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ABSTRACT

Australia supports a highly endemic freshwater fauna. The continent’s long isolation,
Gondwanan heritage, and present aridity make it of particular interest to freshwater
biogeographers. Recent molecular genetic studies of freshwater fishes and macroinvertebrates
implicate diverse processes of landform evolution, climatic change and sea level fluctuation in
shaping current patterns of biodiversity. These studies indicate a biogeographic complexity for
Australian freshwaters that is not yet well understood, especially throughout the geographically
complex eastern coastal margin. Australian freshwater turtles are one of the continent’s few
vertebrate freshwater Gondwanan relics that are still taxonomically and ecologically diverse,
and geographically widespread. However, in context of their biogeography they remain poorly
studied, despite studies on other continents showing turtles to be particularly suited to
illuminating complex evolutionary processes. In this thesis is explored the sensitivity of
freshwater turtles as models for biogeographic inference in an Australian context, to seek new
insights that may clarify and extend our knowledge of Australian freshwater biogeography.
Molecular genetic tools are developed and applied to investigate phylogeographies of turtle
species from two Australian genera. The evolutionary history of riverine specialist Australian
shapping turtles (genddseya is compared to that of the more ecologically generalist and
widespread subspeciesBiydura macquarjiand in particular that of Krefft's river turtlg,

m. krefftii. These taxa were chosen as models because both are primarily riverine and broadly
sympatric throughout eastern Australia, but differ significantly in niche breadth, range size, and

expected dispersal ability.

To address the lack of suitable genetic resources available for Australian short-necked turtles,
Next-Generation shotgun genome sequencing was evaluated as a cost-effective means of
developing novel genetic resources in two species of freshwater turtle. Low-coverage Roche
454-sequencing was used to randomly sample genomic sequence data for microsatellite repeats
in the study specidsliseyaalbagulaandEmyduramacquariikrefftii. Thousands of

microsatellite loci suitable for amplification by PCR were found. Of these, 29 loci were
developed for high-resolution population genetic analyses in the study species, which also
cross-amplified successfully in a range of other Australian short-necked turtle taxa. Further
bioinformatic exploration of the genomic sequence datasets enabled reconstruction of near-
complete mitochondrial genomes, and characterisation of gene content and repetitive elements.
A molecular toolkit of nuclear and mitochondrial markers is presented that provides the
foundation for research presented in this thesis, and which will also facilitate future genetic

research on Australian freshwater turtles generally.
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Drainages within Australia’s mid-eastern coastal region (Fitzroy, Burnett and Mary catchments)
face considerable urban pressure and contain high freshwater biodiversity and endemism.
Mitochondrial (~1.3 kb control region and ND4) and nuclear microsatellite datasets (12
polymorphic loci) were used to investigate genetic structure in the locally endemic white-
throated snapping turtl&lseyaalbagulg to clarify historical biogeography and address

pressing conservation issues for this species and this region. Individual drainage basins
contained discrete genetic units (average pairitise 0.15 and st = 0.75 among drainages),
though the degree of divergence among drainages varied. The Fitzroy drainage contained a
distinct evolutionary lineage, divergent from a second lineage occurring in both the Burnett and
Mary drainages. Genetic data were used to make recommendations regarding recognition of
evolutionarily significant units and management unitHalbagula Geological evidence and
genetic data for co-distributed freshwater species were consolidated to propose a shared
biogeographic history for a diverse regional biota, reflecting historical isolation of the Fitzroy
and recent coalescence of the Burnett-Mary drainages during lowered Pleistocene sea levels.

To examine broader-scale evolutionary hypotheses associated with changes to regional riverine
connectivity through eustatic sea level change, landform evolution and aridity, a multi-locus
molecular approach incorporating mitochondrial (control region, ND4 and 16S) and nuclear
(R35 intron) sequences was used to reconstruct phylogenetic relationships and estimate
divergence times for all extaRiseyaspecies (including undescribed forms) across Australia
and New Guinea. The genktseyawas shown to contain four divergent, geographically
correlated clades, corresponding to all of New Guinea, southern New Guinea plus northern
Australia, north-eastern Australia, and south-eastern Australia. These are estimated to have
arisen in the Late-Miocene (betweeb.82-9.7 Ma)and diversified further in the early
Pldstocene (between2:2-2.43 Ma and 1.36-1.66 Mapincident with major phases of

aridity and climatic upheaval. Overall, snapping turtles were found to have a long vicariant
history in Australia and New Guinea, tied to the disconnection of fluvial habitat through
landform evolution, sea level change and ongoing aridification. Major implications of these
genetic results for understanding freshwater biodiversity evolution in Australia are discussed,
including evidence for periodic connectivity with New Guinea, important regional
biogeographic barriers (Lake Carpentaria and the Burdekin-Fitzroy drainage divide), and the

location of potential freshwater refugia.

Krefft's river turtle, Emydura macquarii krefftii, are common throughout eastern coastal
Australia and their extensive longitudinal distribution spans landscape and climatic barriers
recently proposed as important in structuring regional freshwater biodiversity. Their

evolutionary history in response to climatic oscillations and putative biogeographic barriers was
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examined using range-wide sampling (649 individuals representing 18 locations across 11
drainages) and analysis of mitochondrial sequences (~1.3 kb control region and ND4) and
nuclear microsatellite (12 polymorphic loci) data. Competing demographic (local persistence
versus range expansion) and biogeographic (arid corridor versus drainage divide) hypotheses
were considered. Krefft's turtles exhibit significant genetic structure across their range at
mitochondrial and microsatellite markers, consistent with isolation across drainage divides.
Deep north-south regional divergence (2.2%, NEfistance) was consistent with long-term
isolation across the Burdekin-Fitzroy drainage divide, not the adjacent Burdekin Gap dry
corridor. There was also evidence for rare contemporary overland dispersal across the Burdekin-
Fitzroy watershed and for hybridisation wiEmydura tanybaragat the northern range limit.

Data suggest Krefft's turtles persisted within the arid Burdekin region throughout multiple
episodes of Plio-Pleistocene aridity, though very low contemporary genetic diversity indicates

this may have been despite potential population bottlenecks.

Overall, riverine turtle species examined in this thesis exhibited strong, geographically
correlated, phylogeographic structure. A remarkable degree of genealogical concordance was
observed in phylogeographical patterns between turtle taxa, and turtles and other freshwater
groups. Though differences in range size and niche breadth were expected to produce disparities
in dispersal ability and phylogeographic structure between the two turtle taxa, both exhibited a
primary pattern of genetic structure reflecting isolation across drainage divides. Riverine turtles
are indeed sensitive models for inferring historical processes influencing freshwater biodiversity
in an Australian context. Molecular data presented in this thesis collectively demonstrate the
importance of comparing phylogeographic patterns among co-distributed taxa with variable
ecological tolerances and dispersal abilities. Furthermore, the current work not only highlights
the potential value of further phylogeographic research into ecologically diverse freshwater

turtles in Australia, but provides a comprehensive molecular toolkit for doing so.



TABLE OF CONTENTS

Statement of access i
Staement of originality ii

Statement of contribution by others iii

Declaration of ethics iv
Acknowledgements %
Abstract Vi
Table of Contents X
List of Tables Xiv
List of Figures XVii
Chapter 1 — General Introduction 1
Australian biogeography 2
Australian freshwater biogeography 3
Patterns and processes on a continental scale 3

Molecular evidence for biogeographic complexity of Australia’s eastern margin 4

Turtles 7
Model organisms for phylogeography 7
Australian turtle diversity 7
Study species 10

Thesis aims and structure 12

Chapter 2 — Low-coverage genomic sequencing facilitates efficient genetic marker

discovery in two Australian freshwater turtles 14
Summary 15
Introduction 15
Methods 17

Sample preparation and 454-sequencing 17
Microsatellite marker development 18
Further exploration of 454 data 20
Results 21
454-sequencing ardk novoassembly 21
Microsatellite development 25
Further exploration of 454 data 31
Discussion 36
Microsatellite discovery by 454-sequencing 38
454 data exploration 40



Conclusions

41

Chapter 3 — Contemporary genetic structure reflects historical drainage isolation in an

Australian snapping turtle, Elseya albagula
Summary
Introduction
Methods
Sample collection and laboratory procedures
Population structure and phylogeography
Results
Genetic diversity
Population structure
Phylogeography
Bayesian clustering analyses
Discussion
Phylogeographic structure and drainage evolution
Conservation management

Conclusions

42
43
43
46
46
48
49
49
51
55
55
55
59
61
62

Chapter 4 — A biogeographic history and timeline for the evolution of Australian snapping

turtles (Elseya Chelidae) in Australia and New Guinea

Summary
Introduction
Methods
Taxa
Genes
Laboratory procedures and sequencing
Phylogenetic analysis
Divergence date estimation
Population genetics
Results
Molecular diversity
Phylogeny
Divergence date estimation
Phylogeography and population genetics
Discussion

A phylogeny for the genuslseya

64
65
65
69
69
70
72
72
75
76
76
76
76
81
81
86
86

Xi



Continental biogeography and drivers of diversification 87

Australia-New Guinea relationships 88
Australian relationships 89
Population genetics 90
Freshwater refugia 91
Conclusions 91

Chapter 5 — Influence of a major drainage divide versus a historical arid corridor on

genetic structure and demography in the widespread freshwater turtleEmydura

macquarii krefftii 92
Summary 93
Introduction 93
Methods 97
Sample collection and DNA extraction 97
Phylogeographic analysis of mtDNA 98
Genetic diversity and historical demography of major mtDNA lineages 98
Microsatellite amplification and screening 99
Population structure and differentiation calculated for microsatellite data 99
Bayesian clustering analysis 100
Results 100
MtDNA phylogeographic structure and historical demography 100
Microsatellite diversity and contemporary population structure 105
Hybridisation 112
Discussion 112
Hierarchical population structure 114
Historical demography 115
A 3 divergent matrilineage i&. m. krefftii 117
Hybridisation 117
Subspecies relationships 118
Conclusions 119
Chapter 6 — General Discussion 120
Comparison across turtle taxa 121
Turtles as model organisms for Australian freshwater biogeography 123
Biogeographic stochasticity 128
Conclusions 129
Bibliography 130

Xii



Appendices 155

Appendix 2A 155
Appendix 2B 165
Appendix 2C 174
Appendix 2D 196
Appendix 2E 199
Appendix 3A 204
Appendix 3B 205
Appendix 4A 207
Appendix 5A 210

Appendix 5B 212

xiii



LIST OF TABLES

Table 2.1 Results summary for studies reporting on the identification of microsatellite loci
from 454-sequence data, published 2009-2010, including the current study. 22

Table 2.2 Summary statistics fate novosequence assembly of 454 reads fEEmydura
macquarii krefftii(Ek) andElseya albaguldEa). 23

Table 2.3 Number and proportion of different types of sequence reads within 454-sequence
datasets oEmydura macquarii krefftfEk) andElseya albagul4Ea). 24

Table 2.4 Numbers of microsatellites identified and those with primers designed for perfect
repeats isolated from 454-sequence data obtained from two turtle specyeliram. krefftii
(EK) andElseya albaguldEa). 28

Table 2.5 Details of 14Elseya albaguland 15Emydura mkrefftii microsatellite loci

developed from 454 shotgun sequence data. 29

Table 2.6 Cross-species amplification success of 14 microsatellite markers developed for

Elseyaalbagulafrom 454-sequence data. 32

Table 2.7 Cross-species amplification success of 15 microsatellite markers developed for

Emydura macquarii krefftirom 454-sequence data. 33

Table 2.8 Results of BLASTn analysis of the 10 largest contigs assembled from 454-sequence

data forEmydura macquarii krefftii anBlseya albagula 37

Table 3.1 Diversity statistics for 12 microsatellite loci analyse&iseyaalbagulasampled
across three river drainages. Statistics are presented for each drainage, individual sampling
locations within drainages, and overall. Location abbreviations follow Fig. 3.1. 50

Table 3.2 Diversity statistics for control region and ND4 mtDNA sequences Elseya
albagulasampled across four river drainages. Statistics are presented for CR/ND4/concatenated
datasets for each drainage, individual sampling locations within drainages, and overall. Location

abbreviations follow Fig. 3.1. 52

Table 3.3 Hierarchical analysis of molecular variance (AMOVA) resultdHigeya albagula

microsatellite Fst) and mitochondrial sequenced;) data. 53

Table 3.4 PairwiseFsrcomparisons foElseya albagulgopulations based on microsatellite
(below diagonal) and mtDNA data (above diagonal): a) among sampling locations within

drainages, and (b) among drainage basins. Bold values indicate significance at < 0.05 after

Xiv



correction for multiple comparisons. Negative values were converted to zero. Location

abbreviations follow Fig. 3.1. 54

Table 3.5 TrN corrected mean genetic distances (% Eleeya albagulgopulations sampled
among drainages, based on a 1327 bp concatenated CR/ND4 mtDNA alignment. Below
diagonal, percent divergence among drainages; above diagonal, SE values for percent
divergence among catchments; along diagonal, percent divergence within catchmgnts.

Table 4.1 Sample numbers and sampling locationElséyaspp. collected for
phylogeographic analysis. Sequences from New Guinean taxa are derived from @eglrges
(2013). See also Fig. 4.1. 71

Table 4.2 Details of data partitioning stratediemployed for different DNA alignments used

in phylogenetic analyses Bfseyaspp. from Australia and New Guinea. 74

Table 4.3 Details of aligned DNA regions used for phylogenetic analyddsafyaspp.

from Australia and New Guinea, including total alignment length (in bp), number of
conserved (C) and variable (V) sites, number of parsimony informative (PI) sites and G/C
content (GC%). 77

Table 4.4 Percent evolutionary divergences (S.E.) among species in thekjseys
calculated for an 870 bp fragment of the mitochondrial ND4 locus (uncordisthnces).
Values in bold highlight groups with high genetic similarity. Values in italics represent intra-

specific divergences. 80

Table 4.5 Divergence estimates and support values for major nodes within thekieeyes

based on analyses&EAST. Numbers are consistent with nodes in Fig. 4.3. 83

Table 4.6 Diversity statistics foElseyaspp. sampled across northern and eastern Australia,

based on a 487 bp fragment of the mitochondrial control region. 84

Table 5.1 Mean evolutionary distances within and among mBjpyduramacquariikrefftii
clades andE. macquarii subspecies based on uncorrected ptiigtances (% divergence).
Lower matrix, percent divergence among lineages/subspecies; upper matrix, SE values for
percent divergence among lineages/subspecies; italics diagonal, percent divergence within
lineages/subspecieBmk E. m. krefftii; Emm E. m. macquarii;Emn E. m. nigra; Eme E. m.
emmotti 103

Table 5.2 Measures of mitochondrial DNA diversity (1276 bp, concatenated control region
and ND4), neutrality tests and demographic parameters within three major clades (bold) and

two subclades of Krefft's river turtlEmydura macquarii krefftii. Results of the observed

XV



mismatch distribution against a sudden expansion model include the raggednesy euadx (

the sum of squared deviations (SSD). 104

Table 5.3 Microsatellite diversity (12 loci) across sampling location$@ sample size) for
Krefft's river turtle Emydura macquarii krefftii). Values are given for each catchment, region,
and overall, with averages across multiple sampling locations given in brackets where

appropriate. 107

Table 5.4 Pairwisd=st comparisons between drainage basins for Krefft's river turtle,
Emydura macquarii krefftiibased on 12 polymorphic microsatellite markers. Bold values are
comparisons across “northern” and “southern” geographic regions. All values are significant at

0.001 after correction for multiple comparisons. 109

Table 5.5 Hierarchical analysis of molecular variance (AMOVA) resultHmydura

macquarii krefftimicrosatellite data analysed at two spatial scales. 110

Table 5.6 Multilocus microsatellite genotypes for seven potential hybrid individuals, between
the study specie€Mmydura macquarii krefffiiandE. tanybaraga for four diagnostic loci.

Alleles unique tcE. tanybaragaare in bold. A single allele common to both species is in

italics. 113

XVi



LIST OF FIGURES

Figure 1.1 Map showing biogeographic provinces in Australia based on freshwater fish
species endemism (Unmack 2001). Bold lines delineate faunal provinces, fine lines delineate

drainage boundaries. 5

Figure 1.2 A map of Australian drainage basins showing the distribution of turtle species
richness across the continent. Shading indicates numbers of species present per drainage basin,
highlighting concentration of turtle species richness along the tropical and sub-tropical northern

and eastern coastlines. Modified from Georges and Thomson (2006). 9

Figure 1.3 Maps showing the distribution of Australian snapping turtles (gEises/g (top)
and subspecies of tlBmydura macquarii complex (bottom), indicating their broadly
overlapping distributions in eastern Australia. The pink arrow highlights the narrow raBge of

m. nigra on Frazer Is. 11

Figure 2.1 Numbers of identified microsatellite loci (grey), and the proportion of loci suitable
for PCR primer design (black), in 454-sequence reads randomly sampled from the genomes of
two freshwater turtle speciesmyduramacquariikrefftii (n = 135,332 reads) artlseya

albagula(n = 108,198 reads). 26

Figure 2.2 Observed counts of identified microsatellite loci (grey), and the proportion of loci
suitable for PCR primer design (black), for different repeat motifs of a) dinucleotide repeats, b)
trinucleotide repeats and c) tetranucleotide repeats. 27

Figure 2.3 Mitochondrial genome map &felomedusa subrufg@uter ring), indicating the
position and coverage of mitochondrial sequence fragments identified witinmiyaura
macquarii krefftii454-sequence set (inner ring). Location of genes, ribosomal RNAs (rRNA),
and transfer RNAs (tRNA) are indicated for thesubrufagenome according to GenBank
record AF039066. Inner and outer annotations represent light and heavy strand orientation,
respectively. 34

Figure 2.4 Mitochondrial genome map &felomedusa subruf@uter ring), indicating the
position and coverage of mitochondrial sequence fragments identified wittittstha
albagula454-sequence set (inner ring). Location of genes, ribosomal RNAs (rRNA), and
transfer RNAs (tRNA) are indicated for tResubrufagenome according to GenBank record
AF039066. Inner and outer annotations represent light and heavy strand orientation,
respectively. 35

XVii



Figure 3.1 Location map showing the geographical distribution (dark shading) of the white-
throated snapping turtl&lseya albagulain mid-eastern coastal Australia and sampling

locations (coloured circles) for the present study throughout four river drainages. Dashed arrows
indicate likely paleochannels of the Fitzroy (F) (Rgaal. 2007), Burnett (B) and Mary (M)

Rivers during lowered sea levels, indicating potential confluence of the Burnett and Mary

Rivers at the -50 m contour. Samples are grouped by colour; see Table 3.1 for sample sizes.
Major rivers mentioned in text are in black, with drainage boundaries outlined in grey.

Bathymetric contours at -30 m, -50 m and -100 m are shown (light grey) (Beaman4310).

Figure 3.2 Minimum spanning tree depicting haplotype relationships for concatenated
CR/ND4 mtDNA sequences sampled fr&tseya albagulacross 10 locations. Circles

represent unique haplotypes and are connected to one another by mutational changes (lines).
Crossbars indicate additional mutational steps and circle size is proportional to haplotype
frequency. Colours indicate geographic source of haplotypes. Location abbreviations and

colours follow Fig. 3.1. 56

Figure 3.3 Bayesian population assignmentsEtseya albagulandividuals based on analysis

of 12 microsatellite loci iBTRUCTURE, indicating structure by region and drainage. Individuals
are represented by coloured vertical bars, which indicate percent genetic membership (y axis)
within genetic units, as indicated above each diagram. Black lines separate sampling locations
(x axis). a) Initial differentiation between two regional uniks<2), and b) further substructure

among drainages within the southern regidnr=(3). 58

Figure 4.1 Map showing distributions d#lseyaspecies across Australia and New Guinea
(Georges & Thomson, 2010; present study), with features mentioned in-text. Lake Carpentaria
(LC) and the Australian continental shelf (-200m contour) are outlined in light grey. On the
Australian mainland, grey lines delineate drainage boundaries and black lines depict river
networks where AustralialBlseyaspp. specimens were collected, as follows (left to right).
Northern Territory: 1, Victoria R; 2, Mary R; 3, Roper R; 4, Limmen-Bight R; 5, Calvert R.
Queensland: 6, Gregory-Nicholson R; 7, Daintree R; 8, Johnstone R; 9, Burdekin R; 10, Fitzroy
R; 11, Burnett R; 12, Kolan R; 13, Mary R. Black doE novaeguinegeand white dotsH.
branderhorsti) represent sample locations for New Guinean taxa (Gexrgle2013). Fossil

sites are indicated at Riversleigh (RL) and Bluff Downs (BD), as are regions of the Kimberley
(KL), Arnhem Land (AL), Cape York (CY), and Vogelkop Peninsula (VK). The Great Dividing
Range (GDR) is indicated by a thick black line, running the length of the east coast. Position of

the Burdekin Gap is indicated by dashed lines. 68

Figure 4.2 Bayesian majority rule consensus tree from a partitioned phylogenetic analysis of
shapping turtles (gentlseyg from Australia and New Guinea (2314 bp; CR, ND4, 16S, R35).

XViil



This tree is congruent with those generated by maximum likelihood and parsimony analyses.
Stars indicate nodes that received strong statistical sup@@%o bootstrap support for

Likelihood or Parsimony; 0.95 posterior probability for Bayesian) at all three analyses

(Bayesian, Likelihood and Parsimony). Deep node support values (italics) reflect analyses
performed without the CR data (see text for details). Terminal branches are coloured by species,

consistent with Fig. 4.1. 78

Figure 4.3 Chronogram and topology of estimated divergence events for snapping turtles
(Elseyaspp.) from Australia and New Guinea, resulting from a partitioned
(mitochondrial:nucleaBEAST analysis of a 2287 bp dataset (ND4, 16S, R35; Birth-Death
speciation tree prior; 2x50 million generations). A relaxed uncorrelated lognormal molecular
clock was applied using three calibration points (grey nodes, see main text for details).
Horizontal bars represent 95% highest posterior density estimates for node ages. Age estimates
and branch support values are presented for numbered nodes withisetyein Table 4.5.

Vertical grey bars highlight periods of major aridity in Australia, coinciding with episodes of

divergence foElseyaspp. 82

Figure 4.4 Haplotype networks for four Australian speciegltsfeyabased on control region

mMtDNA sequences, indicating divergence among individual drainage basins (glgbal

values). Individual circles represent unique haplotypes. Colours indicate drainage basins in
which haplotypes were sampled and circle size represents sampling frequency. Connections
represent one base pair differences between related haplotypes and numbers indicate additional

changes. 85

Figure 5.1 Map showing the distribution &mydura macquarii subspecies (inset) and
sampling locations (left) fdg. m. krefftii across 11 drainages in eastern Australia. Samples are
grouped by drainage (colour), then sub-region (shape, where appropriate). Samples sizes are
given in brackets. Drainage boundaries are outlined in dark grey. The distribuEom.of

krefftii is in darker grey, and river networks are in black for drainages where samples were
collected. Dashed arrows indicate likely paleochannels of the Fitzroy @Rghr2007) and
Burdekin (Fieldinget al. 2003) Rivers, indicating independent trajectories to the continental
shelf, in light grey at the -200 m contour. Important features mentioned in text are indicated,

including the Burdekin Gap, Burdekin Falls, Bluff Downs fossil site, and Theresa &&

Figure 5.2 Minimum spanning tree depicting relationships among mtDNA haplotypes for
concatenated control region+ND4 sequences ffom. krefftii across 11 river drainages.
Haplotypes sampled from related subspeEigs. macquarii (pale blue)k. m. nigra (pale

pink) andE. m. emmotti (pale green) are also included. Circles represent unique haplotypes and

are connected to one another by mutational changes (lines). Cross bars indicate additional
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mutational changes between haplotypes, which are represented numerically when there are
many. Circle size is proportional to haplotype frequency and colours represent sampling

location (drainages) following Fig. 5.1. 101

Figure 5.3 Mismatch distribution among mitochondrial DNA haplotypes for mgjon.

krefftii clades in Northern, Southern and Burnett Upstream locations. Northern lineage is further
subdivided into Far North and Burdekin lineages. Grey bars show the observed values and black
dashed lines indicate the expected distribution based on a model of sudden demographic

expansion. 106

Figure 5.4 Bayesian population assignment plots (top)Eom. krefftii individuals sampled
from 11 drainages, based STRUCTURE analyses of 12 microsatellite loci. Individuals are
represented by coloured vertical bars indicating their percent genetic membership (y axis)
within N genetic unitsK). Black lines separate individuals sampled from different drainages
(x axis). *Indicates the most likely number of clusters (as per Evanno’s delta log method,
bottom): a) for the full dataset, indicating primary division between southern and northern
genetic clusters; and for the southern b) and northern c) clusters analysed individually,
indicating further substructure within regions. Highest level of substructure observed within
southern and northern datasets are also indicated, showing differentiation among individual

drainage basins. 111
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CHAPTER 1—GENERAL |NTRODUCTION

Image: An adult male snapping turttdseya albagulaPhoto by Erica Todd.



CHAPTER 1 —GENERAL |INTRODUCTION

The physical structure of riverine environments imposes common constraints on dispersal and
population connectivity in aquatic fauna (Meffe & Vrijenhoek 1988; Letval. 2006; Hughes

et al 2009). For obligate freshwater species, discrete habitat boundaries largely limit dispersal
to within the waterway, which is linear and branching. Watersheds separate neighbouring
catchments into hydrologically distinct units and act as major barriers to dispersal, thus
confining freshwater-limited species to specific drainages for moderate lengths of evolutionary
time. Therefore, greatest genetic differentiation is expected at the between-catchment level.
However, historical processes such as landform evolution and changes in sea level can result in

modifications of the riverine net (Banarescu 1990).

Studying the relationship between historical geographic processes and the distribution of genetic
lineages across the landscape in contemporary species can reveal information on species
evolution and earth history, and is the purview of the field of phylogeography (Avise 2000).
Obligate freshwater species typically show strong phylogeographic structure reflecting

historical isolation of drainages (Waetlal 1994; Watergt al 2001). The unique

biogeographic constraints experienced by freshwater species also make them intrinsically suited

to studies of landscape evolution (Bermingham & Avise 1986).

Phylogeography is necessarily an integrative discipline, combining evidence from molecular
genetics with that from landscape history derived from geology, paleontology and climatology.
Comparative phylogeography especially, enables examination of hypotheses regarding how
abiotic and/or ecological processes drive evolution in a whole community context, allowing
greater insight into evolution both of taxa and regions (Bermingham & Moritz 1998).
Phylogeography was originally conceived as the bridge (using mitochondrial DNA data)
between the disciplines of phylogenetics and population genetics, bringing together macro- and
micro-evolutionary thought (Aviset al. 1987). Since then, routine incorporation of sensitive
nuclear markers such as microsatellites, and sophisticated Bayesian and coalescent analyses into
phylogeographic studies has further improved the rigour of biogeographic inference and has
made phylogeography a powerful modern discipline within the broader field of molecular
ecology (Hickersomt al. 2010; Andrevet al. 2013).

AUSTRALIAN BIOGEOGRAPHY

The island continent of Australia is recognised for its rich and highly endemic biota, whose
evolutionary development reflects a long and complex biogeographic history. From temperate
Gondwanan origins, Australia’s more recent climatic history has been dominated by a

progressive, though punctuated transition towards increasingly arid and more capricious
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environments. In the Northern Hemisphere, advance and retreat of extensive land-based glaciers
during the Pleistocene has been the primary driver of contemporary biogeographic patterns
(Hewitt 2000). Australia experienced little glaciation, but instead underwent extreme and
widespread aridity during Pleistocene glacial maxima, though the first steps towards

aridification began much earlier, in the Mid-to-Late-Miocene (White 1994; @tigp 2004;

Martin 2006; Byrneet al. 2008). Strong patterns of regional endemism seen across the continent
for both terrestrial (Cracraft 1991) and aquatic biotas (Unmack 2001) have been hypothesised to
reflect longer-term patterns of habitat availability. In recent years, a flurry of phylogeographic
research has confirmed this for terrestrial taxa, whereby deepest divergences between genera
and infrageneric groups coincide with the onset of desiccation in the Mid-to-Late-Miocene (e.g.
Rix & Harvey 2012), while Pleistocene oscillations drove mostly species and population-level

diversification (e.g. Byrne 2008).

Recent reviews have summarised current biogeographic knowledge for Australia’s mesic
(Byrneet al. 2011), arid (Byrnet al. 2008) and monsoon tropics (Bownmetral. 2010) biomes.
Collectively, they describe the vicariant diversification of forest-adapted taxa, as original mesic
habitats fragmented and withdrew towards the coast, concomitant range expansion and adaptive
radiation of more recently evolved arid-zone species, and the integration and diversification of
newer colonisers following Australia’s recent collision with Asia. However, these appraisals

also highlight a lack of detailed phylogeographic studies on diverse freshwater taxa, which
represents a significant gap in knowledge of Australian biogeography. Australia’s long

isolation, Gondwanan heritage, and current aridity make studies of freshwater evolution in this

context of considerable biogeographic interest.
AUSTRALIAN FRESHWATER BIOGEOGRAPHY

Australia’s aquatic fauna comprises diverse elements that include true freshwater evolutionary
relics (lungfish, syncarid crustaceans, chelid turtles), old endemics with Gondwanan affinities
(percichthyid fish and parastacid crayfish), and species evolved more recently from marine

ancestors (many freshwater fish, some macroinverteb(dMeBowall 1981; Merrick 2006).

Patterns and processes on a continental scale

A comprehensive assessment of biogeographic patterns for Australian freshwater fishes has
been undertaken, based on species distributions (Unmack 2001). This study revealed a striking
degree of endemism across the continent and proposed a series of faunal provinces, sub-
provinces, and regional relationships that form a comprehensive hypothesis framework for
Australian freshwater biogeography suitable for testing with molecular data. Broad-scale

patterns of endemism are hypothesised to reflect isolation by aridity and drainage divides



(Unmack 2001). Patterns are considered to have established as early as the Miocene, while the
influence of Plio-Pleistocene climatic events seemed minimal. Disjunct distributions of several
old endemic freshwater lineages also imply ancient vicariance, consistent with increasing aridity
(crayfish, Austin 1995; anurans, Barendse 1984; Roberts & Maxon 1985; turtles, Georges &
Thomson 2006). Evidence from dated molecular phylogenies supports this assertion for
freshwater crayfish (gen@@heray, where divergence among regional centres of endemism in
northern, eastern and south-western Australia date to the Miocene epoch (Muneisaighe

2004).

Unmack’s (2001) framework of freshwater faunal provinces is presented in Fig. 1.1. Northern
and eastern Australia are considered distinct provinces and support the majority of extant
freshwater biodiversity. However, freshwater fish endemism within northern and eastern
provinces is low, with a gradation of species ranges evident at the drainage scale (Unmack
2001). Low endemism across northern Australia may be explained by high drainage
connectivity during low sea levels and monsoonal flooding across the largely low-relief
landscape. However, for eastern Australia, bathymetry suggests drainages remained mostly
isolated at times of low sea level. Low regional endemism indicates an absence of distinct
barriers to freshwater dispersal in this region, and longitudinal variation in climate from tropical
to more temperate conditions is considered responsible for current species’ distributions
(Unmack 2001). For northern Australia, molecular evidence from several freshwater species
supports recent (Plio-Pleistocene) population connectivity, particularly via paleo-Lake
Carpentaria (Alacs 2008; de Brughal 2004; Coolet al. 2012), which united rivers

throughout the Gulf of Carpentaria with southern New Guinea. However, within the Eastern
Province, molecular evidence largely denies faunal breaks for freshwater taxa and instead

reveals a biogeographic complexity for the region that warrants further attention.
Molecular evidence for biogeographic complexity of Australia’s eastern margin

The eastern margin was formed by uplift through accretionary processes of the Great Dividing
Range (GDR), which parallels the entire length of Australia’s east coast (~3,500 km) in a north-
south alignment. The GDR represents the watershed boundary between east coastal and inland
drainage systems and has been responsible for sheltering the east coast from widespread aridity.
In an otherwise geologically quiescent continent, development of the eastern margin reflects
multifarious processes of landform development including uplift, erosion, volcanism, scarp
retreat, and sea level fluctuation (Griffin & McDougall 1975; Chapgiedll. 1996; Jones 2006;
Vasconcelogt al. 2008), which have produced complex drainage patterns (Hodglehsbn

2007). Quaternary climate cycles are known to have driven repeated contraction and expansion

of closed forest habitats (VanDerWalal. 2009), and presumably, freshwater habitats also.



Fig. 1.1Map showing biogeographic provinces in Australia based on freshwater fish species
endemism (Unmack 2001). Bold lines delineate faunal provinces, fine lines delineate drainage

boundaries within provinces.



Geological and climatic complexity within the eastern margin is reflected in the complex
patterns of genetic structure described for increasing numbers of obligate freshwater taxa,
including cryptic local diversity and deep lineage disjunctions at higher geographical scales. For
example, recent genetic studies of several widespread freshwater species, including fishes
(Pseudomaogil signifieiWonget al.2004; Tandanusatfish, Jerry 2008) and platypus
(Ornithorhynchus anatinyssongoraet al. 2012), reveal deep north-south lineage disjunction

that implicates a major biogeographic barrier disrupting freshwater connectivity in the vicinity

of the Burdekin drainage. The genetic break is consistent with an historical arid corridor
previously recognised as a vicariant barrier for terrestrial taxa (Cracraft 1991; Cétagple

2011). However, sampling within the Burdekin drainage was limited by its depauperate

ichthyofauna and the exact biogeographic nature of the disjunction remains speculative.

In north-eastern Australia, several freshwater fishes exhibit a pattern of genetic structure
inconsistent with contemporary stream architecture, suggesting historical drainage
rearrangement (Hurwood & Hughes 1998; McGlashan & Hughes 2000). Regional volcanism
(until as recently as 10,000 ya, Stepherestoal. 1980) is one possible explanation. Genetic

lineage structure in a range of freshwater crustaceans and fishes inhabiting near-shore sand
islands of south-eastern Australia largely pre-dates geological formation of their habitat, while
island-mainland divergence within lineages is consistent with Pleistocene sea level rise (Page &
Hughes 2007; Paga al. 2012). Other studies report a high degree of incongruence across
multiple co-distributed taxa (e.g. gudgeons, Thaeked. 2007, 2008). Incongruence suggests a
complex history of inter-drainage dispersal and vicariance, but also that dispersal in freshwater
taxa can be very idiosyncratic, depending largely upon individual species’ ecology. Indeed,
freshwater species with more specialised ecologies have been shown to be highly genetically
structured within drainage basins (Hugkesl 2012), while others with much more generalist
habitat requirements lack significant phylogeographic structure despite extensive multi-drainage
distributions (McGlashan & Hughes 2001a; Bostetkl 2006).

Collectively, phylogeographic work to date on freshwater species within the eastern margin
reveals a biogeographic complexity that was unexpected from species distribution data alone.
Multifarious processes of landscape development and climate seem responsible for current
patterns of freshwater biodiversity, though ecological tolerances of individual species are also
important. Previous work is largely based on mitochondrial and/or allozyme markers and many
studies lack fine-scale geographic sampling. Although these markers were previously
considered most ideal for phylogeographical studies of animal populations éAalse1987;

Avise 1991), microsatellites have more recently become a powerful adjunct marker capable of
inferring finer-scale patterns of diversity and divergence (Estboap 1998; Andrevet al

2013). Further detailed phylogeographic studies of diverse freshwater groups are needed to
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clarify several aspects of the region’s biogeography highlighted by previous research. The

following are considered priorities for future research:

Dated molecular phylogenies of widespread freshwater groups with currently disjunct
distributions, to establish whether patterns of divergence reflect longer-term environmental
change or more recent Pleistocene climatic influences.

Further investigation of the role of Pleistocene climatic cycles on freshwater species’
distributions, particularly for those species that are currently widespread.

Examination of hypotheses related to specific biogeographic features underlying regional
genetic breaks identified from previous research.

Further investigation of the role of species ecology in producing discordant phylogeographic
patterns in response to the same underlying landscape.

Molecular studies of understudied taxonomic groups, such as many aquatic invertebrates and

turtles.
TURTLES
Model organisms for phylogeography

Freshwater and terrestrial turtles were used as early phylogeographic models in studies of
Northern Hemisphere communities, where they provide fine examples of genealogical
concordance across species and with other faunal groups (Walker & Avise 1998; Weisrock &
Janzen 2000). The longevity, low vagility and site fidelity of most turtle species mean they
typically exhibit strong phylogeographic signatures that are retained over extended timescales.
Turtles often show high levels of cryptic lineage diversity that are closely tied to the underlying
geological history of a region (Romanal. 1999; Beheregaray al. 2003; Fritzt al. 2006).

As a group, turtles have proven sensitive phylogeographic models for inferring how historical
evolutionary forces shape current patterns of diversity. However, turtles are less well studied on
the southern continents, where biogeography generally remains less well understood
(Beheregaray 2008).

Australian turtle diversity

The extant turtle fauna of Australia and New Guinea is a diverse and highly endemic
assemblage of freshwater species belonging almost exclusively to the family Chelidae (side-
necked turtles, sub-order Pleurodira). Chelid turtles occur elsewhere only in South America,
though with unique genus-level diversity, and so have undisputed Gondwanan origins. Seven
extant Australian genera are recognised with about 26 species, though several more species

await formal description (Georges & Thomson 2010). Turtles are important ecological



components of Australian freshwater communities, yet very little is known about the basic
biology of most species. In particular, there is poor comprehension of evolutionary relationships

and intra-specific patterns of genetic diversity.

Zoogeographic hypotheses for Australian turtles have been presented (Betlatd®74;

Georges & Thomson 2006). Extant species diversity is concentrated within tropical and sub-
tropical habitats along Australia’s northern and eastern coastlines where there is still perennial
drainage (Fig. 1.2). The fossil record also indicates living Australian chelids are relics of a much
more diverse and widespread turtle fauna of wetter prehistoric times. In south-eastern Australia,
low turtle species diversity (Fig. 1.2), except for a few taxa also found further northwards, may
reflect recent reinvasions following regionally extreme cold and drought during the most recent
glacial maximum (12,000-18,000 ya) (Georges & Thomson 2006). Zoogeographic hypotheses
relating to Pleistocene contractions and invasions of turtle populations in south-eastern Australia
are currently being tested with molecular genetic data for snake-n€bleadinaspp., as part

of a PhD study by Kate Hodges at the University of Canberra. In northern Australia and
southern New Guinea, distributions of many turtle taxa may be explained by periodic freshwater
connectivity via Lake Carpentaria, as well as rivers crossing the Arafura Sill to the west
(Georges & Thomson 2006). Snake-necked tur@elodina rugosphave a genetic signature
consistent with connectivity via Lake Carpentaria (Alacs 2008), though other turtle taxa in the
region remain to be studied genetically. Most biogeographic hypotheses for Australian turtles
remain to be tested with molecular genetic data and regional biogeographic patterns for turtles

are largely speculative.

The long evolutionary historiyn situ, extant diversity and high local endemism of Australian
chelid turtles make them ideal study organisms for exploring competing theories about
freshwater biogeography in Australia. Those species that are primarily riverine should be
especially sensitive to historical changes to fluvial connectivity across the landscape and so
should make sensitive model taxa to examine freshwater biogeography.



Fig 1.2 A map of Australian drainage basins showing the distribution of turtle species richness
across the continent. Shading indicates numbers of species present per drainage basin,
highlighting concentration of turtle species richness along the tropical and sub-tropical northern

and eastern coastlines. Modified from Georges and Thomson (2006).



Study species

Species from two genera of riverine turtlesseyaspp. ancEmyduraas represented iy

macquarii kreffti), which differ significantly in aspects of their ecology (geographic range and
degree of habitat specificity) and taxonomic scale (genus versus subspecies) were used as model
taxa to investigate biogeographic processes shaping biodiversity in northern and eastern
Australia. Though these taxa are largely sympatric throughout much of eastern Australia (Fig.
1.3), ecological differences between them are expected to engender differences in dispersal
potential. As dispersal potential generally negatively correlates with genetic population structure
and positively correlates with range size (Bohonak 1999; Holt 2003), the two turtle taxa may be
expected to differ in their measurable phylogeographic structure and in their evolutionary

response to a common landscape.
Australian snapping turtlesElseyaspp.

Australian snapping turtles (genbikseyg are large-bodied riverine specialist species with a
patchy distribution across northern and eastern Australia and New Guinea (Fig. 1.3). Their
reliance upon permanent (perennial) riverine habitat reflects a remarkable ecophysiological
adaptation enabling them to respire aquatically via highly vascularised cloacal bursae (Mathie &
Franklin 2006). The genus constitutes a series of at least six electrophoretically distinct
allopatric taxa previously regarded as a single widespread spediesitata(Georges &

Adams 1996). Phylogenetic relationships within the genus have not been studied in detail (Le
al. 2013) but may be expected to reflect historical fluvial connections across the landscape
rather than terrestrial dispersal. Their extensive but patchy distribution and reliance upon
permanent riverine habitat means that, as a gielspyaspp. have the potential to reveal both
broad and fine-scale vicariant biogeographic patterns at varying temporal scales. Narrow habitat
requirements coupled with restricted geographical ranges ofttsestaspecies also mean they

are potentially highly sensitive to changes in habitat and flow regimes associated with river

regulation, and most are considered high priorities for conservation (Th@tab&006).

Krefft's river turtle -Emydura macquarii krefftii

There are four subspecies within taeydura macquarii complex, defined by largely non-
overlapping geographical ranges and minor morphological differences (Georges & Thomson
2010). Krefft's turtle is the northernmost of these. The subspecies is common throughout
coastal-flowing drainages from the Mary River in the south, to the Normanby River in the
north; an extensive longitudinal distribution spanning over 1600 km of coastline (Fig. 1.3). Like

mostEmyduraspeciesk. m. krefftii is considered an ecological generalist because of its broad
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Fig. 1.3Maps showing the distribution of Australian snapping turtles (geteeya (top) and
subspecies of themydura macquarii complex (bottom), indicating their broadly overlapping
distributions in eastern Australia. The pink arrow highlights the narrow rarigevfhigra on

Frazer Is.
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opportunistic diet and capacity to occupy rivers as well as larger permanent waterbodies of the
floodplain (Georges & Thomson 2006). In contrast to the gEfseya electrophoretic surveys
show allEmyduraspecies to be very closely related genetically (Georges & Adams 1996),
indicating they may represent a relatively recent radiation.

THESIS AIMS AND STRUCTURE

The overarching objectives of this thesis are twofold: 1) to provide new insights that will clarify
and extend our knowledge of the evolutionary development of Australia’s unique freshwater
biodiversity from the perspective of a faunal group with a long evolutionary histeity, and

in so doing, 2) to evaluate turtles as model taxa for inferring freshwater biogeographic processes
in an Australian context. Specific research objectives are introduced in each of four data
chapters, outlined below, followed by a synopsis that marries these in terms of the overall thesis
objectives. Though research presented in this thesis is entirely my own work, papers resulting
from Chapters 2 to 5 will be, or have been, published as co-authored manuscripts, and a
‘Statement of contribution by others’ is given outlining others’ involvement.

Chapter 2 addresses the lack of suitable genetic resources previously available for Australian
turtles. The objective was to develop a molecular genetic toolkit that could be applied in work
reported in later chapters, and which would also facilitate future genetic study of Australian

turtle species. An emerging genomic sequencing approach was applied to develop microsatellite
and mitochondrial markers in each of two focal t&lagya albagulaandEmydura macquarii

krefftii. The microsatellite development component of Chapter 2 has been published in

Conservation Genetics Resources

Chapter 3 describes the application of microsatellite and mitochondrial data to uncover
contemporary and historical influences on population genetic structure and connectivity in the
southern snapping turtlgJseya albagulaacross its endemic distribution in the Fitzroy, Burnett
and Mary Rivers in mid-eastern coastal Australia. The objective of this chapter was to clarify
historical biogeography and address pressing conservation issues for this species and this
region. Work presented in Chapter 3 has been publishéabiogical Journal of the Linnean

Society

Chapter 4 describes a biogeographic history and timeline for the evolution of the=tgayas

across Australia and New Guinea, using mitochondrial and nuclear sequence data. The objective
was to examine broader-scale evolutionary hypotheses associated with regional changes to
fluvial connectivity through advancing aridity, sea level fluctuations and landform evolution.

Work presented in Chapter has been publishddumnal of Biogeography
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In Chapter 5, mitochondrial and microsatellite datasets were applied to investigate range-wide
population genetic structure and diversity in Krefft's river turtieéaydura macquarii krefftii

The objective was to address specific hypotheses related to landscape and climatic barriers
previously proposed as important in structuring east coast freshwater communities, and to
compare genetic patterns describedHlseyaspp. across the same region. Work presented in

Chapter 5 is currently under reviewkeology and Evolution

In Chapter 6 is presented a synopsis of major research findings described in each of the previous
chapters, which outlines how research presented in this thesis overall contributes to our

understanding of freshwater biogeography in Australia.
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CHAPTER 2 —L OW-COVERAGE GENOMIC SEQUENCING FACILITATES
EFFICIENT GENETIC MARKER DISCOVERY IN TWO AUSTRALIAN

FRESHWATER TURTLES

The microsatellite development component of this chapter has been published, as follows:

Todd, E., Blair, D., Hamann, M. & Jerry, D. (2011) Twenty-nine microsatellite markers for two
Australian freshwater turtleglseya albagulandEmydura macquarii krefftii: development
from 454-sequence data and utility in related t@anservation Genetics Resourcgs449-

456.

Image: Typical riverine habitat &mydura macquarii krefftii anBIseya albagulain the

upstream Connors River within the Fitzroy drainage basin. Photo by Erica Todd.
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CHAPTER 2 —L OW-COVERAGE GENOMIC SEQUENCING FACILITATES
EFFICIENT GENETIC MARKER DISCOVERY IN TWO AUSTRALIAN

FRESHWATER TURTLES

SUMMARY

Low-coverage shotgun genome sequencing has emerged as a simple and cost-effective means of
isolating large numbers of microsatellite markers in previously unstudied species, with several
benefits over traditional protocols based on Sanger sequencing of enriched genomic libraries.

The utility of this new approach is evaluated in turtles, a highly threatened yet poorly

represented vertebrate clade. Roche 454-sequencing was used to randomly sample 36.6 and 46.2
Mbp of genomic sequence data for microsatellite repeats in the Australian freshwater turtle
specie€lseyaalbagula(n = 108,198 reads) aftmyduramacquariikrefftii (n = 135,332

reads), respectively. Stringent search parameters identified microsatellite loci in 1.3% of all

reads, with thousands of loci isolated in total, of which hundreds were found to be suitable for
amplification by PCR. Of these, 29 loci were developed for high-resolution population genetic
analyses in the study species, which also cross-amplified successfully in a range of other
Australian short-necked turtle taxa. Further bioinformatic exploration of the sequence data
enabled isolation of mitochondrial sequences and characterisation of gene content and repetitive
elements. Results not only demonstrate the utility of the shotgun sequencing approach for

genetic marker development in turtles, but the value of small-scale genome survey sequencing

for future genomic research. It lays the foundation for later chapters, which apply microsatellite
and mitochondrial markers to infer population and evolutionary histori¢ddeyaspp. ancE.

m. krefftii.

I NTRODUCTION

The recent emergence of ultra-high-throughput ‘next-generation’ genomic sequencing
technologies has revolutionised life sciences research (Hudson 2008; Mardis 2008; Schuster
2008). Billions of bases of genome-wide sequence information can now be produced as short
(80-450 bp) sequence reads, rapidly and inexpensively, compared with traditional Sanger
technology. Apart from enabling whole-genome studies, novel research applications are also
being developed (Weglest al.2007; Abdelkrimet al. 2009; Futschik & Schlotterer 2010).
Low-coverage shotgun sequencing, producing in the order of just 10’s-100’s of thousands of
sequence reads, and representing just a small fraction of the genome, is yielding biologically
useful information and finding particular utility in the development of genomic resources
(Rasmussen & Noor 2009). This is perhaps best demonstrated by the proliferation of studies

now using low-coverage shotgun sequencing as an approach to microsatellite marker discovery
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(Schoebektal. 2013), first demonstrated by Abdelkrehal. (2009) in the New Zealand blue

duck,Hymenolaimus malacorhynchos

Microsatellites are among the most widely-applied genetic markers with diverse applications in
conservation biology, population genetics, genome mapping, and evolutionary studies, among
others (Goldstein & Schlotterer 1999). Their high per-locus information content, genome-wide
ubiquitous distribution and simple co-dominant pattern of Mendelian inheritance make them
particularly powerful and popular genetic markers for fine-scale questions concerning
population genetic structure, gene flow, and mating systems (Selkoe & Toonen 2006).
However, the need to isolate a new panel of microsatellite mat&es/ofor each new study
species, due to variable and often limited cross-species transferability of existing markers
(Barbaraet al. 2007), has been a major drawback to their use. Traditional microsatellite
isolation protocols involve time-consuming and costly processes of enrichment, cloning and
Sanger sequencing, and are prone to low return for a substantial input of efforet(Zane

2002). The expense, labour and inefficiency of enrichment protocols previously restricted the
accessibility of these powerful markers for researchers in small laboratories working with non-
model taxa.

The longer average read lengths (currently 350-450 bp) provided by Roche’s 454 Genome
Sequencer platform now makes it theoretically possible to randomly sample potentially
thousands of microsatellite loci in a genome-wide fashion, while providing ample flanking
sequence for PCR primer design. Small-scale sequencing projects for this specific purpose have
already proven successful in a growing number of diverse taxa, including previously unstudied
species of conservation value (e.g. Abdelkeinal. 2009; Boomer & Stow 2010; Csencsats

al. 2010). An additional bonus of this approach is the wealth of genomic sequence information
produced as a by-product, a novelty that seems seldom utilised or fully explored. Small-scale
sequencing projects may be useful for developing further genomic resources, including near-
complete mitochondrial genomes and gene-associated markers (Rasmussen & Noor 2009).

Chelonians are threatened globally by anthropogenic activities such as overharvesting and
habitat modification (Bour 2008; Buhimaehal.2009). This is also true for the Australian
freshwater turtle fauna (Pleurodira: Chelidae), which form an evolutionarily distinct, yet poorly
researched group of high conservation value (Buhlnetuiah 2009). However, limited or no
population-level genetic data are available for most species as few high-resolution genetic tools
exist for the group. Though a panel of microsatellite markers was recently developed for the
Australian snake-necked turtles, gedeloding using traditional approaches (Alastsal.

2009), none have previously been available for the six Australian short-necked turtle genera.
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The aim of this chapter was to utilise low-coverage 454 shotgun genome sequencing for
microsatellite discovery in two species of Australian freshwater tiieyaalbagula(Ea) and
Emyduramacquariikrefftii (EK), and to characterise a subset as markers for high-resolution
population genetic studies in these species. A further aim was to report on a series of analyses
investigating content of the 454 data, including mitochondrial genome reconstruction,

characterisation of repetitive elements, and analysis of functional (gene) content.
METHODS
Sample preparation and 454-sequencing

Animals of both species were sampled from the lower Fitzroy River in coastal Queensland,
Australia (23°11'19.02"S, 150°24'10.13"E), to provide DNA for 454-sequencing. Total genomic
DNA (gDNA) was extracted from skin biopsies (stored in 100% ethanol at -20 °C prior to use)
using a DNeasy spin-column tissue extraction kit (Qiagen) according to manufacturer’s
instructions, including RNAse digestion. For each species, extractions from six individuals were
pooled and concentrated to > 300 ng/pL gDNA. Quality and quantity of gDNA was assessed by

spectrophotometric absorbance and electrophoresis through a 0.8% agarose gel.

Samples were barcoded to facilitate multiplexed sequencing of three pools (two turtle species
plus a lobster species for an unrelated study) over a half plate of shotgun pyrosequencing,
performed on Roche 454 GS-FLX instrumentation using Titanium chemistry at the Australian
Genome Research Facility, Brisbane. Approximately 5 g of gDNA per species was used in
library preparation following Roche protocols. Pyrosequencing methodology is described in
detail elsewhere (Marguliext al. 2005). Briefly, a single-stranded DNA library is constructed

for each sample by randomly shearing gDNA and ligating short adapter sequences to the
fragment ends. Individual fragments are isolated by binding to individual beads, which are then
captured in droplets of emulsion oil and their associated fragments clonally amplified by
emulsion PCR. Amplified fragments are denatured before beads are deposited into individual
wells of a fibre optic slide, where fragments are sequenced using modified pyrosequencing
technology (Ronaghet al. 1996), which uses immobilised ATP sulphurylase and firefly

luciferase to generate light from free pyrophosphate.

Prior to analysis, raw sequences were filtered usB@TCLEANSOftware

(http://compbio.dfci.harvard.edu/tgi/softwaréd remove poor-quality reads, reads < 60 bp,

sequencing adapters, and poly A/T tails. To remove redundancy within the datasets and identify
potential contiguous sequence regionde aovoassembly was performed for each species

separtely with repeat-maskingnnRrA 3.2 (http://sourceforge.net/projects/mira-assemblén/

this way, a dataset containing assembled contigs plus all remaining singleton reads was
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generated for each species, hereafter referred to as the non-redundant (NR) datasets. NR
datasets were used in mitochondrial genome reconstruction and in functional and repetitive

content analyses.
Microsatellite marker development
Microsatellite discovery and PCR primer design

Microsatellite discovery through to PCR primer design was completed using a published PERL
script @QDD1, Megléczet al. 2010) incorporating@RIMER3software (Rozen & Skaletsky 2000)

for primer design. Filtered unassembled sequence reads were screened for microsatellite repeats
consisting of di- to hexabase motifs of at least 7, 6, 5, 5 and 5 repeats, respectively. Stringent
parameters used in sequence sub-selection and primer design included the following
restrictions: i) nanosatellite-free flanking regions of at least 20 nucleotides (nanosatellite being a
monobase repetition of > 4 nucleotides or a di- to hexabase repetition > 2); ii) amplicon length
100-350 bp; iii) optimal primer GC content 50% (range 40-60%); iv) optimal primer melting
temperature § 60 °C (range 57-63 °C) with maximum 3 °C difference between paired primers;
v) optimal primer length 20 bp (range 18-27 bp); vi) at least 1 consecutive G/€nat &f

primers (GC clamp); and vii) low global alignment and self or pairwise complementarity scores.

Perfect and compound/interrupted repeats were initially considered.

Primer pairs for 25 loci per species were synthesised for empirical testing. Loci with perfect
repeats, greater numbers of repeat units, and low primer complementarity scores were
prioritised. For each selected locus, sequence quality within primer sites was confirmed by
aligning base calls with their corresponding quality scores (analogous to Phred scores) in an
Excel spreadsheet. Basic local alignment search (BLAST) was used to identify potential
redundancy and genomic multi-copies not removeqQimy1 (all-against-all search of loci with
primers) and potential non-specific primer interactions (primer sequence against raw sequence
database). Finally, online nucleotide BLAST (BLASTn) searches of each locus against the
GenBank non-redundant database confirmed no associations with known gene regions or

transposable elements, and no contamination of sequence data with human or microbial DNA.
Characterisation

Initial screening of 25 candidate loci per species for amplification success and specificity was
performed using a cost-effective indirect fluorescent labelling technique (Shetrazi2002),

and eight individuals per species sampled from across their geographic range. Individual
amplifications were performed using the Type-it microsatellite multiplex PCR kit (Qiagen) in
10 pL reactions, containing 20-50 ng template, 1x Type-it Master Mix (Qiagen) and 0.2 uM

each primer (forward and reverse). Indirectly labelled reactions contained a tailed forward
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primer and a reporter primer (&belled with fluorescent dye modification HEX, TET or FAM)

at a 1:4 ratio (total = 0.2 uM). PCR cycling conditions were as follows: initial 5 min

denaturation at 95 °C, followed by 28 cycles of 95 °C for 30 sec (denaturation)/58 °C for 90 sec
(annealing)/72 °C for 30 sec (extension), with a final extension 30 min at 60 °C. Loci exhibiting
reliable amplification of a single product of expected size following visualisation by gel
electrophoresis (1.5% agarose), were genotyped to assess polymorphism (n = 2E&p&3or

for EK). PCR products were column purified through Sephadex G-50 resin and size separated on
a MegaBACE 1000 capillary sequencer (Amersham Biosciences) using a 400 bp DNA ladder as
internal size standard. Alleles were identified USIRGGMENT PROFILER 1.50ftware

(Amersham Biosciences).

Subsequently, directly-labelled forward primers (HEX, TET or FAM) were synthesised for up
to 15 loci per species (n = 14 figg, 15 forEK) that produced polymorphic and interpretable
peak profiles, to allow downstream PCR multiplexing of up to six loci. Selected markers were
characterised in the respective species in directly labelled singleplex reactions using 48
individuals sampled from the lower Fitzroy River (see above). Genomic DNA was extracted
from tissues using a modified salting-out protocol (Sambrook & Russell 2001). Approximately
2 mn? of tissue was digested overnight at 55 °C in 500 pL lysis buffer (50 mM Tris, 20 mM
EDTA, 400 mM NacCl, 0.5% SDS) containing 0.15 mg Proteinase K. DNA was salt-extracted
and precipitated with 142 pL 5 M NaCl and 550 pL 100% EtOH, washed with 70% EtOH and
re-suspended in 50 pL molecular grade water. PCR conditions were as described above, except
that primer concentration for locus Ekref10 was increased three-fold (0.6 uM). Multiplex PCR
combinations were designédsilico, using information on allele size ranges and dye labelling,
with the aid ofMULTIPLEX MANAGER 1.0 software (Holleley & Geerts 2009), and subsequently

tested under identical PCR conditions.

Basic summary statistics for each locus (number of alleles, observed and expected
heterozygosities) were calculateddBNALEX 6.4(Peakall & Smouse 2006), which was also

used to test for deviations from Hardy-Weinberg expectations (HWE). Polymorphic information
content (PIC) was calculated @ERVUS 3.0(Kalinowski et al. 2007) and potential linkage
disequilibrium between pairs of loci was investigated usiBgEPOP 4.0.1Rousset 2008).
MICRO-CHECKER 2.2.{van Oosterhoutt al. 2004) was used to screen for potential null alleles

and scoring error.

Microsatellite markers were also tested for amplification success and polymorphism in five to
eight individuals from a range of other Australian short-necked turtle taxa. Markers developed
in E. albagulawere tested in congeneric spediegwini (Burdekin R and Johnstone R

populations) and. lavarackorum Markers developed iB. m. krefftii were tested in related
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sub-specieg&. m. macquarii,E. m. emmottiandE. m. nigra, as well as congeneric speckes
subglobosavorrelli, E. tanybaragaandE. victoriae All markers were tested Blusor

macrurus Rheodytes leukomsmdMyuchelys latisternupand were also tested between the two
focal species. Positive controls containing DNA from the original species were included in each

experiment.
Further exploration of 454 data
Mitochondrial genome reconstruction

As the mitochondrial genome occurs in high copy-number per cell and is co-purified during
gDNA extraction, a proportion of sequence reads can be assumed to be of mitochondrial origin.
To identify such reads, sequence similarity searches (stand-alone BLASTn) were performed for
each NR dataset against the only complete mitochondrial genome sequence then available for
pleurodire turtles, that of the pelomedu$téjomedusaubrufa(GenBank refAF039066).

Complete mitochondrial genomes have since become available for a South American and an
Australian snake-neck chelid (Waagal. 2012). Sequences returning a significant hit ta”the
subrufagenome were manually alignedBroEDIT 7.0.5(available from

http://www.mbio.ncsu.edu/bioedit/bioedit.hintb create a consensus sequence for each species,

using theP. subrufagenome as a reference. The mitochondrial origin of identified fragments
was confirmed via online BLASTn against the GenBank non-redundant database.

Functional (gene) content

Potential functional content within the NR datasets was investigated using the Gene Ontology
interface, Blast2GO (Coneséal. 2005). Gene Ontology (GO) provides a standardised
categorisation system for gene products based on three ontologies: biological process, cellular
component, and molecular function. Blast2GO uses sequence similarity (BLAST) searches to
find homologous sequences in published databases, and extracts GO terms associated with each
hit before returning an evaluated GO annotation for each query sequence. In this way, consistent
gene annotations are assigned to a set of sequences. Here, as sequence data is genomic in origin,
and therefore contains functional sequence interspersed with non-functional introns, Blast2GO
was run using the BLASTx option. This translates nucleotide sequences into protein for
comparison against the (more conservative) GenBank protein databases. An E-value cut-off of
E-6 was specified, and due to the large volume of sequence data, only large contigs (> 500 bp)
were queried (n = 2,284 f@a; n = 3,063 folEK).

To investigate sequence content further, including non-functional sequence, the Blast2GO
platform was also used to query large contigs directly against the GenBank non-redundant
nucleotide database (BLASTn).
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Repetitive elements

To characterise the repetitive content of the sequence data, each NR dataset was screened for
interspersed repeats and low complexity regions using the protein similarity option in

REPEATMASKER 3.3available fromhttp://www.repeatmasker.oygSequences are compared to a

(conserved) database of transposable element encoded proteins, making this approach more
suitable for datasets from non-model species for which no reference repeat library is available.
However, copies of non-coding transposable elements like SINEs and long terminal repeats of

retroviral-like elements are not detected with this approach.
RESULTS

454-sequencing andle novoassembly

A half plate of 454-sequencing with three pools produced 365,937 total sequence reads.
Summary data for the two turtle species are presented and compared with similar published
studies (years 2009-2010) in Table 2.1. Post clean-up, slightly more genomic information was
obtained forEk 46.2 Mbp of DNA sequence data (135,332 sequence reads, 342 bp average
length, range 60-1160 bp), compared:tn 36.6 Mbp (108,198 reads, 339 bp average length,
range 60-769 bp). This sequencing effort is equivalent to approximately 1.3-1.6% genome
coverage per species (assuming an average chelonian haploid genome of 2836.2 Mbp,
http://www.genomesize.com). GC content of each dataset was 43% and within the range
commonly reported for reptiles. Raw sequence reads have been deposited into NCBI's
Sequence Read Archive (Accession number SRR899948B &tinagulaand SRR899968 fdt.

m. krefftii).

De novoassembly statistics fétk andEa datasets are presented in Table 2.2. Assembly of the

Ek dataset produced 10,593 contigs of mean length 480.5 bp, range 102-11,247 bp. Reads
longer than 500 bp numbered 3,063 (28.9%). FAassembly produced 7,879 contigs of mean
length 487.0 bp, range 101-4,464 bp. There were 2,284 (29.0%) contigs > 500 bp. The NR
datasets foEk andEa respectively, contained 120,853 sequences or 42.2 Mbp, and 97,664
sequences or 33.8 Mbp. Table 2.3 summarises proportions of non-redundant, mitochondrial and
identified coding and repetitive sequence reads (see later section) contained in the overall

dataset of each species.
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Table 2.1Results summary for studies reporting on the identification of microsatellite loci from 454-sequence data, published 2009-2010, including the

current study.

Study Organism Run size Mbp  No. reads Av. Microsatellite search % reads % loci Dominant
length parameters with with motif
(bp) repeats primers
Current study Freshwater turtles di-hexamet
(Emyduram. krefftii) 1/6 platé 46.2 135,332 342 7,6,5,5, 5repeats  1.3% 20.6%  Di (>70%)
(Elseyaalbagulg 1/6 platé 36.6 108,198 339 1.4% 17.3%  Di (>70%)
Castoeet al. (2010) Copperhead snake 3/8 plate 26.9 128,773 215 di-tetramer 11.3% 31.2% Tetra
(Agkistrodoncontortrix) 6, 4, 3 repeats (52.6%)
Csencsicet al.(2010) Dwarf bulrush 1/16 platé  26.2 76,692 341 di-tetramer 0.4% 32.6% Tri (53.1%)
(Typhaminimg 8, 10, 6 repeats
Perry& Rowe (201C Water stride 1/4 plat*  61.5  182,91: 36¢ di-decamet 16.8% nr Di (88.5%
(Gerrisincognitug 5 repeats
Saariner& Austin (2010 Okaloosa dartt 1/8 plat* 29.C 82,46: 352 di-tetrame 9.0% 21.6% Di (71.7%
(Etheostomakaloosag 6, 4, 4 repeats
Abdelkrimet al. (2009) Blue duck 1/16 plate 4.1 17,215 243 di-tetramer 1.3% 10.4% Tri (46.3%)
(Hymenolaimus 8 repeats
malacorhynchgs
Allentoft et al. (2009) Heavy-footed mda 1/4 plate nr 79,796 112 di-tetramer 0.2% 3.6% nr
(Pachyornis nr
elephantopus
Rasmussen & Noor (2009) Scuttle fly 1/4 plate nr 129,080 231 di-trimer nr nr nr
(Megaseliascalarig 10 repeats
Vanpeet al. (2009 Shor-beaked echidr 12 runé nr 885,43: nr di-tetrame 0.84% 58.6% Di (81.1%
(Tachyglossuaculeatu$ 7 repeats
Tangphatsornruangt al. Mungbean nr 100.5 470,024 216 di-octamer 0.31% nr Di (59.5%)
(2009) (Vignaradiate) 10,7,5,4,4,4,4
repeats

'Study employed newer ‘Titanium’ sequencing chemisipcient DNA from an extinct species used for sequencBigidy accessed existing 454-sequence

data from GenBanKSearch included interrupted and compound repeats. nr, not reported.
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Table 2.2Summary statistics fate novosequence assembly of 454 reads feemydura macquarii krefft{EK) andElseya albaguldEa)

Assembly statistics

No. of contigs No. of reads Singleton
(no. >500 bp) assembled (%) reads

Non-redundant

Contig statistics

Length range Mean length Reads per

dataset (Mbp) (bp) (bp) contig (mean)
Ek 10,593 25,072 110,260 102-11,247 480.5 2-232
(3,063) (18.5) (2.4)
Ea 7,879 18,413 89,785 101-4,464 478.0 2-65
(2,284) (17.0) (2.3)
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Table 2.3Number and proportion of different types of sequence reads within 454-sequence

datasets oEmydura macquarii krefftfEk) andElseya albaguldEa).

Ek Ea
Sequence type No. of reads % No. of reads %
All reads 135,332 100 108,198 100
Non-redundant sequences 120,853 89.30 97,664 90.26
Predicted repetitive sequences 12,361 9.13 9,094 8.40
Predicted coding sequenf:es 1,445 1.07 1,141 1.05
Mitochondrial sequences 75 0.06 67 0.06

'Refers to the number of sequences contained in large contigs (> 500 bp) that could be assigned
a functional GO annotation in the Blast2GO analysis and will be an underestimate of true
functional content because only large contigs were screened and because some genes will not

have homologs in the databases.
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Microsatellite development
Marker discovery and PCR primer design

ForEk, 1,955 microsatellite loci matching the search criteria were isolated from 1,824 repeat-
containing sequences. Slightly fewer microsatellites were return&fd;590 loci within

1,484 repeat-containing sequences. However, the proportion of total sequences with repeats was
comparable between species, being 1.3% and 1.4% respectively. Representation by each motif
class is shown in Fig. 2.1 and was similar between species, with dinucleotide motifs dominating
(> 70%, both species). Among motif classes (Fig. 2.2), AC repeats were the most common
dinucleotide motif, AAT repeats were the most common trinucleotide motif, and AAAC,

AAAG, AAAT and AGAT were the most commonly observed tetranucleotide motifs. Penta-

and hexanucleotides were sporadically represented, with the exception of 45 instances of an
AACCCC repeat irEk

PCR primer pairs could be designed for 261 perfect and 114 compound/inteEkpepeats,

and 175 perfect and 82 compound/interruiiadepeats. Loci with primers represented 20.6%
(EK) and 17.3%Ka) of sequences containing microsatellites and 0BRpdnd 0.2% Ea) of

total sequence reads (Fig. 2.1). Perfect microsatellite repeats with primers represented 14.3%
(EK) and 11.8%HKa) of microsatellite-containing sequences (Table 2.4). Although the majority

of perfect loci with primers designed contained dinucleotide repeats, trinucleotides had the
greatest proportion of primers designed, followed by tetra- and pentanucleotides, then
dinucleotides, and hexanucleotides (Table 2.4, see also Fig. 2.1). Appendix 2A contains details
of primer pairs designed for all perfect microsatellite repeats, including a unique sequence ID
for each read, repeat motif, number of tandem repeats, forward and reverse primer sequences

(with uniqgue names) and whether or not the primers have been empirically tested.
Microsatellite characterisation

Of the 25 loci empirically tested in each speciedzatoci and 19k loci produced

interpretable peak profiles. However, tia loci were monomorphic, and were not considered
further. Characteristics of the 29 loci developed for population genetic analyse$é 4 fin

EK), are summarised in Table 2.5, including multiplex PCR combinations. All loci were found
to be in HWE and no significant linkage disequilibrium was detected after FDR correction
(Benjamini & Hochberg 1995). However, null alleles were suggested at locus Ealb07, Ekref09
and Ekrefl5 due to homozygote excess. Evidence of an insertion/deletion within the flanking

region of Ekref13 was detected in the form of two alleles differing by a single base pair.
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Fig. 2.1Numbers of identified microsatellite loci (grey), and the proportion of loci suitable for
PCR primer design (black), in 454-sequence reads randomly sampled from the genomes of two
freshwater turtle specieEmyduramacquariikrefftii (n = 135,332 reads) affitlseyaalbagula

(n = 108,198 reads).
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Fig. 2.20bserved counts of identified microsatellite loci (grey), and the proportion of loci
suitable for PCR primer design (black), for different repeat motifs of a) dinucleotide repeats, b)
trinucleotide repeats and c) tetranucleotide repeats.
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Table 2.4Numbers of microsatellites identified, and those with primers designed, for perfect
repeats isolated from 454-sequence data obtained from two turtle shecyelsiram. krefftii
(EK) andElseya albagulgEa).

No. Repeat- Perfect loci with % perfect loci
repeats containing primers with primers
sequences
Ek Ea Ek Ea Ek Ea
Dinucleotide All 1392 1175 168 104 12.1 8.8
(7 505 443 39 32 7.7 7.2
10 74 31 0 0 - -
20
Trinucleotide All 223 152 46 31 20.6 204
( 6) 20 8 3 1 15 12.5
10 1 0 0 0 - -
20
Tetranucleotide All 230 189 36 28 15.6 14.8
( 5 3 12 0 0 - -
10 0 0 0 0 - -
20
Pentanucleotide All 55 66 9 12 16.4 18.2
( 5 7 3 1 0 14.3 -
10 0 0 0 0 - -
20
Hexanucleotide All 55 8 2 0 3.6 -
( 5 10 1 0 0 - -
10 1 0 0 0 - -
20
TOTAL 1955 1590 261 175 13.3 11.0
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Table 2.5Details of 14Elseya albaguland 15Emydura mkrefftii microsatellite loci developed from 454 shotgun sequence data.

Locus Primer sequence . to 3 Repeat motif ~ Primer conc.  Tp Na  Allele size Ho He p PIC GenBank
(UM) (°C) range (bp) HWE no.

Elseya albagula

Ealb0Z® F: [6FAM]GTTAATTCTTTCCAAGCCTGC (TAAAA) ; 0.2 58 5 87-106 0.729 0.639 0.077 0.586 HQ690746
R: AAACAATAGGCCTAATCACAG

Ealb03® F: [HEX]CCAGCACATTTGTTCGTTC (TTTC) 0.2 58 7 82-11¢  0.792 0.755 0.150 0.715 HQ690747
R: TCTCATTCGATTTACAAGAGAC

Ealb06® F: [HEX]GTATGAGCCATGATCCCATTG (CAAA), 0.2 58 2 100-104 0.354 0.317 0.220 0.267 HQ690748
R: CCCTGTTTAGTGCATCTCCC

Ealb0?™® F: [EFAM]TGAATGATAACAGATGTCTGGC (ATAG)g 0.2 58 4 21€-23z 0.56: 0.737 0.42¢ 0.68: HQ69074!
R: AGCATGAGATTCGTGTCTGG

Ealb0og”* F: [TETJATAGAACTGACCCTTGATGCG (ATT)10 0.2 58 4 174-183 0.625 0.592 0.442 0.518 HQ690750
R: CTCCTCTGCCCAGCTAACAC

Ealb16* F: [HEX]CTCATCAATGGTGTGGTTCAC (AGG), 0.2 58 3 198-204 0.553 0.520 0.476 0.451 HQ690751
R: CAGCAGAGTGGCCTTTACTACC

Ealb14° F: [TETJCACTTCCAGAATCCTCTGCC (TTC) 0.2 58 3 124-130 0.396 0.393 0.553 0.358 HQ690752
R: TGATAGTGGATGACTTCAGGG

Ealb18* F: (AC)1s 0.2 58 5 170-182 0.542 0.606 0.562 0.536 HQ690753
[6FAM]GGTTCACTGATGTTGTTGAAACTG
R: TGGTTCCCATTGCCTAAGAG

Ealb17* F: [HEX]GGGCGATGTAGTACGTGTGG (AC)12 0.2 58 3 98-102 0.521 0.463 0.707 0.413 HQ690754
R: TGTGTACTTCTTGTAGGGTTAAAGAGC

Ealb18* F: [BFAM]TCCATTCTTCTTTGTGAACCG (AC)12 0.2 58 8 136-150 0.854 0.828 0.822 0.804 HQ690755
R: GACCTGGCGTCGTTGTATG

Ealb19°© F: [EFAM]TCCCTCTGCACAAAGTGCC (GA)1 0.2 58 2 89-99 0.271 0.342 0.872 0.283 HQ690756
R: GTGCTAGGAACTGCCTGTGG

Ealb26* F: [TETJAGCCACTGGAGGTGATTGTC (CTu 0.2 58 5 113-125 0.563 0.553 0.903 0.457 HQ690757
R: CCACTGAGACACCATTGAGC

Ealb24* F: [HEX]CTGGAATTTGATCCAGAGTTTGC  (ATT)sG(TAA)10 0.2 58 5 212-239 0.625 0.571 0.965 0.517 HQ690758
R: ACTGTACCAGAAGCACTCC

Ealb25* F: [TETJACAAGATGTCCCTCACCCTG (CT)s(CA)10 0.2 58 5 141-149 0.583 0.634 0.968 0.588 HQ690759
R: AGAAATCTCAGCTTTGAGCCC

Emydura macquarii krefftii

Ekrefo4® F: [HEX]CCTGATTTATTTCCTACGCTCAG (TTCTA)s 0.2 58 7 146-176 0.854 0.807 0.030 0.780 HQ690760

R: GGTGACAAGGTTGGTACAAGAAC

29



Locus Primer sequence 5t0 3 Repeat motif ~ Primer conc. Tp Np  Allele size Ho He p PIC GenBank
(UM) (°C) range (bp) HWE no.

Ekref06°  F: [HEX]JGCCCTGTCTTTCCAATTCAG (GTTT), 0.2 58 3 141-154 0.191 0.177 0.193 0.169 HQ690761
R: GCCAGTTTCTATGTTTGCAGC

Ekref07¢ F: [TETJAGCACTGTTAAGACTTCCTACG (AGAT)g 0.2 58 9 328-368 0.813 0.753 0.241 0.727 HQ690762
R: TGGAGGCATCCTTGTGACC

Ekrefod® F: [HEX]GTTCTGGGTGAGGGTGTGG (TGCC), 0.2 58 8 166-194 0.833 0.773 0.472 0.739 HQ690763
R: TGTCCCAAAGAACAAGGCTC

Ekrefod® F: [EFAM]TGGCCTATCCTAGAGGAGGTG (GGAG), 0.2 58 5 139-155 0.563 0.696 0.657 0.644 HQ690764
R: GAGTCATCCCATGTTCCAATTC

Ekref10¢€ F: [TETJATGCTGCTGAAGCAGGTGTC (CAG)13 0.6 58 12 141-185 0.875 0.875 0.684 0.862 HQ690765
R: ATGCTCGTTGAGGCTGTAGG

Ekref12® F: [TETJAGGCCACCCAGTTTACACC (ATT) 1, 0.2 58 8 161-189 0.792 0.768 0.730 0.735 HQ690766
R: TCTTTCAATGAGCTCCACCTG

Ekref13* F: [HEX]GCTGAATGGCAATGTAACCC (TAA) 10 0.2 58 4 120-12¢ 0.660 0.649 0.739 0.594 HQG690767
R: GCATTTCAAAGAGACTGCCC

Ekref14* F: [TETJAGAGCCTAGAAGGAATGGGC (GCT) 0.2 58 6 94-109 0.830 0.828 0.741 0.804 HQ690768
R: CAAGGGAAGTGAAACAGTGG

Ekref153° F: [HEX]GCTTTCTCAGACGGGAGGC (AAT), 0.2 58 6 276-291 0.478 0.638 0.815 0.566 HQ690769
R: AGGGCAGATAGCTACCACAG

Ekref17® F: [EFAM]TTCAAATGCACCTTCACTGC (CA)15 0.2 58 15 13Z-162 0.81: 0.857 0.82¢ 0.84: HQ69077!
R: CGCAGTCACACTCTCACACC

Ekrefl8©  F: [6FAM]GAGCATTCATGCGTGGAAC (GThs 0.2 58 7 153-167  0.729 0.759 0.913 0.722 HQ690771
R: GCAGAGAAATGAGGAAAGGATG

Ekref2d® F: [TETJAATTGTCAGTGCAGAAGGGTG (AC)12 0.2 58 9 133-156 0.804 0.744 0.941 0.708 HQ690772
R: ACAAAGGACACAGTCCCTGC

Ekref214 F: [EFAM]JGAGTGTTCCGCAGCATATTG (GMu 0.2 58 6 154-170 0.638 0.616 0.971 0.579 HQ690773
R: TGAAGGATGCACAACCCAC

Ekref22¢ F: [HEX]JAGAGAAGTGGCTTCGGTGTG (CA)11 0.2 58 10 326-354 0.787 0.822 0.976 0.802 HQ690774

R: GCTGAAAGATGAGGTGTGGG

ABCE albagulamultiplex, <" E. m. krefftii multiplex. Ta, annealing temperaturid, number of allelesdo, observed heterozygosityi, expected

heterozygosityp HWE, Hardy-Weinberg Equilibrium significance value after FDR correction; PIC, polymorphic information ctrdens exhibits

slight allele size compression/expansion in parts of size rAmgmus has allele of unexpected length (121 bp) due to suspected insertion/deletion.
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Ek markers had higher allelic richness (méar= 7.7 £ 0.80, range 3-15) th&a markers
(meanN, = 4.4 = 0.46, range 2-8). However, levels of expected heterozygosity were high for
both marker suitessk meanHg = 0.718 + 0.044, range 0.177-0.8Ea;meanHg = 0.567 +

0.040, range 0.317-0.827), indicating both will be useful for studies of population genetic

structure, connectivity and mating systems in these taxa.

Details of cross-species amplification of the 29 markers are presented in Tables 2.6 and 2.7 for
theEa andEk marker suites, respectively. Allele lengths were typically very similar across
species and comparable with those reported in the original taxa. Cross-amplification success
was high for both marker suites, although levels of polymorphism were variable. Transferability
was highest for thEk markers among the sixmyduraspecies tested (9-14 of 15 loci were
polymorphic), indicating these markers are likely to be useful for population-level studies across
the genuE€mydura Conversely, transferability &a markers was low among tligseya

species tested (4-5 of 14 loci were polymorphic), suggesting they may have limited utility for
population studies in congeneric species. Althddgmarkers transferred well withigk

(10/14 loci polymorphic), the inverse was less successful (4/15 loci polymorphic). Between the
two marker suites, several loci amplified successfully and were polymorpBicsar
macrurus(19/29 loci polymorphic) anBheodyteteukops(10/29 loci polymorphic). Only six

of the 29 loci were polymorphic iMyuchelydatisternum
Further exploration of 454 data
Mitochondrial genome assembly

Based on alignment witR. subrufg over 70% of the coding portion of the mitochondrial

genome was recovered in each species, plus 880 bplek ttwatrol region. A further 820 bp of
theEa control region was identified through the Blast2GO BLASTn analysis of large contigs
(see below). Overall, 7Bk reads and 6Fareads were found to be mitochondrial in origin,
accounting for 0.06% of total sequence reads in each species (Table 2.2). The majority of these
were assembled within contigs. In total, a 12.2 kb consensus and an 11.3 kb consensus sequence
was generated for the mitochondrial genomeskadindEa, respectively. These are presented,

with reference to thB. subrufamitochondrial genome, in Fig. 2.3 and 2.4. Gaps remaining in

the assembly were all within the realms of conventional PCR. Sequencing of these gaps has
since enabled full coverage of both genomes and an annotated genome sequence for each
species is being prepared for publication (E. V. Tedal. unpubl. data). Sequence information

for reads and contigs of mitochondrial origin is presented in Appendix 2B.
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Table 2.6Cross-species amplification success of 14 microsatellite markers developtskj@albagulafrom 454-sequence data.

Locus Success Np Sizerange  Success Np Sizerange  Success Njp Size range  Success Np Size range
Elseya irwini Elseyairwini [Johnstone R] Elseya lavarackorum Emydura m. krefftii

Ealboz 8/8 1 10¢ 8/8 2 114-11¢ 8/8 1 10¢ 8/8 3 94-104

EalbOt! 8/8 1 10z 8/8 1 10z 8/8 1 102 8/8 5 106-127

EalbOt  8/8 1 122 8/8 1 12z 8/8 1 11k 8/8 4 11C-12¢€

EalbO? 8/8 1 234 8/8 1 242 8/8 1 234 8/8 6 23(-25¢

Ealb09 8/8 1 194 8/8 2 194-197 8/8 1 195 8/8 1 182

Ealbl0 8/8 1 215 8/8 1 215 8/8 1 215 8/8 2 209-215

Ealbl: 8/8 1 141 8/8 1 141 8/8 1 141 8/8 1 13€

Ealbl! 8/8 3 20:-20¢ 8/8 2 191-19¢ 8/8 2 18¢-197 8/8 1 181

Ealbl7 8/8 1 109 8/8 1 109 8/8 1 109 8/8 2 111

Ealbl8 8/8 3 169-179 8/8 6 159-175 8/8 6 150-168 0/8 - -

Ealbl¢ 8/8 2 10¢&-11€ 8/8 1 11€ 8/8 2 11€-12C 8/8 3 11¢-12¢

Ealb2(  8/8 1 125 8/8 1 12: 8/8 2 117-12¢ 8/8 2 10¢-11¢

Ealb24  8/8 2 226-232 8/8 3 226-232 8/8 3 229-241 8/8 3 224-238

Ealb2t 0/8 - - 0/8 - - 0/8 - - 8/8 3 15C-15€
Elusor macrurus Rheodytes leukops Myuchelys latisternum

Ealb02 6/6 1 99 8/8 1 95 8/8 2 99-104

Ealb05  0/6 - - 8/8 13 127-292  0/8 - -

Ealb06 6/6 2 110-114 8/8 1 122 8/8 2 114-118

Ealb07 6/6 2 229-241 8/8 5 230-254 0/8 - -

Ealb0¢ 6/6 2 182-18¢" 8/8 1 18€ 8/8 2 18:-18¢€

Ealbl( 6/6 1 21t 8/8 1 221 8/8 1 21t

Ealbl4  6/6 2 138-144 8/8 1 138 8/8 1 135

Ealbl5 6/6 2 170-182 8/8 3 185-189 8/8 1 181

Ealbl: 6/6 2 10¢-111 8/8 1 11C 8/8 1 10¢

Ealbl¢ 6/6 1 15C 0/8 - - 8/8 1 14¢

Ealbl9 6/6 3 114-118 8/8 1 112 0/8 - -

Ealb20 6/6 2 119-121 8/8 2 119-121 8/8 1 123

Ealb2: 6/6 3 22:-23¢ 0/8 - - 8/8 1 213

Ealb2t 6/6 2 14&-15C 8/8 1 14¢ 8/8 1 14¢

N,, number of allelesLocus exhibits slight allele size compression/expansion across range. Species designations follow Georges and Thomson (2010).
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Table 2.7Cross-species amplification success of 15 microsatellite markers develofsayfitura macquarii krefftirom 454-sequence data.

Locus Success Np Sizerange Success Ny Sizerange Success Ny Sizerange Success N  Size range Success Np Size range
Emydura m. emmotti Emydura m. macquarii Emydura m. nigra Emydura subglobosa worrelli Emydura tanybaraga
EkrefO< 8/8 3 162-172 8/8 3 17-18¢ 8/8 6 162-188 8/8 3 152-167 4/5 1 157
EkrefO6 8/8 1 158 8/8 5 158-179 8/8 3 154-162 8/8 3 163-184 5/5 2 154-157
EkrefO7 8/8 1 345 8/8 1 345 8/8 1 345 8/8 1 345 5/5 1 345
EkrefO8 8/8 5 187-215 8/8 4 187-203 8/8 4 187-199 8/8 293-194 5/5 2 193-194
EkrefO¢ 8/8 3 157-16& 8/8 2 157-161 8/8 4 156-169 8/8 1 16t 5/5 1 16E
Ekrefl( 8/8 4  167-187 88 8 150-182  8/8 6 170-187  8/8 1 152 5/5 3 15%15¢
Ekrefl2 8/8 1 190 8/8 5 184-199 8/8 3 184-196 8/8 2 184-187 5/5 2 178-190
Ekrefl: 8/8 1 141 8/8 2 144-147 8/8 3 142-14¢ 8/8 3 141-147 5/5 2 141-144
Ekrefl4 8/8 1 111 8/8 2 108-117 8/8 1 111 8/8 1 111 5/5 1 115
Ekrefl5 8/8 1 298 8/8 2 292-298 8/8 3 295-301 8/8 1 293 5/5 299-30%
Ekrefl7 8/8 5 177-187  8/8 8 160-183 8/8 4 156-181 8/8 7 164-191 5/5 2 182-186
Ekreflt 8/8 3 177-196 8/8 3 177-181 8/8 3 177-183 8/8 1 17z 5/5 1 171
Ekref20 8/8 2 155-169 8/8 4 145-157 8/8 4 149-159 8/8 3 157-161 5/5 2 163-171
Ekref21 8/8 2 17€-18¢€ 8/8 5 18C-20C 8/8 3 17€-19C 8/8 5 180-199 5/5 3 184-194
Ekref22 8/8 3 354-364 8/8 6 350-361 8/8 3 352357 8/8 5 355-365 5/5 348-360
Emydura victoriae Elusor macrurus Rheodytes leukops Myuchelys latisternum Elseya albagula
EkrefO4 6/6 2 162-172 6/6 3 173-183 8/8 5167-188 8/8 4  156-172 8/8 1 167
EkrefO6 6/6 3 167-179 1/6 1 162 0/8 - - 8/8 1 146 8/8 2 150-154
Ekref07 6/6 1 345 6/6 2 345-357 8/8 8 353-397 8/8 2 357-364 8/8 3 361-373
EkrefOt 6/6 4 194-214 6/6 3 189-199 8/8 1 19¢€ 0/8 - - 8/8 1 17€
EkrefO¢ 6/6 1 16t 1/6 1 16¢ 8/8 1 16C 8/8 1 16t 8/8 1 171
Ekrefl( 6/6 3 153-173 6/6 2 147-167 8/8 1 147 8/8 1 15€ 8/8 1 15C
Ekrefl2 6/6 2 187-190 6/6 1 183 8/8 4 193-211 8/8 1 177 8/8 2 183-189
Ekrefl: 6/6 5 141-158 6/6 2 141-144 8/8 2 128-144 8/8 1 13z 8/8 1 13¢
Ekrefl4 6/6 4 124-133 6/6 2 108-111 8/8 1 105 8/8 1 105 8/8 1 105
Ekreflt 6/6 2 29¢-307 6/6 4 28¢-301 8/8 2 292-29k 8/8 5 29E-31% 8/8 1 29z
Ekrefli 6/6 5 178-197 1/6 1 15€ 8/8 14 183-290  8/8 1 14¢ 8/8 8  156-185
Ekreflt 6/6 2 172177 6/6 5 171-187 8/8 1 17k 0/8 - - 8/8 1 177
Ekref2( 6/6 1 14€ 6/6 4 153-201 8/8 1 173 8/8 - Many peak  8/8 1 114
Ekref21 6/6 2 188-190 6/6 1 179 0/8 - - 0/8 - - 0/8 - -
Ekref22 6/6 3 352-370 1/6 1 357 8/8 1 319 0/8 - - 0/8 - -

N,, number of allelesLocus exhibits slight allele size compression/expansion across fanges has allele of unexpected length (121 bp) due to

expected insertion/deletiofAllele spacing does not match motif size in original species. Species designations follow Georges and Thomson (2010).
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Fig. 2.3Mitochondrial genome map of Pelomedusa sub(ataer ring), indicating the position and
coverage of mitochondrial sequence fragments identified within the Emydura macquarii krefftii
454-sequence set (inner ring). Location of genes, ribosomal RNAs (rRNA), and transfer RNAs
(tRNA) are indicated for the.Bubrufagenome according to GenBank record AF039066. Inner and

outer annotations represent light and heavy strand orientation, respectively.
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Fig. 2.4Mitochondrial genome map of Pelomedusa sub(ataer ring), indicating the position and
coverage of mitochondrial sequence fragments identified within the Elseya alld&guteequence
set (inner ring). Location of genes, ribosomal RNAs (rRNA), and transfer RNAs (tRNA) are
indicated for the P. subrufgenome according to GenBank record AF039066. Inner and outer

annotations represent light and heavy strand orientation, respectively.
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Analysis of large contigs

Functional sequence homology searches (BLASTX) using large (> 500 bp) contigs returned 905 Ek
and 721 Eacontigs with significant matches to the GenBank protein database. Of theseaB42 (
and 488 EK) could be assigned a GO annotation. However, across the three ontologies, only a small

proportion of hits represented unique genes: 114 (13%) for Ek and 73 (10%) for Ea (Appendix 2C).

Querying large contigs against the GenBank non-redundant database (BLASTn) returned 301 hits
for Eaand 393 hits for EKMost common hits were to various coding sequence and messenger
RNA (mRNA) from a wide variety of mostly vertebrate species, retrotransposons including LINEs
and SINEs identified in other turtle species, nuclear ribosomal sequence, and numerous hits to
unannotated sequences within published BAC libraries for Chrysemygrmctia American

painted turtle) and Gallus galldshicken). For example, there was complete coverage of a
characterised CR1-like LINE from the South American chelid turtle Acanthochelys(BsiRirR1,
Kajikawaet al. 1997), in both species. However, only thesBquence had two functional open
reading frames (Appendix 2D). There was also near-complete coverage of the nuclear ribosomal
DNA complex in both species. Contigs with extensive coverage of this region are given in

Appendix 2E. Table 2.8 summarises annotation results for the 10 largest contigs in each species.
Repetitive elements

Analyses irREPEATMASKERcoNfirmed a high repetitive sequence content for both datasets (Table
2.2). For the ERR dataset, 10.2% of sequences (n = 12,361) returned one or more hits to a
repetitive element (including tandem repeats, simple repeats, and low complexity sequence). For

Ea, this figure was 9.3% (n = 9,094). LINEs were the most common repeat identified.
DiscussiON

Chapter 2 demonstrates the utility of small-scale 454-sequencing as a technique for microsatellite
discovery in two previously unstudied species of Australian freshwater turtle, Emydura macquarii
krefftii and Elseya albaguldhe method proved quick, simple, and economical, and was very
efficient in terms of numbers of suitable loci isolated. Stringent search parameters identified
thousands of microsatellite loci in the genome of each species, of which hundreds had suitable
flanking sequence for the design of PCR primers (Appendix 2A). The subset of loci developed as
genetic markers for high-resolution population genetic work in the study species represent the first

published for any short-necked Australian turtle (Teddl. 2011).
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Table 2.8 Annotation results from BLASTn analysis of the 10 largest contigs assembled from 454-

sequence data for Emydura macquarii kreffitid Elseya albagula

Contig Lengthin  Best BLASTn result E value
bp
(no. of
reads)
Emydura macquarii krefftii
MID8 100bp_rep_c2 11,247 (232) nuclear ribosomal DNA 0
MID8_100bp_rep_c210 3,175 (24) Chrysemys pictBAC clone CHY3- 0
26H12
MID8_100bp_rep_cl 3,167 (169) Mus musculuBAC clone RP24-721.18 7.39E-10
MID8 100bp_rep_c9739 3,152 (26)  PsCR1 retrotransposon 0
MID8 100bp_rep_c212 2,562 (20)  PsCR1 retrotransposon 0
MID8_100bp_rep_c3 2,249 (71) Mus musculari8AC clone rp24-72118 1.3E-11
MID8 100bp_rep_c254 2,249 (18)  no result -
2,221 (12)  PsCR1 retrotransposon 0
MID8_100bp_rep_c10210
2,021 (8) PsCRL1 retrotransposon 0
MID8_100bp_rep_c10283
MID8 100bp_rep_cl12 2,014 (24) Chrysemys pictBAC clone CHY3- 3.56E-
1H12 157
Elseya albagula
MID9_100bp_rep_c6 4,464 (48) nuclear ribosomal DNA 0
MID9_100bp_rep_c4265 3,158 (65)  PsCR1 retrotransposon 0
MID9_100bp_rep_c7590 3,013 (12) PsCR1 retrotransposon 0
MID9_100bp_rep_cl11 2,750 (33) Chrysemys pictBAC clone CHY3- 0
26H12
MID9_100bp_rep_c7615 2,447 (14)  PsCR1 retrotransposon 0
MID9_100bp_rep_c40 2,335 (13)  Zebrafish clone CH211-160J9 3.42E-25
MID9_100bp_rep_c2 2,281 (33)  nuclear ribosomal DNA 0
MID9_100bp_rep_c28 2,169 (22) PsCR1 retrotransposon 0
MID9_100bp_rep_c38 2,029 (16) Chrysemys pictBAC clone CHY3- 1.11E-11
88H12
MID9_100bp_rep_c15 2,002 (19) Chrysemys pictBAC clone CHY3- 0
26H12
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Cross-species testing of these markers in 12 other Australian short-necked turtle taxa, representing
all but one of six extant genera, showed them to be useful across a broad range of extant Australian
turtle diversity. Further bioinformatic exploration of the sequence data also provided information
about repetitive and functional content, and was useful in the development of additional genomic
resources, including near-complete mitochondrial genomes. Molecular resources developed herein
(microsatellite markers and mitochondrial genomes) provide the necessary toolkit for work
described in Chapters 3, 4 and 5.

Microsatellite discovery by 454-sequencing

The two study species, sequenced together in a single run, yielded remarkably similar results in
terms of numbers of loci isolated and proportion of loci for which primers could be designed.
Although total sequence data was biased towakd46.2 Mbp vs. 36.6 Mbp fdEa), which

translated into more microsatellite loci with primers designed for this species (375 vs. 257), the total
proportion of repeat-containing sequences was comparable (1.3% vs. 1.4%). Representation of the
different repeat classes and motifs was also highly similar between species (Fig. 2.1 and 2.2). Direct
comparison with other published studies reporting microsatellite discovery from 454-sequence data
is difficult, due to variability in the amount of sequencing undertaken, equipment and chemistry
used, and the specific search programs and parameters employed. However, results of the current
study fall within the reported range for studies conducted in the same time period (years 2009-2010)
(Table 2.1). Genome-wide frequency and composition of microsatellite repeats is known to vary
between taxa (Primmer et al. 1997; Toth et al. 2000). Reptiles, for example, appear to have a
genomic microsatellite frequency intermediate between mammals and birds (Skeedo@007).
Although the dominant motif class recovered varied between studies, dinucleotide repeats
dominated in six of the 11 species examined in Table 2.1. The proportion of isolated sequences
suitable for PCR primer design also varied among studies, and is probably dependent on average

sequence lengths and primer design stringency.

Microsatellite discovery via the 454 approach has multiple benefits over traditional protocols based
on Sanger sequencing of enriched genomic libraries. Most notably, the genomic sequencing
approach is quick, cheap, and efficient. Traditional enrichment protocols are laborious and
expensive, taking weeks to months of lab work and costing ~$12,000US to obtain just 10’s of
suitable loci. The 454-sequencing approach used here can provide 100’s-1000’s of candidate
markers in a matter of days or weeks, at a fraction of the cost and without a high level of local
technical expertise. Sample preparation for shotgun sequencing only requires extracting genomic

DNA, typically undertaken in 1-2 days. As sequencing itself is typically outsourced, turnaround
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time is market-dependent, and was 6 weeks for the current analysis, but is often less. Sequencing
costs depend on the volume of sequencing done. Pooling multiple taxa within a single 454 run is an
effective cost-saving measure. In the present study, a half plate of sequencing with three pools cost
$3,500US per taxa. Runs as small as 1/16 plate are now routinely used (SchaloRéil&),

costing as little as $1,000US (M. Gardiner, pers. comm.). Microsatellite identification and primer
design from 454-sequence data was a quick and simple process, facilitated by user-friendly open-
access software pipelines. Most are suitable for standard desktop computers and produce results in
minutes, depending on the volume of sequence data. The software usegbbeydiegléczet al.

2010) has in-built pipelines that also address several necessary bioinformatics/QC steps. These
include pre-sorting of sequences by tag (for multiplexed samples), as well as removal of sequencing

adapters, and redundant and repetitive reads.

By-passing the need for enrichment and cloning removes much of the time, cost, and error involved
in microsatellite discovery. The random nature of the shotgun technique also eliminates selection
bias associated with repeat enrichment for pre-selected motif size and composition. Isolated repeats
are instead expected to reflect the natural distribution of repeat types within the target genome. A
broad genomic distribution for microsatellites isolated from 454-sequence data has been
demonstrated (Abdelkrirat al. 2009; Saarinen & Austin 2010). Shotgun sequencing of pre-

enriched DNA libraries targeting specific microsatellite repeats can nevertheless dramatically
increase the efficiency of microsatellite isolation (Santana et al. 2009). Santana et al. (2009)
reported that between 25% and 97% of total sequences contained microsatellites using this method
(compared to 1.4% in the current study). This approach certainly limits the amount of sequencing
required, reducing cost, and would be useful in cases where certain motif classes and compositions

are desired (e.g. microsatellite evolution studies).

Finally, the efficiency of the shotgun technique, in terms of numbers of amplifiable loci typically
isolated, affords enormous flexibility in marker selection and array design. As a result, the often
time-consuming downstream empirical testing of primers and optimisation of PCR conditions
should become more streamlined. In silsabection of loci with the best chance of success should

not only decrease time and cost wastage on poor or non-amplifying loci, but should also maximise
efficiency and resolving power of the final marker set. In this chapter, purposefully stringent
parameters for sequence selection and primer design ensured prioritisation of loci most likely to
have suitable levels of polymorphism (i.e. longer repeats, Kelkar et al. 2008) with primers amenable
to streamlined PCR multiplexing (i.e. similarly high annealing temperatures and low potential for

non-target interactions, Henegariu et al. 1997). In the current study, a very high success rate was
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observed during empirical primer testing of a subset of the identified loci. Of the 50 primer pairs
tested herein, 43 (86%) amplified a single product of the expected size at the first attempt. Of these,
35 produced interpretable peak profiles and no further PCR optimisation was necessary. The 29 loci
selected for development as markerskEkf@nd 14 Edoci; Todd et al. 2011) compressed into

seven multiplex PCR combinations without optimisation, using uniform PCR conditioB8 (C)

and a commercial multiplex PCR system (Tables 2.6 and 2.7). Similarly high success rates have
been reported by others applying markers isolated with this method (Table 2.1). Progressive
improvements in 454-sequencing chemistry, now capable of producing reads up to 1,000 bp in
length (http://454.com/products/gs-fIx-system/index.asp), will only further improve efficiency and

cost-effectiveness of the shotgun sequencing approach.
454 data exploration

Small-scale genome sequence surveys, as described in this chapter for microsatellite discovery, also
generate a wealth of genome-wide sequence information potentially useful for further genomic
resource development and for comparative genomic research (Bouck et al. 1998; Green 2007;
Rasmussen & Noor 2009). Raw sequences were of a length (av. 340 bp) ametalnlevio

assembly and BLAST searches. Even with < 2% genome coverage per turtle species and no
reference genome, ~20% of reads per species were assembled into contiguous sequences up to
11,200 bp in length. Bioinformatic analyses of the NR datasets (contigs+singleton reads), via
sequence similarity searches of public databases, revealed several features of these two previously

unstudied genomes.

As no attempt was made to remove mtDNA from gDNA samples prior to sequencing, assembly of
near-complete (> 70%) mitochondrial genomes was possible for each species. Completion of each
genome has since been achieved using existing sequence flanking each gap for PCR primer design
and traditional Sanger sequencing (E. V. Todd et al. unpubl. data). Complete mitochondrial genome
sequences are invaluable resources for marker development for phylogenetics and phylogeography,
including whole genome phylogenetics (Kumazawa & Nishida 1999; dtigh 2003) and genome
evolution studies (Russell & Beckenbach 2008). Complete mitochondrial genomes for two separate
genera of Australian Chelidae are an especially valuable resource and were used to design primers
for mitochondrial loci used in Chapters 3 through 5. Published mitochondrial sequence for this
group has previously been sparse, few species have been the focus of population-level studies, and

relationships among living genera remain largely unresolved (Georges & Adams 1992).
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Bioinformatics analyses also yielded information about functional and repetitive elements. Partial or
full sequences of ~100 gene orthologues were predicted in each species (Appendix 2C). Although
this value is low compared to the number of total hits, low numbers of unique genes reflects an
overrepresentation of genes located within transposable elements (e.g. reverse transcriptase). Such
high redundancy manifesting as an abundance of repetitive elements is expected from genomic
sequence data, as opposed to transcriptome databases typically generated for gene research. This
reflects the large repetitive component of the genomes of most organisms (Shedlock et al. 2007).
Unsurprisingly, a reasonably large proportion of each dataset was characterised as repetitive
sequence, including sequences with homology to known elements. However, the power of these
analyses was limited by the availability of suitable reference data for turtles, and true functional and

repetitive content will have been underestimated.

Assembly of a complete CR1-like LINE, homologous with one previously characterised from a
South American chelid turtled( spixii PsCR1, Kajikawat al. 1997) (Appendix 2D), and of the

nuclear ribosomal DNA repeat (Appendix 2E), was achieved in both species. As these are repetitive
genomic regions, alignments possibly represent a composite of repeats from duplicates throughout
the genome, which is presumably why they could be assembled. Such sequences are nevertheless
potentially useful resources for comparative research into amniote retroelement evolution (e.g.
Shedlock et al. 2007) and turtle phylogenetics (e.g. Kupriyaabah 2012), respectively. There

were also several hits to uncharacterised sequences from an existing BAC library for the painted
turtle, C picta(Table 2.7). As genome-wide sequence data accumulate for an ever widening variety
of species, the potential utility of the current datasets for comparative genomic studies will only

expand.
CONCLUSIONS

Overall, Chapter 2 demonstrates the value of the genomic sequencing approach for developing
novel genetic resources in non-model species. Together, the identified microsatellite loci and
mitochondrial sequences represent a significant resource for genetic research in the poorly-studied
Australian Chelidae. Specifically, these resources form a molecular toolkit for the phylogenetic and
population genetic analyses presented in Chapters 3 through 5. Moreover, the combined 83 Mbp of
genome-wide sequence data produced provides a wealth of sequence information for a thus-far
poorly represented yet distinct vertebrate clade, useful for future comparative genomic research and
marker development. Future utility of this data will only increase with the accumulation of genomic

sequence information for turtles and related groups.
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