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Figure 1.1 : Haploid turtle karyotypes. Key: 1=Chelydra serpentina, 

2=Macroclemmys temminckii, 3=Platysternon megacephalum, 4=Clemmys 

guttata, 5=Sacalia bealei, 6=Siebenrockiella crassicolis, 7=Maureyms caspica, 

8=Rhinoclemmys punctularia, 9=Rhinoclemmys pulcherrima, 10=Geochelone 

denticulata, 11=Geochelone carbonaria, 12=Chinemys reevesi, 13=Carettochelys 

insculpta, 14=Trionyx spiniferus, 15=Kinosternon scorpiodes, 16=Chelonia 

mydras, 17=Batrachelys dahli, 18=Chelus fimbriatus, 19=Hydromedusa tectifera 

(first 11 chromosomes), 20=Phyrnops geoffroanus, 21=Platemys platycephala 

(first 13 chromosomes), 22=Chelodina expansei, 23=Chelodina steindachneri 

(first 11 chromosomes), 24=Elseya dentate, 25=Rheodytes (first 11 

chromosomes only), 26=Emydura australis, 27=Pseudomydura umbrina, 

28=Pelusios subniger, 29=Pelomedusa subrufa, 30=Podocnemis unifilis, 

31=Erymnochelys madagascariensis (adapted from previously published 

material Bickham 1975; Killebrew 1975; Bickham 1976; Bickham and Baker 

1976; Bickham, Bjorndal et al. 1980; Bull and Legler 1980; Carr and Bickham 

1981; Haiduk and Bickham 1982; Bickham, Bull et al. 1983; Bickham and Carr 

1983; Bickham, Tucker et al. 1985).....................................................................21
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6=Melanosuchus niger, 7=Caiman latirostris, 8=Crocodylus siamensis, 

9=Crocodylus porosus, 10=Crocodylus intermedius, 11=Crocodylus johnsoni, 

12=Crocodylus novaeguineae, 13=Crocodylus moreletti, 14=Crocodylus 

cataphractus, 15=Crocodylus palustris, 16=Crocodylus rhombifer. Adapted 
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2=Ostelaemus tetraspis, 3=Paleosuchus palpebrosus, 4=Melanosuchus niger, 

5=Caiman latirostris, 6=Gavialis gangeticus, 7= Tomistoma schlegelii, 

8=Crocodylus siamensis, 9=Crocodylus porosus, 10=Crocodylus intermedius, 

11=Crocodylus johnsoni, 12=Crocodylus novaeguineae, 13=Crocodylus 

moreletti, 14=Crocodylus cataphractus, 15=Crocodylus palustris, 
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Reptilian Chromosomes: An Overview 

Turtle chromosomes 
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The suborder Pleurodira 
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The suborder Cryptodira 
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Crocodylian chromosomes 
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Squamata chromosomes 



 25

Sphenodon chromosomes 
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The Tuatara (Sphenodon) 

Distribution and description of archaic sphenodontians 
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Location of extant tuatara and relationships between populations 
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Northern Tuatara  

(solid circles) 

Cook Strait Tuatara  

(solid triangles) 

Brothers Tuatara  

(open triangle) 

Poor Knights Group (5 islands) Takapourewa (Stephens) Island North Brother Island 

Hen and Chickens Group (5 islands) Trios Group (3 islands) Tito Island 

Little Barrier Island  Matiu/Somes Island 

Cuvier Island   

Mercury Group (4 islands)   

Alderman Group (7 islands)   

Karewa Island    

Plate Island   

Moutoki Island   

Moutohora Island   
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Reptilian chromosome banding and use of banding for 

evolutionary studies 



 32

C-banding 

1. When present, C-bands are preferentially located in telomeres, centromeres and 

nucleolus organising regions (NORs). 

2. All chromosomes show similar banding patterns, except in chromosomes with 

special functions such as sex chromosomes. 
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3. Pronounced telomeric bands are associated with short chromosomes or 

chromosome arms, whereas longer chromosomes or chromosome arms tend to 

develop intercalary bands. 

4. C-banding in non-homologous members of the diploid set tend to be located at 

similar sites with respect to centromere-band distance. 

5. For each intercalary band there exists a centromere arm whose telomere is the 

same distance from the centromere as the proximal border of the band. Thus 

telomeres appear to define location of intercalary bands. 

Nucleolous organiser region banding 
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G-banding 
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Restriction enzyme digestion banding 
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Use of banding studies 

Arm ratio, centromeric index, and chromosome analysis 

,
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Table 1.1: Nomenclature for centromeric position on mitotic chromosomes (Green 

and Sessions 1991) 

Aims of the current study 
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Giemsa staining 

C-banding 
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Ag-NOR banding 

Restriction endonuclease banding 

μ μ

μ
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G-banding 

Preparation and analysis of karyotypes 



 45



 46

Table 1.2: Quantitative description of Sphenodon chromosomes. The range of total 

chromosome length (TCL) and centromeric index (CI) is listed. 

 

Karyotype description 
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Banding patterns within Sphenodon 
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Blood cultures resulting in no chromosomes 

Comparison of the current study and Wylie et al. (1968) 
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Table 1.3: Comparison of Wylie et al (1968) and the current study chromosome 

numbering 

Grouping of Wylie et al. Wylie et al. 1968 Current Study 

Group A 1 1 

 2 2 

 3 5 

 4 4 

Group B 5 3 

 6 6 

 7 7 

 8 11 

Group C 9 8 

 10 9 

 11 10 

 12 12 

 13 13 

 14 14 

Group D 15 15 

 16 16 

 17 17 

 18 18 
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Macro-chromosome comparisons within the Reptilia 
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Reptilian microchromosomes 
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The chromosomal  

demonstrated in Chapter 1  arrived at independently of methods 

commonly used for phylogenetic reconstruction, namely DNA sequencing and 

morphological . In the current chapter DNA sequences of the genes FoxG1, 28S 

rRNA, and the sex determining genes AMH, WT1 and DMRT1, were  

Sphenodon. No variation was seen in FoxG1, 28S and AMH DNA sequences. WT1 

sequence analysis clearly separated the north-eastern North Island and Cook Strait 

populations,  a unique  of WT1 within Cook Strait populations. 

DMRT1 possessed no obvious population differentiation. Testudines and Sphenodon 

did not show the same close relationship reported in Chapter 1. 

Phylogenetic reconstruction using morphological characteristics can obtain data from 

fossil specimens, unlike molecular analysis where limits exist on obtaining samples 

from which DNA can be successfully extracted and sequenced 

. Therefore, one of the advantages of 

morphological analysis is the ability to collect data from extant and extinct species 

. 
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DNA phylogeny and molecular research on reptiles 

Regions of the Tree of Life (http://tolweb.org/tree/phylogeny.html) pertaining to

 are reasonably well defined. The four extant and many extinct Orders have 

been defined and aligned using morphological evidence. Over the last 20 years fine-

scale resolution using molecular data has accumulated, clarifying relationships 

between closely  species and occasionally questioning established 

morphological relationships. Descriptions of Reptilia relationships have been the 

subject of much discussion in the literature, and there are still regions within the 

Reptilia that are controversial, in particular the placement of turtles 

. Recent review work on the definition of the Reptilia advanced 

removal of the formal name Anapsida, due to the limited use outside of referring to 

morphological structures (Figure 2.1) . The current 

study follows the definition of Reptilia “…all members of the synapsid sister-group, 

regardless of the interrelationships of turtles and other extant non-synapsid amniotes” 

.  

 

 

 

One aim of phylogenetic reconstruction is to organise species into monophyletic 

groupings. Within the Reptilia, the two clades Archosauria (crocodiles, dinosaurs and 
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birds) and Lepidosauria (Sphenodon and Squamata) are generally agreed to be 

monophyletic . Both clades 

are diapsid, with two temporal openings (Figure 2.1). Although members of the 

Reptilia, Testudines (turtles) possess a derived anapsid skull (Figure 2.1) 

. Four categories for the Testudines within the Reptilia 

are possible: as an outgroup to the Lepidosauria and Archosauria; as a 

sistergroup to the Lepidosauria; as a sistergroup to the Archosauria; or within 

one of the two clades. Depending on what is being analysed, molecular research has 

supported all four categories.  

1. Outgroup to Lepidosauria and Archosauria 

2. Sister group to the Lepidosauria 

3. Sister group to the Archosauria 

Sequencing of iguana and caiman mitochondrial DNA established that the iguana 

genome evolves more slowly than that of birds and mammals, whereas alligator and 

caiman mitochondrial genomes are evolving at a higher rate, a result contradicting the 

correlation between rate of molecular evolution and generation time 

. Rapidly evolving mtDNA is a problem for phylogenetic 

analysis as ordering and rates of evolution are not constant between all species. 
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Analysis of mtDNA placed turtles at the base of the archosaurian branch, supporting 

the hypothesis that the Testudine anapsid condition is secondarily derived from a 

diapsid state 

. 

Studies using incomplete mtDNA and short tRNA sequences produced ambiguous 

results . Comparison of full 

mtDNA sequences from tuatara (Sphenodon punctatus), turtles (Chrysemys picta, 

Chelonia mydas, Pelomedusa subrufa), crocodiles (Caiman crocodylus, Alligator 

mississippiensis), birds (Vidna chalybeata, Buteo buteo, Rhea americana), lizards 

(Eumeces egregius, Iguana iguana, Dinodon semicarinatos) and mammals (Didelphis 

virginiana, Mus musculus) revealed similarities between Sphenodon, birds and 

crocodiles. Phylogenetic analysis supported a monophyletic Testudines as a 

sistergroup to the monophyletic Archosauria, with that clade a sistergroup to a 

monophyletic Lepidosauria . 

4. Within one of the Lepidosauria and Archosauria clades 

Reptilian relationships using molecular studies often split the traditional Lepidosauria 

and Archosauria. Haemoglobin (Hb) chains placed tuatara within the aves and turtles 

(
A
-Hb), with crocodiles as a sister-group. Squamata were well outside this grouping. 

 i
- and 

 ii
- Hb chains showed a similar pattern, although resolution was poor 

. Pancreatic polypeptide sequence data placed turtles as diverging after snakes. 

The authors stated that the results were the same regardless of topology constraints 

used during analysis .  
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Recent work examining the two forms of the giant tortoise Geochelone gigantea -D 

globin genes ( -D and ) supported a phylogeny where tortoises and birds were the 

closest living relatives of each other . Phylogenies created using 

the -D globin gene grouped tuatara and birds (rhea and chicken) with turtles as a 

sister-group. Within the  genes, turtles and aves grouped together, with Homo 

sapiens as an outgroup. It should be noted that there were no representatives of the 

Crocodylia in the phylogeny, which may have changed relationships within the 

Reptilia. The Komodo dragon and a snake grouped some distance from the aves, 

turtles and tuatara, although they possess -D globins. This was interpreted as 

indicating the Squamata began diverging around 335 MYA, much earlier than other  

type globins . I suggest that the placement is more evidence for a 

rapidly evolving squamate genome compared to that of other reptiles. Firstly, most 

evidence suggests the S 0 MYA 

. Secondly, high recombination rates, smaller G-banding 

regions, smaller chromosomes, and smaller effective deme sizes 

 all provide opportunity for rapid evolution within the Squamata, 

compared to the other reptilian rders.  

 

Spermatozoa studies emphasised strong similarities between tuatara, turtle, 

crocodilian, and to a lesser extent non-passerine avian spermatozoa 

. Reptilian 

eye structure analysis placed Crocodylia as a sister clade to two groupings, Testudines 

and a Lepidosauria and Aves clade . 
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Molecular phylogenies appear more likely than traditional morphological analysis to 

support paraphyletic reptilian clades. DNA phylogenetics have been less successful in 

determining where in the Reptilia the Testudines fit  as gene sequences frequently 

give results at odds with other gene . Larger datasets provide increased 

resolution, a situation seen with mtDNA where full sequence analysis gave 

significantly different results to earlier partial analysis by supporting 

Other methods of 

phylogenetic analysis including sperm morphology and ophthalmic evolution 

supported a strong relationship between turtles and Sphenodon.  

Mitochondrial DNA variation and rates of change within the 

archaic Reptilia 
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Reptilian sex determination 
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Aside from five Testudine species  Kachuga smithii (Emydidae, ZW/ZZ system), 

Siebenrockiella crassicollis (Emydidae, XX/XY system), Staurotypus salvinii 

(Kinosternidae, XX/XY system), Staurotypus triporcatus (Kinosternidae, XX/XY 

system) and Chelodina longicollis (Chelidae, XX/XY system) 

, all known cases of reptilian sex chromosomes are in 

the Squamates. Squamate sex chromosomes appear to have arisen multiple times with 

some species possessing sex chromosomes and other closely related species having 

homomorphic chromosomes. 
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Incidence of TSD and GSD within Reptilian Orders 

Order: Squamata 

Order: Testudine 

Order: Crocodilia 

  

Order: Sphenodontidae 

TSD in Reptiles 

There are three patterns of TSD: FM (low temperature , high temperature ); MF 

(low temperature , high temperature ); and FMF (low and high temperatures , 
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midrange temperatures ). FMF patterns occur in all reptilian lineages with the 

possible exception of Sphenodon, suggesting it is basal 

. MF patterns occur only in turtles although some 

evidence suggests that FM and MF result from female mortality at the 

‘missing’ temperature . Only two species are known 

with the apparently rare form of FM TSD. The first species identified with FM was 

also the first reptile to have its sex ratio associated with incubation temperature 

. The rarity of the FM pattern has led 

some authors to suggest that a repeat of Charnier’s pioneering work using modern 

temperature-shift experiments would reveal a FMF or MF pattern 

. However, recently published work on Sphenodon also demonstrated a FM 

pattern, suggesting that although rare, it does exist .  

 

Even at optimal male producing temperatures, a 100% male clutch is unlikely. For 

example, in C. johnstoni the largest percentage of males in a clutch is 56-88%

 The lack 

of absolutes observed in all TSD species suggests a genetic component in TSD, or 

that within a TSD system there is a second system of GSD, although frame-shift 

experiments are required to test this 

  

Molecular Biology of Sex Determination 

The current study focuses on three genes known to be involved in sex determination, 

namely AMH, DMRT1 and WT1. 
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General background 

Sex determining gene: WT1 

Turtle  showed high homology to alligator WT1 

(88.8%)  and differed in product levels depending on 

the  temperature of  embryo. All animals examined have demonstrated 

alternative splicing of , reflecting an archaic regulating mechanism.  studies 



  80

in T. scripta showed a size increase in gonads at stages 16-17 before other 

morphological differences were apparent  pre-

Sertoli proliferating cells   

Sex determining gene: AMH 

e potential of AMH to be 

the alligator Male Determining Factor is weakened by its expression profile, where 

AMH is most prolific at Stage22 rather than Stage21 when male specific development 

occurs. There is evidence that immature Sertoli cells express AMH, as low levels of 

AMH are d cell lineages. SF1 in testes in humans, 
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turtles and mice suppress oestrogen expression and promote AMH 

. 

Sex determining gene: DMRT1 

DMRT1 (Doublesex and Mab3 Related Transcript) has a dimorphic expression 

pattern in  and was initially isolated from male . Human 

DMRT1 acts too late to be a testicular determining factor, although in birds DMRT1 

is located on the avian Z chromosome and is expressed before other sex determining 

genes at higher levels in males (ZZ) than females (ZW) 

. 

 

DMRT1 has dimorphic expression within gonadal tissue in mice, chickens, alligators 

and turtles

It appears that there is consistency in DM factors being involved in male 

development, but little consistency in how they act between species 

. 

 

DMRT1 expression levels in A. mississippiensis are lower at female promoting 

temperatures than male promoting temperatures

 during and after the thermo-sensitive period. 

DMRT1 has been shown to act before SOX9 in species with TSD (A. 

mississippiensis, T. scripta, and L. olivacea) 
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 positioning DMRT1 as acting 

upstream to maintain SOX9 expression in male embryos. 

 

In addition to gene analysis, extensive work on effects of exogenous estrogen on TSD 

has been performed as estrogen is thought to be the temperature sensitive event of 

TSD . Exogenous estrogen 

results in reduced DMRT1 during the thermo-sensitive period at male temperatures

Patterns of expression suggest exogenous estrogen 

acts on, or before, DMRT1 expression during sex determination, indicating that 

suppression of DMRT1 is one of the effects of estradiol. Whether estrogen has a

direct or indirect action is unclear  

Reptilian sex determination summary 

Nuclear genes used in the current study 



  83

28S rRNA subunit 
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FoxG1 nuclear gene 

The aims of this chapter 
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• 

• 

• 

• 

• 
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DNA isolation 

μ μ

μ

μ

μ

μ

μ
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Table 2.1: Samples used for DNA sequence analysis 

DNA probe design 

μ

DMRT1 primers 
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WT1 primers 

AMH primers 

FoxG1 primers 
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5 -GTGATG(CT)TGGA(CT)ATGGG(AG)GA(TA)AG-3  
5 -GGTGTAAAA(CT)GTTCACTTACAGTCTG-3  

 

28S primers 

PCR protocols 

PCR protocol WT1, 28S and FoxG1 

μ

μ

PCR protocol DMRT1 and AMH 
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Table 2.2: PCR mastermix for sequence extraction. 

μ

PCR touchdown protocol 
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Table 2.3: AWC protocol for Big Dye Termination protocol X. 
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Gene confirmation 

Sphenodon sequence was confirmed as being the gene of interest by using Blast 

(http://blast.ncbi.nlm.nih.gov/). Blast parameters were nucleic acid (BlastN); 

nucleotide collection (nr); and either megablast or discontiguous megablast. 

Phylogenetic analysis 
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Table 2.4 Blast results from Sphenodon sequences 
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DNA Sequences 

Table 2.5 Summary of sequence data 

 



  97

Table 2.6 Genbank accession numbers for DNA sequences used in analysis 

Gene Species Genbank Accession Reference (if applicable) 

FoxG1 Cebus capucinus DQ387961 (Bredenkamp, Seoighe et al. 2007) 

 Chlorocebus pygerythrus DQ387962 (Bredenkamp, Seoighe et al. 2007) 

 Pipstrellus rusticus DQ387963 (Bredenkamp, Seoighe et al. 2007) 

 Epomophorus gambianus DQ387964 (Bredenkamp, Seoighe et al. 2007) 

 Ceratotherium simum DQ387966 (Bredenkamp, Seoighe et al. 2007) 

 Crocodylus niloticus DQ387967 (Bredenkamp, Seoighe et al. 2007) 

 Psammobates geometricus DQ387968 (Bredenkamp, Seoighe et al. 2007) 

 Agama atra DQ387969 (Bredenkamp, Seoighe et al. 2007) 

 Homo sapiens NM_005249  

 Mus musculus NM_008241  

 Rattus norvegicus NM_012560  

 Danio rerio NM_131067  

 Gallus gallus NM_205193  

28S Homo sapiens NR_003287.1  

 Mus musculus NR_003279.1  

 Xenopus laevis X59734.1 (Ajuh, Heeney et al. 1991) 

 Anolis carolinensis AY859623 (Mallatt and Winchell 2007) 

 Iguana iguana DQ283590 (Frost, Grant et al. 2006) 

 Pelomedusa subrufa DQ283622 (Frost, Grant et al. 2006) 

 Chelydra serpentina DQ283651 (Frost, Grant et al. 2006) 

 Alligator sinensis DQ283650 (Frost, Grant et al. 2006) 

 Crocodylus porosus EF063685 (Seebacher and Murray 2007) 

 Danio rerio AF398343  

 Gallus gallus DQ018756.1  
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DNA analysis summary 
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Phylogenetic relationships of the Reptilia 

AMH phylogenetics 

WT1 phylogenetics 
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DMRT1 phylogenetics 
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FoxG1 phylogenetics 

28S phylogenetics 



  107

Comparison to recent work on tuatara and reptilian 

phylogenies 
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Testudine placement within the Reptilia 
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• 



  111

• 

• 

• 

Potential for in situ work using sex determining genes 
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Chromosome evolution using FISH 
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Sex chromosome evolution using CGH 
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Telomere hybridisation 
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Proto-karyotype reconstruction using CGH 

Mammalian and eutherian proto-karyotypes 
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Reptilian proto-karyotypes 



  121



  122

Slide preparation and probe visualisation were the same for all three techniques. 

Slide preparation 

Probe visualisation 

Single gene fragment FISH 

Probe construction 
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Table 3.1: PCR labelling mastermix for DIG labelling 

μ

μ

μ

μ

μ

μ

μ

μ

μ

Probe hybridisation 

μ

μ μ

μ
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Probe detection 
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Visualising probes 

Human telomeric FISH 

μ

μ
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Whole chromosome painting 
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Sex determining gene hybridisation 
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Table 3.2: WT1 probe hybridisation summary 

Table 3.3: AMH probe hybridisation summary 

Telomeric FISH 
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Whole chromosome FISH 
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Single gene fragment FISH 
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Human telomeric probe FISH 

Chicken chromosome CGH 
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Sphenodon and reptilian karyotypes 
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Reptilian proto-karyotype 
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FISH evidence supporting a reptilian proto-karyotype 



  147

Evolutionary position 
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Molecular summary 
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Sex determination in reptiles 
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Testudine relationships within the Reptilia 
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Origin of tuatara populations 
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Alternative tuatara distribution theory 
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Potential for fossil Sphenodon 
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Status of species and populations of Sphenodon 
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AMH Sphenodon samples 
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 WT1 Sphenodon sequence : Cook Strait 
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WT1 Sphenodon sequence : North-eastern North Island 
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DMRT1 Sphenodon sequence 
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DMRT1 alternative Sphenodon sequence 
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FoxG1 Sphenodon sequence 
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28S Sphenodon sequence 
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28S Reptile sequence alignment 
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