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ABSTRACT

Understanding the distribution of genetic diversity in and among
organisms provides a cornerstone for asking fundamental questions in
evolutionary biology. These questions are advanced by connecting the
processes affecting genetic diversity within and among individuals, populations
and species. Already a strong discipline, molecular ecology has been undergoing
a recent resurgence due to dramatic advances in the tools of the trade, the
development and availability of molecular markers accessing both neutral and
functional areas of genomes. Thanks to these approaches, molecular ecologists
have increasing abilities to assess the patterns of genetic variation within and
among different levels of life — individuals, populations and species. Multiple
markers are necessary to provide a more unbiased view of the many processes
and the potential factors that might have contributed to the distribution of

current genetic diversity.

Here, T characterise and apply a variety of molecular markers in a
widespread monogamous Australian skink Tiliqua rugosa. This species is a
member of the Egernia group of skinks which contains species with many
varied social structures. My thesis consists of several marker development
chapters for both neutral and functional markers; a chapter on the
development of tools for obtaining data from next generation sequencing runs;
and culminates in a chapter examining the distribution of current genetic
diversity and the inference of the historical factors that have led to the
observed pattern. First, I used next generation shotgun sequencing of T. rugosa
genomic DNA to develop primers for 48 anonymous nuclear loci (ANL). These

primers were extensively tested in 7. rugosa, and the related Tiliqua
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adelaidensis and Egernia stokesii. These polymorphic loci provide a useful
source of neutral variation for the study of phylogeography and population
genetic structure explored later in my thesis. The next two chapters describe
the use of transcriptome sequencing for the characterization of markers for a
highly diverse gene region which is involved in the immune response and mate
choice, the Major Histocompatability Complex (MHC). I designed specific
primers from the resultant sequence assembly and successfully amplified exon
2, 3 and 4 from MHC class I, and exon 2 and 3 in class II. The loci were
confirmed to be Mendelianly inherited via the sequencing of several families
and the utility of these primers was further tested for the related T.
adelaidensis and F. stokesii. The characterization of these markers is rare in
squamates and represents a breakthrough for investigation in the FEgernia

group of social lizards and should provide the basis for much further study.

In the next chapter I used these loci and adapted a newly developed
technique to provide a cost effective method to amplify the multiple loci from
a large number of individuals. I then used these amplifications, of both the
neutral and functional loci from 250 7. rugosa individuals, to test
bioinformatics software (MITAGSORTER) that I developed to sort the large

complicated data sets I obtained from next generation sequencing.

Finally, I used the distribution of genetic variation in samples of T.
rugosa from across the entire distribution range of the species in Australia to
assess historical processes that potentially were responsible for the
contemporary pattern of genetic structure in 7' rugosa. The pattern of genetic
diversity was quantified using mitochondrial (sequences from NDJ) and
nuclear (sequences from non-encoding intron 7 of B-fibrinogen, glyceraldehyde-

3-phosphate dehydrogenase and nine ANL T developed) markers. This study
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revealed three major mitochondrial lineages for T. rugosa, although potential
secondary admixture was detected, based on nuclear markers. In order to
further investigate the potential historical events associated with these
phylogeographic patterns, I combined species distribution modelling and a
phylogeographic diffusion model. The analyses suggest that the range of T.
rugosa contracted during the Last Glacial Maxima (LGM) and that the region
around the Murray River and the Nullarbor Plain acted as barriers to gene
flow since this period. However there is the possibility that other factors, such
as selection on mtDNA, may also have contributed to the pattern of variation
observed. My study hints at the presence of multiple refugia for this species
during previous glacial maxima, with potential secondary contact following

climate amelioration.

My thesis provides valuable resources for the further investigation of the
distribution of genetic diversity within this iconic lizard species at scales
spanning from individual interactions and mate choice through to a thorough
investigation of the role of various ecological processes on the patterns of
contemporary genetic diversity. In addition the markers developed can be
utilized in investigations at similar scales for many other species within this
group of lizards, the Egernia group, with their unusual and varied social

systems.
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ORGANISATION OF THESIS

This dissertation is formatted as a series of scientific manuscripts and is
composed of seven chapters, containing a general introduction (Chapter 1),
two published paper (Chapters 2 and 3), three manuscripts prepared for
submission to scientific journals (Chapters 4- 6), and a general conclusion
(Chapter 7). I have formatted each chapter as per the journal requirements of
the journal they are published in or intended to be submitted to. Between each
chapter I provide a linking page to indicate where the chapter is published or
intends to be submitted to for publication. The linking pages also provide a

guide to where the chapter fits into the other material in the thesis.

CHAPTER 2: Random non-coding fragments of lizard DNA:

anonymous nuclear loci for the Australian skink, Tiliqua rugosa, and their

utility in other Egernia-group species.

In this published chapter I used next generation sequencing and de nova
approaches to developed 48 anonymous markers from the 7. rugosa. These
developed markers were tested also for two related species Tiliqua adelaidensis
and Egernia stokesii. These loci provides a suite of markers useful for studying

population genetic and phylogeography.
CHAPTER 3: MHC in a monogamous lizard - characterization of
Class I MHC genes in the Australian skink Tiliqua rugosa.

I characterized MHC class 1 sequence diversity from 7. rugosa, using
both ¢cDNA and genomic sequence data and also present genomic class I
sequences from the related skinks 7. adelaidensis and E. stokesii. This chapter

is published.
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CHAPTER 4: Characterisation of class II MHC genes in a

monogamous Australian skink ( Tiliqua rugosa).

In this unpublished chapter T used the cDNA sequences sourced from
the RNAseq run in chapter 3, but characterized the MHC class II B chain. I
developed primers to amplify the exon 2 and 3 of the class II for T. rugosa and

two other related species T. adelaidensis and E. stokesii.

CHAPTER 5: Dual indexing with a single PCR for library preparation

and development of MITAGSORTER software for de-mulitiplexing sequences

data on the Illumina MiSeq platform.

I prepared the MiSeq library by amplifying a large number of samples
from T. rugosa for both recently developed ANL and MHC markers. After
searching for a program to use to sort the MiSeq reads from different
individuals into separate files, I discovered that it would be beneficial to
organise the development of one myself and 1 then developed a software

program including a manual. Currently unpublished.

CHAPTER 6: Plio-Pleistocene diversification and biogeographic

barriers in the Australian arid zone reflected in phylogeography of a

widespread and common species.

I used a variety set of markers from mtDNA to nuclear markers
including ANL developed in Chapter 2 to assess the level of genetic variation,
population genetic and effect of demography and historical event across the

whole distribution of T. rugosa in Australia. Currently unpublished.
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GENERAL INTRODUCTION — CHAPTER ONE

CHAPTER ONE

1. GENERAL INTRODUCTION

Understanding the distribution of genetic diversity in and among
organisms provides a cornerstone for asking fundamental questions in
evolutionary biology. These questions are advanced by connecting the
processes affecting genetic diversity within and among individuals, populations
and species (Lowe, et al., 2009; Hedrick, 2011). Already a strong discipline,
molecular ecology has been undergoing a recent resurgence due to dramatic
advances in the tools of the trade, the development and availability of
molecular markers accessing both neutral and functional areas of genomes (e.g.
Gardner, et al., 2011; Bertozzi, et al., 2012). Thanks to these approaches,

molecular ecologists have increasing abilities to assess the patterns of genetic
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variation within and among different levels of life — individuals, populations

and species.

My thesis is primarily concerned with the understanding the forces
which lead to the current distribution of genetic diversity across the range of
a species. 1 discuss the potential evolutionary processes which shaped the
current genetic structure, and compare the observed data with the proposed
theories behind them. As this thesis is presented as a series of published
manuscripts or manuscripts in preparation, each chapter provides an
introduction and discussion related to the specific question proposed on its

own. The following provides a broad overview of topics important to the thesis.

1.1. POPULATION STRUCTURE

The genetic variation of populations is influenced by gene flow, the
movement of migrant genes into a population, and can be affected by biological
and demographic factors (Lowe, et al., 2009; Hedrick, 2011). Spatial genetic
variation has resulted from distinct barriers to dispersal and isolation by
distance (e.g. Berthier, et al., 2005; Gauffre, et al., 2008), reproductive isolation
(Butlin, et al., 2014), and migration and dispersal behaviour associated with
mating strategies (Stow and Sunnucks, 2004; Moussy, et al., 2013). The
dispersal ability of species can be limited, for example, because of demographic
processes such as in Tiliqua adelaidensis, an endangered Australian skink
(Schofield, et al., 2012), and/or due to contemporary landscape discontinuities

such as fragmented habitats and agricultural fields (e.g. Stow, et al., 2001;
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Berthier, et al., 2005; Fant, et al., 2014; Nowakowski, et al., 2015) or the effects

of roads (e.g. Frantz, et al., 2012; Gurrutxaga and Saura, 2014).

Additionally, gene flow and population genetic structure are strongly
effected by environmental factors such as physical barriers and landscape
structures (Rueness, et al., 2003; Trizio, et al., 2005; Lowe, et al., 2009;
Smissen, et al., 2013; Sexton, et al., 2014). Numerous studies have shown the
important influence of landscape structures on the gene flow for both
invertebrate (Alp, et al., 2012; Phillipsen and Lytle, 2013) and vertebrate
species (Shoo, et al., 2008; Mullen, et al., 2010; Row, et al., 2010; Faulks, et
al., 2011; Klug, et al., 2011; Frantz, et al., 2012; Peterman, et al., 2013), and
also in plants (Young, et al., 1996; Byrne and Hopper, 2008; Cranmer, et al.,
2012; Rasic and Keyghobadi, 2012). These longer term landscape structures
include globally distributed historical landscape separations such as barriers
caused by ice sheets and the subsequent retraction of species ranges into glacial
refugia during the Pleistocene (e.g. Hewitt, 2004b; Margraf, et al., 2007;
Pepper, et al., 2011; Yannic, et al., 2012; Marin, et al., 2013; Younger, et al.,

2015).

Understanding the potential factors which are responsible for changes
to how genetic variation is distributed across landscapes can be elucidated by
combining genetics, geography, history and ecology, using the well-established

phylogeographic method (Avise, 2000).
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1.2. PHYLOGEOGRAPHY

Phylogeography is an approach to study the geographic distribution of
genetic lineages, particularly within a single species or among closely related
species (Avise, 2000). The field of phylogeography provides detailed species-
specific information about how historical processes shaped the current
distribution and genetic structure of species (Avise, et al., 1987; Riddle, 1996).
It also helps to understand how the genetic variation and differentiation of
populations effected by past environmental changes and paleoclimate events

(Avise, 2000; Avise, 2003; Kidd and Ritchie, 2006).

Under the advance of phylogeographic studies, a number of scenarios
have been proposed regarding the genetic constitution of species and
population differentiation as a result of glacial-interglacial cycles (Riddle, 1996;
Moritz, et al., 2000; Hewitt and Ibrahim, 2001; Carstens, et al., 2004; Steele
and Storfer, 2006). During the Last Glacial Maxima (LGM), as a general
concept, reduction in population size was observed due to the unsuitable
climate and environments, which forced species into restricted favourable areas
- refugia (Webb, 2008; Dubey and Shine, 2010; Coghlan, et al., 2015).
Populations, therefore, became isolated through surviving in multiple localised
refugia (e.g. Chapple, et al., 2005), or large singular refugia (e.g. Schneider and
Moritz, 1999) which restricted gene flow among them. Ultimately new genetic
lineages formed through the action of genetic drift and selection, and
populations genetically differentiated. However, population expansion during
the post glacial cycles has resulted in secondary contact in some species (e.g.

Hewitt, 1999; Zamudio and Savage, 2003; Mach, et al., 2011). Most of the
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studies have used northern hemisphere species and much less in known about

how southern hemisphere species may have been affected.

1.3. PHYLOGEOGRAPHY IN SOUTHERN AUSTRALIA

The evolution and distribution of Australian fauna shows evidence for
the effect of palaeoclimatic and biogeographic events across the continent since
the mid-Tertiary (Byrne, et al., 2008). The growing body of evidence that
glacial maxima, which were associated with significant increase aridity across
Australia (Byrne, et al., 2008), highlight the importance of studying this area
as a priority for informing the conservation of fauna and flora under future

climate change.

Although outstanding studies of phylogeographic history have been
undertaken within tropical regions in Australia (Hugall, et al., 2002), there has
been a much less efforts to understand the effects of Plio-Pleistocene climate
change on the present-day diversity of species in the Southern Hemisphere
(Byrne, et al., 2008). This is particularly true about the arid and semi-arid

region in southern Australia (Byrne, et al., 2008).

Interglacial periods have been associated with increased aridity across
the Australian continent (Byrne, 2008). Over the past 5 million years (Myr)
southeast Australia experienced substantial transitions in vegetation, where
previously widespread forest and rainforest were replaced with more open
vegetation and sclerophyllous woodlands (Bowler, 1982; Markgraf, et al., 1995;
Gallagher, et al., 2001; Gallagher, et al., 2003; Byrne, et al., 2008). During this

period, the climate fluctuated between warm-wet and cool-dry, with an
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increased frequency of cooling-drying throughout the Pliocene (Bowler, 1982;
Markgraf, et al., 1995; Martin, 2006). The frequency of the climatic oscillations
and aridity cycles intensified during the Gelasian and Calabrian (2.6-0.7 Myr),
and reached a maximum during the lower Pleistocene (0.7 - 0.01 Myr. Nix,

1982; Markgraf, et al., 1995; Byrne, et al., 2008).

These climate cycles of environmental changes and severe aridity are
likely to result in major fluctuations in population size and cause localise
extinction events in different parts of a species range (Hughes, 2003; Thomas,
et al., 2004). Species currently widespread in the arid and semi-arid zone are
likely to be flexible to such events, by surviving in refugial locations and
expanding their range when climate ameliorates. So far, the few studies which
have been conducted in the arid and semi-arid zone do not indicate a common
pattern of genetic structure as a result of historical process in southern
Australia. Therefore studies highlight a need for further comprehensive
phylogeographic studies or more species to be assessed in this area (Byrne,
2008; Shoo, et al., 2008; Fujita, et al., 2010; Byrne, et al., 2011; Dolman and

Joseph, 2012; Edwards, et al., 2012; Lanier, et al., 2013; Rabosky, et al., 2014).

A number of genetic studies that have been done at a micro-geographic
scale (e.g. Chapple, et al., 2005; Dubey and Shine, 2010; Chapple, et al., 2011)
or across multiple-species in southern Australia (e.g. Oliver, et al., 2009;
Dolman and Joseph, 2012; Dolman and Joseph, 2015), have suggested that
species’ distributions comprise multiple genetically distinct populations. These
studies show some common patterns of population structure and signals of

expansion indicative of major shifts in distribution associated with climate
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change. The source of these expansion events is most likely to be in upland
regions associated with the Gawler, Flinders and Mount Lofty Ranges and
coastal regions of south-eastern South Australia, where rainfall is likely to have
been greater (Williams, et al., 2001). Major range shifts can also have been
associated with recent climatic events, such as major droughts or bushfires,
and the signature of these events may be evident in the genetic structure of
species. What is lacking is the use of a species which has a wide distribution
across this range to provide the ability to understand the role of different
proposed refugia and genetic barriers simultaneously. Part of the reason for
the dearth of studies has been due to the need to develop multiple genetic

markers de-novo for new species.

1.4. MOLECULAR GENETIC MARKERS

An important aspect of phylogeography is to uncover the signatures left
by past climates on the distribution and genetic structures of populations by
using genetic markers (Avise, 2000; Avise, 2009; Hickerson, et al., 2010).
Genetic markers (a gene, DNA sequence, or gene product whose inheritance
can be traced through a pedigree or phylogeny) have made it possible to infer
the pattern of gene flow, and to investigate the evolutionary processes
influencing variation within and among populations (Hare, 2001; Avise, 2009;
Hickerson, et al., 2010).For about two decades, mitochondrial DNA (mtDNA)

has been a marker of choice in population genetic and phylogeographic studies.

Some of the properties of mtDNA which has made it so popular as a

marker are: a lack of, or at least very limited evidence for, recombination,
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providing easily interpretable sequence variation; high level of copy numbers
in each cells facilitating its amplification; the ease of finding sequences for
comparison on databases such as GenBank; and having a rapid evolutionary
rate, which increases the likelihood of finding intra-specific patterns (Avise, et
al., 1987; Moore, 1995; Avise, 2000). Although very useful and commonly used
mtDNA, its use is hampered by several factors. First, the mitochondria is
normally maternally inherited so may be a misleading description of
evolutionary history of an organism, in particular in cases with sex-biased
dispersal or strong mate selection (Hare, 2001; Zhang and Hewitt, 2003;
Ballard and Whitlock, 2004). Second, there is only a single locus so presents a
snapshot of what might be happening across whole genomes. Third, there is
increasing evidence of selection acting on mtDNA due to different
environmental conditions (Bazin, et al., 2006; Meiklejohn, et al., 2007; Pavlova,
et al., 2013). All these factors initiated the use of multilocus phylogeographies
to more rigorously test biogeographical hypotheses (Pavlova, et al., 2013), as
has been applied in more recent studies (Fujita, et al., 2010; Edwards, et al.,

2012; Welton, et al., 2013; Thome, et al., 2014).

Despite their importance to population genetics and phylogeography,
few molecular markers have been available, particularly for non-model
organisms (Bertozzi, et al., 2012). Next generation sequencing (NGS)
approaches have revolutionised the development of genetic markers (e.g.
microsatellites, Gardner, et al., 2011), and so provide the researchers with a
growing datasets of different markers (Thomson, et al., 2010). Further benefit
boost the developing new genetic markers, is directly related to the advance in
bioinformatics analysis. Bioinformatics as an interdisciplinary field, creates and

8
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develops software and protocols, based on a combination of computer science,
statistics, mathematics, and engineering, for analysing and interpreting of
biological data. The most advance bioinformatics analysis supported sorting
the huge amount and complicated data set produced through NGS that
facilitate the development of new genetic markers. However, some marker
types have been less exploited. One of these less attended marker classes is
anonymous nuclear loci (ANL), which can benefit scientists looking for a large
number of loci to be fast involving and also independent (Bertozzi, et al., 2012).
The ANL markers express random segments of nuclear DNA and so have
better representation of variation across the entire genome compare with any
other marker (Lee and Edwards, 2008). These markers have multiple loci that
confident intervals can be assessed for demographic parameters, such as
population divergence time or effective population sizes, with one of them
(Brito and Edwards, 2009). In addition, because the majority of non-coding
DNA is unlikely to be under selection, therefore, the ANL markers provide a
useful source of neutral variation for phylogenetics, phylogeographic and
population genetic studies (Rosenblum, et al., 2007; Lee and Edwards, 2008;
Thomson, et al., 2008; Bertozzi, et al., 2012). Many of these new markers are

chosen for their presumed neutrality.

However, given that selection plays a key role in shaping biodiversity
(Funk, et al., 2006), the importance and development of markers for functional
loci is also rapidly growing (Hoffmann, et al., 2003; Sommer, 2005a;
Nadachowska-Brzyska, et al., 2012; Kyle, et al., 2014). These functional
markers provide a direct information about the selective process involved in
interaction of individuals and their environment or/and in the capability for

9
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future adaptive changes (Meyers and Bull, 2002; van Tienderen, et al., 2002).
In addition, as an evolutionary perspective, the separation of populations can
arise on contemporary timescales and might not be detectable at neutral loci
(Cohen, 2002; Stockwell, et al., 2003; Sommer, 2005a). This is particularly true
when this time scale is too short to leave a signal at neutral loci and therefore
the population variation are only detectable at adaptive genes (Cohen, 2002),

such as the major histocompatibility complex (MHC).

The MHC genes known as the most polymorphic complex in
vertebrates which play a fundamental rule in the adaptive immune
system (Hedrick, 1994; Dong, et al., 2013). They are involved in both
self /non-self-recognition, disease susceptibility and mate choice
(Sommer, 2005a). These substantial biological traits can be affected by
the MHC variations that implicate the important of understanding
genetic diversity at the MHC level(Sommer, 2005a). Therefore, the MHC
genes, because of their important functions and characteristics, are
excellent candidates to assess adaptive gene variability (Ujvari and

Belov, 2011; Bichet, et al., 2015).

So far, the MHC of many non-model vertebrate taxa are poorly
characterised, limiting its application to studying the genetic diversity and to

conservation genetics in these groups.

1.5. CASE STUDY SPECIES

This thesis tackles the need for investigating a common and widespread

species for understanding the influence of past climates on southern Australian

10
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arid /semi-arid regions. I use the well-studied sleepy lizard, Tiliqua rugosa, to
provide the first comprehensive phylogeographic study that covers almost the

entire arid and semi-arid zone in southern Australia.

The sleepy lizard is a large, snout-vent length up to 340mm, mainly
herbivorous, long lived, monogamous and viviparous Australian skink (Bull,
1987; Dubas and Bull, 1991; Bull and Pamula, 1998). The species is common
in semi-arid regions, mostly in southern mainland of Australia (Bull, 1987;
Greer, 1989). They occupy undefended, large, stable home ranges, which
overlap substantially with other individuals of both sexes (Bull, 1978;
Satrawaha and Bull, 1981; Bull, 1987; Dubas and Bull, 1991; Bull, 1994;
Freake, 1996), and for most of the year, home range sizes average under 4000
m2 (Bull, 1978; Satrawaha and Bull, 1981; Dubas, 1987; Yeatman, 1988).
Average home range size increases during spring when lizards are most

active (Bull, 1978; Satrawaha and Bull, 1981).

The sleepy lizard is an appropriate case study model for several reasons.
First many aspects of the species’ biology and ecology is known due to its
having been the subject of a long term study by Prof. C. Michael Bull from
Flinders University. Second, it is a common and widespread species, which can
form a baseline to understand and compare the population genetic structure
and the effect of historical and demographic event on other populations or
species (Whiteley, et al., 2006). Common species are ecologically very
important as they have a large number of interactions with other biota. Thus
the declines in common species cause massive impact across species assemblies

(Gaston and Fuller, 2008). Third, partly due to its abundance, samples of this

11
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species are readily available in the Australian Biological Tissue collection held
by the South Australian Museum. Finally, the use of common species means
that we can utilise the same genetic markers to determine the locations of long
term refugia across a large area rather than having to develop further genetic

markers for other species.

I consider the potential effect of physical and historical barriers to gene
flow across the range of T. rugosa. One of the important aspect of this project
is using multilocus approach where I develop new markers to answer

investigate historical climates on contemporary genetic diversity.

In particular, I use next generation sequencing (NGS) to characterise
and develop multiple markers including neutral markers, anonymous nuclear
loci (ANL) and functional markers of the major histocompatibility complex
(MHC) loci. T also use the Illumina MiSeq platform to amplify the developed
markers in a large number of samples from the studied species. Finally, I use
genetic data from a set of nuclear markers (including intron 7 of B-fibrinogen,
glyceraldehyde-3-phosphate dehydrogenase and anonymous nuclear loci), and
mitochondrial DNA to examine the effects of historical glaciation events and

ecological barriers on a current genetic structure of the species.

12
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CHAPTER TWO

2. ANONYMOUS NUCLEAR LOCI

This chapter focuses on the de-novo development of multiple neutral
genetic markers for use in the validation of the program MITAGSORTER

(Chapter 5) and the phylogeographic study (Chapter 6).

These markers will be useful to investigate the effects of demographic
and historical events in the current study, and are likely to provide an initial
source for researchers who wish to investigate the population genetic and

phylogeography of other Egernia group species.

13
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Australian Journal of Zoology (2015) 62(6) 515-518

Random non-coding fragments of lizard DNA.:
Anonymous nuclear loci for the Australian skink,
Tiliqua rugosa and their utility in other Egernia group
species

Talat Hojat Ansari, Terry Bertozzi, Jessica Hacking, Steven J. B. Cooper

and Michael G. Gardner

2.1. ABSTRACT

We report the development of 48 anonymous nuclear loci from the
Australian skink Tiliqua rugosa using 454 sequencing. These loci amplified
across a Western Australian lineage (47 loci), a Northern lineage (48 loci) and
a Southern lineage (46 loci). We further tested amplification for the related 7.
adelaidensis and Egernia stokesii where 37 and 34 loci amplified respectively.
The loci showed variability within 7' rugosa (22 polymorphic loci) and at least
27 loci also exhibiting variation among the three species, highlighting the
usefulness of these markers for phylogenetic, phylogeographic and population

genetic analyses in T. rugosa and related species.
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2.2. MAIN TEXT

Anonymous nuclear loci (ANL) are single-copy nuclear markers that are
randomly selected across genomes (Balakrishnan, et al., 2010; Bertozzi, et al.,
2012). These loci are likely to be from non-coding regions of the genome
(Thomson, et al., 2010), and they can contain higher levels of variation than
introns (Lee and Edwards, 2008). These ANL regions are probably
independent, potentially not affected by selection, and also less affected by
ascertainment bias in marker choice (Balakrishnan, et al., 2010), making them
a useful source of neutral variation for phylogenetics, phylogeography and
population genetics. For example, ANL’s have been used in a multilocus
phylogenetic reconstruction of the squamate reptiles (Thomson, et al., 2008)
and several studies have applied these markers for phylogeographic analyses

(Cooper, et al., 1995; Rosenblum, et al., 2007; Lee and Edwards, 2008).

Here we describe the development of 48 ANT’s for an Australian skink,
the sleepy lizard Tiliqua rugosa, from randomly generated sequences produced
by the Roche 454 platform. Tiliqua rugosa is broadly distributed in semi-arid
areas of southern Australia making it a suitable species for contributing to the
dearth of phylogeographical studies of Australia’s arid biota, as reported by
Byrne, et al. (2008). Phylogenetic analyses across the distributional range of 7.
rugosa in Australia, using mitochondrial DNA (NADH Dehydrogenase subunit
4 (ND4)) revealed three lineages with a mean pairwise nucleotide difference of
24.67. These geographical lineages correspond to the northern and the southern
regions of the Murray River in southern Australia and a western lineage

spanning the west and east regions of the Nullarbor Plain (Ansari et al.
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unpublished data). However the existing nuclear markers, 8-fibrinogen and
glyceraldehyde-3-phosphate dehydrogenase (Dolman and Phillips, 2004), have
proved inadequate to identify areas used as long term refugia and to assess the
demographic history required to understand the long term effects of past
climate change on this species (Ansari et al. unpublished data). Therefore the

development of further nuclear markers is necessary.

In addition, T. rugosa is a member of the Egernia group, notable for
their high levels of sociality which is unusual for lizards (Gardner, et al., 2008).
We therefore evaluated the utility of the developed ANL’s in the related species
Tiliqua adelaidensis and Egernia stokesii to facilitate further understanding of

this prominent group of lizards.

We obtained high quality DNA (5 pg), using a puregene DNA isolation
kit (Gentra systems, Minneapolis MW, USA), from the liver tissue of a single
T. rugosa individual (SAMR63474) from the Mt Mary region of South
Australia (33° 55'S; 139° 21'E). This sample was subjected to shotgun
sequencing on a 454 (Roche), following Gardner, et al. (2011), at the
Australian Genomic Research Facility, (AGRF Brisbane, Australia). These
data have been deposited at the Dryad Digital Repository. We followed the
protocol of Bertozzi, et al. (2012) to identify potential ANL loci from the
resulting sequences. Briefly, we used the programme ‘sffinfo’ (Roche
GSassembler suite) to extract the FASTA formatted sequences from the GS-
FLX output files. Highly repetitive sequences such as microsatellites, known
transposable elements, as well as species-specific repeats, were identified using

the build-lmer-table script in RepeatScout (Price, et al., 2005). Highly

16



ANONYMOUS NUCLEAR LOCI- CHAPTER TWO

repetitive sequences were then masked in the FASTA file, with Repeat Masker
(Smit, et al., 2010). The resultant library was compared with the Anolis
genome using BLASTN V.2.2.21 to identify known coding regions and these
were removed. Sequences with substantive hits to mtDNA and those with open
reading frames were also removed. We identified 12,332 sequences over 450 bp

that were suitable for further processing.

We randomly chose 48 potential ANL’s and designed primers for these
with target total lengths of 200 bp in Primer 3 (Rozen and Skaletsky, 2000)
using the default values for annealing temperature (60 © C), primer length (19-
21 bp) and % GC content (50 %). These primers were tested for amplification
success with T. rugosa samples from North (NA) (ABTC 01276 and ABTC
55308) and South (SA) (ABTC 55271 and ABTC 34301) of the Murray River
and also samples from Western Australia (WA) (ABTC 55145 and ABTC
55276) (representing the three geographic lineages) as well as two individuals
from each of the related species T. adelaidensis (near Burra, SA) and F.
stokesii (near Hawker, SA). All samples were collected under appropriate
permits. The polymerase chain reaction (PCR) amplifications were performed
in 25 pL reaction volumes, containing 1x reaction buffer (Applied Biosystems),
20 ng DNA, 0.2 mM of each primer, 0.8 mM each dANTP and 2 mM MgCI2,
0.5 U DNA polymerase (Ampli Taq Gold™; Applied Biosystems). The cycling
profiles for all reactions consisted of a single cycle of 9 min at 94 °C, followed
by 34 cycles of 45s at 94 °C, 45s at 59 °C and 1min at 72 °C, ending
with 6 min at 72 °C. PCR amplification products then were purified directly
using a multiscreen PCR 384 Filter Plate (Millipore). The purified PCR
products were sequenced in the forward direction for one of the two amplicons

17
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from each of the three geographic regions of 7. rugosa and for T. adelaidensis
and FE. stokesii. Sequencing reactions consisted of 3 min at 96 °C, followed
by 30 cycles of 30s at 96 °C, 15s at 50 °C and 4 min at 60 °C, ending
with 1 min at 25 °C. The sequencing reactions were purified using SEQ) 384
Filter Plate (Millipore) before sending to the AGRF (Adelaide Australia) for
capillary sequencing on an AB 3730zl The resultant sequences were manually
checked in MEGA v5 (Tamura, et al., 2011), to ensure heterozygotes and

variable sites were correctly scored.

Of the 48 loci tested in Tiliqua rugosa from each of three different
geographic lineages, 47 successfully amplified for the Western Australian (WA)
sample, all 48 for the Northern Australian (NA) and 46 for Southern
Australian samples (SA) (Table 1). In T. adelaidensis and E. stokesii, 37 and
34 of the loci amplified a single clear product respectively (Table 1). We further
tested the utility of the loci by examining the sequence variation among the
three samples (one sample from each of the three geographic regions) of T.
rugosa. The standard diversity statistics, including nucleotide (1), number of
haplotypes (h), number of polymorphic sites (s), and pairwise sequence
divergence (dyx) within 7. rugosa, were calculated using Arlequin 3.5.1

(Excoffier and Lischer, 2010b) and MEGA v5 (Excoffier and Lischer, 2010b).
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Table 1. PCR primers for amplification trials of 48 anonymous nuclear loci in Tiliqua
rugosa, T. adelaidensis and Egernia stokesii. Fragment numbers refer to T. rugosa 454
shotgun sequences from which the primers were developed (see text). An x indicates

no or poor amplification; a v designates loci that successfully amplified with a product

at the expected size; and a # signifies that more than one product was amplified.
WA, NA and SA refer to the T. rugosa samples from Western Australia, North and

South of the Murray River, respectively.

Locus ID Fragment Primer sequences (5°—3°) T. rugosa adela-irdensis stoEésii
WA NA SA
Tirul  GEPOTEIOIDRION T Ao e e v v v v v
Tiru-2  G6POTEIOLB5CDO E‘é‘éﬁgﬁg?ﬁgﬁ?ggégﬁge v v v ’ ’
Tiru-3  GBPOTEIO2JFNOC E::E%CCAFAA%C;}?FQEQECA%AAAG?'EE v v v v v
Tiru-4  GOPOTEIO2IAGYT FTATCCACPCASCETICARTS v v v v
Tiru-5  G6POTEIO2HRI7L E::TATCCAA&(ZTGGT%TCTCGG(%%TGC:?GCATEG v v v y v
Tiru6  GEPOTEIOLCDUFZ L OCARACECAAGRTCTACrS v v v . ’
Tiru7  GGPOTEIO2RZ2DG [ MOCCTACACEEAACTEC v v v v v
Tirug  GOPOTEIO2I2505 L omt OO ey v v v # ’
Tiru-9  GBPOTEI02G8H36 Eﬂ%;%%ﬁ%?g&ggfggﬁgﬁi c v v v % y
Tiru-10  GePOTEIOZHMZMY FTSCTTACCCICTIOOTETCC | v v v v
Tiru-11  GGPOTEIO2CQeN FOACECACCTTOATCCTEARC v v v y x
Tiru-12  GGPOTEIOLCOBQB | TCOTASCTESSTACTICAASS v v v % v
Tiru-13  GGPOTEIOLBLEOM Egglig%ﬁg?%%ﬁ’é?g gg v v v X x
Tiru-14  G6POTEIOLD2AEI E?GCC':TTCTTC%%TTTCﬁ%CCTTﬁTCTT% v v v ’ ’
Tiru-15  GBPOTEIOLAT2SA Eﬁ?gi’?@%ﬁﬁ;ﬁgﬁ@gg@ v v v v v
Tiru-16  GOPOTEIO2H4gsA 1 OGTTTEOCAAATOTOEETAC I # v
Tirw-17 - GEPOTEIOZGNPMI G T e e v v y x
Tiru-18  GPOTEIOZFVFLD | A CASCOLACACAROTSAS 9 2 .
Tiru-19  GGPOTEIO2INSQP E%iﬁé?é:gf&g%%%g AGTAGGG v v v v v
Tiru-20 GG6POTEIOLC5T2H F:AGAGTCCACAGGCAGCTGAG v v v v v
R:AAGTGACCACACAGCAATGG
Tiru-21 G6POTEIOLALS3Y F.TCTGGAGCACGTTGAATCAG v v v v v
R:ATGAGGAATGCAGGGTGAAG
Tiru-22 G6POTEI02GZ1U4 F.TGACGGCTGTCAGACAATAGA v v v v v

G RITTTGTGTTTGCCCATGAGAG
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Table 1. Continued

T E

Locus ID adelaidensis stokesii

Fragment Primer sequences (5°-3°) T. rugosa

WA NA SA

Tiru-23

G6POTEI021L409

F:GAAGTGCCAGGAGGTCAATC
R:TCACATAGCCCTTGGTTTCC

v

v

F:GAACCAGGTGGAAACGACTC

Tiru-24  G6POTEIOZHIRRY b~ AGGCAGCCTCTTACAGTC v
s comEar EOEIAICTE
Tiru-26  GEPOTEI2GDVW ST COACETCCAACTSTS PR
Tiru-27 GGPOTEIOIDEAKG L Acooantl TETECOTSTTIT v x
Tiru-28  GEPOTEIOIBNMTW o G o I
Tiru-29 G6POTEIOLDFRRG E::égﬁg;$ggigéi%%%%1%6 v v v
Tiru-30 GEPOTEIOICRFVE L CTOACCACAGTCAGSSETIS v v x
Tiru-31  GGPOTEIOLEHOOM +OCCAATSTICATEITIONSC o v
Tiru-32  GEPOTEIOZHXTRM FTECSTICITEIAATEIOCTC
Tiru-33 GBPOTEIORIRT7U L S T T e v v v
Tiru-34  GEPOTEIOZGRIYF L e A s v v v
Tiru-35 G6POTEI02FQS0L E:;éigcc;m%%ié?g%gﬁg v v v
Tiru-36  GOPOTEIZHKXDL HATACCOAASGEACTOCATIS v v v
Tiru-37 GGPOTEIO2GXNWE [ OAACAACEOABLAAGASTES v v v
Tiru-38 GEPOTEIZHC18L L O SACATCETCCTeATISS . v v v
Tiru-30  GEPOTEIDZHQKEW FOSCASROCAGARCATSES v v v
Tiru-40 GEPOTEIOIEFKNO i CTOCTBACEARIOACA v v v
Tiru-41 GG6POTEIO2IL7AF Eﬁgg;&%ﬁ%ﬁgﬁiﬁ;%% v v
Tiru-42  GEPOTEI2GaHTX  F GOATORATATEOTTACACBAG v v
Tiru43 GGPOTEIO2POWS o AATSAACCTOBTRETTCNS R
v oworeizmay CATISACICSEEIEE
Tiru-4s  GEPOTEIZFSPUT  FOACOSEABTEARTOTICTTS v v v
Tiru-46  GGPOTEIOZFMCXD [ CACATBEACATITECTEICE v v v
Tiru-47 GBPOTEIO2FNUCB E?ﬁ;%%gﬁgéﬁg;g%g% v v v
Tiru-48 G6POTEIO2F49)R  -TCCATTTGCATCAGCGTATC

R:TGGACTCCTGGGAGTAGGTC
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We found 22 loci exhibited variation among the three T. rugosa samples
with nucleotide diversity ranging from 0.001 to 0.04 (Table 2). The remaining
26 loci were invariant. Locus Tiru-4 contained an indel in the sequences from
SA and NA. However, the levels of variability for these 22 loci within T. rugosa
are higher in 17 ANL loci compared with the nucleotide diversity of the two
previously available nuclear markers, 8-fibronogen (0.004) and GAPD (0.008),
which we assessed for the same individuals. For comparison, the nucleotide
variation for the mitochondrial gene NADH Dehydrogenase subunit 4 (ND4)
in the same 7. rugosa individuals was 0.05. The level of successful amplification
in the three studied species (96 %, 77 % and 71 % in T rugosa, T. adelaidensis
and FE. stokesii, respectively) is comparable with the amplification success
reported in other reptiles’ studies using this technique (80 % Gehyra lazelli
and 71 % for Hydrophis spiralis in Bertozzi et al. 2012). We found that 30 loci
successfully amplified in all three targeted species. We then successfully

sequenced a single individual from each species for 28 loci.

The nucleotide diversity among the three species ranged from 0.67 to
1.00 (Table 3). All loci except Tiru-4 exhibit variation among the three Egernia
group species in our study. Although we tested a small number of individuals,
the high levels of nucleotide variation observed in Tables 2 and 3 are consistent
with other studies of nuclear variation, particularly in reptiles (Hughes and

Mouchiroud, 2001; Rosenblum, et al., 2007).

The high level of genetic variation among the different species suggest

that these markers will be useful for phylogenetic, phylogeographic, and
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population genetic studies within 7. rugosa and other members of the

enigmatic Fgernia group.

Table 2 Characteristics of the 22 anonymous nuclear loci that exhibited variation

among individuals from the three geographic lineages of Tiliqua rugosa. Size (bp)

indicates size in base pairs of amplicon. Number of segregating (polymorphic) sites

(S), number of haplotypes (H), nucleotide diversity (m) and mean number of pairwise

differences (dx).

*—locus containing an indel, metrics are calculated excluding the

indel

Locus ID Size (bp) S H n dx
Tiru-2 184 2 2 0.01 1.3
Tiru-4* 70 1 3 0.01 0.6
Tiru-9 144 1 2 0.01 0.67
Tiru-15 161 2 3 0.01 1.33
Tiru-16 115 2 3 0.01 1.33
Tiru-20 107 1 2 0.002  0.004
Tiru-21 130 1 2 0.01 0.67
Tiru-22 192 3 3 0.01 2.00
Tiru-23 121 2 3 0.02 1.33
Tiru-24 182 3 3 0.04 3.00
Tiru-28 209 1 2 0.001  0.002
Tiru-29 300 1 2 0.002  0.67
Tiru-33 184 1 2 0.004  0.67
Tiru-34 111 1 2 0.002  0.01
Tiru-36 150 1 2 0.001  0.003
Tiru-39 140 1 2 0.005  0.67
Tiru-43 170 1 2 0.004  0.67
Tiru-44 155 2 3 0.01 1.3
Tiru-45 166 3 3 0.02 2.00
Tiru-46 173 1 2 0.01 0.67
Tiru-47 161 1 2 0.01 1.00
Tiru-48 116 4 3 0.04 4.00
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Table 3. Characteristics of the 27 variable anonymous nuclear loci that successfully
sequenced in all three target species (Northern Tiliqua rugosa lineage; T. adelaidensis;
E. stokesii). Size (bp) indicates size in base pairs of the largest amplicon. Number of
segregating (polymorphic) sites (S), number of haplotypes (H), number of indel bases
(I), nucleotide diversity (m) and mean number of pairwise differences (d).

Locus ID Size (bp) S H | n dx
Tiru-2 193 25 3 15 0.09 16.7
Tiru-3 112 6 3 0 0.04 4.3
Tiru-5 172 10 3 0 0.04 6.3
Tiru-6 124 2 3 0 0.01 13
Tiru-10 184 36 3 27 0.14 24.00
Tiru-14 109 1 3 0 0.005 0.7
Tiru-15 158 6 3 0 0.03 4.00
Tiru-19 118 5 3 0 0.03 33
Tiru-20 91 6 3 0 0.03 3.00
Tiru-21 127 9 3 0 0.05 6.3
Tiru-22 188 3 2 0 0.01 3.00
Tiru-23 122 4 3 0 0.02 2.7
Tiru-24 190 4 2 0 0.03 4.00
Tiru-25 146 4 3 0 0.02 2.7
Tiru-26 131 3 3 0 0.01 2.00
Tiru-28 200 16 3 9 0.05 11.00
Tiru-32 127 1 3 0 0.01 1.3
Tiru-33 183 4 3 0 0.02 2.7
Tiru-34 111 8 3 0 0.04 5.3
Tiru-35 141 12 3 8 0.06 8.00
Tiru-36 139 1 2 0 0.01 1.00
Tiru-37 127 3 2 0 0.02 3.00
Tiru-41 143 5 2 0 0.02 3.33
Tiru-42 131 8 3 7 0.04 5.3
Tiru-43 155 7 3 0 4.7 0.03
Tiru-44 161 8 3 0 0.03 5.3
Tiru-47 140 1 3 0 0.01 0.67
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CHAPTER THREE

3. THE MAJOR
HISTOCOMPATIBILITY
COMPLEX CLASS I

In this chapter (and the following one, Chapter 4), I set out to develop
a functional marker set with the intention of using these in my investigation
of genetic diversity as a direct comparison to the neutral markers. I chose genes
of the major histocompatibility complex (MHC) as these genes would likely
provide a reflection on the underlying co-evolutionary relationship with
pathogens and parasites of the sleepy lizard and may be different in the
different refugial locations and in different lineages. In addition the social

interactions of this monogamous species may well be Illuminated using MHC
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loci as the loci are also involved directly with mate choice. However, the
considerable time it took to fully characterize the MHC meant that there was
not enough time to utilize these loci in the context as they were intended.
Nonetheless the developed markers have been used in Illumine MiSeq run
(Chapter 5), and represent a considerable investment that will be available for

future studies.

The development of MHC class I loci in this chapter therefore provides
a valuable resource to investigate the genetic diversity, co-evolution with

parasites, and effect of selection across the landscape.
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Developmental and Comparative Immunology (2015) 53 320-
327

MHC in a monogamous lizard-Characterization of class
I MHC genes in the Australian skink Tiliqua rugosa

Talat Hojat Ansari, Terry Bertozzi, Robert D. Miller and Michael G. Gardner

3.1. ABSTRACT

The major histocompatibility complex (MHC) is a highly variable region
of vertebrate genomes that encodes cellular proteins involved in the immune
response. In addition to the benefits of MHC research in understanding the
genetic basis of host resistance to disease, the MHC is an ideal candidate for
studying genetic diversity under strong natural selection. However, the MHC
of many non-model vertebrate taxa are poorly characterized, hindering an
understanding of disease resistance and its application to conservation genetics
in these groups. Squamates (lizards and snakes) remain particularly
underrepresented despite their being the most diverse order of non-avian
sauropsids. We characterized MHC class 1 sequence diversity from an
Australian skink, the sleepy lizard (Tiliqua rugosa), using both ¢cDNA and
genomic sequence data and also present genomic class I sequences from the
related skinks Tiliqua adelaidensis and Egernia stokesii. Phylogenetic analysis
of Tiliqua and other published sqgamate MHC class I sequences suggest that
MHC diverged very early in Tiliqua compared with the other studied

squamates. We identified at least 4 classical MHC class I loci in T rugosa and
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also shared polymorphism among 7' rugosa, T. adelaidensis and FE. stokesii in

the sequences encoding peptide-binding al and a2 domains.

Keywords: MHC, Scincadae, Squamates, CDNA, Genomic DNA,

Tiliqua rugosa, Tiliqua adelaidensis, Egernia stokesit

3.2. INTRODUCTION

The major histocompatibility complex (MHC) has long been a major
focus of molecular evolution studies since the discovery in the 1930's of its role
in regulating responses to transplanted tumours in inbred mouse strains
(Gorer, 1936). Indeed, this gene region was an early focus of the human genome
project (Nadachowska-Brzyska, et al., 2013) due to its importance in disease
resistance. The MHC is an extremely dynamic, gene dense region that encodes
cellular proteins involved in the immune response in vertebrates (Hedrick,
1994; Dong, et al., 2013). MHC genes can be highly polymorphic and are linked
to important aspects of life history such as survival and reproductive success
(Milinski, 2006). Therefore these genes are ideal candidates for studying the
action of natural selection in wild populations and many studies have
established the role of MHC genes in disease resistance in wildlife (Vigueira, et

al., 2013D).

The MHC gene has two main types of receptors, class I and class 1I
(Klein, 1986). MHC Class I molecules are displayed on the surface of the cells
of most tissues and every nucleated somatic cell of vertebrates and are

responsible for the presentation of intracellular or endogenously derived
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antigens (Bjorkman and Parham, 1990). Class I genes encode a single
polypeptide chain with structurally conserved protein domains. Two
polymorphic exons, exons 2 and 3, encode the al and a2 domains that make
up the variable peptide binding region (PBR) (Bjorkman, et al., 1987; Sieling,
et al., 1995). A third extracellular domain, the a3 domain, associates non-
covalently with a B2 -microglobulin molecule, whose presence is necessary for
cell surface expression (Klein, 1986; Rodgers and Cook, 2005). There are also
two C-terminal domains in many class I molecules: the transmembrane and

cytoplasmic domains (Glaberman and Caccone, 2008).

MHC class T molecules have been classified further, based on their
structure and function, into classical and non-classical roles. Classical class I
have strong and ubiquitous expression across different types of tissues and are
generally highly polymorphic. Classical class I molecules present short peptide
fragments, derived from pathogens or the self-proteome generated within the
host cell, to CD8" cytotoxic T lymphocytes (CTLs). Recognition of the MHC
class T e peptide complex leads to CTL mediated lysis of infected host cells
(Klein, 1986; Shawar, et al., 1994; Ploegh and Watts, 1998). Non-classical class
I molecules are encoded by genes found either in or outside of the MHC region.
Their expression usually is limited to specific tissue types and are typically
monomorphic or oligomorphic (two to four alleles). Non-classical MHC
molecules perform a wide range of functions that are not necessarily always
related to immunity (Braud, et al., 1999; Rodgers and Cook, 2005) such as

iron metabolism in humans (Braud, et al., 1999).
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In contrast to the extensive MHC research in mammals, other
vertebrate taxa, such as amphibians and non-avian sauropsids, are
underrepresented, however this imbalance is being redress (Grossberger and
Parham, 1992; Radtkey, et al., 1996; Miller, et al., 2005; Miller, et al., 2006;
Ohta, et al., 2006; Hauswaldt, et al., 2007; Glaberman and Caccone, 2008;
Glaberman, 2008; Murphy, et al., 2009). The order squamata, which is the
most diverse reptile order among the four non-avian sauropsids (reptiles)
orders and a main amniote lineage, is the most poorly studied of these groups.
Analyses of squamate MHC genes will contribute to a better understanding of
the evolution of the amniote MHC region as this lineage last shared a common
ancestor with mammals more than 300 million years ago (Kumar and Hedges,
1998). In addition, characterization and isolation of MHC class I genes from
the squamates will aid comparisons of adaptive genetic diversity and disease
interactions in this group. Reptiles provide a fascinating group for study given
their general reliance on chemical communication for many aspects of their
lives such as prey and predator detection, species and individual identification

and mate choice (Mason and Parker, 2010).

One group of squamates, the skinks (Scincidae), could contribute
immensely to understanding the influence MHC loci have on mate choice as
these animals appear to have advanced chemosensory discrimination that
influences mate recognition (Olsson and Shine, 1998). In particular, skinks of
the social Fgernia group (Gardner, et al., 2015) provide an opportunity to
understand the role that MHC may have in the formation of social

aggregations. Members of this group show varying levels of sociality and these
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differences have also been shown to correspond to discrimination of scats by

conspecifics (Bull, et al., 1999).

In this study, our major aim was to characterize the MHC class I genes
from the Australian sleepy lizard ( Tiliqua rugosa). In addition, we investigated
the genomic MHC class I sequences in the congener pygmy bluetongue lizard
(Tiliqua adelaidensis) and gidgee skink (Egernia stokesii). The three skink
species are squamate reptiles (subfamily: Lygosominae) from the well-studied
Egernia group (Gardner, et al., 2008). T. rugosa is a long lived, monogamous
and viviparous Australian skink (Bull, 1987). This species is widely distributed
in arid to semiarid regions mostly in the southern mainland of Australia (Bull,
1987; Greer, 1989). In contrast, the closely related T. adelaidensis is an
endangered species that survives in a few isolated fragments on native
grassland in the Burra region in mid-South Australia. Fgernia stokesii is a
monogamous and group-living species of the Egernia group found primarily in

rocky outcrops in arid to semi-arid regions of Australia (Gardner, et al., 2001).

3.3. MATERIAL AND METHODS

3.3.1. SAMPLE COLLECTION AND EXTRACTION OF RNA AND

DNA

The spleen, thymus and a muscle sample from a T. rugosa individual
collected from the Mt Mary region of South Australia (33° 55°S; 139" 21'E)
were preserved in 10x the volume of RNA Later (Qiagen, Venlo, Netherlands),

kept at 4 °C for 48 h and then stored at -80 °C until required for RNA
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extraction. The remainder of the specimen was accessioned into the South
Australian Museum herpetology collection (SAMR63474). RNA was isolated
from the spleen and thymus (35 ng of mRNA from the thymus and 150 ng
from the spleen) using the Qiagen Oligotex Direct mRNA kit (Qiagen, Venlo,
Netherlands). The mRNA was fragmented using Mg*" buffer, primed with
random hexamers for cDNA synthesis and then sequenced on a single plate of
a GS-FLX (Roche Applied Science, Indianapolis, Indiana, USA) at the AGRF

(Brisbane, Australia) following standard protocols.

Blood samples were collected onto Whatman® FTA classic cards (GE
Healthcare, Buckinghamshire, UK) from additional 7. rugosa specimens from
the Mount Mary region, 7. adelaidensis from Burra (33° 42'S; 138° 56'E) and
E. stokesii, from Witchelina Station (30° 00°S; 138° 00'E). Genomic DNA was
extracted from the FTA cards using a modified FTA extraction method
(Gardner, et al., 2008). In addition, genomic DNA was extracted from the
tissue of the same sample (SAMR63474) that was sources for the cDNA library
preparation and was used as a positive control, using a puregene DNA isolation

kit (Gentra systems, Minneapolis MW, USA).

3.3.2. ASSEMBLY AND DISCOVERY OF MHC CLASS I SEQUENCES

Raw reads were assembled using gsAssembler release 2.5.3, using the
-cdna flag, directly from the Standard Flowgram Format (SFF) files output
from the GS-FLX. Sequence adapters were removed using the built in adapter
removal tools with the quality and clipping information encoded in the SFF
files. Assembly was carried out on a quad core Linux workstation with 8 GB
of memory. A local BLASTX (2.2.21+) search of all assembled contigs, using
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MHC class I amino acid GENBANK sequences from Iguana iguana (EU604316
e EU604319); Amblyrhynchus cristatus, (EU604308 - EU604312); Conolophus
subcristatus, (EU604313 - EU604315); Ameiva ameiva (M81095, M81097);
Nerodia sipedon (M81099); Pelodiscus sinensis (AB185245); Sphenodon
punctatus (DQ145788, DQ145789) and Gallus gallus (X12780) as queries, was
performed with a significance threshold of e < 10 to identify contigs
containing putative MHC class T sequences. The assemblies of the best
matching contigs, from the gsAssembler ACE file, were examined in Tablet
1.14.10.21 (Milne et al., 2013) for evidence of misassembly. Reads were mapped
back to the longest contig using gsMapper release 2.9 and the sorted BAM
alignment visualised in IGV v2.2.11 (Robinson, et al., 2011). Sequence
fragments congruent with the putative antigen binding exons of the contig
were extracted from the BAM alignment using a combination of samtools 1.1
and AWK. The resultant fragments were clustered using USEARCH v7.0.1090
(Edgar, 2010) at 95% identity. Consensus sequences were generated for each
cluster (excluding singleton clusters) and aligned using Geneious v6.1.7
(Drummond, et al., 2012) to investigate sequence diversity. The longest
sequence from each resultant sequence group (the bait) was used in an iterative
assembly strategy using the mirabait utility from MIRA v4.0.2 (Chevreux, et
al., 1999) specifying a minimum of 100 kmers for a sequence to be selected.
Following each mirabait run, the selected sequences were remapped to the bait
using Geneious and a new longer bait assembled. The process was repeated
until sequence length stabilised (approximately five interations). Where two
sequences were recovered (likely representing allelic variation), these were

separated and run separately. Finally, reads were mapped back to the newly
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generated sequences with gsMapper with 75 bp overlap and 90% identity to

evaluate the methodology.

3.3.3. PRIMER DESIGN AND AMPLIfiCATION OF MHC cLASS I
SEQUENCES

We aligned our putative MHC class I cDNA sequences with published
class I sequences from other vertebrates in GenBank (Table 3), using Geneious
v6.1.7 (Drummond, et al., 2012). Specif-ically, we included: Iguana iguana
(EU604317 and EU604319); Amblyrhynchus cristatus, (EU604308 and
EU604311); and Conolophus subcristatus, (FEU604313, EU604315 and
EU604316). Primers were designed from the aligned sequences (Fig. 1; Table
1), using Primer 3 as implemented in the Geneious software. Initially primers
(Tables 1 and 2) for MHC class I exons 2-4 were trialled on genomic DNA
obtained from SAMRG63474 and T. adelaidensis and F. stokesii samples.
Following successful amplification and sequencing we further tested
amplification and sequenced individuals from three family groups of T. rugosa
comprising mothers, fathers and one or two known offspring. The following
primer pairs were used: for exon 2, MHC1lay F2 with MHClaz Ri; and for exon
3, MHCla: F; with MHClas Re. PCR was performed in 25 mL reactions,
containing 20 ng DNA, 1 x reaction buffer (Applied Biosystems), 0.2 mM of
each primer, 0.8 mM dANTP, 2 mM MgCl, and 0.5 unit of DNA polymerase
(Ampli Taq Gold™:; Applied Biosystems). The cycling profile consisted of a
single cycle of 10 min at 94 ° C, followed by 34 cycles of 30 s at 94° C, 30 s at
60 ° C and 1:30 min at 72 ° C, with a final extension for 10 min at 72° C. PCR

amplification products were purified using a multiscreen PCR 384 Filter Plate
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(Millipore). The purified products were sequenced using BigDye terminator

chemistry, consisting of 3 min at 96 ° C, followed by 30 cycles of 30 s at 96 ° C,

15 s at 50 ° C and 4 min at 60 ° C. The sequencing products were purified using

a SEQ 384 Filter Plate (Millipore) and sent to the AGRF (Adelaide Australia)

for capillary sequencing on an AB 3730xl.

Table 1. Sequences of primers designed for amplification of MHC class I genomic

sequences in this study. (F)= forward primer, (R) = reverse primer.

Primer name

Primer Sequence in 5'— 3’direction

1 MHCla:1F: GGYKCCTCBTCCCACTCKGYGMRGTA
2 MHCla:1F: ACGGCGGTGTCKGAGCCYRGCCAG

3 MHCle:1R: TGTKCHDRTCCCAGWRMTGRGGGT

4 MHC1la:2R GTCCAGGTGAGGGTCTCCTT

5 MHCle:2F1 TCACACBYKGCAGYBSATGTAYGGCTG
6 MHClo:z2Fs ACAAGGAGACCCTCACCTGGA

7 MHClo:z2R2 TCCTCWGCAGDSTCTCCYTCC

8 MHCloz2Rs CCBTCCCRTASYSCACGTRYTTC

9 MHClosF: GCCCCCHKHRRTRAARGTGACAC

10 MHClasF: GADGGCTTGGAGACCCTCCTYTG

11 MHC1e3 F3 TCCTYTGCMRGGYCCACGGC

12 MHClasR: TCRTGYTCCACRYGGCAYHKGTAG

13 MHCITMR CACTYRTTGASGCTGCTYTGT
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Table 2. Primer pairs used for amplification of MHC class T sequences in this study.
Numbers in front of each primer name corresponds to the numbering scheme in Table

1. Sl= sleepy lizard, Py= pygmy blue tongue and Gi= gidgee skink.

Primer

Forward direction

Reverse direction gDNA Amplification Species

1 MHClo1 F1 3 MHClo: Ry Exon2 SI-Py-Gi
1 MHCla: F1 4 MHClaz R Exon2-Intron2 Sl
2 MHClw F2 3 MHClo; Ry Exon2 SI-Py-Gi
2 MHClw F 4 MHClaz R Exon2-Intron2 Sl
5 MHClazF: 7 MHCl oz R Exon3 SI-Py-Gi
5 MHCla2 F1- 8 MHCl oz R3 Exon3 SI-Py-Gi
6 MHCl1a2 F4 7 MHClo; R, Exon3 Sl
6 MHCl1 a2 F4 8 MHCl oy R3 Exon3 Sl
9 MHCla3F1 12 MHClos Ry Exon4 SI-Py-Gi
9 MHClosF:1 13 MHC1TMR Exon4 SI-Py
10 MHC1aos F2 12 MHClas R; Exon4 Sl
10 MHC1as F2 13 MHC1TMR Exon4 SI-Py
11 MHClo3 F3 12 MHClas R; Exon4 SI
11 MHC1o3 F3 13 MHC1TMR Exon4 Sl
11 .
1 6 9 10—> 3UTR
- 2 S —p
= —
-------- Exon 2 }— O Exon 3 //—‘ Exon 4 }<_
— <— [Intron 2 <= <= Intron 3 e 13
40bp 3 4 - o 12

Figure 1. Schematic illustration of part of the MHC class I gene. Numbers above the

arrows demonstrates the position of primers used in this study and correspond to the

numbering scheme in Table 1.
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3.3.4. DATA ANALYSIS

Sanger sequences were edited and assembled (see Table 3 for GenBank
submissions) using MEGA v5 (Tamura, et al., 2011); and aligned (both the
nucleotide sequences and the translated protein sequences) using Clustal W,
as implemented in MEGA v5 (Tamura, et al., 2011) and Geneious v6.1.7
(Drummond, et al., 2012) and then manually checked. We calculated genetic
distances between all class I sequences for each exon separately using MEGA
v5. Full length amino acid and exon 4 (a - 3 domain) coding sequences derived
from T. rugosa ¢cDNA and from T. rugosa, T. adelaidensis and E. stokesii
gDNA data, were aligned with published sequences used by (Pielou, 1991;
Miller, et al., 2006; Glaberman, et al., 2008). We performed Bayesian
phylogenetic analyses using MrBayes v3.2 (Ronquist, et al., 2012) using the
highly conserved exon 4 nucleotide sequences. Similarly to exon 3, exon 4 is
immunoglobulin like in a range of vertebrates. Additionally, we carried out
Maximum Likelihood (ML) analysis in RAXML web server (Stamatakis, et al.,
2008). We applied the general model GTR + I 4 I' in both ML and Bayesian
analysis. For Bayesian analyses, we per-formed two independent runs, using
the default value of four Markov chains per run. Each chain was run for 10
million generations with a sample frequency of 10,000 and a burn-in period of
100,000 generation. We then measured the effective sample size of each
parameter, checked for chain convergence, and visualized the plots using the

program tracer v1.5 (Rambaut and Drummond, 2009b).
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Table 3. Common name, species and GenBank association numbers, for MHC class 1

sequences used in our study.

Common hame Species GenBank association number
Sleepy lizard Tiliqua rugosa KM515947eKM515965
Great reed Acrocephalus cN3 AJ005503
warbler arundinaceus
Galapagos Marine  Amblyrhynchus Amcr-UB*01EU604308, Amcr-UB*02 EU604309,
Iguana cristatus Amcr-UB*03 EU604310, Amcr-UB*0401 EU604311,
Amcr-UB*0402 EU604312
Axolotl Ambystoma Amme-3 U83137
mexicanum

Ameiva lizard

Ameiva ameiva

LC1 M81094, LC5 M81095, LC13 M81096, LC25

M81097
Mallard Anas platyrhynchos  Du2 AB115242
Green anole Anolis carolinensis  LOC100551708 XM_003230649.1,

LOC100559582 XM_003218095.1

Galépagos Land Conolophus Cosu-UB*0101 EU604313, CosuUB*0102 EU604314,
Iguana subcristatus Cosu-UB*02 EU604315, Cosu-UB*03EU604316
Zebrafish Danio rerio Dare-UBA NM131471
Gidgee skink Egernia stokesii (Fig. S3)
Racerunner Eremias KJ143572
multiocellata
Chicken Gallus gallus B-F10 X12780
Human Human HLA-B7 U29057, HLA-Cw D50852, HLA-AU07161

Green Iguana

Iguana iguana

Igig-UB*0101EU604317, Igig-UB*0102 EU604318,
Igig-UB*02 EU604319

Wallaby Macropus Maru-UB*01 L04952
rufogriseus
Mouse Mus musculus H2-K 136312, H2-D1 NM_010380, H2-Q1

NM_010390, H2-Q10 NM_010391

Water snake

Nerodia sipedon

SC1 M81099

Rainbow trout Oncorhynchus OnmyUBA AF287487
mykiss

Platypus Ornithorhynchus Oran2-1 AY112715
anatinus

Chinese soft- Pelodiscus sinensis

shelled turtle

AB185243

Tuatara

Sphenodon
punctatus

Sppu-U*01 DQ145788, Sppu-U*02 DQ145789

Pygmy bluetongue
lizard

Tiliqua adelaidensis

(Fig. S3)

Possum

Trichosurus
vulpecula

Trvu-UB AF359509

African clawed
frog

Xenopus laevis

UAA-1f L20733
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3.4. RESULTS

3.4.1. ISOLATION AND CHARACTERIZATION OF MHC cLASS I
SEQUENCES FROM T. RUGOSA

The GS-FLX sequencing runs produced a total of 626,996 reads
representing 184,465,409 bases. Assembly yielded 43,805 contigs with 63,200
reads remaining as singletons. Basic assembly metrics for contigs greater than
100 bases are shown in Table 4. Blast searches identified several sequences that
were significantly similar to MHC class I, however examination of the
assemblies indicated that these consensus sequences were comprised of a
number of distinct sequences. When the reads were mapped back to a
representative contig, coverage of the putative antigen binding exons was not
only disproportionately high but many of the reads could only be mapped to
this region with extensive hard sequence clipping. Clustering of sequences
extracted from this region, produced 45 clusters composed of 1-106 sequences
(mean 9.8). Alignment of the consensus sequences from each cluster identified
five major sequence groups based on similarity. Iterative assembly using a
representative sequence from each sequence group recovered nine sequences

(two sequences from four of the groups and a single sequence from the fifth).

Eight of these sequences contained approximately full-length MHC class
I sequences encompassing the entire coding region as well as parts of 5 and 3’
UTRs (Fig. 2). Consequently, we identified four different loci (Mhe Tiru-UA*01

_ MheTiru-UA*04) each with two distinct alleles (Fig. 2). The remaining

sequence (MhcTriu-UA*05) was only partially recovered and composed of
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exon 3 through to the 3" UTR. Interestingly, this sequence would encode

shortened transmembrane/cytoplasmic regions (Fig. 2).

Polyadenylation signal sequences (AAAAAA in MhcTiru-UA*01;
AAGAAA in others) indicating complete 3 UTR regions were found in the

c¢DNA sequences from the four class T T’ rugosa loci.

There was greater than 95% nucleotide similarity between al-leles within
a locus contrasting with approximately 3% nucleotide identity among loci for
the entire region. MheTiru.-UA*03 and MhcTiru.-UA*04 with 70% Identity

had the highest nucleotide identity across all loci.

Table 4. Basic assembly metrics for the cDNA library sequences from Tiliqua rugosa
used in the study.

Metric Count
Number of contigs with>100 bases 39850
Total bases in contigs 19028071
Number of contigs >= 1kbp 2836
Total bases in contigs >= 1kbp 4186544
Max contig length 6528

N50 563
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3.4.2. MHC cLASS I VARIATION WITHIN T. RUGOSA

Genomic class I genes from T. rugosa were successfully amplified using
specific primers designed based on the cDNA sequences. Primers MHCla,F
and MHClouoz R (Table 1), amplified a 242 bp fragment of exon 2, including
most of the coding region plus more than 600 bp of intron2. In total, three
different exon 2 sequences including some identical to the cDNA sequences
were amplified from 7. rugosa genomic DNA by using three different primer
pairs (Table 2). The primers MHCla, F; with MHClae Rp, and MHClas F,
with MHClas Ry amplified what appear to be a single copy of 274 bp and 276
bp of the exon 3 and 4 of class I, respectively. These products span the majority
of exon 3 and 4. The resultant amplicons closely matched the cDNA sequences
for loci MheTiru-UA*03 and MheTiru-UA*04 (Fig. S1). Examination of the
Sanger sequences resulting from the amplification of family groups for the three
tested primer pairs showed that each pair amplified single loci corresponding
to MheTiru-UA*03 and MheTiru-UA*04 of the cDNA identified loci for exon
2 and 3, respectively (Fig. S2). Based on the analysis of family groups the loci

appeared to be inherited in a Mendelian fashion.

3.4.3. COMPARISON OF T. RUGOSA CDNA MHC cLASS I WITH

THAT OF OTHER SPECIES

Percent nucleotide identity of the 7. rugosa MheTiru-UA*0101
sequence with a range of published class I DNA sequences (Table 5) ranged
from 50% in Rainbow trout ( Oncorhynchus mykiss), to 70%nucleotide identity

for the Ameiva lizard sequences. The a2 and a3 nucleotide data separately are
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most similar to the iguana DNA sequences, but the a - 1 is more similar to the
Ameiva lizard (70%nucleotide DNA identity) than it is to the iguana sequences

(60-63% nucleotide identity).

We identified many of residues that are important for MHC class 1
structure and the binding of antigenic peptides in translated 7. rugosa class I
sequences. There are salt bridges formed by histidine (H) residues at positions
5 and 101 and aspartic acid (D) residues at positions 33, and 127. The four
cysteine (C) residues at positions 109, 173, 212 and 268 are involved in the
formation of intra-domain disulfide bridges (Fig. 2). In addition, the MHC
class I genes of most vertebrates encode an NQS or NQT glycosylation site
towards the end of the al domain. The NQS sequence was present at positions
93-95 in most 7. rugosa sequences, with just MhcTiru-UA*0201 and Mhe Tiru-

UA*0202 containing an NQT glycosylation site (Fig. 2).

Classical class I molecules contain nine highly conserved amino acid
positions that bind the C-and N-terminal residues of antigenic peptides
(Kaufman et al., 1994; Shum et al., 1999). These highly conserved amino acid
positions match with the following types of amino acids and alignment
positions: Y9, Y66, R91, F131, T151, K154, W155, Y168 and Y183, in class I
sequences of T. rugosa (Fig. 2). Phylogenetic reconstruction using exon 4
nucleotide sequences supported the monophyletic clustering of the squamate
class I sequences consistent with a common ancestral locus (Fig. 3). There was
strong support for the basal position of T. rugosa class I sequences relative to
other squamate class I sequences included in this analysis. However, many of

the class I gene clusters among vertebrates had low to moderate bootstrap
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values support, and therefore the evolution of the MHC region and also the
relationship among class 1 genes of all available vertebrates was not well

resolved.

Table 5. Percent nucleotide identities between MhcTiru.-U*0101 and published MHC
class | sequences from other vertebrates. al= a-1 (exon 2), a2= a-2 (exon 3) and a3=

a-3 (exon 4) of class I gene.

Percentage nucleotide identity with Sleepy lizard

Speces MhcTiru.-UA*0101

al o2 o3 al, 02, a3
Ameiva lizard (LC1) 70.29 74.1 65.58 69.99
Green Anole (loc100559582) 591 7174 68.11 66.3
Marine Iguana (Amcr-UB*01) 62.68 76.1 89.14 73.94
Land Iguana (Cosu-UB*03) 61.96 75.36 65.94 67.75
Green Iguana (Igig-UB*02) 59.78 69.2 65.58 64.85
Tuatara (Sppu-U) 67.39 66.3 54.94 62.45
Chicken (B-F10) 63.70 65.58 56.52 61.92
Wallaby (Maru-UB*01) 61.95 63.8 52.69 59.26
Possum (Trvu-UB) 65.58 63.1 49.46 59.14
Human (HLA-A) 59.78 64.1 51.1 58.15
Platypus (Oran2-1) 63.77 70.97 50.54 61.53
Warbler (Acar-cN3) 56.3 61.42 57.25 57.66
Axolotl (Amme-3) 64.44 65.22 45.52 58.3
Mouse (H2-K) 60.51 63.8 52.17 58.63
Nurse shark (Gici-UAA) 60.37 58.1 38.1 52
African clawed frog (UAA-1f)  53.70 53.76 43.84 50.42
Rainbow trout (Onmy-UBA) 47.62 57.71 45.39 50.24
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Fig. 3. Phylogenetic relationship of the major vertebrate groups based on published
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midpoint rooted and values in branches are indices of support for the major branches.

The top and bottom numbers are Bayesian posterior distribution values, and

bootstrap values greater than 50% from neighbour joining analysis, respectively.
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3.4.4. GENOMIC SEQUENCES IN RELATED TILIQUA AND EGERNIA

GROUP TAXA

Part of the genomic MHC class I spanning exons 2 through 4 was
successfully amplified and sequenced from 7T. adelaidensis and E. stokesti,
using primer pairs specified in Table 2. The primer pairs MHCla, F1/MHClay
Ry, and MHCla; Fo/MHClay Ry, for example, amplified 200 bp and 150 bp of
the exon 2 from 7. adelaidensis and F. stokesii, respectively. Amplification of
the exon 4 region from FE. stokesii genomic DNA using primer pair MHCTas
Fi/MHCI a3 Ry and MHC1 a3 F1/MHC1 as Rs yielded a 170 bp and 200 bp
sequence respectively (with more than 90% nucleotide identity) from one
individual. Three sequences, which spanned all of the 270 bp of the exon 4
region and the 100 bp of the exons encoding the TM/Cyt domains, were
obtained from one individual of T. adelaidensis using three different primer
pairs, MHC1 a3 F1/MHC1 a3 Ri;, MHC1 a3 Fi/MHC1 TMR and MHC1 a3
Fy/MHC1 TMR. Exon 2 and 3 of the T. adelaidensis and E. stokesii sequences
shared about 70% nucleotide identity with MhcTiru.-UA*0101. However, the
exon 4 sequences are the most conserved with more than 78% nucleotide
identity between the three species (Fig. S3). Homology of genomic sequences
isolated from T. rugosa, T. adelaidensis and E. stokesii to class I MHC genes
was confirmed by protein alignments with class 1 sequences from other
vertebrates including the sequences isolated from ¢cDNA library of T. rugosa.
The protein alignments of amplified sequences from T. adelaidensis and FE.
stokesii with MhcTiru-UA*0101 are presented in Appendix (Fig. S3). Four

cysteine residues were present at positions 103, 166, 205 and 261 and two salt
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bridges at positions H5 - D31 and H95 - D120, and the FYP motif at positions
210 - 212. An NQS or NQT glycosylation site, which we identified in cDNA

sequences from 7. rugosa, were present at position 89 - 91.

We also confirmed the homology of these genomic sequences by
Bayesian and maximum likelihood analyses, which included class I genomic
sequences isolated from T. adelaidensis and E. stokesii, including exon 4 data

(Fig. 3).

3.5. DISCUSSION

MHC class I sequences were characterised and isolated from 7. rugosa
using next generation sequencing methods on total RNA from spleen and
thymus. cDNA sequences reconstructed from read assembly allowed for the
design of specific primers to amplify fragments corresponding to class I exons
2e4 from T. rugosa genomic DNA. The primers developed also amplified MHC
class I genomic fragments from 7. adelaidensis and F. stokesii. The sequences
appear to represent functional genes due to the absence of any premature
termination signals and the presence of conserved residues that contribute to
the protein domains that form a complete class I molecules. This includes the
conserved amino acid residues that bind the terminal ends of antigenic peptides

for presentation to CD8+ T cells (Glaberman, et al., 2008).

The presence of sequences encoding the transmembrane and cytoplasmic
domains within the coding region is consistent with the gene products being
expressed as typical full length cell surface molecules, as are all classical MHC

class I. Further evidence that the loci are classical class I loci is provided by
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our identification of specific residues at the peptide-binding region of class I
sequences (Kaufman, et al., 1994). Confirmation of ubiquitous expression, and
high polymorphism are required to be more confident the loci are classical class
L. One locus, MheTiru-UA*05, did not contain full transmembrane sequences
and was expressed at a low frequency in the studied tissue, indicating that it
may not represent a classical locus. The cDNA and genomic sequence data
suggests the present of at least four class I loci in T. rugosa. Amplification of
three different sequences from exon 4 in 7. adelaidensis is also consistent with
the presence of at least two class I loci in this related species. However, as we
just amplified a maximum of two genomic sequences per exon from 7.
adelaidensis and F. stokesii, the number of class I loci for these two species

cannot be currently determined.

Our analysis of exon 4 sequences indicates that T. rugosa, T.
adelaidensis and E. stokesii share ancestral polymorphisms (Fig. 3). Shared
polymorphisms were observed also between the two Tiliqua species for exons
2 and 3. The pattern of our results, where class I sequences are more related
among species than within them, is not consistent with the birth and death

mode of evolution (Nei, et al., 1997; Glaberman and Caccone, 2008).

Tiliqgua and Fgernia are estimated to have diverged at least 15 million
years ago (Estes, 1984). This is the time frame in which orthology begins to
be lost for MHC class I genes in the mammals (Nei, et al., 1997). Therefore it
may not be unreasonable to consider that the a3 domain has resulted from
separately evolving class I lineages in each of the three studied species.

However, the observed shared polymorphism could be due to shared ancestral
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polymorphism. After species divergence, multiple allelic lineages could be
maintained and subsequently this ancestral polymorphism could lead to the
current sharing of haplotypes. Alternatively, the shared polymorphism
between exon 2 and exon 3 sequences could also have resulted from the
convergent evolution of amino acid residues, as suggested in mammalian MHC
(Kriener, et al., 2000). Further analysis with a larger number of species and
individuals would be required before any firm conclusions could be drawn on

the presence of shared ancestral polymorphism.

Generally, MHC class I genes are expressed on all nucleated cells and
play a crucial role in expression of peptides generated from intracellular
pathogens. Pathogens and parasites are a significant extinction threat to
species through increasing mortality (Lyles and Dobson, 1993; Laurenson, et
al., 1998; Murray, et al., 1999; Lafferty and Gerber, 2002). In reptiles,
susceptibility to a wide range of potentially pathogenic intracellular agents has
been reported (Kaschka-Dierich, et al., 1979; Kollias, 1984; Soldati, et al.,
2004). FEgernia stokesii, for example, is parasitized by Plasmodium circularis
n. sp., and Plasmodium mackerrasae (Telford and Stein, 2000). Both T. rugosa
and E. stokesii can be infected by Hemolivia mariae (Godfrey, et al., 2006).
Characterization of the MHC region will improve our knowledge of the
interaction between disease resistance and immune systems and be of benefit
to further investigation of intracellular diseases in Tiliqua and Egernia (e.g.
association between sustainability to pathogens and MHC class 1
polymorphism). In addition, availability of MHC sequences will form the basis

of future intraspecific studies examining diversity across the range of T rugosa.
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Overall, our study suggests that of all the published sequences, class I
sequences from T. rugosa, T. adelaidensis and F. stokesit demonstrate the
highest similarity with sequences from iguanine and ameiva lizards. The exon
4 sequence data from major vertebrate groups alone indicates that sequences
within reptilian orders cluster together and confirms the monophyly of all
available squamate class I sequences. According to the basal position of T.
rugosa class 1 sequences in the phylogenetic tree, it appears that this gene

diverged very early in the evolution of the squamata.
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3.7. APPENDIX
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Fig. S3. Amino acid alignment of genomic sequences amplified from Tiliqua adelaidensis and FEgernia stokesit with isolated ¢cDNA sequences from T.
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CHAPTER FOUR

4. THE MAJOR
HISTOCOMPATIBILITY COMPLEX
CLASS 11

This chapter is formatted for submission to the journal Developmental

and Comparative Immunology.

This chapter continues the characterization of major histocompatibility
complex (MHC) genes that occurred in Chapter 3. Here I develop a functional
marker set for class II B chain. Class II loci are involved in the immune response
to extracellular pathogens complimenting the intracellular function of class I

loci. Having both sets of loci will provide perspectives on the interaction of the
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host lizards and their pathogens plus mate choice in wild populations, as well
as providing markers for studying genetic diversity under natural selection as

opposed to the neutral markers I developed in Chapter 2.

However, the considerable time it took to fully characterize the MHC
meant that there was not enough time to utilize these loci in the context as
they were aimed within this thesis. Even so they represent a substantial
investment regards the evolution of this important gene region in squamates

and provide insights into the influence of MHC loci specific to the Egernia
group.
Developing the MHC class II in current project, therefore, will offer an

excellent resource to assess population genetic variation under different

environmental conditions as well as extracellular pathogens forces.
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Prepared for Developmental and Comparative Immunology

Characterisation of class II MHC genes in a
monogamous Australian skink Tiliqua rugosa

Talat Hojat Ansari, Terry Bertozzi, Robert D. Miller and Michael G.

Gardner

4.1. ABSTRACT

The major histocompatibility complex (MHC) is a gene-dense and
highly polymorphic region of the vertebrate genome that plays a crucial role
in immune responses. It has been a focus of investigation on the influence of
natural selection on genetic diversity in populations and for understanding the
genetic pattern of host resistance to pathogens. However, MHC data is largely
lacking in many vertebrate taxa, particularly reptiles. Here, we present
characterisation of MHC class 1T loci from Tiliqua rugosa, an Australian
representative of a major reptile group, the squamates. We describe three
unique full-length sequences isolated from T. rugosa cDNA and a fourth one,
covering exon 2, from genomic DNA. Analyses of the exon 2 and 3 sequences
amplified from family groups is consistent with Mendelian inheritance of these
loci, supporting their validity. In addition, we present MHC class II exon 2
and 3 genomic sequences from two phylogenetically related species, Tiliqua
adelaidensis and Egernia stokesii, indicating the utility of our designed primers.
The characterised loci will form the basis of further studies on mate choice and

immune systems within this interesting group of social lizards.
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Keywords: MHC class 11, Squamates, cDNA, genomic DNA, Tiliqua

rugosa, Tiliqua adelaidensis and Egernia stokesii.

4.2. INTRODUCTION

The major histocompatibility complex (MHC) encodes cellular proteins
involved in the immune responses of all vertebrates. The MHC is the most
gene-dense and polymorphic region of vertebrate genome (Hedrick, 1994;
Dong, et al., 2013). The characterisation of MHC variation has attracted
attention given its dual importance in disease resistance and reproductive
success (Benacerraf and Germain, 1978; Brown and Eklund, 1994; Penn and
Potts, 1999; Milinski, 2006; Havlicek and Roberts, 2008). Variation in genes of
the MHC region are thought to be maintained by selective pressure from
rapidly evolving pathogens (Wegner, et al., 2003; Sommer, 2005b; Kloch, et
al., 2010; Xu, et al., 2011), however there is a non-mutually exclusive role
played by disassortative mate choice (Penn and Potts, 1999; Penn, 2002).
Indeed some investigators have proposed that the primary role of the MHC
was originally a kin-recognition system and its role in immune defence was
secondary (Boehm and Zufall, 2006) although this postulation remains highly
contentious (Janeway, et al., 1999; Sommer, 2005a). Therefore, these genes are
ideal candidates for studying the action of natural selection, the interaction of
disease resistance and mate choice in wild populations (Vigueira, et al., 2013a),

especially in social animals.

The genes located within the MHC are classified into three main groups:

class I, II, and III. (Klein, 1986). Of these, both MHC class I and II molecules
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are involved in presentation of antigenic molecules primarily to T cells. While
class I molecules are expressed on the surface of most nucleated cells, MHC
class II expression is limited to immune cells and antigen presenting cells.
MHC class IT molecules primarily present antigenic peptides derived from the
processing of extracellular pathogens such as bacteria (Strandh, et al., 2011).
Molecules of Class IT are heterodimers of an a and a B chain which are encoded
by separate genes in the MHC (Glaberman, et al., 2009; Xu, et al., 2011). The
highly polymorphic sites within class II are the peptide- binding region (PBR)
positions within the a; and B domains (Xu, et al., 2011). The a;and B:domains
are encoded by exon 2 of the aand B chain genes, respectively. Of the two
domains making up the PBR, the B; domain has the most direct interaction

with the foreign peptide (Madden, 1995).

Characterising MHC class II loci in a variety of species improves our
knowledge of the influence immunogenetics has on disease resistance, mate
choice, kin recognition, and sociality. A vertebrate lineage for which there is a
paucity of MHC information are the squamate reptiles (Kelley, et al., 2005;
Miller, et al., 2005; Glaberman, et al., 2009). This contrasts with squamate
species” abundance as the order squamata, with nearly seven thousand species,
and more than all mammals, is the most diverse reptile order (Vitt, et al.,
2003). In addition, the ability of squamate reptiles to use chemical
communication for prey and predator detection as well as mate choice (Mason
and Parker, 2010) make squamates a fascinating group for MHC studies.
Squamates also provide emerging models for understanding the evolution of

sociality (Gardner et al., 2015).
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One such emerging model is the Fgernia group of lizards (Gardner, et
al., 2015; While, et al., 2015). This group includes species with contrasting life
histories. For example, the Australian sleepy lizard Tiliqua rugosa, which is a
monogamous, viviparous and long lived Australian skink, distributed widely
in arid to semiarid regions mostly in the southern mainland of Australia (Bull,
1987; Greer, 1989). A close relative to the sleepy lizard, the endangered pygmy
bluetongue lizard, Tiliqua adelaidensis, is a promiscuous species that survives
in a few isolated fragments on native grassland in the Burra region in mid-
South Australia (Schofield, et al., 2014). Another member of the Egernia group
, the monogamous gidgee skink Egernia stokesii, is a group-living species found
primarily in rocky outcrops in arid to semi-arid regions of Australia (Gardner,
et al., 2001). These three related squamate species provide contrasting life-
histories for comparative studies on the role MHC can play in the evolution of

sociality and mate-selection.

As a first step to understanding the differences that these contrasting
life histories might have on MHC variation, this genomic region needs to be
characterized for these lizards. We recently completed a characterisation of the
MHC class I loci in this subset of Australian skinks (Ansari, et al., 2015). In
this present study, we aimed to characterise genes encoding the MHC class II
B chain of T. rugosa from exon 2 and 3 cDNA sequences. In addition we
present exon 2 and exon 3 genomic sequences from all three Australian skink
species described above. These initial characterisations will benefit future
investigations addressing questions about the extracellular diseases in Tiliqua

and Fgernia such as the association between diseases resistance and MHC class
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IT polymorphism, and the possible influence that MHC loci have on mate

choice and kin recognition.

4.3. MATERIAL AND METHODS

4.3.1. DISCOVERY OF MHC cLASS Il SEQUENCES

This study utilised the same next-generation sequencing data and
transcriptome assembly from the same 7. rugosa individual lizard
(SAMR634741) that was previously used to characterise MHC class 1 loci

(Ansari, et al. (2015).

MHC class II amino acid sequences were downloaded from GenBank for
the marine iguana (Amblyrhynchus cristatus), the caiman ( Caiman crocodilus)
and the tuatara (Sphenodon punctatus) (Table 2) and used as BLAST queries.
We performed a local BLASTX (2.2.214) with a significance threshold of
e < 10-4 to search the assembled contigs to identify those containing potential
MHC class 1T sequences. We then used a PERL script (blast_parse.pl) and
parsed significant matches to the query sequences. The parsed report was
imported into a spreadsheet and sorted by High Scoring Pair (HSP) rank
(based on e-value) and then by HSP length. Following this we used the
split_ fasta3 1.pl PERL script to retrieve the contigs of all matches with a
HSP rank=1 from the assembled contigs and clustered the sequences using cd-
hit-454 (Niu, et al., 2010) with the -M 8000 —g 1 options enabled to remove

duplicates.
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4.3.2. PRIMER DESIGN

We aligned the ¢cDNA sequences from 7. rugosa with homologous
sequences (Table 2) from marine iguana and tuatara using Geneious v 5.6.4
(Drummond, et al., 2012) and designed primers, focussing on exons 2 and 3

(Figure 1; Table 1), using Primer 3 as implemented in the Geneious software.

4.3.3. AMPLIFICATION OF GENOMIC MHC cLASS Il SEQUENCES

Initially we tested the designed primers (Table 1) for exons 2 and 3 on
T. rugosa DNA sourced from the same individual (SAMR634741) used for the
c¢DNA sequencing and subsequent transcriptome assembly, and from the two
related species, T. adelaidensis and E. stokesii (Ansari, et al., 2015). Following
successful amplification and Sanger sequencing, we tested Mendelian
inheritance for exons 2 and 3 in T. rugosa genomic DNA from each of four
family groups. These were comprised of the mother and father plus one or
two offspring. PCR was performed in 25ul. reactions, containing 20ng DNA|
1x reaction buffer (Applied Biosystems), 0.2nM of each primer, 0.8pM dNTP,
2pM MgCl; and 0.5 U of DNA polymerase (Ampli Taq Gold™:; Applied
Biosystems). The cycling profile including a single cycle of 10min at 94°C,
followed by 34 cycles of 30s at 94°C, 30s at 60°C and 1.5min at 72°C,
with a final extension for 10min at 72°C. Amplicons were visualised on 1.5%
agarose gels and reactions resulting in a single amplified product were purified
using a multiscreen PCR 384 Filter Plate (Millipore). Where multiple products
were present on the agarose gels, we excised the PCR fragment corresponding
to the anticipated amplicon size directly from the gel and purified it using the

QIAquick Gel Extraction Kit (Qiagen). The purified products were sequenced
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using BigDye v3.1 terminator chemistry following the reactions volume and
concentration recommended by AGRF protocol (half volume 0.25x). The
sequence cycling conditions consisted of 3 min at 96°C, followed by 30 cycles
of 30s at 96°C, 15s at 50°C and 4min at 60°C. The products were cleaned
up using SEQ 384 Filter Plate (Millipore) and sent to the AGRF (Adelaide

Australia) for capillary sequencing on an AB 3730z

The sequencing products were purified using a SEQ 384 Filter Plate
(Millipore) and sent to the AGRF (Adelaide Australia) for capillary sequencing

on an AB 3730zl

Where Sanger sequencing identified co-amplification of multiple
products of the similar lengths, we attempted to separate these via cloning
using the pGEM-T Easy Vector Systems (Promega, Madison, WI, USA) kit.
The purified PCR products were ligated into the pGEM vectors and then
transformed in FEscherichia coli competent cells (JM109) following
manufactures protocols (Promega, Madison, WI, USA). We identified positive
clones with blue/white screening and amplified these using primers for the T7
and SP6 vector promotors, following the PCR condition described above. The
resultant amplicons were Sanger sequenced with the T7 primer using the

conditions outline above.
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4.3.4. DATA ANALYSIS

4.3.4.1. CDNA SEQUENCES

To examine the important residues that are either conserved or
functional across vertebrates as described by Kaufman, et al. (1994), we
aligned the class II f amino acid sequences from T. rugosa with human (Hosa-
DRBI1, Hosa-D@QB1and Hosa-DOB) and available sequences for reptile species
from GenBank (see Table 2 for accession numbers), using Clustal W
implemented in MEGA v6 (Tamura, et al., 2013) and Geneious v5.6.4
(Drummond, et al., 2012) with manual checking. We then defined the peptide
binding residues (PBR), following Brown, et al. (1993) and Stern, et al. (1994).
We followed the sequence variation nomenclature of Den Dunnen and

Antonarakis (2000).

4.3.4.2. THE GENOMIC SEQUENCES

We used Geneious v5.6.4 (Drummond, et al., 2012) to edit the genomic
sequences and align the nucleotide and amino acid translated sequences with
that of the cDNA sequences characterised from T. rugosa. We then examined
nucleotide and amino acid identity among the 7. rugosa isolated sequences
(cDNA and amplified sequences) and calculated the exon 2 and 3 nucleotide
and amino acid identity between the cDNA sequences from 7. rugosa, and

genomic sequences from 7. adelaidensis, and . stokesii using Geneious v5.6.4

(Drummond, et al., 2012).
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4.3.4.3. PHYLOGENETIC ANALYSIS

We performed Bayesian phylogenetic analyses for both exon 2 (290bp
including alignment gaps) and exon 3 (282bp including alignment gaps)
nucleotide sequences using MrBayes v3.2 (Ronquist, et al., 2012). We
performed four independent runs, using the default value of four Markov chains
per run, applying the general model GTR + I + I' after this was identified as
the best model using jModel Test (Guindon and Gascuel, 2003; Darriba, et al.,
2012). Each chain was run for 10 million generations with a sample frequency
of 10,000 and a burn-in period of 100,000 generation. We then used the
program tracer v1.5 (Rambaut and Drummond, 2009b) to measure the
effective sample size of each parameter, check for chain convergence, and

visualize the plots.

4.3.4.4. TESTS FOR SELECTION

We performed two tests to determine if the sites within the sequences
were under selection. Firstly, we calculated the average number of nucleotide
differences per nonsynonymous site (dx) and per synonymous site (ds) for the
T. rugosa cDNA sequences encoded by the B-1 and B-2 domain separately. We
used the modified Nei - Gojobori method (Nei and Gojobori, 1986) with Jukes-
Cantor correction in MEGA v6 (Tamura, et al., 2013). The relative rate of dx
and ds substitutions were independently estimated for peptide-binding residues
(PBR) and non-peptide-binding residues (non-PBR) in the 7. rugosa cDNA,
exon 2 sequences and also the genomic sequences amplified from family groups.
The PBR and non-PBR amino acid positions were defined based on Brown,
et al. (1993) and Stern, et al. (1994). Secondly we tested for positive selection
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using the codon based Z-test in MEGA, where the P-values were based on the
probability of rejecting the null hypothesis of dv=ds (Tamura, et al., 2013)
with a one-tailed test for the alternative hypotheses of dx>ds. Standard errors

were estimated by 1000 bootstrap replicates.

4.4. RESULTS

4.4.1. IDENTIFICATION AND CHARACTERISATION OF MHC CLASS
Il SEQUENCES FROM TILIQUA RUGOSA

A total of 626,996 reads representing 184,465,409 bases were produced
from GS-FLX sequencing runs using the 7. rugosa cDNA library. Assembly
of the reads resulted in 43,805 contigs with 63,200 reads remaining as
singletons. Several sequences were highly similar to MHC class II, were
identified from the BLAST search. From these three different, approximately
full-length, T. rugosa MHC class II sequences were identified containing the
entire coding region as well as parts of 5'and 3" untranslated regions (UTRs).
The contigs were 719, 1,092 and 749 nucleotides in length (Figure 2) and
differed at both the nucleotide and the translated amino acid sequences (Table
3). As it was not possible to identify if these sequences represent different loci
or different alleles, they were named Tiru-DAB*01 to Tiru-DAB*03 following
the MHC nomenclature rules suggested by Klein, et al. (1990). The three full
length coding regions when translated, produced MHC class II B chains of 240
(Tiru-DAB*01), 265 ( Tiru-DAB*02) and 250bp ( Tiru-DAB*03) amino acids

in length. Only the Tiru-DAB*02 sequence contained what appeared to be a
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full length, 297 nucleotide, 3" UTR that included a polyadenylation signal
(ATTAAA).

4.4.2. COMPARISON OF TILIQUA RUGOSA MHC CcLASS II WITH
OTHER VERTEBRATES

From the amino acid alignment we identified the conserved and
functional residues as defined by Kaufman, et al. (1994) (Figure 2). These
residues included a pair of cysteines which formed the intra-domain disulfide
bridges in both the B-1 and B-2 domain of all presented sequences (Figure 2).
The conserved arginine (R) and aspartic acid (D) residues, which form salt
bridges (Kaufman, et al., 1994), were present at positions 79 and 83 in the
alignment respectively. All sequences contained the residues W68, H88 and
N89, with the exception of Tiru.-DAB*01 which has a phenylalanine (F)
instead of tryptophan (W) at position 68. These residues are important for
function of peptide binding and the formation of hydrogen bonds with the

bound peptide (Brown, et al., 1993).

The RFDS motif, which is a conserved motif for interactions with the
CD4 co-receptor facilitating T cell interactions (Auffray and Novotny, 1986),
was present in the amino acid alignment at positions 46 to 49 (Figure 2). In
the T. rugosa sequences the conserved NGT or NGS glycosylation site in the
B: domain, has different amino acids to all other aligned species with the
exception of marine iguana (Fig. 2). At the first position there is a N19D (an
aspartic acid, D, instead of asparagine, N at amino acid 19) and in the third

position a T21G or S21G (glycine acid, G, instead of a threonine, T, or serine,
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S at amino acid 21). The T. rugosa sequences also contained a two amino acid
insertion after the glycosylation motif compared to the other vertebrates
(Figure 2). In addition there were a number of changes in the exon 3 sequences
encoding the B2 domain. Residues here which are known to interact with the
CD4 molecules in humans (Cammarota, et al., 1992; Wang, et al., 2001) have
a number of substitutions in T. rugosa (position 143 to 168, Figure 2). A
leucine acid, 1.167 which forms part of hydrophobic cavity in CD4 binding in
mammals (Wang, et al., 2001) is replaced with a glutamine acid, Q167 (Figure
2). However, residues in the T'm domain are implicated in the B and a chain
interactions (Cosson and Bonifacino, 1992; Wang, et al., 2001) were conserved

in T. rugosa (Figure 2).

4.4.3. AMPLIFICATION OF MHC cLASS II FROM TILIQUA RUGOSA
GENOMIC DNA

Genomic class IT genes from exon 2 and 3 were successfully amplified for
T. rugosa, using the specific primers designed based on the cDNA sequences
for each exon separately (Fig. 1 and Table 1). The sequences were confirmed
by direct Sanger sequencing to be class II. All sequences matched the target
sequences except for one. This additional class 1T sequence was amplified with
primers MHCIIB,Fi and MHCIIB:R; (Fig. 1 and Table 1), spanning 150bp of
exon 2 and covering most of the peptide binding region (Fig. S1). This
amplified sequence had the highest similarity to the Tiru-DAB*02 (with 83%
nucleotide and 76% amino acid identity). Further amplification with this
primer pair, and subsequent cloning and sequencing, determined that this

sequence could reliably be isolated in other T'. rugosa individuals. The sequence
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did not have stop codons and included important residues peptide binding sites
so we considered it to be a class II sequence (Fig. 2). Due to the difficulty in
identifying if the new sequence is from a different locus or is a different allele
we named the sequence Tiru-DAB*04. Additional sequences were amplified
from exon 2, which covered most of the exon and were identical to either Tiru-
DAB*01 or Tiru-DAB*02, (Fig. S1 and S2).The combination of forward
primer located in the leader peptide (MHCII LPF), with the reverse primer
located in in exon 3 (MHCIIB:R1) resulted in multiple products of different
sizes (from 300 to more than 1000bp). The cloning and subsequent sequencing
of these products resulted in a sequence 280bp in length, including 122bp of

intron 2 (the intron between exon 2 and exon 3) and 154bp of exon 3.

We obtained sequence data from the four family groups using the primer
pairs MHCIIB:F2and MHCIIB:R, for exon 2, and MHCIIB.F: with MHCIIB2R»
for exon 3. Each of these combinations amplified products consistent with them
being Mendelianly inherited single loci corresponding to Tiru-DAB*01 or Tiru-

DAB*02 (Appendix Figure S2).
4.4.4. AMPLIFICATION OF GENOMIC DNA IN TILIQUA

ADELAIDENSIS AND EGERNIA STOKESII

We successfully amplified and sequenced part of the genomic MHC class
II regions spaning exon 2 and exon 3 from 7. adelaidensis and L. stokesii. The
primer pairs MHCIBF, / MHCIIB; R, and MHCIIB.F; / MHCIIB; Ro,
amplified approximately 150bp and 250bp of the exon 2 and exon 3,

respectively, from both T. adelaidensis and E. stokesii (Fig. S1). The amplified
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sequences from exon 2 of T. adelaidensis and E. stokesii had 70% and 64%
amino acid identity with Tiru-DAB*01, respectively. The percentage identity
was lower in exon 3, with 63 and 60 % amino acid identity for T. adelaidensis

and F. stokesii, respectively.

Table 1. Primers designed for amplification of MHC class II genomic sequences in this
study. F= forward primer; R = reverse primer. An annealing temperature of 60°C was
used for all amplifications.

Primer name Primer Sequence in 5'— 3 direction Gene

1 MHCII LP-F AGATGAGGTCTGCTCCAGGC Exon 1

2 MHCII B1-F1 GAGYWCGYGCGCTTCGACA Exon 2

3 MHCII B1-R1 WGATKCCRTAGTTGTRCCGGCAG Exon 2

4 MHCII B1-F2 ACCAGTGGATTGGCGAGTGC Exon 2
5 MHCII B1-R2 GCTGTCGAAGCGCACGAACT Exon 2
6 MHCII B2-F1 AAGCCCCAGCTGCAGATCAC Exon 3

7 MHCII B2-R1 CAGCATCACCTGGATGSRGAAGG Exon 3

8 MHII B2-R2 CRMGSAGGCTGGDYTGCTCCAC Exon 3

9 MHCII TM-R ACCCCYGTCCACATCTTGCT Exon 4
1 4 5 6
-> e -
—lecont Intron 1 Exon2 Intron 2 Eioina Intron 3 Exoia 3'UTR
e > <« = =
32 bp 2 3 7 8 9

cDNA (Tiru-DAB1) i — e iy
cDNA (Tiru-DAB2) o o e i i TR
cDNA (Tiru-DAB3) ————e - -
gDNA (primer 4 & 5) —

gDNA (primer 2 & 3) —

gDNA (primer 4 & 3)

gDNA (primer 6 & 7)

gDNA (primer 6 & 8)

gDNA (primer 1 & 7)

Figure 1. Schematic illustration of MHC class II B gene. Numbers above the arrows
show the position of primers designed and used to amplify genomic DNA (gDNA) in
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this study, and correspond to the numbering scheme in Table 1. The cDNA sequences

demonstrate the region that they covering.

Table 2. Species and their GenBank accession numbers for MHC class 1T sequences

characterised and used in this study.

Species common Species scientific MHC Class Il GenBank accession
name name numbers
Sleepy lizard (submitted to GenBank
Tiliqua rugosa Tiru-DAB1-3 will be supplied upon
acceptance)
Pygmy bluetongue  Tiliqua adelaidensis ~ Tiad-DAB1 &2 (Fig. S1)
lizard
Gidgee skink Egernia stokesii Egst-DAB1 &2 (Fig. S1)
Green anole Anolis carolinensis carolinensis-H2 XM008121064
Marine iguana Amblyrhynchus Amcr-DAB1-4 FJ623746-52
Burmese python Python bivittatus DR1 & DR XMO007444291-
Massasauga Sistrurus catenatus Sica-DAB6 & 18  HG313840 - LK932131
Caiman Caiman crocodilus Croc-B1 & B2 AF256651- AF256652
Chinese alligator Alligator sinensis Alsi- DLA-DR1 XM006034608
Tuatara Sphenodon punctatus  Sppu-DAB1 DQ124231
Common mallard  Anas platyrhynchos Anpl DQ490139
Great reed Acrocephalus Acar-cO1 AJA04372
warbler arundinaceus
Blue Petrel Halobaena caerulea  Haca-DABO6L JF276894
Humboldt penguin  Spheniscus humboldti  Sphu-DRB AB301947
Kiwi Apteryx owenii Apow-DABO02 HQ639684
Echidna Tachyglossus Taac-DZB1 AY288075
aculeatus
Platypus Ornithorhynchus Oran-DZB01 AY288074
anatinus
Wallaby Macropus Maru-DAB1 & M81624- M81625
rufogriseus DBB
Cat Felis catus Feca-DRB U51575
Little brown bat Myotis lucifugus Mylu-DRB1 XM_006108670
Human Homo sapiens DRB1, DOQB1 & M11161- M20432-
DOB L29472
Mouse Mus musculus Mumu-DQB1 Mouse_ M13538
Nurse shark Ginglymostoma Gici-B1 20274
cirratum
Zebrafish Danio rerio Brre-DAB1 L04805
African clawed Xenopus laevis Xela-B3 D13685

frog
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Leader peptide
Sleepy_lizard_Tiru-DAB1
Sleepy_lizard_Tiru-DAB2
Sleepy_lizard_Tiru-DAB3
Python_bivittatus-DR
Marine_lguana_Amcr-DAB1*01
Anolis_carolinensis-H2
Caiman_crocodilus-CrerB1
Aligator_sinensis-DR1
Tuatara_Sppu-DAB1*01
Human-Hosa-DRB1
Human-Hosa-DQB1
Human-Hosa-DOB

(1 domain
Sleepy_lizard_Tiru-DAB1
Sleepy_lizard_Tiru-DAB2
Sleepy _lizard_Tiru-DAB3
Python_bivittatus-DR
Marine_lguana_Amcr-DAB1*01
Anolis_carolinensis-H2
Caiman_crocodilus-CrerB1
Aligator_sinensis-DR1
Tuatara_Sppu-DAB1*01
Human-Hosa-DRB1
Human-Hosa-DQB1
Human-Hosa-DOB

B2 domain
Sleepy_lizard_Tiru-DAB1
Sleepy_lizard_Tiru-DAB2
Sleepy _lizard_Tiru-DAB3
Python_bivitatus-DR
Marine_lguana_Amcr-DAB1*01
Anolis_carolinensis-H2
Caiman_crocodilus-CrerB1
Aligator_sinensis-DR1
Tuatara_Sppu-DAB1*01
Human-Hosa-DRB1
Human-Hosa-DQB1
Human-Hosa-DOB

Tm/Cyt Domains.
Sleepy_lizard_Tiru-DAB1
Sleepy_lizard_Tiru-DAB2
Sleepy_lizard_Tiru-DAB3
Python_bivitatus-DR
Marine_lguana_Amcr-DAB1*01
Anolis_carolinensis-H2
Caiman_crocodilus-CrerB1
Aligator_sinensis-DR1
Tuatara_Sppu-DAB1*01
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Human-Hosa-DOB
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Table 3. Percent nucleotide and amino acid identities among the characterised T.
rugosa cDNA MHC class IT loci. Lp= leader peptide (exon 1), Bl= B-1 (exon 2), p2=
B-2 (exon 3) and Tm/cyt= transmembrane and cytoplasmic domains (exon 4) of class

IT gene.
Species Percentage nucleotide identity Percentage amino acid
with Tiru-DAB*01 identity with Tiru-DAB*01

Lp B1 B2 |Tm/cyt| Lp B1 B2 | Tm/cyt

Tiru-DAB*02 93.1 89.8 | 895 | 986 | 931 | 848 | 874 100

Tiru-DAB*03 | 87.36 | 80.1 | 905 | 986 | 79.3 | 67.4 | 86.3 100

4.4.5. PHYLOGENETIC ANALYSIS

The two Bayesian trees based on exon 2 and 3 nucleotide sequences
analysed separately, yielded similar topology of the main branches, but
Bayesian posterior probability values (PPV) were lower for many nodes

inferences for exon 2 (Fig. 3A and 3B).

Phylogenetic reconstruction using either exon 2 or exon 3 nucleotide
sequences supported the monophyletic clustering of all squamate MHC class
IT B sequences. Within the squamates, the T. rugosa MHC class I B sequences
formed a monophyletic group with the other Egernia group species, T.
adelaidensis and F. stokesii. Diapsida formed a monophyletic group although

posterior support for this was low for exon 2 nucleotide sequences (Fig. 3B).

4.4.6. TESTS OF SELECTION

The exon 2 ¢cDNA sequences showed evidence of marginally significant
positive selection (dx/ds = 1.017, p = 0.054), while exon 3 showed evidence of
purifying selection (Table 4). However, this is just an initial result based on

the three sequences developed in this study and would require validating with
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a larger sample size. The selection test on the 7. rugosa sequences from both

families and also ¢cDNA sequences indicated strong evidence for positive

selection at the PBR in exon 2, but not at the non-PBR (Table 4).

Table 4. The selection analysis of MHC class 1T in Tiliqua rugosa. We present the

average number of nonsynonymous substitution per nonsynonymous site (dN) and

synonymous substitution per synonymous site (dS) followed by their standard errors

(SE). We performed analysis for B-1 and B-2 domains separately, among the described

c¢DNA sequences. The peptide binding (PBR) and non- peptide binding regions (non-
PBR), defined following Brown, et al. (1993) and Stern, et al. (1994), were calculated
separately for isolated cDNA and family group sequences. Significance P values (P <

0.05) are shown by an asterisk. All positions including missing data were eliminated.

Region Number of dnz SE ds+ SE dn/ds
codons
cDNA sequences
PBR 25 0.508 + 0.027 0.125 +0.024 4.0643%
Non-PBR 66 0.138 + 0.008 0.284 + 0.014 0.486
-1 domain all 91 0.238 + 0.007 0.234 £ 0.009 1.017
B-2 domain 95 0.122 + 0.005 0.412 +0.011 0.296
Family group

PBR 15 0.507 + 0.049 0.103 + 0.035 4.922%
Non-PBR 40 0.087 £ 0.012 0.167 £ 0.016 0.521
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Caiman_crocodilus_CrcrB1
0.97 = =

0.94 Alligator_sinensis_DLA-DR1
Caiman_crocodilus_CrcrB2

Common_Mallard_Anpl
Humboldt_Penguin_SphuDRB
0.58———— Kiwi_Apow-DAB02
0.55 Great_Reed_Warbler_AcarcO1
Blue_Petrel_Haca-DAB

1 [Python_bivittatus-DR1
0.60 Python_bivittatus-DR
89 1 ESistrurus_catenatus_Sica-DABOG
Sistrurus_catenatus_Sica-DAB18

Anolis_carolinensis-H2

Marine_lguana_Amcr-DAB2_01
Marine_lguana_Amcr-DAB3_02
Marine_lguana_Amcr-DAB2_02
Marine_lguana_Amcr-DAB4_02
Marine_lguana_Amcr-DAB4_01
mE Marine_lguana_Amcr-DAB3_01
Marine_lguana_Amcr-DAB1_01
Sleepy_lizard_Tiru-DAB2
Sleepy_lizard_Tiru-DAB1
Sleepy_lizard_Tiru-DAB3
Pygmy_ bluetongue _Tiad-DAB1
Gidgee-skink_Egst-DAB1
Sleepy_lizard_Tiru-DAB4
Tuatara_Sppu-DAB1_01

0.65 0.52

-

0.58

0.1

Figure 3A. Bayesian phylogenetic relationship of the major vertebrate groups based on
exon 2 nucleotide sequences. The class II B sequences from Squamata are shown with
black and all other Diapsida (reptiles includes birds and crocodilians) with dark grey.
The values in branches are index of support for the major branches (Bayesian
posterior distribution value) and values greater than 50% are represented.

73



THE MAJOR HISTOCOMPATIBILITY COMPLEX CLASS || — CHAPTER FOUR

0.5:»[ Great_Reed_Warbler_AcarcO1
Kiwi_Apow-DAB02

1 — Blue_Petrel_Haca-DAB

0_54_1_7 Common_Mallard_Anpl
0.62 Humboldt_Penguin_Sphu-DRB

0.5¢ Alligator_sinensis_DLA-DR1
41E Caiman_crocodilus_CrcrB2
Caiman_crocodilus_CrcrB1

Pygmy_ bluetongue _Tiad-DAB2
0.88 Sleepy_lizard_Tiru-DAB2
Sleepy_lizard_Tiru-DAB3
Gidgee_skink_Egst-DAB2
Sleepy_lizard_Tiru-DAB1

0.87 0.99

Anolis_carolinensis-H2

- 1 1 Marine_Ilguana_Amcr-DAB4_01
- 41E{ Marine_Ilguana_Amcr-DAB4_02
Marine_lguana_Amcr-DAB1_01

0.97] 0.91

1 [ Marine_lguana_Amcr-DAB3_02
Marine_lguana_Amcr-DAB3_01
i 1 I— Marine_lguana_Amcr-DAB2_02
Marine_lguana_Amcr-DAB2_01
1 — Python_bivittatus-DR
L— Python_bivittatus-DR1

Tuatara_Sppu-DAB1_01
Xenopus_XelaB3
zebrafish_DAbeta1_01
Nurse_Shark_GiciB1

0.2

Figure 3B. Bayesian phylogenetic relationship of the major vertebrate groups based on exon 3 nucleotide sequences. The class II B sequences from
Squamata are shown with black and all other Diapsida (reptiles includes birds and crocodilians) with dark grey. The values in branches are index of
support for the major branches (Bayesian posterior distribution value) and values greater than 50% are represented.
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4.5, DISCUSSION

We characterised three full length sequences encoding 7. rugosa B
chains of MHC class II using next generation sequencing data from the cDNA
of spleen and thymus total RNA. The full length sequences reconstructed from
read assemblies allowed for subsequent design of specific primers for the
amplification of genomic class I exon 2 and 3 in 7. rugosa. From these
amplicons we isolated a fourth exon 2 sequence. Uncovering extra exon 2
sequences might indicate the possibility of additional class II B sequences in
this species, either because of low expression in the transcriptome, absence

from the tissue tested, or due to the technical difficulties during the assembly.

4.5.1. CHARACTERISED CLASS Il SEQUENCES IN T. RUGOSA

The T. rugosa sequences likely represent functional class II B genes. The
sequences did not contain stop codons and encode conserved residues that
contribute to protein domains that form a complete MHC class 1T molecule
consistent with the being functional. In addition, our evidence of positive
selection acting on the peptide binding residues, providing additional support

for the isolated sequences to be encoded by classical MHC class II genes.

Although the T. rugosa genes characterised appear to be functional,
there are some sites in the translated sequence that are less conserved. The
NGT or NGS residues with class II exon 2 are potentially involved in correct
protein folding and shaping of the receptor pocket (Wei, et al., 1991;
Hammond, et al., 1994; Brown and Pestano, 1998). This motif is usually
located at the first part of the B-1 domain (Fig. 2) except for some bony fish
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where the motifs are found in the middle of the domain (van Erp, et al., 1996).
Nevertheless we did not find this motif in any part of B-1 in T. rugosa
sequences. In T. rugosa MHC class II 1 domain sequences these normally
conserved glycosylation sites have been replaced at the first and third position
or are totally absent and instead make the amino acid motif DGG (Fig. 2).
Similarly, in some tuatara class II B-1 encoded sequences, an aspartic acid is
replaced by an asparagine at the first position of this motif (Miller, et al.,
2005). This motif is also absent in class II B-1 sequences of another squamate,
the marine iguana (Glaberman, et al., 2009). The N-linked glycans are involved
in proper folding and stability of the class II molecules structure in mammals,
and therefore the MHC and T cell interaction potentially could be affected by
such changes in this normally conserved motif (Wei, et al., 1991; Nag, et al.,
1992). Although, the absence of an N-linked glycans site in 7. rugosa sequences
raises the question of the functionality of these sequences, all sequences
described from marine iguana (Glaberman, et al., 2009) also lack the site,
indicating the potential divergence of these gene groups in squamates. This
shared absence of these residues in 7. rugosa and the marine iguana provides
initial evidence that although we did not find the residues, it appears that
squamates may have a different residues involved in the proper folding and
stability of the class IT molecules. On the other hand, two other squamates, an
anole and a python, contained the glycosylation residues in the B-1 domain
(Figure 2). Given the evolutionary relationships among these species (Pyron,
et al., 2013) it is possible that the Anolis and Python represent a plesiomorphic
character states for the N-linked glycans site with the states in Iguanidae and

Scincadae representing apomorphic characters. Clearly this is purely
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speculation until further sequences from species intermediate to these lineages
are obtained. Interestingly, five amino acids (position 25-29, Fig. 2) which were
present in the marine iguana and the anole but absent in 7. rugosa are also
absent in all other species characterised to date. Presumably this region
evolved after the Iguania lineage, to which the marine iguana and the anole
belong (Pyron, et al., 2013), diverged from other squamates. Just when this
occurred could be elucidated by the characterisation of the MHC of other
species in that lineage including the bearded dragon (Pogona vitticeps) which

has had a draft genome released (Georges, et al., 2015).

4.5.2. PHYLOGENETIC ANALYSIS

The T. rugosa class II sequences formed a monophyletic group with
those of the two other Fgernia group species, T. adelaidensis and E. stokesti,

within the squamates.

Our findings elucidate on the evolution of the class II B gene region.
Previous studies have reported that the class II B domain in most of the major
mammal groups independently expanded from a small number of ancestral loci
with divergent evolution where, following duplication, differences accumulate
across loci and there is the maintenance of orthologous loci across species (Nei,
et al., 1997; Belov, et al., 2003; Shiina, et al., 2004). However in birds concerted
evolution for this gene region has been proposed (Edwards et al., 1999;
Edwards et al., 1995; Hess and Edwards, 2002; Wittzell et al., 1999). In that
scenario loci (e.g. different MHC class II exon 2 loci) are expected to be more
closely related within species than across. Miller, et al. (2005) found high
sequence similarity across class II loci, excluding B-1 domain, in tuatara,
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providing evidence for concerted evolution. Within 7' rugosa B-2 sequences we
found a more divergent pattern similar to the marine iguana class II sequences
(Glaberman, et al., 2009). The evidence for divergent evolution was also
previously observed in the class I study of T. rugosa based on the conserved

exon 4 sequences (Ansari, et al., 2015).

Overall we found that all class II Diapsida sequences were clustered in
a monophyletic lineage, with moderate support based on exon 3 but with low
support for exon 2. With regards to previous studies that each class II gene
region (domain) resulted from different evolutionary forces (Miller and
Lambert, 2004; Burri, et al., 2008) our phylogenetic tree indicates that
sequences encoded by the -2 domain from mammals and reptiles (including
birds and crocodiles) possibly evolved from different paralogous families of class
IT genes. However any conclusions on whether 7. rugosa B-2 genes follow
divergent or concerted evolution are premature at this stage due to the small

number of sequences obtained.

4.5.3. CONCLUSION

We characterised four different sequences from 7. rugosa that are
consistent, with being functional class II genes. However validation of the
classical nature of the loci we uncovered requires confirmation of their
expression in all immune tissues, and evidence they are highly polymorphic.
The utility of the primers designed in this study was supported by successful
amplification of the MHC class II fragments in 7. adelaidensis and E. stokesii.
We found identical residues in the sequences amplified from T. adelaidensis
and FE. stokesit as in the class IT T. rugosa sequences. These class I sequences
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from the three Egernia group species form a separate monophyletic cluster
within squamates as expected from their close phylogenetic relationship

(Gardner, et al., 2008).

The current study is the first to characterise MHC class II in skink and
provides insight into the evolution of class I MHC in squamates. We contend
that all Squamata class II sequences descended from the same ancestral locus,
although each domain possibly has undergone different evolutionary forces.
We hope characterizing more sequences from other squamate reptiles would
increase the knowledge about the evolution, disease resistance and

conservation of these species.
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4.7. APPENDIX FIGURES
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Figure S1: The MHC Class IT amino acid alignment among amplified sequences (from T. rugosa, T. adelaidensis and E. stokesii) with the isolated
c¢DNA sequences from T. rugosa. The conserved and functional residues highlighted with grey colour. The dashed box shows the NGT glycosylation
site and the location of CD4 binding residues (Cammarota, et al., 1992; Wang, et al., 2001) are boxed. The peptide binding (PBR) residues (Brown,

et al., 1993; Stern, et al., 1994) are shown with an asterisk.
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Figure S2: The MHC Class II amino acid alignment of amplified sequences (from family groups in 7. rugosa) with the isolated sequences from T.

rugosa. In the individual Id; F means female, M refer to the male and J means Juvenile. The conserved and functional residues highlighted with grey
colour. The dashed box shows the NGT glycosylation site and the location of CD4 binding residues (Cammarota, et al., 1992; Wang, et al., 2001) are

boxed. The peptide binding (PBR) residues (Brown, et al., 1993; Stern, et al., 1994) are shown with an asterisk.
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CHAPTER FIVE

5. NEXT GENERATION
SEQUENCING & BIOINFORMATICS
ANALYSIS

This chapter has been formatted for submission to the journal of

Molecular Ecology Resources.

In this chapter, I adapted a dual indexing strategy involving a single
PCR approaches to amplify anonymous nuclear and major histocompatibility
complex loci that I developed in Chapters 2-4, sleepy lizard samples. These
amplicons were sequence on the Illumina MiSeq platform. Then I developed a
bioinformatics software, MITAGSORTER, to sort the huge amount and

complicated datasets produced through the next generation sequencing (NGS)

82



NEXT GENERATION SEQUENCING— CHAPTER FIVE

technology. The program facilitates the separation of tagged individuals and
multiple loci I used this approach to process nine anonymous nuclear loci and
used them in the phylogeographic study of T. rugosa (Chapter 6). Time

constraints meant that I was unable to utilise the MHC data within my thesis.

However, the approaches I describe in this chapter will potentially boost
the advantage of using NGS technology in any study which uses large numbers
(hundreds to thousands) of individuals and multiple loci, by improving both
sample preparation and bioinformatics analysis to be more time and money

efficient.
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Prepared for Molecular Ecology Resources

Dual indexing with a single PCR for library
preparation and development of MITAGSORTER
software for de-mulitiplexing sequences data on the
Illumina MiSeq platform.

Talat Hojat Ansari, Mahdi Ebrahimi, Esmaeil Ebrahimie and Michael G.

Gardner

5.1. ABSTRACT

Population genetic, phylogeographic and phylogenetic studies have
benefited from next generation sequencing (NGS) technologies in recent years.
The advance of these technologies in rapid and large scale sequencing has
increased the popularity of using the DNA MID tags (a.k.a. barcodes or index
tags) to allow the pooling of samples into a single run. However, preparation
of DNA library is time-consuming and not yet cost-effective for sequencing
multiple loci from a large numbers of individuals. In addition, the timely
extraction of data of individual samples from a pool of barcoded sequences
requires efficient software. Here we present a new library preparation approach
and a superfast and comprehensive software, MITAGSORTER, to separate
sequences of hundreds to thousands of individuals and multiple loci generated
using the [llumina MiSeq platform. We evaluated our approach by generating
paired-end sequence data from 250 samples of the Australian Skink ( Tiliqua
rugosa) for 21 loci using Mlumina MiSeq platform technology. This method
significantly reduced the cost and the time involved with sequencing, and

84



NEXT GENERATION SEQUENCING— CHAPTER FIVE

MITAGSORTER software supported de-multiplexing of huge and complicated
data sets irrespective of type, size and position of MID tags and will trim off

the MID tags and primers.

Keywords: Illumina, MID tags, next generation sequencing, Tiliqua,

MITAGSORTER

5.2. INTRODUCTION

Next generation sequencing (NGS) technologies are revolutionising
genomic studies. These new technologies outperform the Sanger sequencing
technology, which was the dominant sequencing technology over two decades
(Berglund, et al., 2011), in terms of speed, resolution, throughput and cost
(Kircher, et al., 2012; McElhoe, et al., 2014). The NGS technologies can
produce over hundreds of billions of base pairs data, currently approximately
hundred times more data compared with capillary electrophoresis based Sanger
sequencing, at a smaller fraction of time and cost. However, researchers willing
to use NGS approaches are facing two major challenges: sample preparation

and bioinformatics analysis.

The potential of Illumina MiSeq, introduced in 2011, for sequencing
metagenomes, small amplicons, as well as targeted genes (Caporaso, et al.,
2012; Quail, et al., 2012; Kozich, et al., 2013; McElhoe, et al., 2014), has
benefited the genetic and genomic study of both model and non-model

organisms (Wheat, 2010).

Advances in PCR and hybridisation techniques have been introduced

to apply targeted sequencing of specific loci through the NGS platform (Briggs,
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et al., 2009; Gnirke, et al., 2009; Maricic, et al., 2010). However, the time and
cost of preparing samples prior to NGS can be a major challenge, particularly
when using the NGS approaches is only cost effective when combining many
individuals in a single sequencing run (Glenn, 2011). This multiplexing
approach was developed further by using unique (4-10 base pair-bp) DNA
MID tags that allow the identification of multiple target sequences in hundreds
of individuals in a single sequencing run (Binladen, et al., 2007; Farias-Hesson,

et al., 2010; Meyer and Kircher, 2010).

Popular barcoding strategies use a linker sequence at the 5’-tailed of
the locus specific primer to attach high throughput NGS (HT-NGS) adaptors
and MID tags (Bybee, et al., 2011; de Carcer, et al., 2011), but involve two
rounds of PCR, lessening the procedures’ cost effectiveness (Figure la). To
overcome this problem, Clarke, et al. (2014) developed an approach that used
just a single PCR to amplify the target locus and attach adaptors and MID
tags via a linker (Figure 1b). Here we modify this approach for use on the
[Mlumina MiSeq platform and incorporate a dual indexing strategy. We used
our modified technique to sequence a single pool of 250 samples of an
Australian Skink (7%liqua rugosa) amplified for 21 markers [including
anonymous nuclear loci (ANL) and major histocompatibility complex (MHC)

class T and Class 1] to test the efficiency of this approach.

Once sequences have been generated, the next problem to overcome is
their efficient sorting, often called de-multiplexing, from a pool containing
multiple samples and loci. This issue can be complicated by the absence of the
MID tags coupled with NGS adapters, or other possible inserted sequences, for

example the repetition of the linker used in multiplexing.
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Several software packages and tools are available to perform the
required bioinformatics analysis for NGS data (Gogol-Doring and Chen, 2012).
However, currently available software and freeware in many cases need
extraordinary amount of computing time and processing power. In addition,
the current available software for de-multiplexing on the Illumina MiSeq
platform are either time-consuming or not efficient. This problem is
exacerbated in population genetics studies when accurate estimation of
parameters requires data from multiple loci and hundreds to thousands of
individuals (Carling and Brumfield, 2007; Bertozzi, et al., 2012). The library
separation for 21 loci for 250 individuals, for example, requires several steps
including separating sequenced reads for each specific locus and then for each
individual. This is a very time-consuming task, particularly when loci differ in
size which makes it impossible to run the de-multiplexing process for several
loci at the same time using the current available commercial software such as
CLC genomic workbench. The other alternative method is to separate the
sequences based on each individual’s mid tags, via the standard illumina post
processing if the tags are compliant with this method. Although using this
facility is time-efficient, there is still the need to separate the specific sequences

for each locus/marker used.

Here we develop a comprehensive, cost-effective, user-friendly and fast
bioinformatics tool, MITAGSORTER, to de-multiplex large data sets (2.6 Gb).
The program is able to process multiplexed data and complicated reads on
modest computer processors such as laptops. We designed MITAGSORTER to
provide efficient sorting of raw reads from complex experimental designs by

any type, size and position of MID tags. We demonstrate the efficiency of the
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software by applying MITAGSORTER to our Tiliqua rugosa data set generated

from 250 individuals for 21 different markers using [llumina MiSeq platform.

5.3. METHODS

5.3.1. SAMPLE COLLECTION AND DNA EXTRACTION

We obtained tissue and blood samples of T. rugosa from across the
geographical range of the species in Southern Australia. DNA was extracted
from 250 specimens using a puregene DNA isolation kit (Gentra systems,
Minneapolis MW, USA) from frozen or alcohol-preserved tissues and blood
collections held by the South Australian Museum (SAM) in the Australian

Biological Tissue Collection (ABTC).

5.3.2. MULTIPLEXING USING DUAL INDEX STRATEGY IN A SINGLE

PCR

We amplified the targeted loci and attached adaptors and MID tags in
a single PCR following multiplex-ready PCR technology (MRT) (Hayden, et
al., 2008). The MRT method (Hayden, et al., 2008) is a two stage PCR that
use the advantage of Ml13-tailed primers to add a fluorophore for single
nucleotide polymorphism (SNPs) and microsatellite (SSRs). We modified the
forward and reverse locus specific (LS) primers to include a linker of 15bp
(ACGACGTTGTAAAA) and 16bp (CATTAAGTTCCCATTA) respecti-
vely, at their 5 ends. These linkers were used as primer binding sites that

allow any MID tags or combination of adaptors to attach in the second stage
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of the PCR (Hayden, et al., 2008). The LS primer, with additional linker,
facilitated the amplification of the target loci during the first stage of the PCR.
In the second stage of the PCR we attached a primer composed of a universal
adaptor for Illumina MiSeq (P5 or P7), an 8 bp MID tags, an Illumina
sequencing primer (Read 1 and Read 2), and the linker. The lower annealing
temperature of the primer made the attachment of this linker possible (Figure
1C). Henceforth we call this combination of adaptor and MID tags: tag F for
the forward version; and tag R for the reverse version. We further reduced the
price of preparing the library by using a combination of 11 F and 23 R tags,
to discriminate amongst 250 individuals with amplifications of each individual

lizards” sample consisting of the same tags for all loci (Table 1).

Polymerase chain reactions (PCR) were performed in 12l volumes,
containing 1x reaction buffer, 0.15U of Immolase, 10nM of Ls primer (Forward
and Reverse premixed), 75nM of tagF and 75nM of tagR, plus 20ng of DNA.
The first stage of the PCR consisted of a 10 min at 95 °C followed by five
cycles of, 60 s at 92 °C, 50s at 90 °C and 1 min at 72 °C; followed by
20 cycles of 30s at 92°C, 90s at 63 °C and 1 min at 72 °C, The second
stage of the PCR which immediately followed consisted of 40 cycles of 15 s
at 92°C, 60s at 54 °C and 1 min at 72 °C, ending with 10 min at 72
°C and 30 s at 25 °C. Each lizard sample was amplified using a specific tag
F and tag R primer with the unique MID tag, and the same set of MID tags

used for different markers tested here.
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Fig. 1 Schematic representation of individual sample identification strategies. Locus
specific primer, is shown with the blue colour. Red representing the linker, and green
is the HT-NGS adaptors. The unique MID tags are shown with yellow. (A) The two-
step strategy (de Carcer, et al., 2011) using two round of PCR. In the first PCR step,
targeted sequences are amplified using a modified locus specific primer+ linker, then

the products are barcoded during the Second PCR amplification using the linker
sequence composed with the MID tag and appropriate adaptor for 454 technology.

(B). Modular tagging protocol (Clarke, et al., 2014) using a single PCR for the Ion
Torrent. During the first step of PCR, the linker attach to the target region with the

locus specific primer, since then by the use of the linker the unique MID tag and
adaptor attached to the amplicons. (C). Our modified single PCR protocol for dual

indexing on MiSeq platform. Purple represents the second Illumina adaptor (Read 1

and Read 2). As described above, at the first stage locus specific primer composed
with the linker attached to the amplicons and then adaptor and MID tags joined via

the linker.
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Tablel. Primer sequences (5' — 3’) employed in this study. MRT tag (linker) sequences are bold and italic.

Ilumina adaptors are italic. The position of the MID tags are shown with X.

Name Locus sp. primer Primer Sequence (5-3")

Tag F (P5+MID tag+Read1+MRT tagF) AATGATACGGCGACCACCGAXXXXXXXXACACTCTTTCCCTACACGA

Tag R (P7+MID tag+Read2+MRT tagR)

CGCTCTTCCGATCT ACGACGTTGTAAAA

CAAGCAGAAGACGGCATACGAXXXXXXXXGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATCT CATTAAGTTCCCATTA

MRT tagF-MHCla1F4

ol MHC classl

MRT tagF-GCTCCTCGTCCCACTCGGTGAAG

MRT tagR-MHCIa1R4

MRT tagR-CTGAGCGTCGCCTCCTCGC

MRT tagF-MHClal1F2

ol MHC classl

MRT tagF-ACGGCGGTGTCKGAGCCYRGCCAG

MRT tagR-MHCIa1R1

MRT tagR-TGTKCHDRTCCCAGWRMTGRGGGT

MRT tagF-MHClo1F2b

ol MHC classl

MRT tagF-ACGGCGGTGTCGGAGCCTGGCCAG

MRT tagR-MHCIa1R1b

MRT tagR-TGTKCATGTCCCAGAGMTGGGGGT

MRT tagF-MHCIo1F5

ol MHC classl

MRT tagF-GGTGCCTCTTCCCACTCTGCG

MRT tagR-MHCIa1R1b

MRT tagR-TGTKCATGTCCCAGAGMTGGGGGT

MRT tagF-MHClIo2F1

02 MHC classl

MRT tagF-TCACACBYKGCAGYBSATGTAYGGCTG

MRT tagR-MHCIa2R2

MRT tagR-TCCTCWGCAGDSTCTCCYTCC

MRT tagF-MHCIe2F1b

02 MHC classl

MRT tagF-TCACACGTGGCAGTGGATGTATGGCTG

MRT tagR-MHCIo2R2b

MRT tagR-TCCTCAGCAGGGTCTCCTTCC

MRT tagF-MHCIIB1F1

1 MHCclassll

MRT tagF-GAGYWCGYGCGCTTCGACA

MRT tagR-MHCIIB1R1

MRT tagR-WGATKCCRTAGTTGTRCCGGCAG

MRT tagF-TrANM4 ANM4 MRT tagF-TATGCACAGAGCCTTCAATG
MRT tagR-TrANM_4R MRT tagR-CCCAAGCAAGTGGACTTCAG
MRT tagF-TrANM_9F ANM9 MRT tagF-CTAGTGCAGGCTCCTCATCC
MRT tagR-TrANM_9R MRT tagR-GAGGTGGCAAGCTGAAGAAC
MRT tagF-TrANM_15F ANM15 MRT tagF-CGGAACACATGTCCATTCTG
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Tablel. Continued.

Name

Locus sp. primer

Primer Sequence (5-3")

MRT tagR-TrANM_15R

MRT tagR-TGATCTGAAACCTGCTGCTG

MRT tagF-TrANM_16F ANM16 MRT tagF-CCTTTGGCAAATGTGGGTAG
MRT tagR-TrANM_16R MRT tagR-CAGTGGTTGTTGGTTGGTTG
MRT tagF-TrANM_21F ANM21 MRT tagF-TCTGGAGCACGTTGAATCAG
MRT tagR-TrANM_21R MRT tagR-ATGAGGAATGCAGGGTGAAG
MRT tagF-TrANM_22F ANM22 MRT tagF-TGACGGCTGTCAGACAATAGAG
MRT tagR-TrANM_22R MRT tagR-TTTGTGTTTGCCCATGAGAG
MRT tagF-TrANM_23F ANM23 MRT tagF-GAAGTGCCAGGAGGTCAATC
MRT tagR-TrANM_23R MRT tagR-TCACATAGCCCTTGGTTTCC
MRT tagF-TrANM_34F ANM34 MRT tagF-GCAAGCAACCAGGAAGAAAC
MRT tagR-TrANM_34R MRT tagR-CATGGATTCAGATGCCACAC
MRT tagF-TrANM_39F ANM39 MRT tagF-GGGAGAGCAGAAAGATGGTG
MRT tagR-TrANM_39R MRT tagR-CCTCTAGTGGGTGGCAGAAG
MRT tagF-TrANM_44F ANM44 MRT tagF-ATTTGGATGCTGTGGGTAGC
MRT tagR-TrANM_44R MRT tagR-GGCATGGGCAGAGTAACTTC
MRT tagF-TrANM_45F ANMA45 MRT tagF-CAGGGCAGTCAATGTTCTTG
MRT tagR-TrANM_45R MRT tagR-GTGCCATCGGTACTGAAATG
MRT tagF-TrANM_46F ANM46 MRT tagF-CACATGCACATTTCCTCTGG
MRT tagR-TrANM_46R MRT tagR-CTGTGGCACTGCTCTTCTTG
MRT tagF-TrANM_47F ANM47 MRT tagF-TGTGCAGACATGGTTCCTTC
MRT tagR-TrANM_47R MRT tagR-TCAGTCCAGCATCAGTGCTC
MRT tagF-TrANM_48F ANM48 MRT tagF-TCCATTTGCATCAGCGTATC

MRT tagR-TrANM_48R

MRT tagR-TGGACTCCTGGGAGTAGGTC
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Approximately 5% of PCR products from each locus were quantified
using the Qubit® dsDNA HS with a Qubit® 2.0 Fluorometer (Life
Technologies, Carlsbad, CA, USA) to obtain an approximate average
concentration for each locus. We then combined PCR. products in equimolar
ratio to create 21 libraries (including 14 ANL loci; six products covering exon
2 and 3 of MHC class I, and one products covering exon 2 of MHC class II).
The PCR products were purified for sequencing using a QIAquick® PCR
Purification Kit (Qiagen sample and assay technology) and quantified using
the Qubit® dsDNA HS with a Qubit® 2.0 Fluorometer (Life Technologies,
Carlsbad, CA, USA). We further evaluated their size distribution and
concentration with an Agilent 2200 Tape Station using High Sensitivity D1K
ScreenTape and reagents (Agilent Technologies, Santa Clara, CA, USA). The
pooled, cleaned products were then further combined in equimolar ratios to
create a single library. We sequenced these pooled amplicons on the Illumina
MiSeq platform with a 250 bp paired end read length at the AGRF

(Melbourne, Australia) following standard protocols.

5.3.3. SEQUENCE DATA DE-MULTIPLEXING USING
MITAGSORTER

To efficiently deal with the large volume and complicated data set we
collected from the Illumina MiSeq run, we developed a specific program,
MITAGSORTER, to group and simplify our sequences data. This program,
written in python, sorts reads for different loci and individuals by using the LS
primer sequences and MID tags sequences. A schematic overview of the de-

multiplexing is shown in Figure 2.
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Figure 2. A schematic overview of Illumina MiSeq sequencing, and de-multiplexing.
(A). Showing the Adaptors and location of MID tag require for illumine MiSeq
sequencing. P5 and P7 are the first [llumina adaptor, and MID tag 1 and 2 are unique
tags for forward and revers sequences. Read 1 and read 2 are the second Illumina
adaptor. (B). Sequences resulted from MiSeq run including the sequences from large
numbers of individuals for several loci with different loci and individuals represented
as different colors. (C). Sorting the sequences based on the tested Locus specific
Primes using the MiTagSorter. (D). Sorting the individuals sequences via unique MID
tags using MiTagSorter.

MITAGSORTER accepts FASTA (.fa) formated files as input and
produces output in text (.txt) format. The user can input their own MID tags
sets in an excel sheet provided under the data folder of the software. This offers
a flexible way to define samples from varied preparation and barcoding

methods.
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MITAGSORTER is designed to easily and quickly sort reads from
complex data set with minimum memory requirements and allows to collect
results as output file only by click on the ‘Find.py’ button. The program will
automatically trim off the MID tags and markers whilst assigning the
individuals to different groups. In addition an extra text file is provided under
the report name that includes the reads that did not have the inputted MID
tags or have included error during the de-multiplexing. The software includes
a user manual and an example data set that can be find from the following

link https://goo.gl/261j17 (see CD provided).

5.3.4. QUALITY CONTROL AND TRIMMING

The qualities of reads were assessed using FASTQ (http://www.
bioinformatics. Babraham.ac.uk/projects/fastqc/) and also CLC genomic
workbench version 7.5.0. The reads were trimmed off for which the per-base
quality scores (Phred score) was lower than Q30 (99.9% accuracy) and then
data was sorted for each locus and individuals as described above using

MITAGSORTER.

The reads for each locus were mapped to a database of reference
sequences using CLC Genomics workbench version 7.5.0. In order to generate
a database of reference sequences, we used sequences generated through two
sources. First, MHC class I and II sequences were sourced from RNA
transcriptomic data (Ansari, et al., 2015). Second, sequences for the
anonymous nuclear loci were sourced from Ansari, et al. (2014). We culled

reads that did not align to the references.
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We constructed and checked our ANL haplotype sequences by visual
review of the aligned reads through CLC genomic workbench version 7.0 and
also by using Geneious version 8.1 (Drummond, et al., 2012). Sequences
resulted from both MHC class I and 1T also checked for potential number of

amplified alleles to use in the consequence analysis.

5.4. RESULTS

A total of 5,763,626 reads were obtained from the amplicons of 250
individuals of T rugosa for 21 loci (Table 1) sequenced on the [llumina MiSeq
platform. The low quality reads were eliminated for Q < 30 which resulted in
5,763,287 reads. The remaining reads were sorted for 21 loci using
MITAGSORTER that showed the number of reads per locus ranged from 50,000
to 260,000 paired. Average Q-values for reads were nearly 30 across all of the

21 loci (Figure S1).

The de-multiplexing performed with MITAGSORTER took less than 5
minutes (Dell latitude E5530, CPU Intel i7 (3540), 16 Gb ram), resulted in the
recovery of nearly 2.1 Gigabyte (Gb) of sequence data out of 2.3 Gigabyte
(Gb), and approximately 200 Megabyte (Mb) of unsorted data. After the first
stage of the de-multiplexing, reads assigned to each locus sorted for MID tags
in second stage and the MITAGSORTER that allowed us to define reads for

each individuals.

Recovery percentage for sequences data were different across the loci
where ANL and MHC class I loci had highest amount of contigs compare with

MHC class II loci. Therefore different rate of reads between100 to 2000 yielded
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per individual per locus. The recovered sequences showed 100% identity for
each locus when mapped to our reference database using CLC genomic

workbench.

5.5. DISCUSSION

Our work represents an improvement over existing techniques in two
ways. First, our dual indexing approach facilitates the generation of a large
number of targeted sequences while minimizing time and cost further by
adding the adaptors and MID tags in a single PCR run. This reduces clean-
up steps and minimizes the possibility of contamination as mentioned by
Clarke, et al. (2014). Important benefits are the cost and time reduction of
approximately 50%. Our dual indexing approach provides more cost and time-
effective protocol compare with previous methods (de Carcer, et al., 2011;

Clarke, et al., 2014).

Our approach improves the use of MiSeq platform for population
genetics, phylogeography and phylogenetics by allowing multiple loci to be
separated for hundreds to thousands of individuals in a single run. This is due
to our use of minimal MID tags and just a single PCR run per locus for each
individual. For instance, 500 individuals can be MID tags just by using a
combination of 50 tag F and 10 tag R, and the same MID tags can be used for
the same individual over different loci as loci can be separated by the unique

locus specific primers.

The second we advance the de-multiplexing of complicated data sets via

the software MITAGSORTER. MITAGSORTER is superfast tool that just took 3
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minutes and 10 seconds to sort 2.1 Gb of data for 21 loci on a personal

processor laptop with 16GB RAM.

Another significant aspect of MITAGSORTER is in allowing the input of
a data excel sheet that permits any kind and size of unique tags or even primer
sequences to be easily imported for the further analysis in the software. This
is in comparison to programs such as CLC genomic workbench v 7.5.0 which
requires prior information in regards to length of linkers or MID tags and
doesn’t allow the simultaneous processing of tags of significantly increasing the
processing time involved. Problematic sequence variants such as sequences
with a repetition of the P5 or P7 Illumina tags, base pare deletions from the
expected adapter sequence, or sequences that don’t reach the end, are also
difficult to deal with using CLC workbench v 7.5.0 or to manually check given
the enormity of our or typical data sets. Our program has a similar function
to SESAME (Meglecz, et al., 2011) although MITAGSORTER is also able to
cope with complicated data sets with variable size, type, and position of tags

with speed.

Normally, it might be possible to use BLAST and map the sequences
with the database of reference sequences to separate the specific sequences for
each library. However, this method is not time-efficient and would increase the
chance of error in separating libraries. This is especially through in case of
population genetics, phylogeography and phylogenetics studies that using a
large number of loci. However, MITAGSORTER allowed us to sort our data set
based either locus specific primer or unique (8bp) MID tags, negating the
problems presented by data variants, or sequences had been pre-sorted for each

individual.
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An additional important aspect of MITAGSORTER is that it is very easy
to setup and run. This software just needs a Python program to be installed
prior to run. Running the program only requires a copy of data set in FASTA

(.fa) format inside the program and then clicking a button called ‘find.py’.

Our approach improves the sequencing of hundreds to thousands of
samples for multiple genes in a single run on an extremely sensitive NGS
platform (Illumina MiSeq). This method has great potential for any studies
that require targeted re-sequencing for a large number of samples) studies
because it offer the capability for amplifying the desired gene regions and joins
this with the power of Illumina MiSeq sequencing. Although other approaches
such as exon capture using sequence baits (Gnirke, et al., 2009) are an efficient
way to target many regions, they require large startup costs and time. The
benefit of capture approaches is when repeating the assays on numerous
occasions. Amplicon sequencings is useful for testing differences at a population
genetic, phylogeographic or phylogenetic scales as a single study or a pilot.
Further improvements to the library preparation advances could be to perform
multiplex PCR so that multiple loci are co-amplified. This would require the
careful assessment of primer concentrations to ensure the resultant products

from different loci are equi-molar.
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5.7. APPENDIX
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Figure S1: The Average Q-values (Average Phred Score) for 21 loci amplified and
sequenced in current study. Each alphabetic character refer to the specific primer
pairs, which presented in tablel and used to amplify specific loci. (A). TrANMA4, (B).
TrANM9, (C). TrANM15, (D). TrANM16, (E). TrANM21, (F). TrANM22, (G).
TrANM23, (H). TrANM34, (I). TrANM39, (J). TrANM44, (K). TrANM45, (L).
TrANM46, (M). TrANM47, (N). TrANM48, (O). TrlalF2, (P). TrialF2b, (Q).
TrlalF4, (R). TrlalF5, (S). Trla2F1, (T). Trla2F1b, and (U). TrIIB1F1.
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5.7.1. MITAGSORTER V1.0 MANUAL

Overview: De- multiplexing is very important tools in the quest to sort
the huge and complicated data set generated by next generation sequencing
technology. Through de-multiplexing it is possible to sort the sequences base
on different locus targeted in the experiment and then assorted them for each
individual. MITAGSORTER is a user-friendly software that is easy to install and

follow.

Computer requirements and installation: MITAGSORTER runs on

a Windows or Linux system as long as you have Python installed on your
machine. Python is a free software which could be download and install from

the following link; https://www.python.org/downloads/release/python-341/. You

can find how to install python in your system in https://www.python.org/.

Installation: To install MITAGSORTER, simply download the software

from the following link https://goo.gl/261jI7 (see CD provided) and extract
the zip file then copy the MITAGSORTER software to any directory you desire

on your computer. Note the example file is in the same folder.
Input file: The input file includes two types of data:
First, the next generation sequencing data:

The software only accepts sequence files in FASTA format (.fa). Input
file must be in the same folder as the software. The paired end sequences
results usually are in two separate files. These should be paired into a single
file (no need to make consensus sequences but simply put two file together to

have a single input data included all sequences, many software available
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automatically do this, for example Genious) prior to de-multiplexing (as it

shown in example).
Second, the barcode sequences:

The MITAGSORTER assigns reads to loci and individuals, if barcode
sequences are available. The barcode sequences are either locus specific primer
or MID tag which could be included the next generation adaptors. However,
we provide an excel file that you can copy your individuals identity and
barcodes sequences into. Although the program does not allow for ambiguity
bases in barcodes sequences, there is no limitation for their size or running
variant sizes at the same run (for example different locus specific loci might

have different sizes but they all can be sorted in a single run).

Start and run the software: Double-click the “find.py” file to start

the program, as shown by details in example below.
The program has three option to choose for sorting the sequences.
L Based on forward barcode sequences
II. Based on reverse barcode sequences
III.  Based on both forward and reverse barcode sequences

You can choose any of these analysis based on your barcoding system,

and also select to trim the barcode sequences.
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Below is an example of how to run the software in detailed screen shots.

Step 1: Preparing input file:

First: Examplel.fa file is including the paired end sequences resulted
from Illumina MiSeq (Fig. 1A). As we mentioned above both read 1 and read

2 sequences, paired in a single file.

Copy Fasta (.fa) format of the input file (Example 1.fa) in software
folder (Fig. 1B).

Second: The data file information: first column is for an individual
identity this can be any combination of letters or numbers. In second and third
column the specific sequences used for the forward and reverse tag should be

pasted (Fig. 2).

Note: You can replace the default sequences with your own barcode
sequences in the data file. There is no limitation for the size or the number of

barcodes you can add here.
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1. The input files. A: The FASTA file (Examplel.fa) included both read 1 and read 2 results. B: Highlight the example file that had been
copied inside the software folder.
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Figure 2. The barcode sequences (Examplel) include individual identity, forward and reverse tag sequences.
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Step 2: Running the program:

To start running the program Double click on the find. py key. If you

have problem to run the software follow the steps in troubleshooting (Fig. 3).
Step 2-1: Choosing the available analysis method:

There are three method available for sorting the sequences: 1) Sort the sequen-
ces based on the forward tags, 2) Sort the sequences based on the reverse tags,
3) Sort the sequences based on both forward and reverse tags in case of dual
indexing approaches (Use this option for paired end sequences). Choose the

sorting options by just typing the appropriate number from 1 to 3 (Fig. 4).

Selecting these analysis depends to the barcoding strategy you chosen
to specify your individuals. If you used double indexing technique, for example,

the third option is the most suitable method.
For the example file you can choose either of these options to test.
Step 2-2: Trim or not to trim:

In this step the program will ask you to choose if the barcodes need to

be trimmed off from the sorted sequences per individuals or not (Fig. 5).
Step 3: The output folder

The program makes a folder called “Output” where you can collect the
results from output folder. The result can be visualised using notepad. In
addition, the program will produce a report file (report.txt) related to the
quality of the MITAGSORTER run. This identifies if any of the datasets
contained an error during the de-multiplexing and provides which individual

id had the error. (Fig. 6).
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Figure 3. The first step to run the program.
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Figure 4. Three different method for sorting the sequences.
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C2)reverse, op
C3>both forward and reverse
strands 123327 3
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Figure 5. Trimming the barcode sequences from the following reads or run the analysis without trimming.
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Figure 6: The final results will be available in output folder.
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TROUBLESHOOTING

If you have difficulty to run the software:

L Right click on the “find.py” key and choose “Edit with IDLT”

option (Fig. 7).

I.  Click on run and choose the “Run Module” option (Fig. 8).
ITII.  Finally, follow the steps 2-1 to the end as described above. And collect

the data from the output file.

112



NEXT GENERATION SEQUENCING— CHAPTER FIVE

(= E ]
@Uv| |, <« my paper » Miseq » manscript » Reverselndividuals » Reverselndividuals » - | 3 | | Search Reverseindividuals 0o |
Organize = 7P Open ~ MNew folder =~ [ ﬂ
i Mame Date modified Type Size
4 Libraries . )
. gt 01-Jan-15 5:30 PM File folder
@ Documents )
J’ Muss . data 20-Jun-15 7:47 PM File folder
usic
. || .D5_Store 31-Jul-15 &:34 AM DS_STORE File TKB
=/ Pictures )
B vid | contributors.bd 24-Dec-1412:38 PM  Text Document 1KE
ideos
| Example 1.fa 17-Aug-151:42 AM  FAFile 138,764 KB
|" find.pv A1-1nl-15 §:32 AM Python File 11 I(Bl
& Homegroup S Open
|| repo b 8:38PM  Text Document 0KB
Edit with IDLE
| 5
F¥ Computer v ] 77 » | »
find.py Date modified: 31-Jul-15 8:32 AM [&f  Edit with Motepad++
? Python File Size: 10.6 KB Open with...
S ¥ Norton Internet Security b D—
a Add to archive...
a Add to "find.rar"
B Compress and email..
3 Compress to "find.rar” and email
Restore previous versions
Send to 3
Cut
Copy
Create shortcut
Delete
Rename
Properties

Figure 7: starting software through the EDIT with IDLT option.
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Python Shell

OUTPUT = "./o
FOEWLRD = "for
REVERSE = "revw

Check Module Alt+X
Run Medule F5

FORWARD REVERS e’

REPORT = "report.txt™

HO TAG = "error no_tag”

Fn B ".fa"

BARCODES HEADER = "Indiwviduals ID,Forward Tag, Revers Tag"”
INFUT BARCODES = "./data/Barcodes.csv"

reportFile = open (REPCRT, "w")

class Barcodes:

lobal BARCODES HEADER
bal INPFUL BARCCDES
reportFile

def _ init__ (=elf):
self.barcodes = {}
ignore = []

f = open (INPUT_BARCODES, 'x')
for line in £:
if line.lower () == BARCODES_ HEADER.lower():
entry = line.split(', ")
individual = entry[0] ..strip()
forwardTag = entry[l] ..strip()
reverzeTag = entry[2] .strip()
if indiwvidual in self.barcodes:
if self.barcodes[individual] [0] '= forwardTag or self.ba

reportFile . write ("Warning: multiple barcodes for the
ignore aonendi(individusall

Figure 8: Running the program by selecting the Run Module option.
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CHAPTER SIX

6. PHYLOGEOGRAPHY

The chapter has been prepared for submission to the journal Molecular

Ecology.

In this chapter I used phylogeographic approaches at a macro-
geographic scale to investigate the overall aim of my thesis, which is focused
on examining the distribution of genetic variation in response to historical and
demographic events. I employed recently described statistical methods,
including species distribution modelling and a phylogeographic diffusion model,
to further investigate the potential Plio-Pleistocene climatic changes and

biogeographic barriers associated with the observed phylogeographic patterns.
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The information obtained here help to understand the pattern of genetic
structure and the existence of refugia or biogeographical barriers in a
widespread and common species, the sleepy lizard, across arid and semi-arid
zone of southern Australia., The use of multiple loci (both mitochondrial and
neutral nuclear markers) provides insight into the potential common refugia
and barriers affecting many species across this landscape, and will be useful for

land and conservation management.
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Prepared for Molecular Ecology

Plio-Pleistocene diversification and biogeographic
barriers in the Australian arid zone reflected in
phylogeography of a widespread and common species.

Talat Hojat Ansari, Steven J.B. Cooper, Michael, P. Schwarz, Mehregan
Ebrahimi, Gaynor Dolman, Leah Reinberger, C. Michael Bull and

Michael G. Gardner

6.1. ABSTRACT

Palaeoclimatic events and biogeographical processes since the mid-
Tertiary have played an important role in shaping the evolution and
distribution of Australian fauna. However, their impacts on fauna in southern
and arid zone regions of Australia are not well understood. Here we investigate
the phylogeography of an Australian scincid lizard, Tiliqua rugosa, within
Australian arid and semi-arid regions. We assessed genetic variability within
and among regions across the distributional range of T. rugosa in Australia
using mitochondrial DNA (mtDNA) and 11 nuclear markers, including nine
anonymous nuclear loci (ANL). Phylogenetic analyses revealed three major
mtDNA lineages for sleepy lizards, geographically localised north and south of
the Murray River in southern Australia and west of the Nullarbor Plain.
Molecular variance and population analyses of both mtDNA and nuclear
haplotype sequence data revealed significant variation among the three

populations associated with each of the mtDNA lineages, although potential
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secondary admixture was detected, based on nuclear markers. We used species
distribution modelling and a phylogeographic diffusion model to further
investigate the potential historical events associated with these
phylogeographic patterns. The analyses suggest that the range of T. rugosa
contracted during the Last Glacial Maxima (LGM) and this contraction
appears to coincide with several distinct mtDNA lineages. Overall, our analyses
suggest that Plio-Pleistocene climatic changes and biogeographic barriers
associated with the Nullabor Plain and Murray River have played a key role

in shaping the present-day distribution of genetic diversity in 7. rugosa.

6.2. INTRODUCTION

Global climates have experienced significant variation over the periods
during which present-day species originated and diversified. These fluctuations
have affected the evolution and distributions of current species, particularly in
the Northern Hemisphere where Ice-Age glaciations led to periodic
contractions followed by expansions of the range of species, which in turn led
to genetic differentiation and diversification (Pielou, 1991; Cooper, et al., 1995;
Taberlet, et al., 1998; Hewitt, 2000; Hewitt, 2004a; Bhagwat and Willis, 2008).
However, less is known about the effects of Plio-Pleistocene climate change on
the present-day diversity of species in the Southern Hemisphere where the
effect of glaciation was less pronounced and where processes may have been
more complex (Byrne et al. 2008). This is particularly true of southern
Australia (Byrne, et al., 2008), which is the main focus of our current study

here.
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Phylogeographic studies from southern Australia, especially of arid zone
species, have provided an initial understanding the evolution of fauna during
the Plio-Pleistocene, however, major deficiencies regarding the historical
process shaped biological diversity across the area still exist (Byrne, 2008;
Shoo, et al., 2008; Fujita, et al., 2010; Byrne, et al., 2011; Pepper, et al., 2011;
Dolman and Joseph, 2012; Edwards, et al., 2012; Lanier, et al., 2013; Rabosky,
et al., 2014). Some studies have had a geographically limited focus, with
distributions often being relatively narrow and not overlapping (e.g. Chapple,
et al., 2005; Dubey and Shine, 2010; Chapple, et al., 2011; Edwards, et al.,
2012). Some of the studies have only involved mtDNA analyses (e.g. Symula,
et al., 2008; Dolman and Joseph, 2015) although many studies now include
nuclear markers (e.g. Cooper, et al., 2000; Shoo, et al., 2008; Kawakami, et al.,
2009; Fujita, et al., 2010; Edwards, et al., 2012; Duckett and Stow, 2013;
Welton, et al., 2013; Thome, et al., 2014). Additionally, some studies involved
multiple species (e.g. Oliver, et al., 2009; Dolman and Joseph, 2012; Edwards,
et al., 2012; Dolman and Joseph, 2015) and therefore reflect the influence of
different evolutionary forces on patterns of genetic variation, and the vagility
of species may have eroded genetic patterns via gene flow. As an general view,
although arid zone fauna considered by higher number of researcher in recent
years (e.g. Dubey and Shine, 2010; Fujita, et al., 2010; Chapple, et al., 2011,
Edwards and Melville, 2011; Dolman and Joseph, 2012; Edwards, et al., 2012;
Levy, et al., 2012; Maldonado, et al., 2012; Neaves, et al., 2012; Duckett and
Stow, 2013; Lanier, et al., 2013; Welton, et al., 2013; Rabosky, et al., 2014;
Thome, et al., 2014; Dolman and Joseph, 2015), most of these studies

highlighted the importance of either identifying and characterising refugial
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locations (Fujita, et al., 2010), or advocate subjecting a higher number of
vertebrate taxa from arid zones to population genetic and phylogeographic
studies (Byrne, 2008; Shoo, et al., 2008; Pepper, et al., 2011; Rabosky, et al.,
2014).Specifically, there is currently a need to better understand two
phylogeographic features of southern Australian arid and semi-arid zone
species: firstly the nature of refugia in past climates; and, secondly, the role of
biogeographical barriers in shaping the expansion of populations from
historical refugia. Three potentially important barriers have been identified,
namely the Nullabor plain, Eyrean Barrier (Flinders Ranges-Lake Eyre Basin)
and the Murray River. These barriers (Figure 1) have been proposed to play
a key role in shaping the present-day diversity of fauna in southern Australia
(Cooper, et al., 2000; Byrne, et al., 2008; Kawakami, et al., 2009; Dolman and
Joseph, 2012; Dolman and Joseph, 2015). The Nullarbor Plain, which is
geographically located in the centre of southern Australia (Figure 1), forms a
potentially major biogeographic barrier of unsuitable habitat of approximately
700 km in length between Australia's temperate mesic zones in the south west
and south east, during Mid-Miocene (Li, et al., 2004; Crisp and Cook, 2007;
Dolman and Joseph, 2012). On the other hand, the Murray River has been
identified as a major phylogeographic break between northern and southern
populations of some south-eastern Australian species (Cooper, et al., 2000;
Kawakami, et al., 2009). An estimation of divergence time between these
northern and southern population were during the Pleistocene (Cooper, et al.,
2000; Chapple, et al., 2005; Kawakami, et al., 2009). The Murray River is
Australia's longest river, stretching from Lake Alexandrina at the South

Australian coast up into the start of the highlands of southern NSW and north
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eastern Victoria (Figure 1). Finally, the Lake Eyre Basin/Eyrean depression
has also been identified as a potential barrier during Plio-Pleistocene in the
now-arid regions of northern South Australia (Ford, 1987; Joseph, et al., 2006;

Dolman and Joseph, 2015).

The monogamous skink Tiliqua rugosa, commonly known as the sleepy
or stumpy-tailed lizard, is an excellent model species due to its widespread
distribution across arid and semi-arid zone regions of southern Australia (Bull,
1987; Greer, 1989). This distribution encompasses all three of the proposed
biogeographic barriers above (the Murray River, Eyrean barrier and Nullabor:
see Figure 1), providing an opportunity to further investigate their influence
on the biogeographic history of southern Australian arid and semi-arid zone
species. We predict that these barriers will leave signatures in the
phylogeographic structure of T. rugosa and we also predict that the proposed
increased aridity during glacial maxima would play a similar role to glaciations
in the northern hemisphere, leading to the contraction of the range of species

back to one or more refugia located either side of the biogeographic barriers.

We used sequences obtained across the entire range of the species from
one mitochondrial gene, NADH Dehydrogenase subunit 4 (ND4), and 11
nuclear genes including nine anonymous nuclear loci (ANL). We used both
Sanger and next generation sequencing (NGS) technology (Illumina MiSeq) to
obtain sequences from these markers. We conduct a range of phylogenetic
analyses to investigate genetic structure and infer the likely impact of historical
processes on the evolutionary history of Tiliqua rugosa. We also use species

distribution modelling to determine putative historical refugia. Finally, we use
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phylogeographic diffusion model analysis (Lemey, et al., 2010) to determine
the geographic location of lineage ancestors, and tested whether they were
located in the putative refugial regions identified using climatic modelling

analyses.

6.3. MATERIAL AND METHODS

6.3.1. SAMPLING

We obtained tissue and blood samples from 76 specimens of Tiliqua rugosa
from across the geographical range of the species in Australia (Figure 1). We
used frozen or alcohol-preserved tissues and blood collections held by the South
Australian Museum (SAM) and the Australian Biological Tissue Collection
(ABTC). All samples were collected under appropriate permits (approval no.

E324).

Legend
A Northern clade
E{P Southern clade
% Westurn clade

w— E\rean Barrier

e Murray River 8
[ Nuttarbor Piain 440 220 0 440 880 1,320

l Tiliqua rugosa distribution Kilometers

Figure 1: Map showing the collection sites of Tiliqua rugosa samples used in this
study. The light orange shading shows the distribution of the species across Australia.
The distributions of the genetic lineages identified (see Figure 2) are presented with
different shapes and colours. The Northern clade is marked with a blue rectangle, the
Southern clade is shown with a solid yellow cross and the Western lineage is indicated
with a red star. The phylogeographic barriers are also highlighted.
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6.3.2. DNA EXTRACTION AND SANGER SEQUENCING

DNA was extracted using a puregene DNA isolation kit (Gentra
systems, Minneapolis MW, USA) from frozen or alcohol-preserved tissues and
blood samples. We performed DNA amplification of ND4 using a combination
of primers M245, M246 (Gardner, et al., 2008), and M256 (Saint & Smith,
unpublished; see supplementary Table S1). The NDj/ mitochondrial gene
region has proved to be extremely informative for phylogeographic studies of
squamate reptiles (Greaves, et al., 2007; Liggins, et al., 2008a; Liggins, et al.,
2008b; O'Neill, et al., 2008). In addition, we sequenced two single-copy nuclear
loci, the non-encoding intron 7 of B8-fibrinogen, and glyceraldehyde-3-
phosphate dehydrogenase (GAPD), described by Dolman and Phillips (2004).
Polymerase chain reactions (PCR) were performed in 25uls volumes,
containing 1x reaction buffer, 0.2 mM of each primer, 0.8 mM dNTP and 2
mM MgCly for mtDNA loci and 4 mM MgCly for nuclear loci, plus DNA
polymerase (Ampli Taq Gold™). The cycling profile started with a single cycle
of 10 min at 94 °C, followed by 34 cycles of 45 s at 94 °C, 45 s at 55 °C and 1
min at 72 °C, ending with 6 min at 72 °C and 30 s at 25 °C. PCR products
were purified for sequencing using a multiscreen PCR 384 Filter Plate
(Millipore) and sequenced using ABI Prism Big Dye Terminator Cycle
Sequencing chemistry and the manufacturer’s recommended protocol. The
sequencing programme consisted of 3 min at 96 °C, followed by 30 cycles of
30 s at 96 °C, 15 s at 50 °C and 4 min at 60 °C, ending with 1 min at 25 °C.
Reaction products were purified using Multiscreen® 384-SE(Q) Plates and a
vacuum manifold, resuspending the products in 25pL of 0.3mM EDTA.

Capillary separation of sequencing products was out-sourced to AGRF
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(Australian Genome Research Facility, Adelaide; www.agrf.org.au). We used

the software packages Molecular Evolutionary Genetics Analysis (MEGA)
version 6 (Tamura, et al., 2013) to edit and align sequences of all individuals

for all three markers.

6.3.3. ANONYMOUS NUCLEAR LOCI NEXT GENERATION
SEQUENCING

All 76 specimens were sequenced for nine ANL ( Tiru-9, Tiru-16, Tiru-
23, Tiru-34, Tiru-39, Tiru-44, Tiru-45, Tiru-46 and Tiru-48; Ansari et al.,
2015) using the Illumina MiSeq platform (Table S1) following the protocol
described in Ansari et al. (Chapter 5). Briefly, we amplified the specified ANL
loci following multiplex-ready PCR. technology (MRT) (Hayden, et al., 2008).
Firstly, we modified the forward and reverse locus specific (LS) primers to
include a linker of 15bp (ACGACGTTGTAAAA) and 16bp (CATTAAGT
TCCCATTA) respectively, at their 5 ends. Then we developed a tag primer
composed of a universal adaptor for Illumina MiSeq (P5 or P7), and 8 bp MID
tags (barcodes) plus [llumina sequencing primer (Read 1 and Read 2) and the
linker. The linkers allow the tag primer to attach to the LS Primer during the
PCR, in order to barcode tag and multiplex our amplicons for a single MiSeq
run. Each lizard sample was PCR-amplified using a specific tag primer with
the unique MID tag, and the same set of MID tags used across the different
markers per individual (PCR conditions are included in Supplementary).

Pooled amplicons were sequenced on an Illumina MiSeq Platform for 250bp
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paired end read length at the AGRF (Melbourne, Australia) following

standard protocols.

We assessed the read qualities using FASTQ (http:// www.

bioinformatics.Babraham.ac.uk /projects/fastqc/) and also CLC genomic

workbench version 7.5.0 (http://www.clcbio.com). The reads were then
trimmed for which the base quality scores (Q) was lower than 30 using the
CLC genomic workbench. Finally, we performed de-multiplexing on
MITAGSORTER workbench (Ansari et al., Chapter 5), and sorted the sequences

for each individual at each targeted locus.

The reads for each locus were mapped to a database of reference
sequences (ANL sequences from Ansari et al. 2015) using CLC Genomics
workbench version 7.5.0. We culled reads that did not align to the references.
We constructed our ANL haplotype sequences and checked them by visual
review of the aligned reads through CLC genomic workbench and also by using
Geneious version 8.1 (Kearse, et al., 2012). The haplotypes were aligned for all

individuals and loci using Geneious version 8.1.

6.3.4. MITOCHONDRIAL PHYLOGENETIC ANALYSIS AND

MOLECULAR DATING

To find the most likely model of sequence evolution for our ND/ dataset
we used a Bayesian Information Criterion implemented in the software
package MEGA, and this analysis indicated an HKY+ I + I model was most
appropriate and this model was used for the subsequent phylogenetic analysis.

Phylogenetic trees were constructed for ND/ sequences using neighbour-joining
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(Wielstra, et al., 2013) based on an uncorrected “P” distance with tree
bisection and reconnection for the heuristic search in PAUP v4.0 b (Swofford,
2002). Additionally, we performed Bayesian phylogenetic analyses for the ND/
sequences using BEAST 1.6.2 (Drummond and Rambaut, 2007). Additional
sequences of species closely related, but forming an external monophyletic
clade, to Tiliqua rugosa (Gardner et al. 2008) were included in our phylogenetic
tree analyses as an outgroup (five species of FEgernia: E. cunninghami,
KM211515; E. striolata, KM211516;, E. sazxatilis, KM211517; E. hosmeri,
KM211518; and E. stokesii KM211519). We also included two Tiliqua species
for dating of ancestral nodes and to help root the T. rugosa haplotype tree (7.
adelaidensis, KM211511; and T. scincoides KM211512). However, for
Bayesian analysis, we used two approaches to estimate relative divergence
times in 7. rugosa lineages using the total 83 ND/ sequence data set. Analyses
were performed for 70 million generations, sampling every 10,000 and a burn-
in period of 1 million generation. We applied both Birth and Death, and
Bayesian Skyline as tree models in separate analyses. We also used the Birth
and Death model to calculate the relative divergence time. To assess the
Bayesian Skyline plot we performed the Bayesian Skyline model. We used
Tracer v1.5 (Rambaut and Drummond, 2009b) to estimate the effective
sample size of each parameter, check for model convergence, and to visualize

parameter plots.

In details, to place a timeframe on our phylogenies, we firstly used the
estimated divergence time between Egernia and Tiliqua as a calibration point,
based on fossils attributable to Egernia that date to the late Oligocene to

early—middle Miocene (Hutchinson, 1992; Shea and Hutchinson, 1992; Martin,
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et al., 2004). In support of these dates, Estes (1984) reported the presence of
both Tiliqua and Egernia in the middle Miocene (ca. 15 million years ago). To
constrain the divergence age priors, we used a lognormal distribution
(Drummond, et al., 2006; Ho, et al., 2007; Ho, 2007) with an offset of 15 Ma
(million years ago) and standard deviation (SD = 0.907) so that 95% of the
sampled divergence date priors fell within the 15-22 Ma time span. However,
as the fossils’ age is not an exact time and the mutation rate estimate (see
below) is based on the divergence rate of mtDNA in other reptilian species,
the haplotype divergence times estimated here should be interpreted

cautiously.

As a secondary approach for estimating divergence times for the 7.
rugosa phylogeny, we used a strict clock model and applied a rate of
1.0/mutations/site/generation in order to define the resulting branch lengths
in units of mean nucleotide substitutions per site. The branch lengths can then
be converted to years using mutation rate and generation time. We used
Tracer v1.5 (Rambaut and Drummond, 2009a) to reconstruct the Bayesian
skyline plot. Based on estimates from other squamate groups, mitochondrial
mutation rates range from 0.47% to 2.3% per million years. The lower limit
was based on an estimate by Zamudio and Greene (1997) for viper mtDNA.
The upper limit of 2.3% per Myr (million years) was derived from analyses of
Canary Island skinks and Balearic Islands lacertids (mean rate of 2.05% Myr)
reported by Brown and Pestano (1998) and Brown, et al. (2008). However, to
convert the branch length to years in this study, we used a divergence rate of
0.65% per million years which is in the range of mitochondrial mutation rates
(0.47%-2.3%) as we mentioned above and also had been used in the study of
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an agamid lizard (Hugall and Lee, 2004). In order to convert the units given
in our result to years, an estimate of the likely number of generations of 7.
rugosa was required. Demographic studies of T. rugosa have suggested that
this viviparous Australian skink lives for more than 30 years (Bull, 1995) and
usually takes approximately three years to reach maturity (Bull, 1987). In
addition, not all females are receptive every year and they may skip
reproduction in some years due to their reproductive morphology (Egan, 1984),
and environmental conditions or body condition (Bull and Pamula, 1996).
However, for simplicity, we applied the age at sexual maturity (three years) as

the value for the generation time in our analysis.

In addition, we generated a haplotype network, for T. rugosa nucleotides
and translated amino acid sequences. We used a Maximum Likelihood (ML)
tree constructed with Mega v6 (Tamura, et al., 2013) to generate the haplotype
networks with HaploViewer (available at http: //www.cibiv.at/~greg/

haploviewer).

6.3.5. CONTINUOUS-DIFFUSION PHYLOGEOGRAPHIC ANALYSIS

We defined the geographic origin of T. rugosa using a Relaxed Random
Walk (RRW) diffusion model in Beast v2.2.1 (Bouckaert, et al., 2014). This
model reconstructs the spatial diffusion process across a continuous landscape
at any point of time by using the sampling location of the sequences. The
RRW model accounts for uncertainty in tree topology and allows variation in
diffusion rates along the phylogeny branches (Lemey, et al., 2010). The
analyses allow an estimation of the location of the most recent common
ancestor (MRCA) of each lineage, which potentially represents the location of
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refugia. We included only T'. rugosa individuals for the RRW model analysis.
An initial run of 70 million generations with sampling every 10,000 generations
using the RRW model resulted in low values for effective population sizes
(ESS). Therefore, we performed three independent runs of 400 million
generations, sampling every 10,000 generations, and used LogCombiner v2.2.1
(Bouckaert, et al., 2014) to obtain a combined estimation of the posterior
parameters across the three runs. We estimated the maximum clade credibility
(MCC) tree using Tree Annotator. We then projected the MCC tree onto
geographic coordinates using SPREAD v1.0.6 (Bielejec, et al., 2011) and

visualized the generated Kml file in Google Earth.

6.3.6. NUCLEAR DATA ANALYSIS

The software package GENEIOUS v8.1 (Kearse, et al., 2012) was used
to edit and align sequences of all individuals and genes. Sequencing of the 8-
fibrinogen intron 7 and GAPD indicated that several sites were heterozygous
for single nucleotide polymorphisms (SNPs). Therefore haplotype phases were
then reconstructed using a Markov chain Monte Carlo (MCMC) algorithm as
implemented in PHASE v2.1 (Stephens, et al., 2001; Stephens and Scheet,
2005). This program was run multiple times for each dataset and haplotype
frequencies and goodness of fit measures were compared across runs to assess

the reliability of results.

Nuclear haplotype networks were generated for each locus with
HaploViewer (available at http://www.cibiv.at/~greg/haploviewer) using a
Maximum Likelihood (ML) tree constructed with Mega v6 (Tamura, et al.,
2013). To calculate the genetic distances for the multiple loci, we constructed
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a single genetic distance matrix by combining the allele distance matrix from
each locus using POFAD (Joly and Bruneau, 2006). We generated the distance
matrix for each locus using uncorrected p genetic distances in MEGA v6
(Tamura, et al., 2013). Consequently, we calculated a mean pairwise distance
from the 11 distance matrices using POFAD. In addition, we coded the
individuals for the 11 loci based on their haplotypes using the GenAlEx v6.5
(Peakall and Smouse, 2006; Peakall and Smouse, 2012), and then we calculated
genetic distances for the multiple loci. In all subsequent analyses based on
genetic distances we first used the multilocus genetic distance matrix generated

by GenAlEx and the second matrix generated by POFAD.

To test whether there was statistically significant variation among and
within mtDNA defined lineages we performed an analysis of molecular variance
(AMOVA). The matrix of multilocus genetic distances was also used to
perform a principle coordinate analysis (PCoA) in GenAlEx (Peakall and
Smouse, 2006; Peakall and Smouse, 2012).

To investigate population structure at the nuclear loci, we also used a
Bayesian cluster analysis of allelic data for each of the 11 loci, implemented in
STRUCTURE v2.3.3 (Pritchard, et al., 2000). We performed 10 replicate runs
for each distinct population (K) and with two independent runs we tested both
admixture and non-admixture models with correlated allele frequencies among
populations. Each replicate involving 1,000,000 steps, with a burn-in phase of
100,000 steps for a K value ranging from 1 to 6. The most likely value of K
was estimated following the method of Evanno et al. (2005) using the

STRUCTURE Harvester (Earl and vonHoldt, 2012). Furthermore, following

130



PHYLOGEOGRAPHY— CHAPTER SIX

the method described above we performed additional structure and also PCoA

analysis, excluding the populations that give strong patterns.

6.3.7. MIOLECULAR DIVERSITY AND HISTORICAL DEMOGRAPHY

We calculated standard diversity statistics including nucleotide (m)
diversities, number of haplotypes (h), number of polymorphic sites (s), level of
variation among and within populations for the populations associated with
the mtDNA lineages, for mtDNA and each nuclear marker separately, using
Arlequin v3.5.1 (Excoffier and Lischer, 2010a) and MEGA v6 (Tamura, et al.,
2013).

To estimate the genetic differentiation among the mtDNA defined
lineages, we calculated pairwise population Fy values for mtDNA sequences,
following Slatkin and Hudson (1991) and using the program Arlequin v3.5.1
(Excoffier and Lischer, 2010a). The significance of Fy values were obtained
after 1000 permutations. In addition, to test whether there was statistically
significant variation among and within the populations, we used an analysis of
molecular variance (AMOVA) for mtDNA sequences using Arlequin v3.5.1

(Excoffier and Lischer, 2010a).

Tajima’s D (1989), and Fu’s F, (1997) tests were independently
calculated for mtDNA and each nuclear marker using DnaSP v5.0 (Librado
and Rozas, 2009), in order to identify any possible deviation from neutrality
which could be either an effect of natural selection or the result of a past
demographic expansion. Recent population expansion would be indicated by

a negative value of both D and Fs, and also because both of these tests assume
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a historically stable population (Nei and Kumar, 2000) a significant P value
would indicate rejection of the null hypothesis of a historically stable
population. To detect significant departures from a constant population we
simulated Ramos-Onsins and Rozas’s R2 parameter in DnaSP v5.0. (Librado
and Rozas, 2009). We also used the mtDNA sequences, to calculate Tajima’s

D, Fu’s Fyand R2 for each mtDNA defined lineages separately.

In addition, we further tested for population expansion based on ND/
sequences by simulating the frequency distribution of pairwise genetic
differences (or mismatch distributions) within mtDNA lineages. We compared
differences between observed and simulated distributions with the sum of
square deviations (SSD) as well as the Harpending’s raggedness index (RI)
(Harpending, 1994) and compared with the data calculated under the sudden
expansion model. A significant P value (P < 0.05) indicating rejection of the
hypothesis of population expansion. All tests used mtDNA sequences and were
performed in Arlequin v3.5.1 (Excoffier and Lischer, 2010a). Additionally, in
order to test for selection on ND4 we used McDonald-Kritman (MK) test
(Mcdonald and Kreitman, 1991) implimented in DnaSP v5.0 (Librado and
Rozas, 2009).

6.3.8. THE MODEL OF SPECIES DISTRIBUTION

We used MAXENT v3.3.3k (Phillips, et al., 2006; Phillips and Dudik,
2008) to generate a distribution model for T. rugosa from environmental data
and locality records. We projected this model onto climatic layers indicating
the glacial maximum and interglacial conditions to assess the possible changes
in geographic distribution of the studied species across southern Australia
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under Pleistocene climate fluctuations. We used the present-day climatic
conditions to represent interglacial climates, and for the reconstruction of the
Last Glacial Maximum (LGM) conditions, we used a community climate
system model (CCSM) and a model of interdisciplinary research on climate
(MIROC). We downloaded the environmental data including six bioclimatic
variables with 2.5 arc-min resolution from the WordClim website
(www.worldclim.org). Our selected variables included monthly average of
maximum and minimum temperature (degrees C * 10), monthly total
precipitation (mm), mean temperature of wettest quarter, precipitation of
driest quarter, precipitation of wettest quarter and mean temperature of
coldest quarter. We used approximately 7000 locality records, from our
samples data and Atlas of Living Australian archives for 7. rugosa (http:

//www.ala.org.au. accessed 3 June 2015).

We used a linear and hinge feature to generate the MAXENT model.
Then we evaluated the predictive performance of the model through fivefold
cross-validation and compared the areas under the receiver operating
characteristic curves (AUC) to train and test data. The output format was
selected that scaled an approximate linear probability of the presence between
0 and 1. However, we could not use this as a direct estimation of probability
due to lack of information regarding the sampling effort for locality records
(Elith, et al., 2011). Therefore, we interpreted our results initially based on
differences in the probability of occurrence between glacial and inter-glacial

conditions, instead of using absolute values of probability.
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6.4. RESULTS

6.4.1. SEQUENCE VARIABILITY

The mitochondrial sequence data were collected from 76 individuals
comprised 438 base pair (bp) of ND/ and 137 bp of tRNA, which includes
tRNA-His, tRNA- ser and tRNA-leu. This 575 bp fragment contained 95
variable sites, of which 66 were parsimony-informative, defining 45 mtDNA
haplotypes across the studied populations (Table 1). The number of
successfully sequenced individuals was less for the nuclear loci due to technical
constraints (Table 1). In most individuals, based on the presence of
heterozygous sites, two alleles (haplotypes) were identified for the nuclear loci.
The fragment sizes for each nuclear locus ranged between 119 ( Tiru-16) to 748
bp (B-fibrinogen), with a maximum of 50 variable sites and 26 parsimony
informative sites (Table 1). The total number of nuclear haplotypes was

between six ( Tiru-45 and Tiru-46) and 48 (GAPD) (Table 1).
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Table 1. Standard diversity statistics for mtDNA and nuclear loci examined in the
study. The number of individuals amplified for each locus (N); length of the sequences
in base pairs (L); number of segregating (polymorphic) sites (S); number of haplotypes

(H); nucleotide diversity (m). The significant values of Tajima’s D, Fu’s Fs, and
Ramos-Onsins and Rozas’s R2 test are shown with asterisk.

Locus N L S H n  Tajima’sD Fu’sFs R2

mtDNA 7% 574 91 45 0.044 1.12 -445  0.13
p-fib intron 7 64 748 50 38 0.002 -2.56* -17.99* 0.03*
GAPD 68 307 31 48 0.009 -1.83*  -26.93* 0.03*
Tiru-9 67 145 9 11 0.003 -2.09*  -12.28* 0.03*
Tiru-16 68 119 9 13 0.003 -2.07* -12.05* 0.03*
Tiru-23 62 160 7 9 0.003 -1.38* -3.41*  0.04
Tiru-34 65 141 6 7 0.003 -1.42* -4.25*  0.05
Tiru-39 58 145 8 8 0.005 -1.43* -1.77  0.06
Tiru-44 61 125 4 8 0.005 -0.39 -0.87  0.08
Tiru-45 42 169 5 6 0.004 -1.58* -7.13*  0.03
Tiru-46 69 185 5 6 0003 -0.82 -2.03  0.06
Tiru-48 42 128 13 11 0.03 0.58 -1.33 012

6.4.2. MITOCHONDRIAL PHYLOGENETIC ANALYSIS AND

MOLECULAR DATING

The two phylogenetic methods yielded similar arrangements for the
main clades, so we only present the Bayesian phylogenetic tree (Figure 2A).
Three main, well supported, mtDNA lineages were evident within our samples
of T. rugosa: a ‘Western’ lineage (support value for Neighbour Joining (NJ)
and Bayesian Analysis (BA) were respectively 100 and 1.0) that comprised

samples from Western Australia (WA); a ‘Southern’ lineage (support values
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of 100 and 1.0 for NJ and BA respectively) that comprised samples from
south-east of the Murray River in South Australia (SA) and Victoria; a
‘Northern’ lineage (support values of 100 and 1.0 for NJ and BA respectively)
that comprised samples from New South Wales (NSW), Queensland (QLD)

and north of the Murray River in SA (Figure 2A, B and C).

The division between the Northern and Western mtDNA lineages of T.
rugosa occurred at the Nullarbor Plain in South Australia. We henceforth refer
to the three different lineages as the ‘Northern’, ‘Southern” and ‘Western'

clades.

The entire T rugosa dataset included 45 different nucleotide haplotypes,
24 from the Northern clade, eight from the Southern clade and 13 from the
Western clade. Haplotype diversity was highest, 0.98 + 0.01, in the Northern
clade, and lower in the Southern and Western clade (0.82 + 0.08 and 0.76 +
0.07 respectively). The Southern clade had the lowest nucleotide diversity
(0.005 £ 0.003) than in the other two clades (Western: 0.011 £ 0.006;
Northern: 0.02 + 0.008).

The mean pairwise differences among nucleotide haplotypes from the
Northern and Southern clades was 0.7, among Northern and Western lineages
it was 0.8, and among haplotypes from the Southern and Western clade was
0.84. In addition, an AMOVA showed significant (P < 0.005) variation among
the three lineages, with 13.81% of the variation distributed among them and
86.19 % of the variation distributed within clades. These results suggest there

is significant genetic structure across the range of T. rugosa, based on mtDNA
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variation, with population breaks occurring across the Nullarbor Plain and

across the Murray River in South Australia.

Using a calibration of the estimated divergence time of 15 Ma between
Egernia and Tiliqua, we obtained a divergence time for the node connecting
the western mtDNA lineage to a clade comprising the samples east of the
Nullabor of 2.7 Ma (95% HPD = 0.9 - 4.9), and an age of approximately 1.5
Ma (95% HPD = 0.4 - 2.7) for the divergence time of the Northern and
Southern mtDNA lineages (Figure 3A). Similar age estimates for these nodes

were also obtained using a Bayesian Skyline plot analysis (Figure 3B and C).

Given a generation time of 3 years in 7T. rugosa and a mutation rate of
0.65 x 10°® per year leads to an estimate of approximately 1,670,000 years ago
for the age of the node connecting the Western clades and the clades east of
the Nullabor. Following the same procedure, a divergence time of
approximately 1,000,000 years ago was obtained for the node connecting the

Northern and Southern mtDNA lineages.

6.4.3. CONTINUOUS-DIFFUSION PHYLOGEOGRAPHIC ANALYSIS

We performed analyses for 400 million generations independently three
times, and we obtained a generally high value (>100) for the effective sample
size (ESS) based on the combined results. We present the median estimated
location of the most recent common ancestor (MRCA) of lineages in Figure 2.
The Western lineages originated possibly from multiple refugia near the west
corner of Western Australia. A southern edge of the Nullarbor Plain near the

coastline also defined a potential refugial location for the Western population
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(Figure 2A and B). The analysis further indicate that the Northern 7' rugosa
lineage was associated with multiple refugia (Gawler ranges and Mount lofty
ranges) in South Australia. The potential refugial location for the Southern

lineage was defined as an area close to, but south-east of the Murray River in

South Australia (Figure 2D).

6.4.1. NUCLEAR DATA ANALYSIS

We used haplotype networks to visualise the relationships among
haplotypes from all nuclear loci, highlighting each of the three clades identified
from the mtDNA analyses (Figure 4). The networks for two nuclear loci, 8-
fibrinogen and GAPD, were generated after reconstruction of the haplotype
phase, with >90% probability. The networks of different loci all showed some
degree of haplotype sharing among the three clades, usually for haplotypes
with the highest frequency within T. rugosa (Figure 4). However, almost all
the loci also showed that there were multiple private haplotypes associated
with each of the three populations, with the exception of locus Tiru-23, Tiru-
45 and Tiru-46, where private haplotypes were absent for the southern
population (Figure 4). The PCoA indicated that individuals assigned to the
Western clade formed a relatively distinct cluster, separated from
Northern/Southern clades, the latter not showing clear differentiation in the
analysis of all individuals (Figure 5A and 5B). A small number of individuals
from the Western clade that showed admixture with the Northern clade were

from the boundary of the two clades across the Nullabor Plain.
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Figure 2 A-C: Phylogenetic tree of mitochondrial DNA (ND/ region) data from
Tiliqua rugosa based on Bayesian analysis (BA). Values on branches are indices of
support >50% for the major branches for BA and Neighbour-joining bootstrap values.
Outgroups are shown by vertical bars with grey colour and western lineages are shown
with a red colour. Yellow and blue vertical bars indicate Southern and Northern
populations, respectively. The clades that are shown with coloured circles at their
nodes in the tree represent the MRCAs as indicated in D. The colour schemes is as
describe as D. B: Nucleotide haplotype network for NDJ. C: Amino acid haplotype
network for ND/J. The colour schemes is as same as A.
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Figure 2D: A map showing the estimated geographic location for the MRCAs of the
three main lineages. The mean location for the nodes are shown with coloured circles.
The green circles show the estimated location of Western Australia with the darker
shade represent the southern edge of Nullarbor Plain. The Blue colour represents the
potential geographic location of refugia for the Northern lineages with the Gawler
range shown with the lighter blue and the darker blue indicating the Mount Lofty
ranges. The mean location for the node for Southern lineages is indicated by a purple

circle.

Analysis of molecular variance using the multilocus genetic distance
showed significant variation among the three mtDNA lineages with 12 % of

the variation distributed among lineages and 88% of variation within lineages.

Results of the STRUCTURE analysis of the nuclear data showed that
K=3 was the most likely number of genetic clusters, based on the Ln P (K)
and AK (Evanno et al. 2005) methods, with clusters broadly corresponding to
the three main mtDNA lineages (Figure 5C). There was some degree of

admixture between the three genetic clusters, particularly between the
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Northern and Southern clades. The admixed individuals from the Western
clade were mainly from a contact zone (Nullarbor Plain) with the Northern

clade.

Additional STRUCTURE analysis, excluding individuals from the
Western clade indicated that K=2 was the most likely splitting the individuals
based on the previously defined Northern and Southern mtDNA lineages

(Figure 5D).

6.4.2. HISTORICAL DEMOGRAPHIC ANALYSES

Observed mismatch distributions for the Southern clade reasonably
matched a unimodal distribution and for both the Western and Northern
clades they were multimodal (Figure 6). Additionally, the mismatch
distributions did not differ significantly (P> 0.05) from either a demographic
or spatial expansion model for all populations except the Western population,
which showed a significant difference for the Harpending’s raggedness index
(RI) model, but not the sum of square deviations (SSD) model (Table 2). Fu’s
Fs-statistics were negative for each of the three lineages, but the P-value was
statistically significant only for the Northern clade. Ramos-Onsin and Rozas’
R2 statistics did not attain statistical significance only for the Western clade
(Table 2). Tajima’s D-value was also negative for each population, but only
significant for the Northern clade. The Tajima’s D and Fu's Fs were
significantly negative for most nuclear markers, however R2 statistic was
significant just in four nuclear marker out of 11 marker we tested here (Table

2).
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The Bayesian skyline plot analyses indicated a relatively stable
population size for the majority of the past but at some point there was a
dramatic increase in population size possibly during the Middle to the late
Pleistocene (0.2-0.02 Ma) with a return to stable in the more recent past
(Figure 3B and C). These changes in population size correspond to the

emergence of new lineages (Figure 3C).

MK test for selection on ND/ tests between Western and Northern or
between Northern and Southern clades were not significant (P > 0.05), and

then positive selection can be rejected.

Table 2. Mismatch and neutrality tests of mtDNA (ND/), for the combined dataset
and each mtDNA lineage. SDD = sum of square deviations; RI= Harpending’s
raggedness index; hg = Harpending’s raggedness index. Tajima’s D, Fu’s Fs, and
Ramos-Onsins and Rozas’s R2 test An asterisk % signifies when the P values reached
the statistical significance based on coalescent simulation (1,000 replications).

Lineage Demographic Spatial expansion |Tajima’s D| Fu’s Fs R2
expansion model model test
SDD RI SDD RI
Combined| 0.01 0.01 0.014 0.01 1.12 -4.45 0.13
Western 0.076 | 0.169* 0.05 0.17 -1.318 -1.01 0.07*
Northern | 0.022 0.013 0.02 0.01 -0.208 -8.44%* 0.105
Southern | 0.017 0.045 0.01 0.04 -0.563 -2.00 0.1*
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Figure 3A. Age estimate of effective population size for Tiliqua rugosa lineages. Colour

L sh

schemes for lineages in as describe as Figure 2A. Bayesian tree for Tiligua rugosa from
fossil calibration (the estimated divergence time between Egernia and Tiliqua)
implemented in Beast. The values represent the 95% HPD for tree height. Vertical
dark blue bars show the changes in the height that correspond to features of the

phylogenetic tree.
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Figure 3B-C. Age estimate of effective population size for Tiliqua rugosa lineages.
Colour schemes for lineages in as describe as Figure 2A. (B) Bayesian Skyline Plot
(BSP) using a strict clock analysis applied in Beast. The black line shows the mean
plot values and the shaded area display upper and lower confidence intervals for the
mean estimates. The y-axis is the Ne x mutation rate/site, or/and if we assume that
the mutation rates are constant, it can be a measure of relative Ne over time. The x-

axis is in unit of mutation per site (millions of years before present shown in

brackets). (C) Maximum credibility tree from BSB analysis.
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Figure 4A-E. Median- joining network of haplotypes for 11 nuclear markers in 7. rugosa. Colours represent geographical locations of specimen
haplotypes (Red; Western lineage, Blue; Northern lineage and Yellow: Southern lineage). A: GAPD, B: 8-fibronogen intron 7, C: Tiru-9. D: Tiru-16,
E: Tiru-23.
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Figure 4F-L. Median- joining network of haplotypes for 11 nuclear markers in 7. rugosa. Colours represent geographical locations of specimen
haplotypes (Red; Western lineage, Blue; Northern lineage and Yellow: Southern lineage). F: Tiru-34, G: Tiru-39, H: Tiru-44, I: Tiru-45, J: Tiru-46, K:
Tiru-48 and L: ND/. Circle size and pie slices within each circle are proportional to the number of individuals identified with that haplotype and the

branch length is proportional to the number of mutations.
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Figure 5A-B. Multilocus analysis of Tiligua rugosa nuclear genetic distances. A: The
ordination of individuals along the two principle coordinates (PCol and PCo2) based
on the principle coordinate analysis for all three mtDNA lineages (Western (Red),
Northern (Blue) and Southern (Yellow) clades. B: The principle coordinate analysis

excluding the Western clade.
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Figure 5C-D. Multilocus analysis of Tiliqua rugosa nuclear genetic distances. C and D
represent the probabilities of belonging to the each of nuclear genetic clusters in
estimated by STRUCTURE. C: The probability of membership to nuclear genetic
clusters for all three genetic clusters for K=3. D: The probability of membership to
nuclear genetic clusters excluding the Western population for K=2. The thick grey

line represents the Murray River.
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Figure 6. Observed (dotted line) and expected (solid line) mismatch distributions for a
sudden expansion of Western (A), Northern (B) and Southern (C) populations of

Tiliqua rugosa.

6.4.3. DISTRIBUTION MODELLING FOR THE T. RUGOSA

We observed a reasonably high performance of the model across the
replications in a five-fold cross validation of AUC (0.824 mean AUC + 0.02

Standard Error) and a lower power for random prediction of the model (AUC

for random prediction = 0.5). The models strongly predicted the current

distribution of suitable climate for T'. rugosa with relatively good match to the

known locations used in the model training (Figure 7A and B).
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The predictions from the LGM climate models for T. rugosa, in general,
indicated that there was a reduction of suitable habitat, mainly along the
Western Australian coast (indicated by a reduction in the red areas; Figure 7).
During the LGM, the coastal regions appeared to have remained suitable for
T. rugosa across most regions of southern Australia, east of the Nullabor
(Figure 7C and D). However, under the CCSM model, there were some breaks
in suitable habitat along the Nullabor plain coastline, and east of the Gawler
ranges (Eyrean barrier location). The estimated geographic locations for the
refugia based on the continuous diffusion phylogeographic analysis (see above),
mapped to localities with suitable climate for T. rugosa during the LGM
(Figure 7C and D). Two refugia in Western Australia were each associated
with isolated regions of suitable climate, and, similarly, a refugium mapping
to the Eyre Peninsula was also associated with an isolated region of suitable

climate during the LGM.
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Figure 7A-B. Predicted current and Last Glacial Maximum (LGM) distributions of
suitable climate for the Tiliqua rugosa. Different gridded colours in the maps shows
the logistic format for outputs from Maxent, that darkest (red) shades had highest
probability of occurrence (Probability>0.6). Figures A and B show the prediction of
the occurrence of T. rugosa in the current climate. Little black stars (A) show the

current locality records of T. rugosa that we used to generate the models.
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Figure 7C-D. Predicted current and Last Glacial Maximum (LGM) distributions

of suitable climate for the Tiliqua rugosa. Different gridded colours in the maps

shows the logistic format for outputs from Maxent, that darkest (red) shades had

highest probability of occurrence (Probability>0.6). C and D represent the presence of
suitable climate during the LGM according to CCSM and MIROC models,

respectively. Big circles in B, C and D represent the estimated median of refugial

location based on phylogeographic analysis in the current study as described in Figure
2D.
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6.5. DISCUSSION

We found a pattern of strong mtDNA divergence with potential ongoing
gene flow at nuclear DNA within the distribution of the common and
widespread southern Australian squamate reptile, T.rugosa. Our phylogeogr-
aphic analyses based on mtDNA suggests that T. rugosa comprises at least
three genetically distinct lineages: A “Western’ clade, which occurs to the west
of the Nullarbor Plain; a ‘Northern’ clade which is distributed throughout
NSW, Queensland and north of the Murray River in South Australia to east
of the Nullabor plain; and a ‘Southern’ clade which comprises individuals from
Victoria and south-east of the Murray River in South Australia. This genetic
structure was also supported by analyses of 11 nuclear loci, with strong
differentiation between lineages west and east of the Nullabor plain (Figure 5,
PCoA and STRUCTURE analyses). However, samples from the three mtDNA

lineages shared haplotypes at all nuclear loci.

This pattern has several potential explanations: 1) male biased dispersal;
2) a selective sweep at mtDNA; 3) stochastic mtDNA lineage sorting; and 4)
vicariance with barriers limiting gene flow. We deal with each of these scenarios

in following discussions.

First, male biased dispersal could lead to this pattern. However, we
believe this is unlikely as previous studies in this species have not found major
differences in the dispersal between sexes (Godfrey et al. 2014). In fact the
dispersal is potentially female biased if there is any difference. Another facet
that minimises male biased dispersal as a factor producing the pattern we see

is the presence of shared haplotypes for each of the nuclear loci (Figure 3) is
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most likely due to the retention of ancestral haplotypes, rather than through
ongoing gene flow among the lineages. This is because each shared haplotype
was usually internal in the haplotype network and connected by one or two
nucleotide substitutions to numerous private haplotypes. If gene flow was

ongoing, shared haplotypes would not be internal.

The second explanation is that the pattern could be explained by a
selective sweep at mtDNA such as has been discovered in eastern yellow robin
Fopsaltria australis (Pavlova et al. 2015). Although the investigation of this
scenario would involve further in depth analysis outside the scope of the study,
we do note that a preliminary investigation of the presence of positive selection
in the mtDNA sequences was non-significant. The lack of ongoing gene flow
we discuss above also makes this scenario less likely. However, mtDNA is a
single locus and we just testing a small part of that in current study, therefore
further analysis would be required to be confident selection at mtDNA has not

played a role.

Third, stochastic mtDNA lineage sorting following contraction to
refugia could be responsible. Our study also provides evidence for the existence
of long-term refugia in southern Australia. Predictions for the distribution of
T. rugosa during the LGM based on both MIROC and CCSM models showed
a reduction in the favourable climatic range for the species across southern
Australia compared with its current distribution, particularly in coastal regions
of Western Australia (Figure 7). The majority of the central east area of
southern Australia, and the Adelaide Geosyncline (a geological province

comprising the Mount Lofty and Flinders Ranges in South Australia) remained
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favourable during the LGM (Figure 7). The Adelaide Geosyncline has been
hypothesised to represent a major refugium for Australian arid zone taxa
(Byrne, 2008; Byrne, et al., 2008; Guerin and Lowe, 2013), and our findings,
based on the phylogeographic diffusion analysis and from greater mtDNA

diversity in the Northern clade lend further support to this hypothesis.

The estimated geographic location for the MRCAs of the three
populations based on phylogeographic diffusion analysis corresponded well
with the modelling predictions for climatically suitable areas for T. rugosa
during the LGM. On the other hand, the small sampling size might have
affected the defined MRCAs locations, therefore the identified refugia locations
in this study are preliminary. However, based on available data in current
study, two estimated refugial locations were identified in WA, one located in
the south-west and a second refugium in the eastern part of WA, just west of
the Nullabor plain in a predicted climatically suitable area. Each of these
refugia were associated with distinct and divergent mtDNA clades, suggesting
that they are likely to have been refugia over multiple glacial cycles, long
enough to lead to reciprocal monophyly of mtDNA haplotypes. In addition to
the Mount Lofty Ranges, an estimated refugium was also identified near the
Gawler Ranges on the Eyre Peninsula in SA. The Gawler Ranges have also
been proposed to represent a likely refugium for other species (Byrne et al.
2008). However, considering the sampling number and location in current
study, particularly regards to the Southern clade where we have a limited
number of samples from Victoria, the specified refugia location still might be

rejected and needs to be interpreted with caution.
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In support of our scenario of past refugial isolation, our demographic
analyses, based on mtDNA, (Table 3) suggested a relatively recent population
expansion may have occurred in all lineages. The presence of several
haplotypes that have very broad distributions in NSW and southern QLD,
which are regions containing low levels of variation compared to populations
in the south, further suggests that 7. rugosa may have recently expanded its
range into these regions from refugia in the south. In addition, a multimodal
mismatch distribution for mtDNA shows an ancient splitting of haplotype
clades at that locus (Reich, et al., 1999). This modal pattern in Western and
Northern clades lends further support to the proposal that there were multiple

refugial regions for each of these populations.

Coming back to the evidence for stochastic variation of mtDNA lineage
sorting, the evidence from the pattern of nuclear variation in 7. rugosa across
the Nullabor plain indicated several genetically intermediate individuals that
are from a region representing a potential contact zone between mtDNA
lineages (Figure 6 and Figure 7). These individuals likely represent cases of
nuclear introgression between the two lineages. The LGM model predictions
suggest that the western population may have contracted to a refugium located
along the coast west of the Nullabor plain and was isolated by climatically
unsuitable habitats from populations to the east of the Nullabor plain. These
predictions suggest that the patterns of introgression most likely resulted from
secondary contact after the LGM (Figure 5). This potential reconnection left
a clear signature in the nuclear genome of T. rugosa in the area of the contact
zone, but further sampling is necessary to determine whether a hybrid zone
between lineages is currently evident within the species.

156



PHYLOGEOGRAPHY— CHAPTER SIX

The pattern of nuclear variation in 7. rugosa across the Murray River
also showed many individuals with genetically intermediate between two
different nuclear groups. Although, there is evidence for a quite few private
haplotypes in each population, the presence of ancestral haplotype at a high
frequency in each population are more likely to indicate that there has been
insufficient time for lineage sorting to lead to reciprocal monophyly of their
nuclear haplotypes (Toews & Brelsford 2012). It is expected that mtDNA will
complete the process of lineage sorting faster than nuDNA, because
mitochondrial genome is haploid and uniparentally inherited in most animals,
and, therefore, it has a fourfold smaller effective population size than nuclear
genes (Palumbi, et al., 2001; Funk and Omland, 2003; Hudson and Twurelli,
2003; Zink and Barrowclough, 2008). Clearly there has been a period of time
where the lineages have been separated with enough time for mtDNA lineages
to have sorted but where nuclear DNA may not have had time to become

completely differentiated.

The last potential process that could lead to our observed patter is that
it is due to vicariance with barriers limiting gene flow. This is not mutually

exclusive to the previous explanation and both may have acted in concert.

The significant genetic differentiation we found in 7. rugosa on either
side of the Nullarbor Plain in Australia is consistent with this region
representing a major historical environmental barrier to gene flow (Fujioka, et
al., 2005; Toon, et al., 2007; Dolman and Joseph, 2012). The Nullarbor Plain
occupies an area of about 200,000 square kilometres (Webb and James, 2006)

and is fringed by xeric woodlands and shrublands (Beard, 1975) between

157



PHYLOGEOGRAPHY— CHAPTER SIX

Australia's temperate mesic zones in the south west and south east. Our
analyses suggest that the divergence among the western and eastern mtDNA
lineages located on either side of the Nullarbor Plain dated to approximately
the Plio-Pleistocene (95% HPD= 4.9 — 0.9 Ma). This time period coincides
with the progression of aridification on the Australian continent, which started
in the mid-Miocene and increased in intensity during the Plio-Pleistocene
approximately 1-4 Ma (Bowler, 1976; Martin, 1978; Byrne, et al., 2008). A
study of ten bird species with population structuring on either side of the
Nullabor also estimated similar divergence times for populations of several
species, although they also found evidence for later (Pleistocene; < 1 Ma)
periods of diversification (Dolman and Joseph, 2012). An earlier time period
of diversification, associated with the uplift of the Nullabor plain and the onset
of aridity around 13-14 Ma, has been identified for 23 sister species of plants
(Crisp and Cook, 2007), but this hypothesis is unlikely to explain the patterns

identified within 7. rugosa.

A second phylogeographical break in T. rugosa occurs at the Murray
River which separates the northern and southern populations. Here too we
found introgression of nuclear DNA with a fairly abrupt discordance of
mtDNA. The Murray River is Australia's longest river, which flows to the
northwest from the Snowy Mountains, and then turns to the south into South
Australia, reaching the ocean at Lake Alexandrina. An estimation of the
coalescence time of mtDNA haplotypes from the northern and southern
populations suggests that population divergence likely occurred during the
Pleistocene (95% HPD= 0.4 - 2.7 Ma). Studies on other species have suggested
approximately similar timescales for divergences between lineages from the
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north and south of the Murray River. For example, cladogensis in Sminthopsis
crassicaudata, was estimated at sometimes during the mid-Pleistocene to late
Pliocene, around 1.3-2.1 Ma (Cooper, et al., 2000). This time period coincides
with a series of warming and cooling cycles (show fluctuation between glacial
and interglacial climates) that resulted in changing habitat boundaries (Byrne,
et al., 2008). At this time period sea levels fluctuated leading to isolation and
then reconnection of island populations (Byrne, et al., 2008). However, the
predicted LGM distributions from the modelling analyses suggest that the
Murray basin region remained climatically suitable for 7. rugosa during the
LGM, further suggesting that the Northern and Southern populations had the
potential for a long history of contact. In addition, the potential refugial
location corresponding to the Southern lineage was suggested to be close to
the Murray River. However, considering the sampling number and location in
current study, particularly in regards to the Southern lineage where we have
limited number of samples from Victoria, the specified refugia location needs

to be interpreted with caution.

Cooper, et al. (2000) suggested that Lake Bungunnia, which was an
ancient mega-lake occupying the western Murray basin about 3.5 — 0.7 Myr
(Stephenson, 1986; Bowler, et al., 2006), was a possible long-term physical
barrier to gene flow in S. crassicaudata. In addition, the Murray River itself
has continued to actively flow during both glacial maxima and interglacial
periods, with its outlet during the Last Glacial Maximum being in the Sprigg
Canyon, on the edge of the continental shelf (Page, et al., 1996; Hill, et al.,
2011), providing a further long-term barrier to gene flow. This Lake
Bungunnia/ Murray River barrier hypothesis was further supported in a study
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of the grasshopper V. wiatica (Kawakami, et al., 2009) and it may have
contributed to population isolation of additional ground-dwelling animals such
as southern brown bandicoots (Li, et al., 2014). Our finding of a similar
phylogeographical break in 7. rugosa lends additional support to the
hypothesis and further suggests that the barrier has had a broad impact on
the phylogeographic structure of many ground-dwelling animal taxa

distributed across southern Australia.

6.5.1. CONCLUSION

Our molecular phylogeographic study of the Australian arid /semi-arid
zone skink, 7. rugosa, provides evidence for significant population structuring
associated with two major genetic barriers, the Murray River and Nullarbor
Plain in southern Australia. Our data did not allow a complete test of the
Eyrean barrier. The current study hints at the presence of multiple refugia for
this species during previous glacial maxima based on both phylogeographic
diffusion and species distribution models, with secondary contact most likely
occurring in the Nullabor plain region following climate amelioration. These
findings suggest that phylogeographic breaks are likely to be found in many

other arid zone species with broad distributions across southern Australia.
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6.7. APPENDIX TABLE

Table S1. Primers sequences (5" — 3’) employed in this study. For next generation
sequencing we used dual multiplexing approach which MRT tag (linker) sequences are
shown bold and italic. Illumina adaptors are italic. The position of the MID tags are
shown with X and the location of locus specific primers (Ansari, et al., 2014) shown
with -—-.

Locus Primer name Primer sequence (5’ —3°)

ND4 (L) (Forstner & Arévalo,1995) TGACTACCAAAAGCTCATGTAGAAGC

ND4

M246 (H) (Gardner et al., 2008) TTTTACTTGGATTTGCACCA

M256 (H) (Saint & Smith, unpublished) CCTTTTATRTTRATTGTKGGKGG

G375 (F) (Gardner et al., 2008) GACAGAGACAATGATGGA
p-fib intron 7

G376 (R) (Gardner et al., 2008) GTGAGGAATAATRCACAAAG

GAPD L890 ( Lyons et al., 1997) ACCTTTAATGCGGGTGCTGGCATTGC
GAPD

GAPD H950 ( Lyons et al., 1997) CATCAAGTCCACAACACGGTTGCTGTA
Tag F Ansari et al. (Chapter 5) AATGATACGGCGACCACCGAXXXXXXXX
(P5+MIDtag+Re ACACTCTTTCCCTACACGACGCTCTTCCG
ad1+MRT tagF) ATCT ACGACGTTGTAAAA---
Tag R Ansari et al. (Chapter 5) CAAGCAGAAGACGGCATACGAXXXXXXX
(P7+MIDtag+Re XGTGACTGGAGTTCAGACGTGTGCTCTTC
ad2+MRT tagR) CGATCT CATTAAGTTCCCATTA---
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CHAPTER SEVEN

7. CONCLUSION

In order to better understand historical evolutionary processes, it is
constructive to assess the potential mechanisms that influence patterns of gene
flow and their effects on population genetic structure. In this thesis, I
investigated the potential evolutionary processes that led to the distribution
and structure of genetic diversity across the arid and semi-arid zones of
southern Australia. I characterised and developed a variety of molecular
markers and used a combination of mitochondrial (mtDNA) and the developed
neutral nuclear markers (nuDNA) in a phylogeographic approach, to assess
the genetic structure of the Australian widespread skink, and understand the

evolutionary process behind the pattern of its variation.
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Intraspecific studies insight into genetic variation requires the use of
molecular markers, of which mtDNA has been the marker of choice (Avise, et
al., 1987; Wan, et al., 2004; Karachanak, et al., 2012; Brandt, et al., 2013;
Kawamoto, et al., 2013). However, recent studies have indicated the
importance of using multiple loci to obtain a comprehensive overview (Dolman
and Moritz, 2006; Pavlova, et al., 2013). The limited resources on non-model
species has previously restricted the availability of genetic markers for
particular groups (Bertozzi, et al., 2012). It was for this reason I characterised
different types of molecular markers using next generation sequencing (NGS)
approaches and used them in order to assess contemporary and historical
genetic variation of a common skink Tiliqua rugosa, widespread across the arid

and semi-arid region of southern Australia.

First I developed 48 anonymous nuclear loci (ANL), for T. rugosa using
454 shotgun sequencing, among which 37 of them amplified in other related
Egernia group species and potentially might be useful in the study inside into
the architecture of genetic variation and population genetics in this group.
Application of next generation sequencing in this study confirmed the higher
success of using these approaches in molecular ecology as already stated by
Ekblom and Galindo (2011). The characterisation and initial test of these ANL
in T. rugosa and related species (Tiliqua adelaidensis and Egernia stokesii)
shows evidence of variation within 7. rugosa and among the three species.
This result highlighted the practicality of these markers for phylogenetic,
phylogeographic and population genetic analyses in 7. rugosa and related

species. In my thesis these markers provided me with the benefit to investigate

163



CONCLUSION — CHAPTER SEVEN

the genetic structure of populations and the historical forces that formed them

across southern Australia.

Secondly, I utilized a transcriptome of T. rugosa to characterise MHC
genes, both class I and class II. T then developed genetic markers for class I
and class II independently and successfully amplified exon 2 to 4 in class I and
exon 2 and 3 in MHC class II. Although the information contained in MHC
genes provide insight into conservation and contributes to an understanding
of the evolution of species and populations, limited number of studies have
focused on the order Squamata (See, Miller, et al., 2005; Miller, et al., 2007a;
Glaberman and Caccone, 2008; Glaberman, et al., 2009), and few for skinks
(only a single other class I paper exists, Murphy, et al., 2009). Therefore the
information provided here is excellent initial data for skinks, which will add to
better understanding the evolution of adaptive gene in squamates and so help
in conservation plans for members of this order of reptiles. The developed
markers which successfully tested also in two other related Egernia species (T.
adelaidensis and E. stokesii), support the potential benefit of using these

markers to study other Egernia group species and potentially other skinks.

A rapidly growing body of work indicates the importance use of adaptive
genes in population genetic (Hoffmann, et al, 2003; Sommer, 2005a;
Nadachowska-Brzyska, et al., 2012; Kyle, et al., 2014). Therefore, I planned to
use these newly developed markers from MHC class I and II to investigate the
genetic variation structure across the landscape at different scales. I used these
markers in an [llumina MiSeq run, which provided me with a large number of
sequences. However, the amount of time that I had to spend developing the
loci and then analysing the huge amount of data produced through the
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sequencing platform meant I had little time to utilize the loci in this thesis.
However analysis of these data to assess the level of variation, and historical
or contemporary forces including potential differences across landscapes in

selective forces from pathogens will be the subject of my future research.

Following my aim, using phylogeographic approaches to test the
historical and contemporary structure of genetic variation, I used the
application of NGS (Illumina MiSeq platform) to sequence my loci for large
number of samples. The advantages and limitations of using next generation
approached for phylogeographic studies had been discussed in the review by
McCormack, et al. (2013). So far many studies focused on NGS approaches
and developed exceptional methods and analysis to make it accessible to use
for molecular ecologist and population geneticists (Binladen, et al., 2007;
Farias-Hesson, et al., 2010; Meyer and Kircher, 2010; Bybee, et al., 2011; de
Carcer, et al., 2011; Meglecz, et al., 2011; Clarke, et al., 2014). However, I
developed a new application that made it possible to use NGS approaches to
be more time and cost effective. Out of huge amount of data set I obtained by
using my new developed approaches, I used and analysed sequences from nine
ANL in my phylogeographic assessment, but it indicated that there is potential
benefit of using such approaches for comprehensive population genetic studies

that require multiple loci.

Other techniques exist that enable the simultaneous development and
genotyping of loci which could have been an alternative source of markers.
These approaches are complexity reduction techniques which aim to produce
a set of homologous markers across individuals. For example, restriction-site
associated DNA sequencing (RAD-Seq) and related approaches, such as
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genotype-by-sequencing (GBS) and double digest RAD-Seq (ddRAD), use one
or more restriction enzymes to target homologous loci across a set of samples

and no prior genomic resources is required (Miller, et al., 2007b), or (Davey

and Blaxter, 2010; Narum, et al., 2013; Heffelfinger, et al., 2014).

A lack of initial funds prohibited my using these techniques. My
approach allowed me to obtain data and continue development and utilize

these as funding became available.

Another highly useful approach would have been to use a gene capture
technique (see, Lemmon and Lemmon, 2013). This technology allows target-
ing, enriching for, and sequencing large number of genes and often their
associated introns (Bi, et al., 2012; Hancock-Hanser, et al., 2013). The gene
capture method includes some restrictions in comparison within and among
species with narrow divergence or/and comparisons among highly divergent
sequences and taxa (Li, et al., 2013), however, recently developed approaches
which modify the power of this method have overcome the limitation (Li, et

al., 2013).

The development costs and time associated with techniques of this sort
precluded their use in my thesis but they could provide a way to screen for
variation in the future in this group, perhaps utilizing the markers I developed

and other markers that could be gleaned from the transcriptome.

My thesis culminated in a test of the hypothesis that the pattern of
genetic variation and existing population genetic structuring was due to glacial
isolation and the presence of physical barriers over the southern Australia. At

a large geographic scale, the determination of fundamental population

166



CONCLUSION — CHAPTER SEVEN

structure was accomplished through Bayesian approaches, cluster analysis and

spatial principal components analysis (PCoA).

Overall, I detected evidence for significant population structuring in 7.
rugosa across the distribution of the species in arid /semi-arid zone of Australia
which was coincident with physical barriers, the Murray River and Nullarbor
Plain. The Murray River and Nullarbor barrier have been previously reported
as factors in shaping genetic variation (e.g. Cooper, et al., 2000; Kawakami, et
al., 2009; Dolman and Joseph, 2012; Dolman and Joseph, 2015), and my
finding supports the influence of the barrier on the genetic structure of species

across southern Australia.

Multiple refugial locations were also detected for T. rugosa across the
region, using species distribution modelling and a phylogeographic diffusion
model (Lemey, et al., 2010). My findings supported the hypothesis of the
presence of arid zone refugia in Australian upland regions, Gawler-Flinders and
Mt Lofty Ranges (Byrne, 2008; Byrne, et al., 2008; Guerin and Lowe, 2013).
My studies indicate that these glacial refugia were followed by secondary
contact when climate emolliated, are associated with three distinct mtDNA
lineages and the presence of a high frequency of nuclear ancestral haplotypes
in each lineage. Another potential factor I tested for was the possibility of
selection on mtDNA| as proposed by Pavlova, et al. (2013), that might explain
the strong mtDNA structuring but not evident in the nuclear loci. Although I
did not detect any signature of positive selection in the mtDNA sequences
there was amino acid differences among the three mtDNA lineages and this

intriguing possibility warrants further exploration.
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There has been a call for studies to assess the presence of possible
common genetic patterns, and contractions to refugia or the presence of
biogeographical barriers, across the arid/semi-arid zones of southern Australia
(Byrne, 2008). Therefore, my study provides a general overview of genetic
structure related to contractions to refugia or/and the presence of
biogeographical barriers across the arid/semi-arid zones of southern Australia.
My findings suggest that phylogeographic breaks across the barriers are likely
to be found in many other arid zone species with broad distributions across

southern Australia.

7.1. FUTURE RESEARCH

This research provides an understanding on how the distribution of
genetic variation affected by glacial climate changes as well as biogeographical

barriers across the southern Australia.

In this study, a strong population structure was detected related to the
mtDNA, and potential secondary contact between distinct lineages based on
nuclear markers at a large special scale. As stated above although no significant
selection was detected from mtDNA in this current study, the possibility still
exists as we just tested a small proportion of mtDNA gene. Therefore using
next generation sequencing approaches, such as shotgun sequencing, might
help to recover a greater proportion of the mtDNA or even obtain whole
mtDNA genomes in order to have a comprehensive overview of selection on
mtDNA. Additional selection tests such as a G test or Fisher’s exact test (Sokal

and Rohlf, 1981), or testing the mitochondrial DNA coding for transmembrane
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proteins, which is expected to be more affected than regions coding for surface

proteins, are alternative methods that could be investigated.

Future research would benefit from studying the intraspecific genetic
variations of population in a fine special scale which are needed to better
understand the effect of geographic barrier, such as Murray River, on
population genetic structure of non-model species. As different type of markers
are now available, these could be used to test the effect that these barriers
might influence the genetic diversity throughout different genomic regions. In
particular, assaying variation at MHC loci would be beneficial to test different
level of diversity that might maintained by selection. In addition, genetic
variation within and among population could be further tested using MHC loci
to assess the effect of parasites and pathogens in shaping such variation across
different ecological environments or either side of the tick parapatric boundary

(Andrews, et al., 1982) under intensive study at Flinders University.
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’f"YW‘”ds-' significantly more related than expected by chance, whereas connected male—female and female—fe-
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space use derived from home range overlap, and many close neighbours did not make social contact. This supports

our hypothesis for the presence of deliberate avoidance between some neighbouring individuals. We
suggest that lizards can discriminate between different levels of relatedness in their neighbours,
directing their social interactions towards those that are less related. This highlights differences in how
social associations are formed between species that are solitary (where associations form between un-
related conspecifics) and species that maintain stable social groups structured by kinship.

© 2014 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd.

Animal species range from solitary to eusocial in their social
organization (Linksvayer, 2010; Michener, 1969), but all interact
socially with conspecifics at some times, in some of their activities.
An ongoing question is how genetic relatedness influences these
social associations (Wilson, 1975). There are two main mechanisms
by which genetic relatedness may influence social interactions.
First, if individuals have limited opportunity for dispersal, they may
avoid inbreeding by reducing social contact with related in-
dividuals of the opposite sex (Pusey & Wolf, 1996). Second, indirect
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E-mail address: s.godfrey@murdoch.edu.au (S. S. Godfrey).
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fitness accrued through interactions with kin may be favoured
when the benefits from cooperating exceed the costs associated
with close living (Alexander, 1974). Even in reptiles, benefits can be
gained from kin-structured social interactions. For example, the
gidgee skink, Egernia stokesii, lives in highly related groups that
include a breeding pair and one or more cohorts of their offspring
(Gardner, Bull, Cooper, & Duffield, 2001), with related individuals
benefiting from the resulting enhanced vigilance against predators
(Lanham & Bull, 2004). The alternative ways in which genetic
relatedness may influence social interactions among individuals
may shape social network structure.

Increasingly, social networks are being used to explore the
structure of social associations within populations and within ag-
gregations (Krause, Croft, & James, 2007; Sih, Hanser, & McHugh,

0003-3472/© 2014 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd.
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2009). They provide a framework for quantifying associations
among individuals on a dyadic level, by representing a population
as a series of nodes (representing individuals) connected by edges
(representing associations) and are particularly useful for testing
hypotheses about the factors influencing social structure (Wey,
Blumstein, Shen, & Jordan, 2008). For instance, network analysis
has shown consistent social associations among members of fis-
sion—fusion aggregations (Croft et al. 2012), with these associations
sometimes stronger in one sex than the other (Carter, Brand, Carter,
Shorrocks, & Goldizen, 2013; Farine, 2014; Stanley & Dunbar, 2013).
However, there is conflicting evidence about whether these social
associations are influenced by genetic relatedness (Lukas, Reynolds,
Boesch, & Vigilant, 2005). On the one hand, several studies suggest
that relatedness can influence social structure. For example,
Wisniewski, Lusseau, and Moller (2010) showed that related female
dolphins, Tursiops aduncus, form stable coalitions in the fis-
sion—fusion dynamics of pod formation, and Best, Seddon, Dwyer,
and Goldizen (2013) found that social groupings of female kanga-
roos, Macropus giganteus, had higher relatedness than average for
the population. Similarly, Chiyo et al. (2011) reported stronger as-
sociations among related than unrelated male elephants, Loxodonta
africana, and Kurvers et al. (2013) found that foraging barnacle
geese, Branta leucopsis, preferentially associated with related and
familiar individuals. On the other hand, Croft et al. (2012) found no
evidence that related individuals associated more strongly in shoals
of wild guppies, Poecilia reticulata, although their results did not
suggest avoidance of related individuals.

In subsocial or solitary species, patterns of association might be
affected by relatedness in different ways, with fewer benefits from
cooperative behaviours. Among these species, social network
structure is primarily shaped by contacts during courtship and
mating, by aggressive encounters to maintain territory boundaries
(Lattanzio & Miles, 2014) or by contacts while foraging at a com-
mon source (Hamede, Bashford, McCallum, & Jones, 2009). For
example, in solitary living woodchucks, Marmota monax, nonag-
gressive interactions were more frequent among pairs of in-
dividuals with higher genetic relatedness (Maher, 2009). Similarly,
normally solitary mountain brush-tailed possums, Trichosurus
cunninghami, preferred to share tree hollow dens with kin when
tree hollows were limited (Banks et al. 2011). In contrast, Hirsch,
Prange, Hauver, and Gehrt (2013) reported no influence of relat-
edness in social networks of solitary living racoons, Procyon lotor.
Although solitary species are less likely to show cooperative be-
haviours, kin selection should normally favour higher tolerance and
thus stronger associations between related individuals. But avoid-
ance of kin competition should reduce associations among related
individuals (or increase aggression) when resources are indivisible
(e.g. Foster & Briffa, 2014). Selection to reduce the degree of
inbreeding should also favour associations of less related in-
dividuals for mating activity. Thus, social structure should still be
influenced by relatedness in predominantly solitary species. We
tested this hypothesis by comparing social network associations
among individuals of known genotype in a population of a largely
solitary living Australian scincid lizard. We predicted that tolerance
of kin would lead to stronger social associations among more
related individuals of the same sex, whereas avoidance of
inbreeding would lead to stronger associations among less related
individuals of the opposite sex.

The Australian sleepy lizard, Tiliqua rugosa, is a large, long-lived,
Australian scincid lizard that occupies stable, overlapping home
ranges (Bull, 1994; Kerr & Bull, 2006). Although it has a largely
solitary life, each spring adult lizards form monogamous pair bonds
for up to 10 weeks before they mate, and individual pairs of lizards
often re-establish these partnerships in subsequent years (Bull,
1988, 1994, 2000; Bull & Burzacott, 2006; Bull, Cooper, &

Baghurst, 1998; Leu, Bashford, Kappeler, & Bull, 2010). The use of
onboard activity and GPS loggers (Kerr, Bull, & Cottrell, 2004; Kerr,
Bull, & Mackay, 2004; Leu et al. 2010) has allowed us to describe
more cryptic and infrequent aspects of their social system beyond
pair associations, which cannot be captured from snapshot
observations.

Social networks based on synchronous spatial proximity among
active lizards have shown that individuals associate with some
neighbours and avoid others, and that this social structure remains
stable both within a year and over multiple years (Godfrey, Sih, &
Bull, 2013; Leu et al. 2010). Our current study builds upon this
previous research by exploring the genetic relationships between
adult lizards in a social network. We tested the hypothesis that
social associations among lizards were influenced by relatedness by
determining whether the strength of social connections among
lizards in the social network were positively (or negatively)
correlated with relatedness to each other, compared with whether
there had been random associations. Given that individuals that
live closer together will have more opportunities to interact than
those living further apart, we used a null model to generate ex-
pected rates of interaction based on shared space use. By control-
ling for spatial proximity (using the null model), we could
specifically ask whether there was a social influence of genetic
relatedness on network structure.

METHODS

The study was conducted from October to December 2010, in a
1.0 x 1.5 km area of chenopod shrubland (33° 54’ S, 139° 20’ E),
near Bundey Bore Station in the mid-north region of South
Australia. The study period was during the austral spring and early
summer, the time when these lizards are most active each year
(Kerr & Bull, 2006; Kerr, Bottema, & Bull, 2008). All 60 adult lizards
resident in the area (30 males, 30 females) were captured by hand
in September 2010 and fitted with data loggers that were attached
to the dorsal surface of the tail with surgical tape. Handling time
was normally no longer than 30 min, and usually only 10—15 min.
The 60 lizards were part of a larger continuous population inhab-
iting similar habitat surrounding the study area.

The data loggers recorded synchronous GPS locations for each
lizard every 10 min when it was active (determined by a step-
counter attached to the lizard), for the duration of the study
(Kerr, Bull, & Cottrell, 2004; Kerr, Bull, & Mackay, 2004; Leu et al.
2010). GPS loggers were manufactured at Flinders University,
Adelaide, Australia (Kerr, Bull, & Cottrell, 2004; Kerr, Bull, &
Mackay, 2004). For our analyses, we considered all locations
collected over the period 1 October—20 December 2010 (81 days),
when the majority (ca. 90%) of lizards in the study area had data
loggers attached. A radiotransmitter (Sirtrack, Havelock North, New
Zealand) with unique frequency allowed us to identify, locate and
hand-capture each lizard every 12 days to download data and to
change batteries. Each data logger plus radio unit weighed 37 g, or
4.5% of the average body weight of an adult lizard, and 5.6% of the
body weight of the lightest lizard in our study. Data downloads
were conducted at times before or after the diurnal period of ac-
tivity, to avoid interfering with normal behaviours and to reduce
the impact of handling on lizard behaviour (Kerr, Bull, & Cottrell,
2004; Kerr, Bull, & Mackay, 2004). The lizards did not grow sub-
stantially during the season, and for any lizards that had noticeably
gained (or lost) weight between captures (12 days), we completely
refitted the logger. Lizards foraged and mated normally with the
loggers on (S. Godfrey, personal observation), and maintained
weight levels throughout the study comparable to other lizards
without loggers attached in adjacent areas. At the end of the study,
all lizards were recaptured and we removed the units and released
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the lizards. We found no skin damage or irritation where the units
had been attached and lizards naturally shed their skin in the
following months. The lizards were treated using procedures
formally approved by the Flinders University Animal Welfare
Committee in compliance with the Australian Code of Practice for
the Use of Animals for Scientific Purposes and conducted with a
Permit to Undertake Scientific Research from the South Australian
Department of the Environment, Water and Natural Resources.

Network Structure

We developed a social network from incidents of spatial prox-
imity of dyads of active lizards. These were derived from synchro-
nous GPS locations every 10 min for each of the 60 lizards.
Following Leu et al. (2010), we considered that two lizards within
2 m of each other at any of the GPS location times had probably
made, or would soon make, social contact. Allowing for a median
GPS precision of 6 m, we included each pair of GPS-derived loca-
tions within 14 m of each other at the same time as a record of
social contact. To construct the social network we calculated the
simple ratio index (SRI) for each dyad, as the number of recorded
contacts divided by the number of observations when both lizards
were active. This was a measure of association strength, which on a
biological level represents the amount of time two lizards spent
together when they were active. This is an appropriate association
measure because sleepy lizards have infrequent contact with other
lizards, which in some cases (especially male—male contacts) can
be brief. Our SRI measure does not represent either the frequency
or the duration of interactions. Two equivalent SRI measures could
be derived from two lizards either if they spent one long period
together or if they spent several shorter periods together. Instead,
the SRI measure represents the total relative time that lizards spent
in proximity to each other across the entire activity season. The
network consisted of 60 nodes, representing the 60 lizards. An edge
was included for each pair of lizards that was recorded in contact at
least once (SRI > 0) over the study period. Edge weight was deter-
mined by the SRI, with a higher weighting for pairs of lizards that
spent more time in proximity. The network was nondirectional in
that both lizards were assumed to have equal roles in a contact
interaction. Although that might not have been the case, for
example if a more aggressive lizard was more likely to initiate
contacts, the data did not allow any inference of directionality.

Home Ranges and Expected Associations among Lizards

We included all GPS locations to derive, using Ranges 6
(Kenward, South, & Walls, 2003), the 95% minimum convex poly-
gon home range, the home range centre for each lizard, the area of
home range overlap and the distance between home range centres
for each dyad. To account for the influence of spatial proximity on
social associations, we developed an expected association network,
assuming random encounters among lizards, using the ideal gas
model (Hutchinson & Waser, 2007). This model estimated expected
association rates based on individual lizards moving randomly
within their home ranges. For each dyad, we calculated f, the ex-
pected encounter rate per day, using the formula derived from Leu
et al. (2010):

~ 8u(14)0
~ whr;hr;

f 1)

where v is the mean velocity of the two lizards (average distance
(m) travelled/day), o is the area of home range overlap between the
two lizards, and hr; and hr; are the home range areas of individual i
and individual j, respectively. We used the estimated fas encounter

rates to determine edge weights and to derive expected association
networks. The distance travelled per day for each lizard was esti-
mated by calculating the total number of steps taken in each day of
the study, and multiplying it by the average stride length for a
sleepy lizard (148 mm, Kerr, Bull, & Cottrell, 2004; Kerr, Bull, &
Mackay, 2004), to derive the total distance travelled per day (m).
This value was averaged across all days for each lizard to derive an
‘average distance travelled per day' for each lizard, and, for each
pairwise combination of lizards, we calculated an ‘average velocity’
(the mean of the average distance travelled for both lizards) which
was used in equation (1) following Leu et al. (2010).

Microsatellite DNA Genotypes

We collected blood onto a 3 mm? area of an FTA card by
clipping the tip of one toe of each lizard in the social network
using a pair of sterilized, sharp, dog nail clippers. An analgesic
(Meloxicam) was administered orally prior to toe clipping to
reduce pain and discomfort. Lizards were gently restrained by
hand during the procedure. About 30% of lizards flinched briefly
during the procedure with limb movement, but became calm
again within 1 min. We ensured bleeding had ceased before the
lizard was released, and all lizards behaved normally upon
release. The persons conducting the surgery had at least a full
year's experience in conducting the procedure. We recaptured all
lizards 12 days later, and in all cases the clipped area had healed
and there were no signs of infection. We recaptured all toe-
clipped lizards throughout the study, and the method had no
observable impact on survival, movement or body condition,
compared with other studies, or with other conspecifics we
encountered in adjacent sites. Sleepy lizards do not use their
claws for digging or climbing so toe clipping should not affect
their ability to seek refuge. They are slow-moving reptiles so it
should also not affect their locomotor performance to the detri-
ment of the individual movement speed. Many lizards are found
with natural toe loss, and with no obvious loss of body condition.
In other studies of the same species, several hundred toe-clipped
individuals, with several toe tips removed for individual recog-
nition, have been recaptured over periods of up to 20 years (Bull
& Burzacott, 2006) with no apparent loss of body condition
compared with unmarked animals. Thus we consider there were
no short- or long-term adverse effects of removing the tip of a
single toe on the lizards in this study. Alternative methods of DNA
collection are unreliable (caudal vein blood sampling), impractical
(tail tipping) or untested (buccal swabs) in this species. In
particular, caudal vein sampling can extend handling time
because the vein is difficult to find in this species.

We extracted DNA from blood samples on 3 mm? squares of the
FTA cards following the Whatman FTA Elute card procedure (GE
Healthcare, Buckinghamshire, U.K.). We then used the procedures
described by Gardner, Delphs, Smith, Dudaniec, and Sanchez
(2008) to determine lizard genotypes at 15 microsatellite DNA
loci (Trl1, Trl3, Trl9, Trl10, Trl12, Trl14, Trl16, Trl19, Trl21, Tri22,
Trl27, Tr130, Tr132, TrI36 and Trl37). Genotypes were successfully
scored for 46 lizards (26 males and 20 females) using GENEMAPPER
v4.0 (Applied Biosystems, Inc., Foster City, CA, US.A.) and were
checked manually.

We used the program Coancestry (Wang, 2011) to calculate
coefficients of relatedness (r) between pairs of individuals with a
moments estimator that assumes there is no inbreeding (Wang,
2002). Allele frequencies used in the calculations were simulated
from all genotyped individuals in the sample. Pairwise coefficients
of relatedness were used in our comparisons of relatedness detailed
in the following section, and to calculate mean relatedness in
comparisons of different dyadic groups.
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Analyses of Social, Spatial and Genetic Relationships

Because our data consisted of GPS tracks, we derived a novel
randomization procedure that is a combination of data-stream and
node-based permutation techniques. This procedure maintained
biologically valid GPS tracks for each individual while reducing the
potential for type II error associated with node permutations (see
Farine, 2014). The method randomizes the identity of each daily
track, assigning new identities to entire tracks within each day, but
assigning different identities on different days. Randomizations
were repeated 1000 times, and the P values were calculated by
comparing the observed test statistic to the statistic calculated for
each permutation.

We first asked how relatedness of the 46 genotyped lizards in
our study population varied in respect to sex (to detect signals of
sex-biased dispersal) and space, to understand the factors influ-
encing general patterns of relatedness in our study population. We
estimated mean relatedness values separately for all possible
male—male, female—female and male—female combinations in the
population. Additionally, we calculated mean relatedness among
neighbouring (home range centres within 200 m) and non-
neighbouring (home range centres more than 200 m apart) liz-
ards to determine whether there was an effect of distance on
relatedness among lizards. We then repeated these analyses for
pairs of lizards that were connected in the social network to
determine what factors influenced relatedness among connected
lizards (SRI > 0).

We then structured our analyses into three components. First
we asked, across the entire study social network, what most
influenced social association strength among connected lizards:
genetic relationships or spatial relationships. The analysis we used,
in this and subsequent components, was the multiple regression
quadratic assignment procedure (MRQAP) following Dekker,
Krackhardt, and Snijders (2007). The dependent matrix in this
procedure contained the observed association strengths (SRI
values) in the social network. The two predictor matrices came
from the expected association rates among dyads in the ideal gas
model, allowing us to explore the influence of spatial arrangements
in the population, and from the genetic relatedness values among
dyads, allowing us to explore how genetic relationships influence
network structure.

Second, because lizards further apart were less likely to
encounter each other and form social contacts, we restricted our
analysis to lizards that had home range centres within 200 m of each
other (that is, analysing a subset of the data set used in the first
analysis). We called these lizards neighbours, because 200 m is
within the distance across a normal home range for this species (Bull
& Freake, 1999; Kerr & Bull, 2006), and asked whether genetic re-
lationships or spatial relationships influenced association strength
among all neighbouring lizards. Third, we conducted similar ana-
lyses separately for three subgroups of neighbouring lizards: mal-
e—male, female—female and male—female dyads. Within
neighbouring male—female dyads, we also performed separate an-
alyses for dyads we had previously defined as paired (those with an
SRI > 0.1) and for dyads we had previously defined as having formed
an extrapair association (0 < SRI < 0.1) (Godfrey, Bradley, Sih, & Bull,
2012; Leu et al. 2010), allowing us to distinguish between strong pair
bonds and weaker links among males and females. These analyses
were performed to address our hypothesis about how relatedness
influences social associations, but with particular emphasis on dif-
ferences between different subgroups and different behavioural
interactions in the population, such as intrasexual associations and
male—female partnerships. We performed all the network analyses,
including permutations and MRQAP tests, using the package asnipe
(Farine, 2013) in R (R Core Team, 2013).

RESULTS
General Patterns of Relatedness in the Population

Mean relatedness differed significantly between different
dyadic combinations, with male—male dyads more related than
male—female dyads, and with female—female dyads the least
related (Fig. 1). Relatedness did not differ significantly between
neighbouring lizards and non-neighbours (mean differ-
ence = 0.006, 95% confidence interval, CI=-0.011 to 0.011,
P=0.118).

All Connected Dyads in the Social Network

Mean values of network edge weight (SRI), distance between
home range centres, percentage home range overlap and related-
ness (R) among the connected dyads of the 46 genotyped lizards
(those with SRI > 0) are shown in Table 1. Connected male—male
dyads were more related, and both male—female and fema-
le—female connected dyads were less related than expected from
the randomized data (P < 0.001 for all cases; Fig. 1). Among con-
nected dyads, those that were not neighbours had a higher mean
relatedness (mean R =0.09 +0.018 SE) than those that were
neighbours (mean R = 0.049 + 0.006) resulting in a significant
difference between neighbouring and non-neighbouring dyads
(mean difference = 0.041, 95% Cl = —0.024 to 0.026, P = 0.001).

The MRQAP analysis showed a significant effect of spatial
pattern, but not of genetic relatedness, on the observed SRI of all
connected dyads (Table 2). Observed SRI was positively related to
expected association strength (which assumed lizards moved
randomly), but values were lower than predicted (Fig. 2a).

Among Neighbouring Dyads (<200 m Apart)

Neighbouring lizards were more likely to be connected in the
observed social network than expected by chance (64% of all dyads

0.14
P <0.001

0.12r P <0.001

P <0.001
0.1F

0.08

0.06

Mean relatedness (£SE)

0.04+ Hexk

0.02

Male-Male Male-Female Female-Female
Dyad type

Figure 1. Mean genetic relatedness among male—male dyads, male—female dyads and
female—female dyads (filled bars and solid error bars), for all genotyped adult lizards
in our study area. P values correspond to comparisons of means between different
dyadic combinations. Hollow bars with dashed error bars represent the expected
relatedness within each type of dyad based on 1000 permutations of the data stream.
Asterisks indicate a significant difference between the observed patterns of relatedness
of different dyads and the population-level patterns of relatedness.
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Table 1

Summary of mean values of network edge weight, distance between home range centres, home range overlap and relatedness among dyads of lizards connected in the social

network

N Network edge weight (SRI)

Distance between home range centres (m)

Home range overlap (%) Relatedness (R)

Mean (SE) Range Mean (SE) Range Mean (SE) Range Mean (SE) Range
All dyads 303 0.023 (0.005) 0.0006-0.495 149 (5.9) 0-385.1 19.2 (1.25) 0-83.2 0.059 (0.007) 0-0.661
Neighbouring dyads
All dyads 194 0.029 (0.007)  0.0006—0.495 111.9 (4) 0-198.8 234(1.5) 0-832  0.049 (0.006) 0-0.618
Male—male dyads 69 0.005(0.0008) 0.0006-0.024 121.6 (6.8) 7.1-195.8 189 (2.7) 0.7-56.5 0079 (0.013) 0-0.618
Female—female dyads 30 0.007 (0.002) 0.0008-0.063 110.0 (8.7) 5.8-182.5 19.7 (2.5) 0-61.9 0.015 (0.008) 0-0.199
Male—female dyads 95 0.048(0.012)  0.0008-0.495 106.5 (5.9) 0-198.8 27.1(2.3) 0-832  0.045(0.007) 0-0.247

with SRI > 0 were between neighbours; 25% of all possible dyads
were between neighbours; randomization test: P < 0.001). Among
neighbours, observed SRI was also lower than expected by the ideal
gas model, but SRI was positively correlated with the expected
association rates (Fig. 2b, Table 2). Close proximity did not neces-
sarily mean high SRI, as 91% of dyadic edges between neighbouring
lizards (<200 m apart) had an SRI below 0.1, and 13.7% of neigh-
bouring dyads were never observed to associate (SRI = 0). In these
analyses, we consistently found no effect of genetic relatedness on
observed SRI (Table 2).

Neighbouring Lizards of the Same Sex

Among genotyped neighbouring lizards, there were 69 mal-
e—male dyads and 30 female—female dyads (Table 1). The mean
SRIs of the two forms of same-sex dyads were not significantly
different (Table 1, mean difference = 0.002, t=—0.1735, 95%
Cl = —-0.025 to 0.0207, P=0.863). Nor were there spatial differ-
ences between these two dyadic groups. For instance, mean home
range overlap was similar between neighbouring male—male dyads
and female—female dyads (Table 1, mean difference = 0.031, 95%
Cl =0-0.055, P=0.219). However, neighbouring males were
significantly more related to each other than were neighbouring
females (Fig. 1; mean difference =0.062, t=2.999, 95%
Cl = 0.021-0.103, P = 0.004).

The MRQAP analyses showed that within each of these groups
observed SRI values were positively related to (but lower than)
expected association rates (Table 3, Fig. 3a, b). Genetic relatedness
had a significant negative effect on male—male SRI, but no signifi-
cant effect on female—female SRI (Table 3). Males were more
strongly associated with less related neighbouring males in the
observed social network (Fig. 3c).

Neighbouring Lizards of the Opposite Sex

Among genotyped neighbouring lizards, there were 95 mal-
e—female dyads (Table 1). Neighbouring male—female dyads had
significantly greater observed SRI (mean SRI difference = 0.018,
t=4.0134, 95% Cl = 0.009-0.026, P<0.001), and had a signifi-
cantly higher percentage of home range overlap (mean overlap

Table 2

Results of MRQAP analyses of the effects of spatial relationships (expected associ-
ations) and genetic relatedness on observed association strength in the social
network among all connected lizards, and among those within 200 m of each other

All lizards Within 200 m
Regression P Regression P
coefficient coefficient
Expected associations 0.276 <0.001 0.269 <0.001
Relatedness -0.024 0.263 —-0.026 0.216

difference = 18.4%, 95% CI = 14.2—18.1%, P = 0.012) than for other
neighbouring dyad types (male—male and female—female dyads).
However, relatedness among neighbouring male—female dyads
was not significantly different from the mean for other neigh-
bouring dyad types (mean difference =0.002, t=0.178, 95%
CI = —-0.015 to 0.018, P = 0.858).

In the MRQAP analysis, SRI was positively correlated with ex-
pected association rates, both overall and separately for pairs

0.5} (a) £

0.4

Observed SRI

0.5 (b) .

0.4

0.3

0.2

0 0.2 0.4 0.6 0.8 1 1.2
Expected association rate

Figure 2. Relationships between the observed social association strength for each
connected dyad in the network (SRI) and expected association rates (calculated using
the ideal gas model) showing separately (a) all possible dyads among all lizards and (b)
all possible dyads among neighbouring lizards (<200 m apart). Solid lines represent
the regression between expected association rate and observed SRI, and the dotted

Significant P values are shown in bold.

lines rep! the equivalence line (x = y). Note that both axes are represented on a
log (10) scale for visualization purposes.
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Table 3

Results of MRQAP analyses of the effects of spatial relationships (expected associ-
ations) and relatedness on observed association strength in the social network
among males and among females within 200 m of each other

Among males Among females

Regression P Regression P
coefficient coefficient
Expected associations 0.033 <0.001 0.050 <0.001
Relatedness —0.002 0.025 0.000 0.954

Significant P values are shown in bold.

(SRI > 0.1; Fig. 4a) and for extrapair (SRI < 0.1; Fig. 4b) associations
(Table 4). In each case, the slope of the regression line showed
lower SRIs than the expected association rates from the random gas
model, although three male—female pairs associated more strongly
than expected by chance (Fig. 4a, b). Genetic relatedness also had a
significant effect on SRI among pairs (Fig. 4c) and among extrapair
associations (Fig. 4d, Table 4). In each case, less related individuals
had higher SRI (Fig. 4c, d).

DISCUSSION

We noted three major results from our study population. The
first concerned genetic structure within the population. Among the
adult lizards in our social network, there were generally low levels
of relatedness, and only a small number of dyads had relatedness
values that exceeded 0.25, a level that would indicate close familial
relatives. This implies that the social structure among adult lizards
was not based on associations of close kin. Rather, the results
suggest that some dispersal to separate related individuals is the
normal strategy in this species. Furthermore, both at the level of the
whole study population and at the level of neighbouring lizards,
female—female dyads were significantly less related to each other
than were male—male dyads (Fig. 1). Although both sexes probably
disperse, since no full sib dyads were detected, an implication is
that females disperse further from their natal sites and from related
females than do males. Sex-biased dispersal has been widely re-
ported among many animal groups, with a common explanation
that inbreeding is avoided if one sex disperses more than the other
(Greenwood, 1980; Pusey, 1987). Our results confirm that most
neighbouring males and females that are potential mating partners
are only distantly related.

Our second result was the strongly significant influence of ex-
pected association rates on observed association strength (SRI) of
connected dyads. Our expected association rates were generated
from an ideal gas model which estimates encounter rates based on
the extent of home range overlap between members of each dyad,
and which assumes that lizards moved randomly within their
home ranges. Thus, this suggests that a component of lizard social
interactions can be explained by their spatial ecology. Lizards living
closer to each other are more likely to interact. However, even
among neighbouring lizards with home range centres less than
200 m apart, or with overlapping home ranges, a proportion of
dyads showed very low levels of social association. This observation
confirms previous analyses from this species showing social
structure is characterized by individuals apparently deliberately
avoiding contact with some close neighbours (Godfrey et al. 2013;
Leu et al. 2010). In our current analyses, observed SRI was consis-
tently lower than the expected association rates, suggesting that,
among all connected dyads, lizards (even some pairs) spend less
time in proximity than expected if they were moving randomly
within their home ranges. These results indicate that lizards do not
contact each other randomly. There is a specific structure to the
social network that is based on avoiding some close neighbours,

even though the strengths of the social associations within the
network, the SRI values, are strongly influenced by spatial overlap.

Our third result, and the result that directly addressed the
questions we asked in this study, was that genetic relatedness
influenced the strength of social associations among neighbouring
male—male dyads and male—female dyads. But, contrary to the kin
selection hypothesis which predicts stronger associations among
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Figure 3. Relationships between social association strength in the network (SRI) and
expected association rates for (a) neighbouring male—male dyads and (b) neighbour-
ing female—female dyads, and (c) among neighbouring mal le dyads.
The solid lines represent the regression line and the dashed lines represent the
equivalence line (x = y).
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Table 4

Results of MRQAP analyses of the effects of spatial relationships (expected associations) and relatedness on observed association strength in the social network among males
and females, and separately for pair associations and extrapair associations, for dyads within 200 m of each other

Males and females Among pairs Extrapair associations

Regression coefficient P Regression coefficient P Regression coefficient P
Expected associations 0.269 <0.001 0.033 <0.001 0.050 <0.001
Relatedness —0.032 0.272 -0.022 0.031 —0.041 0.011

Significant P values are shown in bold.

more related individuals, in our study the strongest associations in
each case were among the least related individuals. Even with the
low level of genetic relatedness that we recorded in our study
population, close neighbours were more likely to associate if they
were less related to each other, and the neighbours that were
avoided were the ones that were genetically more related.

We considered four possible explanations for this pattern. One is
that the absence of association among more related individuals
reflects the lack of any general cooperative behaviour in this spe-
cies. We have observed neither cooperative foraging nor collabo-
ration in defending resources in this species, so there would be
little opportunity for kin selection to favour associations of closer
relatives, as reported in other species that form social aggregations
(e.g. Krakauer, 2005). And while kin selection may favour higher
tolerance of related lizard individuals, for instance by a greater level
of overlap of home ranges, this would not necessarily result in more
social contacts.

A second explanation concerns parasite transmission. We have
already shown for this species that gut bacteria are transmitted

along social network connections rather than among spatially
adjacent individuals (Bull, Godfrey, & Gordon, 2012). Similarly,
ectoparasitic ticks are transmitted along network pathways (Leu
et al. 2010; Wohlfiel, Leu, Godfrey, & Bull, 2013). Thus more so-
cially connected lizards are more likely to transmit parasitic in-
fections among themselves. Other studies in other species have
demonstrated that higher genetic variability, particularly at MHC
(major histocompatibility complex) loci, confers higher resistance
to pathogens (Bonneaud, Chastel, Federici, Westerdahl, & Sorci,
2006; Coltman, Pilkington, Smith, & Pemberton, 1999; Penn,
2002). If infection is influenced by host resistance genotype, then
transmission from one host to another is likely to be more suc-
cessful if host genotypes are similar (Shykoff & Schmid-Hempel,
1991). Thus to reduce the risk of infection from parasites that are
transmitted along network pathways, it would be advantageous to
prefer social contacts with more distantly related individuals.

The third explanation comes from our analyses of male—male
dyads. Males often interact aggressively with each other (Godfrey
et al. 2012; Kerr & Bull, 2002; Murray & Bull, 2004), so that the
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social contacts we detected between dyads of males may have been
primarily agonistic. Bull (1990) previously suggested that younger
males may fight for home range positions and access to females.
The inclusive fitness of an individual male may be increased by
directing aggressive encounters, and thus stronger social associa-
tions, towards less related males. This result for males may be
further enhanced by the generally higher levels of relatedness
among males than females in sleepy lizards, meaning that differ-
entiating between related and unrelated individuals may have
more impact on inclusive fitness for males than for females.

In a fourth explanation, social contact among male—female
dyads may be predominantly related to courtship, with a sustained
association between monogamous partners that extends over some
weeks before mating (Bull, 2000). Even with the low levels of
relatedness among individuals in the study population, sleepy liz-
ards appeared to spend the most time with less related potential
partners, a result that confirms previous analyses of inbreeding
avoidance in these lizards (Bull & Cooper, 1999).

Independent of the mechanisms that might explain why there
are stronger social interactions among less genetically related liz-
ards, the results suggest a remarkable ability in this species for
individual lizards to detect small differences in the degree of
relatedness. We have previously suggested that olfactory signals
are used by scincid lizards to differentiate between familiar and
unfamiliar adult (Bull, Griffin, & Johnston, 1999; Bull, Griffin,
Lanham, & Johnston, 2000) or neonate conspecifics (Main & Bull,
1996) and between siblings and nonsiblings (Bull, Griffin,
Bonnett, Gardner, & Cooper, 2001). The current result extends
these conclusions to suggest that differentiation of the degree of
relatedness even among distantly related conspecific lizards can
form the basis of a social structure. Wolf and Trillmich (2008)
reached a similar conclusion in their study of Galapagos sea lions,
Arctocephalus galapagoensis, in which individuals associated more
strongly with genetically more similar conspecifics, even with low
levels of relatedness among neighbours in a colony.

In sleepy lizards, other analyses have shown that this social
network structure remains stable across time and across a range of
ecological conditions (Godfrey et al.,, 2013). Here we have shown
that social structures in this lizard population are not random with
respect to genetic relatedness, but are based largely on avoidance
of genetic relatives, particularly between males and between
males and females. Avoidance occurs both through dispersal, so
that near relatives are separated in space, and by behaviourally
avoiding contact among spatially close relatives. Social organiza-
tion in sleepy lizards is developed around each individual occu-
pying both a social and a spatial area of low relatedness. We
suggest that this might be a common form of social structure in
more solitary species in which cooperative behaviours are infre-
quent and selection favours directing attention away from more
related individuals, for instance in acts of aggression or mating.
This represents an alternative social structure to the more
commonly reported kin associations in species in which in-
dividuals tend to aggregate.
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Abstract. Land alteration for intensive agriculture has been a major cause of species decline and extinction globally.
In marginal grazing regions of southern Australia, native perennial shrubs are increasingly being planted to supplement
pasture feeding of stock. Such revegetation has the benefits of reducing erosion and salinity, and importantly, the potential
provision of habitat for native fauna. We explored the use of revegetated native saltbush by the sleepy lizard (7iliqua rugosa)
an endemic Australian species common in the region. We repeatedly sampled revegetated saltbush throughout 2010 and
2011 for adults (n = 55) and juveniles (n =26). Using genotypes from eight microsatellite loci, parents were assigned to half
of all juveniles with high statistical confidence. Parents were sampled in the same patch of revegetated saltbush as their
offspring, thus supporting the observation that juvenile sleepy lizards remain within the home range of their parents
before dispersal. Most importantly, our findings indicate that revegetated saltbush provides important habitat for 7. rugosa
at significant life stages — before and during breeding for adults, and before dispersal for juveniles. We conclude that
revegetation using simple, monoculture plantations provides beneficial habitat for 7. rugosa and may also be beneficial
habitat for other native species in human-altered agricultural landscapes.
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Introduction

Agro-ecological landscapes are essential for our food security
(Stokes and Howden 2008). Much is already known about the loss
of biodiversity through agricultural land use and the associated
destruction and degradation of native habitats (Saunders et al.
1993; Mclntyre et al. 2002). Despite an acute awareness of the
need for guiding principles, the design of landscape networks
to mitigate loss of biodiversity is poorly understood (Menninger
and Palmer 2006). Given also the uncertainty of climate change
impacts on food production and biodiversity, an understanding
of how agro-ecological landscapes can be productive and
manipulated to maintain biodiversity persistence is an important
ecological question (Morton et al. 2009).

In recent times, broad-scale revegetation has been
implemented in an attempt to rehabilitate agricultural landscapes

Journal compilation © CSIRO 2012

and improve their ‘biodiversity value’ (Munro et al. 2007). Such
actions can have indirect and direct benefits for native species.
Revegetation can protect native vegetation from wind and water
erosion and incursion of ground water and nutrients. It can
also benefit fauna directly if it provides cover, food sources and
habitat (Lefroy et al. 2005). Whilst the replication or recreation
of complex indigenous habitats that existed before land clearing
is desirable, simple revegetation in managed agricultural
landscapes is more feasible and has the potential to contribute to
biodiversity conservation (Collard and Fisher 2010).

In Mediterranean climates the planting of halophytic shrubs
such as native saltbush (Atriplex spp.) has been demonstrated to
be one of the most effective ways of restoring land to production
(Houérou 1992). Increasingly, land managers in marginal
farming areas of Australia are also using native perennial saltbush
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plantings as fodder to supplement their pastures during summer
and autumn months (Hobbs et a/. 2009). This revegetation offers
direct economic benefits to landholders by reducing the costs of
supplementary feeding, allowing higher stocking rates and
ultimately improving animal production per hectare (Monjardino
et al. 2010). In effect, saltbush revegetation halts the spread
of salinity, reduces soil erosion and ‘captures carbon’ while
allowing grazing on previously degraded areas (Norman 2008;
Collard and Fisher 2010).

As of 2002, ~454000ha of Australia was occupied by
revegetated salt-tolerant native perennials (Lefroy et al. 2005),
and in South Australia revegetation by native saltbush (mostly
A. nummularia) occupies ~7000 ha of agricultural land. In the
South Australian Murray Mallee (SAMM) region it has been
proposed that revegetated, native saltbush (termed ‘revegetated
saltbush’ hereafter) has the potential to provide shrub layer
vegetation and associated resources for biodiversity, as well
as supplementing understorey structure in existing stands of
native vegetation (Collard and Fisher 2010). If this is the case,
these agricultural systems could be highly important for the
conservation of South Australia’s native fauna, which has
experienced local and landscape-scale range contractions and
extinctions since the 1800s as a result of the conversion of native
vegetation to farmland (Hobbs 1993).

Our study explores the direct value of revegetated saltbush
for the sleepy lizard (7iliqua rugosa) in the SAMM region by
examining whether the species breeds in revegetated, native
saltbush. Tiliqgua rugosa is a medium-sized, long-lived scincid
lizard that is broadly distributed across arid, semiarid and
temperate landscapes in southern Australia (Cogger 2000).
Adults are monogamous and have small, stable, overlapping
home ranges (200-1000 m?: Bull 1988). Females produce litters
of 2—3 live young in late summer but juveniles generally do not
disperse in their first year of life, instead remaining within the
same home range as their mothers (Bull and Baghurst 1998).
Tiliqua rugosa shelters in leaf litter under shrubs and in burrows
constructed by rabbits and wombats (Kerr et al. 2003). It is a
mainly herbivorous species (Dubas and Bull 1991). Population
studies conducted over 30 years on this species near Mt Mary in
the extensive rangelands ~60 km north-west of our study area
show that it is not a species of conservation concern (Bull 1987,
1995). However, anecdotal observations by local farmers suggest
that this species may have declined in the past 70 years in the
SAMM. Adult 7' rugosa have few predators, but many are killed
on roads by vehicles and some are likely to die from consuming
rabbit and fox bait during baiting periods in late summer and early
autumn. Juveniles are highly susceptible to predation by large
venomous snakes, foxes and cats (61 —86% mortality: Bull 1987).
High juvenile mortality, combined with a lack of recruitment in
drought years, and the increasing incidence of very dry years,
makes the conservation status of this species a concern.

Methods
Study site

This study took place in the fragmented landscapes of the
SAMM wheatbelt in southern Australia. The wheatbelt extends
from Blanchtown (34°20'9.90"S, 139°37'4.95"E) south to
Murray Bridge (35°7'29.84"'S, 139°16'47.27"E), east to Pinaroo
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(35°35'56.91”S, 140°42'32.96"E) and north to Sturt Highway
on the Victorian border (34°1642.21”S, 140°57'38.13"E).
Land use in the region is predominantly cereals and sheep
broadacre farming interspersed with discontinuous, linear
roadside or patch-like remnants of mallee woodland (dominated
by Eucalyptus socialis F.Muell. ex.Miq.) and revegetated
saltbush (Atriplex nummularia Lindl. subsp. nummularia) on
unproductive cropping areas. Eighty percent of native vegetation
has been intensively cleared in the region since the 19th century
for farming (Willoughby 2006). Since the late 1990s, 5% of the
region has been planted with saltbush as a fodder reserve.

Adult 7. rugosa were captured for marker evaluation and
population genetic structure analysis from a large area
(68 km x 84 km or 571 200 ha) across the SAMM (Fig. 1). Blood
was collected for parentage analyses from 7. rugosa adults and
juveniles at a site (23.5 ha) within a replicate of severely modified
landscape (LS3, 54 000 ha) (Fig. 2). Site LS3 was chosen for
several reasons. First, the maturity and vigour of two nearby
patches of revegetated saltbush provided complex habitat for
food, basking and shelter from predators and summer heat. The
site (34°49'14.85"S, 140°17'15.36"E) also consisted of two
small revegetated saltbush patches (locality A, 6.9 ha; locality B,
12.7 ha) and a nearby native remnant patch (locality C, 3.6 ha) and
a small strip of planted Acacia spp. (locality D, 0.3 ha), which
made it practical to resample intensively until blood samples were
obtained from most individuals at the site for parentage analysis.
All revegetated saltbush plantings were the same age (10 years
old). Most importantly, the site was surrounded by cereal crops
on all sides and isolated from any linear strips of roadside native
vegetation — a spatial arrangement that we predicted would
limit the flow of new migrants and thus improve our chances of
saturation sampling of lizards (i.e. close to 100% recapture rate,
assuming a closed population). Surveys during the study period
in cereal crop fields en route to revegetated saltbush in LS1, 2 and
3 resulted in no sightings of individuals despite many being
observed in native remnants, roadside vegetation and revegetated
saltbush (Fig. 1). Cereal crops at this time of year have rapid
growth due to the winter rains and form virtually a closed canopy,
not providing any suitable basking sites for ground-dwelling
lizards but also impeding their detection.

Lizards were surveyed (multiple times) by employing a
single reptile visual encounter survey (Manley et al. 2005)
using a randomised line transect method in all revegetated
saltbush and small remnant localities. Teams of two observers
systematically searched neighbouring rows of monocultures
of saltbush (~8-10m apart) and a 10-m-wide strip between
observers in remnants at a consistent slow pace, ensuring that
both sides of individual saltbush rows and the 10-m-wide path
in the remnant were surveyed thoroughly for lizards. Multiple
sampling occurred over a five-day period for five weeks during
November and December 2010 and in February 2011 when the
ground temperature was <28°C and ideally until no new captures
were recorded. Captures were grouped into two categories:
juveniles (SVL <200 mm) and subadults/adults (SVL >200 mm)
following Smallridge and Bull (2000). Immediately after
capture, animals were sexed via eversion of hemipenes in
males (see below), microchipped (PIT tag, TROVAN®™ ID 100)
for recapture identification, and sampled for genetic analysis
by taking 0.4-0.6mL blood from the caudal tail vein by
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Fig. 1. Location of genotypes from 274 individuals (red squares) for analysis of population structure across three cereal cropland landscapes (LS1, LS2, LS3)
with site of parentage analysis (blue rectangle) in the South Australian Murray Mallee (SAMM) region of southern Australia. Dark grey-brown area, native mallee
vegetation; pale brown area south of Murray River, cropping landscapes.

Fig.2. Location of 7. rugosa adults (circle, n=63) and juveniles (cross, n = 28) in saltbush planting localities A (6.9 ha) and B (12.7 ha), native mallee remnant
locality C (3.6 ha) and planted Acacia spp. locality D (0.3 ha) surrounded by cereal crops of LS3 of Fig. 1, South Australian Murray Mallee region, Australia.
Colours correspond with parentage assignment results: white, no p igned; red, p d with 95% confidence; blue, parents assigned with 80%
confidence; orange, parents and offspring ‘most likely’).
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venipuncture with preheparinised disposable Terumo®™ 23G
needle per 1-mL syringe for adult/subadults (>20cm) or
Terumo™ 21G needle per 1-mL syringe for juveniles (<20 cm)
(Jacobson 1993). Blood was stored on Whatman® FTA Elute
cards at room temperature with silica until required for DNA
extraction. The method followed the conditions outlined in the
CSIRO Human Nutrition Animal Ethics Committee 2.0 Permit
(756-06/11) and the Government of South Australia Scientific
Research Permit (Q25820-1).

DNA extraction and microsatellite genotyping

DNA was extracted from 3-mm? blood samples from 55 adult
and 26 juvenile 7. rugosa sampled in the LS3 site in accordance
with the Whatman® FTA Elute card procedure (GE Healthcare,
Buckinghamshire, UK). Samples from a further 219 adult
T. rugosa were utilised for analysis of population genetic
structure and marker suitability, and were extracted using
the same method. Following the final wash, DNA was eluted
in S0ul of sterile distilled water and stored at —20°C.
All individuals were genotyped at a panel of 10 existing
microsatellite loci (Estl, TrL1, TrL3, TrL10, TrL14, TrL16,
TrL21, TrL27, TrL30, TrL32: Gardner et al. 1999, 2008). PCR
conditions (Supplementary Material 1) and visualisation
followed Gardner et al. (2008). One negative control per PCR was
run and 8.3% of individuals were amplified, genotyped and
scored blindly twice to generate genotyping error rates for
subsequent use in parentage analysis.

To test the performance of all microsatellites as population
genetic markers, we used the expanded dataset shown in
Fig. 1. All microsatellites were checked for deviations from
Hardy-Weinberg Equilibrium proportions and genotypic
disequilibrium using GENEPOP ver. 3.4 (Raymond and Rousset
1995). Null allele frequencies () were estimated using MICRO-
CHECKER ver. 2.2.3 (Van Oosterhout et al. 2004). We tested
the strength of our microsatellite panel for parentage analysis by
calculating the probability of identity (in GenAlEx 6. 0: Peakall
and Smouse 2006) using genotypes from all adult and juvenile
lizards. This approach estimates the average probability that two
unrelated individuals drawn from the same population have the
same genotype.

Parentage analysis

Parentage was inferred using the software program CERVUS ver.
3.0.3 (Kalinowski et al. 2007), which uses a likelihood-based
approach to assign parentage to individuals based on codominant
markers and several user-defined variables. For all analyses, allele
frequencies were generated from the larger dataset of 7. rugosa
individuals (»=219) described above. To ensure that these allele
frequencies reflected those within the smaller site used for
parentage analysis (localities A—D), we used STRUCTURE ver.
2.3.3 (Pritchard et al. 2000) to test for population differentiation
across the landscape, with the following parameters: admixture
model and correlated allele frequencies, lambda=1. 0, K=1-5
with 100000 burn-ins, 900 000 repetitions post-burn-in and 10
iterations of each K. Results were examined using STRUCTURE
HARVESTER ver. 0.6.8 (Earl and vonHoldt 2012). We also
compared pair-wise genetic relatedness between adults in the
smaller site (Localities A-D) with adults at the landscape level to

M. L. Lancaster et al.

determine what proportions were genuinely related by pedigree
and how that may affect our parentage analysis in the smaller site.
We used KINGROUP ver. 2.0 (Konovalov er al. 2004) and
compared the mean, median and range between the two sites.

A simulation of parent-pair analysis with neither parent nor
sex known was run to generate log-likelihood (LOD) ratios of true
parents to arbitrarily assigned parents with statistical confidence.
On the basis of recapture rates, we assumed that 50% of all
candidate parents were sampled and we simulated parentage
for 10000 offspring with 1000 parents, 0.86 of individuals
genotyped and a 0.005 error rate (based on calculated genotyping
error rates). This simulation was then used in our analysis of
parentage. Only trios (offspring plus both parents) that were
assigned with statistical confidence (80% and 95%) and with no
allele mismatches were included in the results.

Results
Presence and density of T. rugosa in saltbush plantations

We achieved a total of 136 captures, comprising 91 individuals,
63 adults and 28 juveniles (of which 55 and 26 were suitable
for genetic analysis) over ~700h (Fig. 3). Thirteen juveniles
and 32 adults were recaptured at least once, giving a 50%
recapture rate of adults and juveniles in the last week of sampling.
Although this rate fell well short of the ideal of saturation
sampling, it was sufficiently robust for parentage analysis. No
individual was recaptured on consecutive days during any of the
five sampling weeks. During consecutive sampling weeks in
November, individual lizards were recaptured at a mean interval
of 7.8 days, which made it very difficult to derive a reasonable
estimate of distance moved since last capture. Juveniles and adults
showed a similar pattern of time between captures. Results of
the population differentiation analysis identified a single genetic
cluster.

Densities of 7. rugosa were highest in saltbush locality B
(5ha™"), followed by remnant locality C (3.6ha ') and saltbush
locality A, and the planted strip locality D (1.3 and 1.5ha™")
(Fig. 3). Juvenile density was higher in saltbush plantings

I ® Juveniles (J) ® Adults (A) @ Recaptures (J) © Recaptures (A)I

100
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Fig. 3. Captures and recaptures of juvenile (<200 mm, n=28) and adult
(=200 mm, n=63) individuals over five weeks of sampling in saltbush
plantings of the South Australian Murray Mallee (SAMM) region in southern
Australia. (Week 1, 21 September 2010; Week 2, 13-15 November 2010;
Week 3, 20-22 November 2010; Week 4, 26-29 November 2010; Week 5,
5-9 February 2011.)
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(localities A and B combined) than in the other habitat types. One
adult moved from remnant locality C to the south-east of saltbush
locality B and another adult moved from saltbush locality B into
the eastern edge of saltbush locality A. Recaptures did not show
individuals moving from saltbush localities A, B or the planted-
strip locality D into remnant locality C during sampling. Most
individuals appeared resident in saltbush locality B during the
study. A single juvenile was observed once on a track near locality
D ~300 m north-west of saltbush locality B (Fig. 2). Successful
captures of adults and juveniles within saltbush plantations and
from the native remnant into revegetated saltbush indicate that
this habitat is important for multiple life stages of the species and
from one breeding season to the next for juveniles.

Hardy-Weinberg equilibrium proportions, null alleles
and probability of identity

The 10 microsatellites were highly polymorphic (8-49 alleles,
mean=25.9: Table 1). All except two (TrL16 and TrL30)
PCR-amplified reliably and showed no evidence of null alleles.
Loci TrL16 and TrL30 deviated from Hardy-Weinberg
proportions as a result of homozygous excess, most likely due
to null alleles, and were removed from further analyses. The
average probability that two unrelated individuals drawn from
the same population had the same genotype in our samples was
low (3.86 x 10~ ' for unrelated individuals and 1.27 x 10~ for
siblings), indicating that our locus panel was sufficient to assign
unique genotypes to even closely related individuals. All
individuals within the study had unique multilocus genotypes.
The raw genotypes are presented in Supplementary Material 2.

Evidence of breeding in revegetated saltbush

Of'the 28 T rugosa juveniles sampled from revegetated saltbush,
26 were suitable for parentage analysis. Pair-wise genetic
relatedness (R) between adults in the smaller site (localities A—D)
ranged from —0.503 to 0.644, indicating that some adults were
highly related to one another, but the median value of —0.032
suggests that adults were generally unrelated to one another
overall. Thirteen were assigned a parent pair (mother and father)
with statistical confidence (80 or 95%). Of the remaining 13, five
were assigned parent pairs with high likelihoods (LOD scores

Table 1. Microsatellite variation in all 274 adult Tiligua rugosa
genotyped
N, no. of alleles; N, effective no. of alleles; H,., expected heterozygosity; H,,,
observed heterozygosity. ***  statistical significance at the 99.9% confidence
interval following Hardy—Weinberg exact test

Locus Na Ne H, H,
Estl 45 235 0.96 0.89
TrL1 49 314 0.97 0.93
TrL10 8 29 0.65 0.63
TrL3 29 16 0.94 0.93
TrL14 22 11.1 0.91 0.95
TrL16 17 8.1 0.88 0.64%%**
TrL21 20 9 0.89 0.85
TrL27 13 5.6 0.82 0.82
TrL30 53 9.56 0.9 0.86%**
TrL32 21 10.3 0.9 0.88
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3.53-7.37) but low delta scores (difference in LOD between the
first and second most likely parent pair). For two of these five, this
was due to one of the second most-likely parents being genuinely
related to at least one true parent (»=0.46 and 0.25). For the
remaining three, however, the same parent was allocated twice in
the parentage analysis, once as the most likely parent, and then
again as one of the second most likely parents, thus explaining the
low delta score between the two pairs. In all cases, the other
second most likely parenthad alow LOD score and multiple allele
mismatches, indicating that the most likely pair assignment was
probably genuine. The remaining eight juveniles had negative
LOD scores for assignment to their most likely parent pair. This
implies that for these individuals the field-assigned parents were
less likely to be the true parents than a pair of arbitrary unrelated
parents. This proportion of unresolved parentage assignments is
not surprising given that only 50—60% of parents in the region
were likely to have been sampled.

Discussion

Planting of native perennial monocultures in agricultural
landscapes can improve agricultural production and reduce
overall environmental impacts of native vegetation clearance.
This study has shown that native saltbush planted in the SAMM
region for stock fodder also provides habitat for the endemic
Australian sleepy lizard, 7. rugosa. Results of field sampling and
molecular analysis of parentage indicate that saltbush plantations
are used by adult lizards before and during the breeding season,
and by their young before dispersal. While complexity and
structure of revegetation have been flagged as key indicators of
biodiversity retention, our findings suggest that even simple
revegetation can have direct conservation benefits for some native
fauna.

Using molecular genetic data, we assigned parentage to 50%
(13/26) of all T rugosa juveniles sampled in saltbush plantations.
An additional 19% (n=5) were assigned parents with high
likelihood scores and no allele mismatches but low statistical
confidence; however, the assignments were potentially genuine.
Pair-wise relatedness between adults in the study site was
generally low but ranged from unrelated to having values
indicative of parent/offspring or full sibling relationships. This
is potentially explained by aspects of the species’ behavioural
ecology: T rugosa takes 3-S5 years to reach maturity, is long lived
(up to 50 years), and has low juvenile dispersal and high
adult survivorship (80—90%) (Bull 1995). A previous study of
T. rugosa in South Australia noted that, in their first year, juveniles
establish small home ranges largely within the home range of
their mother (Bull and Baghurst 1998). Contact between parents
and their adult offspring may therefore be quite common (Bull
and Cooper 1999). If we include the five additional assignments
in our results, over two-thirds of juveniles sampled in the
revegetated saltbush were born to adults found in the same
plantations. Although we did not track these lizards individually,
we can conclude that revegetated saltbush forms at least part of
the home ranges of breeding adult and juvenile sleepy lizards in
the SAMM region.

Revegetated saltbush in the SAMM region often lies adjacent
to roadside remnants of native vegetation, which presumably
provide important habitat for 7. rugosa. A previous study found
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bird abundance and species diversity to be significantly lower in
revegetated saltbush than in native vegetation sites, although
some bird species used the saltbush for nesting (Seddon et al.
2009; Collard et al. 2011). On the basis of our finding that
sleepy lizards use revegetated saltbush, it must be assumed
that plantations provide them with resources. In agricultural
landscapes, revegetated saltbush effectively re-establishes mid-
storey vegetation in habitats that are otherwise devoid of
complexity (Seddon et al. 2009). Further, in eastern Australia, a
wide variety of native grasses and forbs grow under and around
revegetated saltbush plants, thereby improving structure and
composition of the habitat (Seddon et al. 2009). Although further
study into fine-scale habitat use and diet of 7. rugosa is required, it
is probable that revegetated saltbush provides direct resources in
the form of food and shelter to both adult and juvenile sleepy
lizards. Certainly, individuals were observed foraging on plant
species (flowers, leaves) that have been reported in 7. rugosa diet
~60 km away at Mt Mary (C. M. Bull, pers. comm.).

The success of revegetation efforts in halting species declines
across Australia has been mixed and appears to be linked to the
level of ecological specialisation of different species (e.g.
Kanowski et al. 2006; Collard et al. 2011). Overwhelmingly,
remnant vegetation contains the highest abundance and species
diversity when compared with plantations or cleared land for
birds, mammals and reptiles (Cunningham ez a/. 2007; Munro
et al. 2007; Collard et al. 2011). However, plantations are
not without their benefits. A previous study on the effects
of revegetation on reptiles found three-toed skinks (Hemiergis
decresiensis talbingoensis), olive legless lizards (Delma
inornata) and eastern blue-tongue lizards (7iliqua scincoides) to
be approximately three times more abundant in farms with
plantings than in farms without plantings (Cunningham et al.
2007). Furthermore, in the same region as used in this study,
threatened bird species were observed in revegetated saltbush
but not in adjacent farmland sites (Collard et al. 2011). These
findings suggest that although revegetation in the form of simple
plantations is unlikely to be equivalent to remnant vegetation in
terms of its conservation value, for many species it may be a better
option than no revegetation at all.

In intensively farmed regions, such as the SAMM region,
revegetating large blocks of land is likely to compromise farm
productivity through the loss of land for farming. Economically,
planting 10% of total farm area with native perennial shrubs has
been shown to increase farm profitability by an average of 24%
in some regions; however, planting beyond this threshold results
in reduced profitability (Monjardino et al. 2010). In these cases,
planting fodder shrubs such as saltbush may be the only means
of reintroducing structural complexity into the landscape. Our
most significant finding from this study was that revegetated
saltbush isused by sleepy lizards in multiple life stages —as adults,
before, during and after the breeding season, and by juveniles,
before dispersal. Based on this, we put forward the following
recommendations for managing saltbush revegetation in this and
comparable regions: first, it may be beneficial for landholders to
manage the timing and intensity of saltbush grazing by livestock
in order to maintain a mosaic of saltbush habitats for 7. rugosa.
This may be achieved by having multiple plantations that
are grazed at different times of the year, or by planting multiple
species of native saltbush that vary in their tolerance to grazing.
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Second, the configuration of revegetated saltbush is likely to be
important on both a broad scale (for establishing functional
connectivity (dispersal and gene flow) across the landscape) and
on a fine scale (to ensure that lizards have access to revegetated
saltbush as well as remnant vegetation within their home ranges).
While there are few large reserves of remnant woodland left
in the SAMM region, there are many stretches of remnant
roadside vegetation that could potentially act as corridors and/or
suitable habitat for 7. rugosa. Given the lack of population
genetic structure across the area studied, gene flow appears to be
uninhibited at the scale measured. However, the long-lived nature
of this species may mean that the effects of reduced connectivity
are yet to manifest in these data. Therefore, planting saltbush
adjacent to these remnants would increase connectivity and the
overall area of habitat that could be utilised by lizards. Finally, we
acknowledge the potential conservation value of alley farming, an
alternative to conventional crop-pasture rotation systems that has
been shown to improve the structure, function and composition
of vegetation at the site and paddock scale (Seddon et al. 2009).
While this method of farming has the potential to integrate
successful agricultural practices with conservation, further study
is required to determine the value of strips of revegetated
saltbush (alley farming) compared with larger, contiguous
patches of revegetated saltbush (currently used in the SAMM
region). For now we can conclude that revegetation using simple,
monoculture plantations has some benefit for preserving native
fauna in human-altered agricultural landscapes.
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