded from their
analyses. We have demonstrated that the frequencies of artefacts in SP-PCR studies can be
determined from somatic DNA samples under the same PCR conditions, allowing confident
identification of larger mutation events in sperm DNA. We reiterate that it is important for
researchers to define the criteria used in each study to determine which peaks represent
genuine alleles or mutations. These criteria should be based on prior knowledge of
amplification properties of the loci studied. Most SP-PCR studies do not provide this
information (but see Crawford, Wilson and Sherman (2000) and Holtkemper et al. (2001) for
exceptions). Without such information it is difficult to determine whether variation in results
between studies truly reflects different mutational mechanisms or whether it can instead be
attributed to differences in stringency when scoring mutations.
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Conclusion
We have conducted a study to characterise amplification efficiency and reliability at three
autosomal microsatellite loci in the tammar wallaby. Insights gained from this study have
allowed us to develop a series of guidelines, which we have used to consistently score
microsatellite mutations identified using SP-PCR from sperm DNA. Peaks were only
accepted as genuine mutations if they met a strict set of criteria derived from observations of
the types and frequencies of PCR artefacts occurring at each locus, under the same reaction
conditions, in somatic DNA. We have therefore demonstrated that SP-PCR can be a valuable
tool for investigating mutations at microsatellite loci in species other than humans, which may
have different mutational properties than human microsatellites. We recommend that future
SP-PCR studies conduct similar validation experiments at each locus before screening for
mutations. Our observations also highlight the importance of understanding microsatellite
stutter patterns and allelic drop-out frequencies when amplifying from trace DNA samples.
The approach we have followed is relevant to all studies in which SP-PCR is used to identify
microsatellite mutations and, in a wider sense, to studies in which microsatellite alleles are
amplified from small numbers of DNA molecules.
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Chapter 6
Sex chromosome microsatellites: new tools for macropod population ecology*

* This chapter has been submitted for publication (in the proceedings of the Australian
Mammal Society Macropod Symposium held in Melbourne, July 2006) as Macdonald AJ,
Sarre SD, FitzSimmons NN. Sex chromosome microsatellites: new tools for macropod
population ecology.

Abstract
Microsatellites are important genetic markers that have been used to answer questions at the
population level in a range of macropod species. Most studies to date have been restricted to
analyses of variation at autosomal microsatellite loci, sometimes in conjunction with
mitochondrial sequence data. The recent development of microsatellite markers from the
tammar wallaby (Macropus eugenii) X and Y chromosomes provides new opportunities to
investigate macropod population genetic questions from different evolutionary perspectives.
Sex chromosome markers can be used to shed light on sex-specific genetic processes. They
may also provide different levels of resolution for a range of questions due to their smaller
effective population sizes relative to the autosomes. In this paper, we detail the use of
autosomal microsatellites in studies of macropods and report on the development of X and Y
chromosome microsatellites from the tammar wallaby. We use examples from studies of
eutherian mammals to demonstrate the utility of sex chromosome microsatellites in areas such
as population origins, sex-biased dispersal, hybridisation and mating system analysis.
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Introduction
The development of sophisticated laboratory analysis systems over the last 20 years,
combined with the sheer number of genetic markers now available, has put population
genetics within the reach of an ever-increasing number of ecologists. Each genome
sequencing project brings in its wake a host of benefits for studies of related taxa. In
particular, genome sequencing provides opportunities for new marker development because
genetic markers developed from one species can often be applied to close relatives, as has
been shown for microsatellites in a range of taxa including plants (Tuskan et al. 2004), insects
(Wilson et al. 2004), birds (Primmer, Moller, and Ellegren 1996), turtles (FitzSimmons,
Moritz, and Moore 1995) and mammals (Bradley, Boesch, and Vigilant 2000).

To date most macropod microsatellites have been isolated using laboratory-based techniques,
including standard bacteria screening and microsatellite enrichment libraries (Karagyozov,
Kalcheva, and Chapman 1993; Hakki and Akkaya 2000). These methods can be timeconsuming and unpredictable, with no guarantees of obtaining the numbers or types of
markers desired. These approaches are effectively random samples of the genome and do not
permit the targeting of markers from particular chromosomes, or even the identification of the
chromosomes of origin of known markers. Consequently, the availability of DNA sequence
from the tammar wallaby (Macropus eugenii) is now providing unprecedented opportunities
to identify novel genetic markers for use in the tammar wallaby and closely related species.

Knowledge of the genomic context of the genetic markers employed in population studies can
improve our understanding of the factors affecting genetic variability in macropod
populations. In addition, the ability to target the development of markers from particular
regions of the genome will provide a new range of population genetic tools. For example, the
development of markers from the sex chromosomes will provide new evolutionary
perspectives from which to investigate topics such as population history and inter-population
gene flow. The combination of data from maternal, paternal and bi-parentally inherited
markers will add a male-specific component to analyses that has been conspicuously absent
and will provide a much greater understanding of genetic diversity in natural populations than
could be obtained from any of these classes of marker alone.
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In this paper we introduce microsatellite markers and detail the development of
microsatellites from the sex chromosomes of the tammar wallaby. We review the potential
application of sex chromosome markers to various questions in macropod population ecology
and use case studies involving eutherian mammals to illustrate their utility. Table 6.1 provides
a summary of the characteristics of the genetic markers discussed and the applications to
which each is suited.

Microsatellite Markers
Microsatellites are a type of molecular marker used widely in the biological sciences, with
applications ranging from medicine and forensics to agriculture and conservation genetics.
Although “microsatellite” is the name most commonly used for these markers in molecular
ecology, they are also known by various other names and acronyms, for example “simple
sequence repeats” (SSRs) or “short tandem repeats” (STRs). These alternate names provide
clues to the type of DNA sequence encompassed by these markers. Specifically,
microsatellites consist of a simple DNA motif of 1 to 6 bases in length that is repeated in
tandem at a particular locus. Microsatellites are classified according to the length of the DNA
motif they contain, for example [AC]n is known as a dinucleotide repeat, [GAT]n a
trinucleotide repeat and so on. Individual microsatellite loci are identified by the unique
sequences that flank either side of the repetitive region of the microsatellite.

The potential use of microsatellites as population genetic markers was identified in the early
1990’s (Bruford and Wayne 1993; Wright and Bentzen 1994). Microsatellites are particularly
useful to population geneticists for several reasons, including their relative ease of use in the
laboratory and their high levels of variation (Sunnucks 2000). Microsatellite DNA is one of
the most rapidly evolving classes of DNA with microsatellite mutation rate estimates ranging
from 10-6 to 10-2 per locus per generation (Schlötterer 2000), which is several orders of
magnitude higher than mutation rates at single-copy DNA. As a consequence of these high
mutation rates, microsatellites typically display high levels of variability in natural
populations. This variation is mostly the result of differences in the number of tandem repeats
present at different alleles, seen as polymorphism in the overall length of the repeat region
(Figure 6.1). The number of alleles present at a microsatellite locus can be large and it is not
uncommon to find 20 or more alleles among individuals at one locus. Microsatellite variation
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Maternal relatives
share same
haplotype. Can
exclude maternal
non-matches.

Maternal relatives
share same
haplotype.

Parentage
analysis

Kinship
analysis

Admixture
analysis

Hybrid
detection

Species-specific
haplotypes determine
mother’s origin.
Limited: no
recombination.

Regional haplotype
variations indicate
origins.
Haplotype diversity
reflects femalespecific gene flow.

Population
origins

Sex-biased
dispersal

mtDNA

Application

Haplotypes not
necessarily shared
between relatives.

Species-specific allele
frequencies detect
hybrids.
Difficult: haplotypes
ambiguous in
heterozygotes.
Can reconstruct
parental genotypes
from alleles present in
offspring. Best when
one parent already
known.

Autosomal
microsatellites
Regional allele
frequency variations
indicate origins.
Used to identify
specific individuals
from trace samples.

and autosomes, in comparison with mtDNA.

Paternal relatives share
same haplotype
– males only.

Paternal relatives share
same haplotype. Can
exclude paternal nonmatches
– males only.

Y chromosome
microsatellites
Regional haplotype
variations indicate origins
– males only.
Haplotype diversity reflects
male-specific gene flow
– males only.
Limited by reduced Y
chromosome variation
Species-specific haplotypes
determine father’s origin
– males only.
Limited: no recombination.

Species-specific haplotypes
determine mother’s origin
in males.
Haplotypes unambiguous
in males, reflect history of
recombination in females.
Maternal allele in males
easily determined. Greater
power to detect paternity
when potential fathers are
closely related: X
haplotypes more different
than autosomal genotypes.
Paternal sisters/half-sisters
share same haplotype.

Used to identify specific
individuals from trace
samples.

X chromosome
microsatellites
Regional allele frequency
variations indicate origins.

Smith et al., 2003
(baboons).

Vonhof et al., 2006
(big brown bats);
Waser et al., 2006
(kangaroo rats).

Freeman et al.,
2006 (cattle).

Vilà et al., 2003b
(dogs / wolves).

Eriksson et al.,
2006 (bonobos).

Vilà et al., 2003a
(wolves).

Examples

Table 6.1: Mammalian population genetic markers: the characteristics and potential applications of microsatellites from the sex chromosomes

can be analysed in the laboratory with the use of the polymerase chain reaction (PCR) and gel
electrophoresis (typically on laser-based sequencing machines) to indicate the number of
repeat units present in each sample.

The large numbers of alleles found at microsatellite loci make it possible to use them to
investigate genetic variation even between closely related individuals, providing insights into
population genetic processes at much greater resolution than might otherwise be possible. In
the world of macropod population genetics, microsatellites have been used to investigate
topics such as gene flow, mating systems, population structure and population size (Zenger,
Eldridge, and Cooper 2003; Pope, Blair, and Johnson 2005; Hazlitt, Goldizen, and Eldridge
2006; Piggott et al. 2006).

Microsatellites have been developed for a range of species from the super-family
Macropodoidea, including the tammar wallaby, Macropus eugenii, (Taylor and Cooper 1998),
eastern grey kangaroo, M. giganteus, (Zenger and Cooper 2001a), allied rock-wallaby,
Petrogale assimilis, (Spencer et al. 1995), yellow-footed rock-wallaby, P. xanthopus, (Pope,
Sharp, and Moritz 1996), bridled nailtail wallaby, Onychogalea fraenata (Fisher and Lara
1999) and long-footed potoroo, Potorous longipes, (Luikart et al. 1997). In addition, it has
been demonstrated that markers developed for a particular species can often be optimised for
use in other macropod species (Pope, Estoup, and Moritz 2000; Bowyer, Newell, and
Eldridge 2002), especially where the two species are closely related (Zenger et al. 2003). This
means that microsatellite analyses are now within the reach of researchers working on most, if
not all, species of macropod marsupial.

Sex Chromosome Microsatellites
With only a few exceptions (Zenger and Cooper 2001b), most of the microsatellites
developed for marsupials originate from the autosomes, i.e., the non-sex chromosomes. In
comparison to autosomal microsatellites it is much more difficult to identify microsatellites
from the sex chromosomes (Hurles and Jobling 2001). In part this is due to the propensity for
microsatellite enrichment methods to identify microsatellites from different chromosomes in
proportion to the percentage of the genome they represent. This is especially problematic for
finding microsatellites on the Y chromosome, which tends to be the smallest mammalian
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Figure 6.1: A hypothetical dinucleotide [GA]n microsatellite. Allele #1 has eight repeat units,
allele #2 has seven repeat units and allele #3 has six repeat units present. Non-repetitive DNA
sequence flanking the microsatellite, denoted by solid lines, is identical at each allele.
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chromosome. In the tammar wallaby the Y chromosome represents <3% of the haploid
genome (Alsop et al. 2005) making it much less likely to be represented in enrichment
libraries. It is also difficult to target microsatellite isolation towards a particular chromosome.
To do so requires access to resources that are not typically available for non-model species,
for example flow-sorted chromosomes (Dickens et al. 1999; Korstanje et al. 2001) or DNA
sequence known to originate from the target chromosome (Ayub et al. 2000). If discovered
unwittingly, it is possible that some sex chromosome markers have been discarded from
further analyses because they did not conform to Hardy-Weinberg equilibrium.

It is now apparent that sex chromosome microsatellites are desirable genetic markers in their
own right and that they can be used to provide different evolutionary perspectives to
population genetic studies. Sequencing of maternally-inherited mitochondrial DNA (mtDNA)
is already used widely in conjunction with autosomal markers to provide a more complete
picture of population structures and histories. Now sex chromosomes can be added to the
molecular ecology toolbox with Y chromosome markers useful in elucidating male-specific
genetic processes and X chromosome markers providing a unique perspective by virtue of
their haplo-diploid inheritance in males versus females (Hurles and Jobling 2001; Schaffner
2004). The potential of sex chromosome microsatellites as population genetic markers has
been demonstrated, for example where Y chromosome markers have been used to infer
human population histories (Pérez-Lezaun et al. 1997; Jorde et al. 2000). However, the
application of sex chromosome microsatellites to non-model species has yet to reach its full
potential as the identification and development of suitable markers lags behind.

Sex chromosome microsatellites in the tammar wallaby
Microsatellites have recently been identified from DNA sequence data originating from the
tammar wallaby X and Y chromosomes (Chapters 2 and 3). This includes seven
microsatellites identified from the X chromosome and four from the Y chromosome that are
polymorphic in Kangaroo Island tammar wallabies (2-8 alleles per locus). It is apparent that
these markers can be adapted for use in other macropod species, especially those closely
related to the tammar wallaby. Preliminary work has shown that PCR amplification of some
Y chromosome markers is possible from Bennett’s wallaby (Macropus rufogriseus
rufogriseus), eastern grey kangaroo (M. giganteus) and yellow-footed rock-wallaby
(Petrogale xanthopus), although further optimisation of PCR conditions is needed in most
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cases (Chapter 2). The development of these markers brings an opportunity to incorporate
them into the suite of genetic tools currently applied to macropod population genetics.
Consequently it is timely to review the ways in which sex chromosome microsatellites can be
used in mammalian studies, in conjunction with autosomal and mitochondrial markers, to
tackle questions of interest to ecologists and managers.

Sex Chromosome Microsatellites in Population Ecology

Population origins and history
Knowledge of a population’s origins and of historical events such as expansions or
bottlenecks can be crucial to understanding the current biological processes affecting genetic
variation. Using Y chromosome microsatellites to address such questions has provided
striking comparisons to mtDNA analyses and important insights to the study of human
population history. For example, low genetic diversity on the Y chromosome and evidence for
an ancient mtDNA bottleneck in the Finnish population suggests that modern Finns are
descended from a relatively small number of founders, which may explain their propensity to
succumb to a number of otherwise rare genetic diseases (Sajantila et al. 1996). Other
examples include investigations into the peopling of Japan (Hammer and Horai 1995) and the
Americas (Ruiz-Linares et al. 1999; Zegura et al. 2004), and the African origin of modern
humans (Seielstad et al. 1999).

One of the few wildlife examples for the application of sex chromosome microsatellites
comes from a study of the Scandinavian wolf (Canis lupus) population, which was believed to
be extinct in the 1970’s, but by 2002 had recovered to around 100 individuals. Analysis of
mtDNA and autosomal, X and Y chromosome microsatellites was used to investigate how the
new population had been founded. The results suggest that the population was initially
founded by only two individuals, as evidenced by the presence of a single Y chromosome
haplotype and no more than three alleles at each of five X chromosome microsatellites.
Subsequent to this founder event the arrival of a second male wolf was identified in the early
1990’s, whose contribution of additional genetic variation, including a new Y chromosome
haplotype, seems to have been the catalyst for a population expansion and increased genetic
diversity. Comparison of allele frequencies present in the Scandinavian population with those
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found in other wolf populations suggested an eastern origin for the founding pair and the later
male immigrant (Sundqvist et al. 2001; Vilà et al. 2003a).

Population origins and historical events have been studied in a range of macropod species
using genetic markers. Microsatellites were used to identify tammar wallabies that had been
introduced to New Zealand in Victorian times as descendents of a now-extinct Australian
population (Taylor and Cooper 1999). In Bennett’s wallaby, another species introduced to
New Zealand in the 1870’s, the number of founders of the New Zealand population and a
post-translocation bottleneck were investigated by analysis of microsatellites and mtDNA (Le
Page et al. 2000). A number of other studies have also investigated bottlenecks and inbreeding
in various macropod species using combinations of microsatellite markers and mtDNA
(Eldridge et al. 1999; Bowyer, Newell, and Eldridge 2002; Sinclair et al. 2002; Eldridge et al.
2004). In future macropod studies it is now possible to investigate the sex-specific
components of genetic diversity with the incorporation of X and Y chromosome
microsatellites into population genetic analyses. The small effective population sizes of the X
and Y chromosomes relative to the autosomes means that genetic drift will occur more
quickly on the sex chromosomes (Schaffner 2004), which may also make them particularly
effective tools for investigating bottlenecks or founder effects that cannot be detected with
autosomal markers.

Sex-biased dispersal
An understanding of sex-biased dispersal is of great interest to many researchers and
managers as it can be informative about numerous aspects of a species’ ecology, from mating
systems and habitat use to factors affecting differential mortality of males and females. Sex
chromosome markers, especially Y chromosome markers when used in conjunction with
mtDNA, provide a sex-specific perspective to a population’s genetics and seem an obvious
choice to use in the study of sex-biased dispersal. Yet most examples of the application of sex
chromosome microsatellites to this topic currently come from humans. In some human
populations it has been shown that Y chromosome variants tend to be more geographically
localised than mtDNA or autosomal variants, suggesting a higher female migration rate
relative to males (Seielstad, Minch, and Cavalli-Sforza 1998; Pérez-Lezaun et al. 1999). In
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contrast, in some native South American populations no difference was identified between the
migration rates of males and females (Mesa et al. 2000).

A non-human example of the use of Y chromosome microsatellites to investigate sex-biased
dispersal comes from the bonobo (Pan paniscus) in which haplotype diversity was
significantly greater for mtDNA than for the Y chromosome. Additionally, only 2.6% of Y
chromosome variation was shared between populations, compared to their sharing 88% of
mitochondrial variation. Dispersal in this species appears to be highly female-biased and these
results also hint at a low male effective population size (Eriksson et al. 2006). The lack of
further examples of the use of Y chromosome microsatellites to investigate sex-biased
dispersal may be, at least in part, because Y chromosome markers developed from a number
of mammalian species have not proved sufficiently variable to be useful in this regard
(Prugnolle and de Meeus 2002).

Sex-biased dispersal has been investigated in several species of macropod using
microsatellites, including eastern grey kangaroos, Macropus giganteus, (Zenger, Eldridge,
and Cooper 2003), brush-tailed rock wallabies, Petrogale penicillata, (Hazlitt, Eldridge, and
Goldizen 2004; Piggott, Banks, and Taylor 2006) and rufous bettongs, Aepyprymnus
rufescens (Pope, Blair, and Johnson 2005). The future application of Y chromosome
microsatellites may provide a valuable male-specific complement to recent macropod studies
that have used autosomal markers and mitochondrial DNA haplotypes to compare dispersal
from a female perspective with that seen in the population as a whole.

Hybridisation and admixture
Inter-species hybridisation is a complex issue that can have an impact upon conservation
management in various ways. The presence of naturally-occurring hybrids may raise
questions about the definitions of species boundaries, while both natural and
anthropogenically-assisted hybridisation can lead to the extinction of vulnerable taxa at the
population and species levels (Rhymer and Simberloff 1996). To gain an understanding of
hybridisation in natural populations it is important to be able to detect the extent to which it
occurs. In the past, morphological characteristics were used to identify hybrid individuals but
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the application of more informative genetic markers to these questions is now standard
(Boecklen and Howard 1997; Allendorf et al. 2001).

In cases where hybridisation is uncommon it may be sufficient to simply determine whether
particular individuals are hybrids and the origins of each parent. Autosomal markers can
indicate the presence of alleles specific to two different species, but are not informative about
which alleles came from which parent. Species-specific mitochondrial or Y chromosome
haplotypes are particularly useful in this scenario because their sex-specific inheritance and
lack of recombination can unambiguously indicate the direction of hybridisation. However,
the Y chromosome is limited in its utility when applied to studies of one or only a few hybrid
individuals, as its use depends on the hybrid animals being male. Autosomal microsatellites
have been applied to the detection of hybrids in a range of mammalian taxa, in some cases in
conjunction with Y chromosome markers (Culver et al. 2000; Evans, Supriatna, and Melnick
2001; Nijman et al. 2003; Tosi, Detwiler, and Disotell 2005; Ermakov et al. 2006; Lancaster
et al. 2006). Y chromosome microsatellites have been incorporated into at least one study, to
identify a male wolf-dog hybrid as the product of a female wolf and a male dog (Vilà et al.
2003b). It is likely that Y chromosome markers will be applied to hybrid studies in a wider
range of taxa as more markers and species-specific polymorphisms are identified from nonmodel species.

Where hybridisation is known to occur frequently, more information about its duration and
extent may be required. The effects on population genetic variation of many generations of
backcrossing between hybrids and parent populations can often be difficult to interpret.
Genetic markers can be used in this context to determine the degree of admixture between the
groups, as indicated by the decay of species-specific haplotypes over time (Allendorf et al.
2001). Hybridisation between species creates individuals with chromosomes originating from
each species. When these chromosomes undergo recombination, hybrid chromosomes are
created, containing alleles from both of the parent taxa. Admixture over the generations leads
to more and more recombination events between the parental haplotypes, creating
chromosomes that are a mosaic of alleles from both of the parent species (Figure 6.2). Linked
genetic markers from the same chromosome can therefore be studied to investigate how much
admixture has occurred between species and to estimate how long it has persisted (Lecis et al.
2006; Verardi, Lucchini, and Randi 2006). One of the limitations of autosomal markers in this
respect is the inability to determine haplotypes in individuals heterozygous at multiple loci.
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While this can be offset by the use of appropriate statistical methods there is still a risk of
misinterpretation of genotypic data. Consequently the special characteristics of the X
chromosome can be exploited to investigate admixture. Recombination in females acts as a
measure of admixture, but X chromosome haplotypes can be unambiguously determined by
restricting genetic analysis to samples from haploid males (Schaffner 2004). Linked X
chromosome microsatellites have been used to investigate admixture between cattle lineages
in Africa, with differences identified in the age of admixture between different regions that
correspond with the results of previous studies (Freeman et al. 2006). Although X
chromosome single nucleotide polymorphisms (SNPs) were used rather than microsatellites, a
similar approach has been taken in a study of house mice from a European hybrid zone. One
region of the X chromosome was identified as having reduced introgression within the hybrid
zone, suggesting that this may represent a candidate region involved in reproductive isolation
between the two species (Payseur, Krenz, and Nachman 2004).

Hybridisation has been demonstrated in captive situations between a range of macropod
species in which it is either unlikely to occur naturally or is poorly understood in natural
populations (Close and Lowry 1990). Hybrid animals are used as model organisms in studies
of macropod reproduction and genetics (Close and Bell 1997; Zenger, McKenzie, and Cooper
2002), so an understanding of hybridisation may also be of use to managers of captive
research colonies. If wild hybrids are identified in the future, species-specific genetic markers
will be invaluable in determining how the hybridisation occurred. For example, hybridisation
in captivity has been observed between eastern grey kangaroo females (Macropus giganteus)
and western grey kangaroo males (M. fuliginosus fuliginosus), but not the reverse (Poole and
Catling 1974). The application of admixture analysis to macropods using X chromosome
haplotypes is likely to provide a better understanding of inter-specific hybridisation where it
does occur. Studies such as these also raise the possibility of investigating regions of the X
chromosome that may be of importance to the maintenance of macropod species boundaries.

Mating systems and kinship
Genetic analysis of parentage and the degree of relatedness between individuals can tell us
much about mating systems and the social structure of a population. Molecular markers have
been used to infer genetic relationships for some decades, but it was the advent of
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microsatellite genotyping and related statistical analyses that enabled the widespread
application of molecular techniques to wildlife parentage studies (Jones and Ardren 2003).
Juveniles and adults can be genotyped across a range of microsatellite loci, allowing the
exclusion of putative parents who do not carry alleles observed in the juveniles and the
estimation or reconstruction of the most likely parental genotypes for each individual.

Although Y chromosome microsatellites can only be informative for father-son analyses in
parentage studies, their utility has been demonstrated in humans, especially when used in
conjunction with autosomal markers. Y chromosome microsatellites are now a standard tool
in human forensics and paternity analyses (Jobling, Pandya, and Tyler-Smith 1997) and have
even been used to show an association between human Y chromosome haplotypes and
surnames, which may be of interest to genealogists (Sykes and Irven 2000). Markers from the
Y chromosome may be particularly useful when they can exclude the possibility of paternity,
or when a sample is not available from the putative father but is available from his paternal
male relatives who share the same Y chromosome haplotype.

X chromosome microsatellites may be more useful than their Y chromosome counterparts in
parentage analyses, as they are informative for both males and females. They may also have
an advantage over autosomal markers in certain circumstances. In parent-offspring cases
involving a daughter, where multiple putative fathers are themselves close blood relatives (for
example father and son), X chromosome markers can have greater power than autosomal
markers to exclude paternity. Each male inherits his single X chromosome from his mother,
meaning that for male relatives with different mothers the X chromosome haplotypes will not
be identical by descent, making the X chromosome the region in which their genetic
differences are most obvious (Szibor et al. 2003). X chromosome microsatellites are also
more powerful for determining paternal sisters, as all daughters of a single male will inherit
the same paternal X chromosome haplotype. This approach has been used in a study of social
bias towards kin in baboons to identify paternal sisters and half-sisters (Smith, Alberts, and
Altmann 2003). In banner-tailed kangaroo rats (Dipodomys spectabilis), X chromosome
microsatellites have been used to exclude potential parents in studies investigating
outbreeding and juvenile dispersal (Winters and Waser 2003; Waser et al. 2006), whilst in big
brown bats (Eptesicus fuscus) a single X-linked microsatellite was used to identify multiple
paternity in sets of female twins (Vonhof et al. 2006).
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Paternity analysis has been conducted in several macropod species using autosomal
microsatellites. In rufous bettong (Aepyprymnus rufescens) populations evidence of both
monogamous and promiscuous mating was provided (Pope, Blair, and Johnson 2005). Brushtailed rock wallabies (Petrogale penicillata) were found to have a polygynous mating system
with restricted mating dispersal and relatively low levels of skew in reproductive success
between individual males (Hazlitt et al. 2006). In contrast, both sexes were shown to be
promiscuous in the bridled nailtail wallaby (Onychogalea fraenata) (Fisher and Lara 1999),
although in common with the brush-tailed rock wallaby this species shows a male size
threshold above which access to females is more likely. The value of mating system analysis
to wildlife management has also been demonstrated in the bridled nailtail wallaby, with an
investigation into reproductive success in captive-bred versus wild-caught translocated
animals (Sigg, Goldizen, and Pople 2005). The particular characteristics of X

and Y

chromosome microsatellites described above may make them valuable tools for the analysis
of macropod mating systems, particularly where they can be used to exclude large numbers of
potential parents. In addition, especially in species with restricted dispersal ability or high
levels of inbreeding, the X and Y chromosomes may provide greater resolution for parentage
analysis than autosomal markers.
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Figure 6.2: The use of X chromosome haplotypes to investigate admixture between different
lineages. Shaded boxes represent a section of the X chromosome in different individuals. Four
microsatellite loci are denoted by dashed boxes, with “A” and “B” representing lineagespecific alleles at each locus. Admixture between lineage A and lineage B leads to
recombination between lineage-specific alleles in females, with the degree of mosaicism
representative of the amount and duration of admixture.
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Summary
The recent development of sex chromosome microsatellites from the tammar wallaby is an
important step for macropod biology. While the resources currently available to human
geneticists are still far beyond our reach, it is becoming possible to select a “designer suite” of
markers to tackle some of the important questions in macropod population genetics. The
combined use of markers from the autosomes, the sex chromosomes and the mitochondrial
genome, selected as appropriate, provides the opportunity for a comparative approach where
concordance between chromosomes gives additional support to conclusions and discrepancies
may point to more complex factors affected by the markers’ differing patterns of inheritance.
However, sex chromosome microsatellites can provide more than “just another line of
evidence”. Their sex-specific inheritance permits the elucidation of sex-linked gene flow and,
relative to the autosomes, their lower effective population sizes provide opportunities to study
population histories using a different evolutionary timescale.

We have reviewed the utility of sex chromosome microsatellites in eutherian population
genetics and have outlined some of the areas of study to which their application is particularly
suited. In particular, the ability to detect and study processes such as bottlenecks, dispersal
patterns, introgression and mating system structure are of great importance to conservation
biology. Many macropod species are currently subject to conservation management plans,
while others are increasingly threatened by habitat destruction and invasive predators. Any
improvement in our ability to understand macropod population genetic processes is welcome,
including the development and application of new markers providing alternative evolutionary
perspectives. Sex chromosome microsatellites have become an integral component of the
human population genetics toolbox and we are optimistic that they will be of equal or greater
value to macropod conservation and population biology.
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Chapter 7
Synopsis

In Chapter 1, I outlined the dual aims of this study as the development of chromosomespecific microsatellite markers for an Australian marsupial and the application of those
markers to gain a better understanding of microsatellite DNA evolution. Here I review the key
findings of my study and their implications for future research.

Conclusions on microsatellite mutation processes
In this study, I used two approaches to investigate microsatellite evolution. First, I used
population genetic data to infer the appropriateness of two mutation models and made
comparisons between loci from three chromosomes exposed to differing levels of
recombination (Chapter 4). Second, I observed mutations directly at three of the most variable
autosomal microsatellites (Chapter 5). My conclusions, based on these two lines of evidence,
indicate that tammar wallaby microsatellites undergo complex mutation processes that cannot
be explained by a simple mutation model.

A correlation between allelic richness and microsatellite repeat length, described in Chapter 4,
suggests that mutation rates are higher for longer repeat tracts and provides evidence for
heterogeneity in the mutation process between loci and possibly between alleles. In addition,
correlations between allele excess and genetic diversity measures show that neither the
infinite allele model (IAM), nor the stepwise mutation model (SMM), can fully explain the
patterns of variation observed at these loci. From these results I infer that the mutation
processes acting on these microsatellites violate some of the assumptions of the two mutation
models and suggest that some mutations are caused by mechanisms other than replication
slippage. Allelic richness was highest for chromosome 2 and lowest for the Y chromosome,
which is consistent with a substantial number of mutations being generated by
recombinational mechanisms, although this result may also reflect differences in effective
population size between the chromosomes. Further, all mutations I observed in Chapter 5
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involved the addition or subtraction of multiple repeat units. It is conceivable that replication
slippage could account for some multi-step mutations involving changes of two or three
repeat units (Weber and Wong 1993), but here over half of the mutations observed involved
changes of more than eight repeats, up to a maximum of 35 repeats. In addition, many
mutations involved changes in size that could not be measured in whole repeat units. The
results described in Chapters 4 and 5 therefore provide evidence that the SMM alone cannot
explain the mutation processes acting on these microsatellites. The SMM even appears to be
inappropriate for use with Y chromosome microsatellites, which do not undergo
recombination and so might be thought more likely to mutate solely through replication
slippage.

Implications of this work for the analysis of microsatellite data
In light of the data reported in this thesis and evidence from previous studies demonstrating
that microsatellite mutation processes are complex, heterogeneous and do not always involve
replication slippage (Brinkmann et al. 1998a; Estoup and Angers 1998; Brohede et al. 2002;
Ellegren 2004; Lopez-Giraldez, Marmi, and Domingo-Roura 2007), it is apparent that a single
mutation model cannot explain all microsatellite mutations. This has profound implications
for the reliable interpretation of microsatellite data. Understanding which models of
microsatellite mutation are appropriate is essential for the development and application of
statistical methods of analysis (Jarne and Lagoda 1996; Balloux and Lugon-Moulin 2002),
which are currently unable to meet the needs of many researchers (Buschiazzo and Gemmell
2006). Although these limitations are often acknowledged, researchers working on non-model
organisms rarely have access to a detailed understanding of the loci at their disposal. How
then should such data be analysed when a simple mutational model cannot be assumed? What
are the implications for the interpretation of results if an inappropriate model is applied?

The answers to these questions are likely to vary according to the research topics addressed
and the loci used to address them. Therefore, it is important for researchers using
microsatellite markers to consider these issues on a case-by-case basis. There is a need to
obtain as much data as possible about the mutational properties of the markers used to allow
selection of appropriate tools of analysis. Researchers should also state clearly the mutation
model assumed and the implications of assuming an inappropriate model for the validity of
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their conclusions. I make several recommendations for future studies, which may help to
mitigate our poor understanding of mutational processes at many microsatellite loci:

Careful choice of markers
If available, the use of markers for which mutational properties have previously been
investigated is recommended as this may allow selection of appropriate methods of analysis.
If this is not possible, attention should be paid to marker characteristics when choosing which
loci to include in each study. For example, there is evidence that dinucleotide loci may
undergo slippage at higher rates than trinucleotides (Schlötterer and Tautz 1992), whereas the
presence of multiple repeat arrays at a locus, as seen at compound and interrupted loci, may
indicate that mutations will not follow a simple stepwise slippage process (Lopez-Giraldez,
Marmi, and Domingo-Roura 2007). Interrupted loci may therefore be more useful for the
analysis of distantly related populations, as less homoplasy may be expected at these markers
(Estoup et al. 1995).

Collection of mutation data
Mutational mechanisms should be investigated as far as possible in each data set, for example
via pedigree analysis to identify de novo mutations or via sequence analysis to identify the
extent of homoplasy and flanking sequence polymorphisms. For example, in Chapter 5 I
identified two mutation events that generated alleles of the same fragment length as alleles
already known to be present in the Kangaroo Island population (mutations 1 and 18 in Table
5.6) providing evidence for homoplasy at loci Me2-047 and Me2-088. In addition, testing for
allele excess under the SMM and IAM (Schlötterer, Kauer, and Dieringer 2004) may
determine the best of these models to use. It has been suggested that when heterozygosity is
greater than 0.5, loci evolving by IAM-like mechanisms can be distinguished from those that
mutate by stepwise processes (Shriver et al. 1993). These approaches may not provide a
comprehensive picture of mutations at the loci analysed, but they may highlight specific loci
with unusual evolutionary properties (Angers and Bernatchez 1997).
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Data analysis
Where some information is available on mutation processes affecting specific markers, this
information should be considered to allow selection of statistics that assume an appropriate
mutation model. As a simplified example, FST (Wright 1951) and RST (Slatkin 1995) are two
popular statistics used to estimate population structure. FST assumes an IAM, whereas RST
assumes a SMM. Researchers may therefore choose to avoid FST when analysing data from
loci with widespread homoplasy or avoid RST for loci with frequent multi-step mutations. If
sufficient information is not available, some authors have recommended that data should be
analysed using several approaches with different assumptions about mutation models,
especially when relatively few polymorphic loci are available (Takezaki and Nei 1996;
Angers and Bernatchez 1998; Estoup and Angers 1998). Publication of all analysis results
will allow these conclusions to be adjusted should further information on mutational
mechanisms become available.

Implications of assuming an inappropriate mutation model
For all studies, the effects of assuming an inappropriate mutation model on the interpretation
of microsatellite data should be stated. Such an approach may help to distinguish between the
potential for type I and type II errors. The influence of mutation model on data interpretation
will vary between studies according to the research questions addressed and will be less
important when genetic differentiation is independent of the mutation process (Slatkin 1995;
Rousset 1996), for example in investigations of genetic variation between individuals or when
there is little divergence between populations (Estoup and Angers 1998; Estoup et al. 1998).
In contrast, where genetic variation depends on mutation processes, knowledge of the
appropriate microsatellite mutation model is more important. For example, under a SMM,
length differences between alleles reflect their evolutionary relationships (Goldstein et al.
1995b), but this is not true under an IAM. If statistics assuming a SMM are used to analyse
data from loci that do not undergo predominantly stepwise mutations, genetic differentiation
may be underestimated for populations with similar allele size distributions and overestimated
for populations with large differences in allele sizes.
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Implications of this work for macropod population genetics
In Chapters 2 and 3, I describe the development of the first marsupial Y chromosome
microsatellites from the tammar wallaby and their potential use in other macropod species,
and the first focused effort to develop X chromosome microsatellites from an Australian
marsupial. It is likely that these markers will also be informative for species other than the
tammar wallaby. In Chapter 4, I demonstrate that all of the microsatellites developed from
South Australian tammar wallabies can be amplified from Western Australian tammar
wallaby samples, although the utility of some of these markers for studies of Garden Island
tammar wallabies may be limited by the low levels of genetic variation observed within this
population and the ascertainment bias and null alleles observed at some loci in this study. The
sex chromosome microsatellites described here have the potential to become important tools
for macropod population ecology and related studies, as outlined in Chapter 6. In particular,
such markers provide an opportunity to examine macropod population genetics from a male
perspective,

complementing

information

already

obtainable

from

autosomal

and

mitochondrial markers.

An additional benefit of this work is that, for all markers developed, some information is
available about their mutational properties. Allele excess relative to the predictions of two
mutation models was determined for two tammar wallaby populations in Chapter 4 and, for
three of the most informative autosomal markers, de novo mutation events were observed in
Chapter 5. This knowledge of mutation processes is valuable, as it provides information on
the utility of the mutation models for future data analyses and suggests that two of the most
commonly applied models cannot account for all mutations at these loci.

Final comments and future research
In this study, I have provided evidence for the action of complex mutational processes at
tammar wallaby microsatellite loci. This is the first such study of microsatellite evolution in a
marsupial and adds the tammar wallaby to a growing list of species for which the SMM and
the IAM should be considered too simplistic as models of microsatellite evolution. Further,
my results suggest that mutation processes are heterogeneous between loci. If a single simple
mutation model cannot be applied to all data analyses, focused efforts will be necessary to
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understand the mutation processes affecting microsatellite markers, to identify appropriate
analysis tools. Genomic resources are becoming available for an increasing number of
species, providing opportunities for research into genome-wide microsatellite distributions
and enabling the targeted development of markers from a diverse range of taxa. Such
opportunities suggest that detailed studies of microsatellite evolution will soon be possible for
species not traditionally considered model organisms, including studies comparing large
numbers of markers from genomic regions exposed to varying levels of recombination.

I have demonstrated that SP-PCR from sperm can be effectively applied to gain valuable
information on mutations in non-model species. I have developed an approach to enable
consistent scoring of alleles and mutations which could be modified for use in different
species and marker systems. The extensive literature on PCR artefacts and genotyping errors
demonstrates the value of such a regulated approach: mutation identification studies are
important, but to be useful they need to be reliable. The key advantage of SP-PCR is that
large numbers of sperm cells can be screened for mutations with relative ease. If the same SPPCR approach is used to screen many cells from a variety of species, it will be possible to
determine general microsatellite mutation characteristics, such as the frequency of large
multi-step mutations. Finally, future studies may benefit from the combination of SP-PCR
with large-scale pedigree or single-cell analyses to estimate the relative importance of all
types of microsatellite mutations, from common mutations involving small numbers of repeat
units to less frequent large additions and deletions.
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