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Abstract

Mitochondrial control region and cytochrome b gene sequence comparisons were used
to investigate the molecular systematics of pythons. Duplicate, non-tandem copies of control
region sequence from single mitochondrial genomes were compared for divergent genera and
within populations of pythons. There was almost total sequence identity between the two
regions within individuals but there were differences in copy number of an ~88 bp repeat
between the two regions within individuals. Structures such as conserved sequence blocks
and termination sequences previously documented in vertebrate control regions were present
and there was a tRNA™ paralogue and a large 5° hairpin in the Australasian pythons that was
not present in the Afro-Asiatic pythons, boids, colubrids or viperids. A range of squamate
reptiles was tested for the presence of the duplication, which was found to be absent in all the
squamate reptiles tested and present in all the snake lineages tested except Scolecophidians.

Phylogenetic analyses of python species suggested that the genus Python is paraphyletic
and the Afro-Asian Python species formed the sister lineage to all other pythons. Aspidites
was nested amongst the Australo-Papuan pythons, albeit without strong statistical support for
this arrangement. There was low genetic divergence among all taxa, and there was
monophyly of the genera Antaresia, Aspidites and Liasis only.

Two studies focused on phylogenetic relationships at the population level. Analyses of
Morelia viridis nucleotide sequences and allozyme loci revealed that in New Guinea,
populations north of the central cordillera were genetically different from those of the south.
The Australian population was closely related to the southern form.

Analysis of control region sequences of Liasis and Apodora concluded that Apodora
papuana was the sister lineage to all Liasis and that Liasis fuscus/L. mackloti and L. olivaceus
are separate lineages. There was strong support for the recognition of two lineages (“eastern”

and “western”) of water pythons in Australia.
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To conclude, the genetic split found in green pythons across the central cordillera of

New Guinea was investigated further. To test if the most recent episodes of the Plio-
Pleistocene climatic oscillations have had an effect on genetic subdivision of the lowland
rainforest fauna, molecular phylogenies were estimated for six vertebrate taxa. The
distribution of cytochrome b lineages and allozyme fixed differences demonstrated a pattern
of historical genetic subdivision that correlates with populations distributed either side of the
central cordillera. Under a molecular clock assumption, the magnitude of sequence
divergence within the six taxa suggests that uplift of the central cordillera acting in concert
with the earlier climatic oscillations of the Plio-Pleistocene was the most likely factor

involved in genetic subdivision.
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Preface

Pythons are animals that have been feared and revered by thousands of people for
thousands of years. They have captured the imaginations’ of storytellers and artists and the
fascination of lovers of natural history by their beauty and variety. Certainly, having never
been exposed to pythons in my own natural environment, I started these projects with a very
limited understanding of the their habits and biology. As such, my appreciation for these
creatures increased considerably as I came into contact with those who live with wild pythons
in their sheds, breed them for a hobby, who study them from a fascination to learn more or
who are passionate about preserving their environment.

Attempts to describe, categorise and classify pythons cladistically on the basis of
morphology have caused many debates as authors agree and disagree with each others terms
of reference. As molecular techniques have entered the systematics arena, there have been
similar discussions and debates. Techniques and methods of analysis are themselves
continually evolving and often seemingly clear-cut results are later superseded. The results
presented in the following chapters add to the information available in the python puzzle and
hopefully will provide building blocks for further development of our understanding of the
evolutionary relationships of pythons.

The investigations of the present study have used molecular techniques to address a
varied range of issues involving pythons, from intra-individual similarity to population
variation to subfamily systematics. Chapters 3-7 are each complete projects within
themselves. Therefore, each chapter has been written as a separate unit, almost ready for
publication, complete with samples tested, results and discussion. There is some overlap
between projects in samples used and therefore, in nucleotide sequences produced. In order
to maintain the integrity of each data set used for analysis, the sequences have been duplicated
in the sequence alignments. However, to reduce the amount of duplication, all materials other
than tissue samples tested, and all methods have been collated together in Chapter 2 with

reference made in each project chapter as necessary.
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Chapter 1.

Introduction

1.1 Overview

The molecular systematics of Australian and New Guinean pythons is an incredibly
broad topic for study and it has been very difficult to limit the questions pursued in the
present study to a number that could be reasonably completed within an appropriate time
frame. In fact, the temptation to pursue tangents has resulted in a number of pilot studies that
will not be reported here. The scope of the present study ranges from the nucleotide and
secondary structure evolution at intra-organelle and gene levels to the evolutionary
relationships determined from genetic divergences at the inter-generic and population levels.

There are several snake groups, including pythons, that have a duplication in the
mitochondrial genome of the region responsible for the control of genome replication, the
control region (Kumazawa et al., 1996). 1 chose to commence my study of python
systematics with an investigation of the molecular evolution of the control region (CR) and
control region-like (CRL) genes in pythons. The CR and CRL genes are evolving in a
concerted manner and [ investigated whether the sequence evolution between the two copies
could be detected at a population level. 1 compared intra-organism (Morelia spilota and M.
viridis) sequences from individuals that had inter-organism CR divergences of between 0 and
6% and also incorporated some comparisons within species of other genera and only detected
two base changes within a 700 bp region for all the taxa examined. I also discuss some of the
secondary structure features that are present in pythons that are not found in other snakes
examined to date.

At the outset of the project, a comprehensive molecular systematics study of pythons
had not been reported and there was a general disagreement in the literature as to the
evolutionary relationships amongst pythons. It was appropriate to start the present study

from the broad perspective of python phylogeny, by comparing the genetic relatedness of
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most python species, as determined from two mitochondrial genes, to the proposed
phylogenetic hypotheses of three comprehensive morphological studies each of which
suggested quite different outcomes.

Large geographic ranges and diverse habitat use of many pythons species, close
morphological similarities between species and descriptions of species complex(es), invite the
pursuit of many interesting intra-specific python studies (e.g. population studies of the Woma
python, Aspidites ramsayi, the carpet python, Morelia spilota and the children’s python
(Antaresia species complex). However, in the present project I limited my investigation to
two species, the green python Morelia viridis (Chapter 5) and the water python Liasis
mackloti (Chapter 6) to determine the phylogeographic structure of populations. I chose these
species because their distributions span the Australian-Melanesian region, an important region
in the biogeographic history of Australia.

Because of the green python’s significance to the Australian fauna constituency, ( i.e.
it has a very small distribution in Australia relative to offshore) and its popularity and high
market price amongst reptile keepers, the green python study has implications for wildlife
management, fauna enforcement and captive breeding programs. Chapter 5 deals with three
populations, northern New Guinea, southern New Guinea and Australia and reports a distinct
phylogenetic split between populations separated by the central mountain range of New
Guinea.

For water pythons, there has been debate as to whether there are two or more species
forming a species complex, with the Australian and New Guinea populations being separated
morphologically from the Indonesian populations and the Indonesian island populations being
considered by some authors as sufficiently distinct to warrant their recognition as species
(Barker and Barker, 1994; Brongersma, 1956; Stuhl, 1932). In Chapter 6, I demonstrate the
monophyly of most of the Indonesian island populations and report a phylogenetic split that is
not divided by the Arafura Sea, but is found within Australia. I discuss the implications of the

Australian Plio-Pleistocene landscape in the formation of this genetic differentiation.
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To conclude, the theme of genetic diversification being correlated with the central
New Guinea mountain range is further considered in Chapter 7 by expanding the findings of
the green python study to include a range of organisms whose rainforest distributions occur
either side of the mountain range to an elevation of approximately 2000 metres. The present
study included two pythons, two boas, a colubrid snake and a rodent. I used partial
cytochrome b (cytb) sequence to establish a phylogeny that showed a genetic subdivision
between populations either side of the mountain range. I used a molecular clock on genetic
distances established from almost complete cyth sequences to estimate a time of divergence

for the northern and southern populations.

1.3 Phylogeography

In phylogeographic analysis clades established by allelic phylogenies of populations
are compared with the geographic distributions of those populations (Avise et al., 1987). The
mitochondrial gene phylogenies of many species show geographical localisation of clades
(Lamb and Avise, 1992; Quinn, 1992). An example of phylogeographic structuring has been
shown in a compilation of data summarised from studies conducted by Avise (1992) on the
mtDNA variation of North American east coast marine and coastal species such as seaside
sparrows, American oysters, black sea bass and the horseshoe crab. Samples taken from the
Gulf of Mexico were compared with samples from the Atlantic coastline. Out of 10 species
studied, at least 5 and possibly 8 showed subdivision in the mtDNA haplotypes corresponding
to either Atlantic or Gulf populations. Thus, Avise concluded that species should not be
viewed as monotypic, but as different geographic populations with hierarchical genetic and
historical structure. Conservation of these different structures is an important consideration in
maintaining genetic diversity. 1 use the concept of phylogeography to make biogeographic

assessments of evolutionary history for water pythons and six New Guinea taxa.



1.4 Choosing the marker

The choice of genetic marker, and thus the analytical techniques applied, varies
according to the question being asked. Mitochondrial DNA analysis is widely used as a tool
in the study of evolutionary biology. Some advantages of using mt DNA are: i) it has a rapid
rate of base substitution compared with nuclear DNA (0.5% - 1% per million years for
primates, 5-10 times that of nDNA (Moritz ef al., 1987), ii) it is effectively haploid, iii) it is
assumed there is no recombination, although evidence of mitochondrial recombination is
emerging (Lunt and Hyman, 1997; Thyagarajan et al., 1996), iv) mtDNA is transmitted
through the maternal lineage, reducing the effective population size, and increasing the
sensitivity to genetic drift (Birky Jr er al., 1989), v) it is compartmentalised in the cell
cytoplasm away from the nuclear genome and can be easily isolated (Dowling et al., 1996)
yet it is widely distributed so that comparisons can be made between evolutionally divergent
organisms, and vii) it lacks introns, pseudogenes (Avise ef al., 1987; although see chapter 3
and Macey et al., 1998; Moritz, 1994) etc. making its structure relatively simple. The
mitochondrial genome is a closed circular molecule about 16 kilobases (kb) long for
mammals (Cantatore and Saccone, 1987) and about 16-22 kb long for snakes (Densmore III et
al., 1992; Kumazawa et al., 1998). There are 37 encoding genes, comprising 13 polypeptides,
2 ribosomal RNAs (128 and 16S) and 22 transfer RNAs. The CR is the major non-coding
sequence of about 1.2 kb that contains the origin of replication for the heavy strand (Saccone
et al., 1991). The CR is prone to insertions, deletions and accumulations of short tandem
repeats accounting for the differences in the size of the genome (Moritz and Brown, 1987). In
the placental mammals, fish and frogs studied to date, the gene order is conserved, though it is
different from that found in birds (Desjardin and Morais, 1990) and marsupials (P4dbo ez al.,
1991). The CR is often used for intra-specific phylogenetic studies because it is the most
variable part of the mitochondrial genome (Walberg and Clayton, 1981) with an estimated
sequence divergence of about 2% per million years in mammals. For taxa separated by longer

evolutionary distance a more slowly evolving gene such as cytochrome b (cytb) or 12§ rRNA
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can be used to give information about the evolutionary relationships (Crozier, 1990). Liver is
a suitable tissue from which to amplify mitochondrial genes as mitochondria may be present
in 5,000-10,000 copies per cell.

Cytochrome b has been the gene of choice for many phylogenetic studies because it
has an intermediate rate of mutation, however, its use has been confounded by the presence of
nuclear paralogues that can be non-discriminately amplified by the Polymerase Chain
Reaction (PCR) (Arctander, 1995; Thorpe et al, 1994). Because it has a faster rate of
nucleotide substitution than coding genes, CR has often been used to determine intra-species
phylogenies.

Nuclear markers have been used in mammalian phylogenetics for many years, but,
with the exception of rRNA loci, have not been accessible for non-mammalian vertebrates
until recently (e.g. Saint ef al., 1998). Microsatellites provide information for familial studies,
but nuclear markers that incorporate introns with sufficient variability to be useful at a
population level are rare for non-mammalian species. In pythons, there is insufficient
variability (1-3%) between divergent genera for protein encoding genes such as c-mos and
RAGI (data not shown). Where the tissue had been collected and stored appropriately
(Richardson et al., 1986), allozyme electrophoresis was also done by Steve Donnellan to
screen for a large number of nuclear loci, as allozyme electrophoresis is still the most cost
effective method of screening large numbers of nuclear loci (Murphy et al., 1996) for studies
of population structure. Allozyme fixed differences could be used to differentiate between
northern and southern New Guinea populations of six taxa.

For the studies within the scope of the present project, cytb and CR were piloted as
possible markers to differentiate between and within species. Cytochrome b has been useful
to establish the north-south New Guinea split in two taxa, but was not variable enough to
provide a marker to distinguish the Australian green pythons from the southern New Guinea
populations. The CR was sufficiently variable to differentiate between these two populations.

The timing of the python radiation(s) has not been determined, so for the python phylogeny



mid/fast-evolving cytb gene and fast-evolving CR were used.

1.5 Gene Tree vs. Species Tree

Chapter 6 discusses the phylogeny and phylogeography of water pythons. The
tentative conclusions of the present study are based of the examination of a single gene, the
mitochondrial control region. On the basis that a gene tree may not be representative of the
species tree argument, I conclude that further studies should be undertaken to test my
hypotheses. Even though any family of bi-parental, sexually reproducing organisms has a
single pedigree relating them through a chain of parent-offspring genetic transmission,
individual genes within this pedigree may not have filtered through in an identical way
(Avise, 1994). Due to stochastic lineage sorting, gene duplication or horizontal transfer,
phylogenetic analysis of one gene locus may give a different tree topology to a tree derived
from the analysis of another unlinked locus (Fitch, 1979_). As some alleles may become
extinct through time, allelic associations that will determine the gene tree of a single gene,
may not be representative of the species tree. To give a more robust estimate of the species
tree, it is necessary to make phylogenetic analyses of more than one gene. Because the
mitochondrial genome is inherited as a single unit, analysis of a second mitochondrial gene
should yield the same, albeit more robust, phylogenetic information. Thus, if possible, it is
advisable to also include a number of unlinked nuclear genes in the analysis (Brower et al.,
1996). The occurrence of incongruence between gene trees causes difficulties in
interpretation of the species tree. There are many possible causes of incongruence (Brower et
al., 1996) including incompatibility of analytical methods and character incompatibility
(homoplasy). The development of a models of evolution and statistical tests to estimate when
the data are not conforming to the model (de Queiroz et al., 1995) attempt to reduce the latter
cause of incongruence (see below). Brower et al. (1996) conclude that “explaining
incongruence is not a task of systematists”, I, however, in the present study, have attempted to

offer possible explanations for such inconsistencies.



Chapter 2.

Methods

In this chapter, I detail all the methods used in the present study and therefore, when
outlining methods in each subsequent chapter, I will only mention the procedure name and
any modifications appropriate to that chapter. All specimens used will be listed in the
appropriate chapter with institution codes following Leviton et al. (1985), except for ABTC =

Australian Biological Tissue Collection, South Australian Museum, Adelaide.

2.1 Tissue collection and storage.

Liver, heart, muscle or scale tissues were used for DNA extraction. Tissues collected
from freshly killed animals were snap-frozen in liquid nitrogen and stored at -80°C. Tissues
(preferably liver) collected opportunistically from road-kills and scales were preserved in
either 70% ethanol or ethanol:saline (1:1) solution. Scales were clipped from gently-
restrained, live snakes using clean scissors and forceps. The snake, if wild caught, was then
released at the point of capture. Shed skins were frozen at -20°C as a quarantine measure to

kill any parasites and kept frozen at -20°C for long term storage.

2.2 Genomic DNA Extraction

DNA was extracted using a standard phenol-chloroform (Sambrook ef al., 1989) or
salt (Miller et al., 1988) extraction method. Preliminary steps in the extraction process varied
according to the tissue type and method of preservation.
2.2.1 Tissues in alcohol

To remove the alcohol, the tissue was centrifuged at 10,000 rpm for 1 min and the
alcohol was removed. The tissue was washed in 1ml Tris buffer, pH8.0. spun at 10,000 rpm
for 5 minutes and the supernatant discarded. The standard phenol or salt extraction protocol

was then followed.



2.2.2 Phenol Chloroform Extraction
0.2-0.5 gms of frozen or alcohol preserved liver, heart, muscle tissue was
homogenised in 900ul Tris buffer, pH8.0. When using blood, 200l aliquots were mixed

with 500p] dH,O and centrifuged at 10,000 rpm for 5 minutes in a Universal 30RF

refrigerated centrifuge to pellet cells and the pellet was resuspended in 900pl Tris buffer,
pH8.0. The tissue homogenate, resuspended blood pellet or allozyme electrophoresis lysate
was mixed with sodium dodecyl sulfate (SDS) (1% final concentration) and Proteinase K
(0.2mg/ml final concentration) and incubated at 55°C for 2-3 hrs to lyse the cells. To extract
the DNA, an equal volume of phenol: chloroform: isoamylalcohol (25:24:1) was added,
mixed well and centrifuged at 10,000 rpm for 5 mins. The phenol/chloroform layer was
removed and the process was repeated until the lysate was clear, with the final extraction
using an equal volume of chloroform only. The DNA was precipitated with 0.1X vol 3M
ammonium acetate (NH3Ac) (pH5.2), and 2X vol. 100% ethanol at -20°C for at least 3 hours
(or overnight) or at -80°C for at least 20 mins. The DNA was pelleted by centrifuging at
10,000 rpm for 30 mins at 4°C, then washed in 70% ethanol, dried at 50°C for 10 mins and

resuspended in 100p! dH20.

2.2.3 Salt extraction

Tissue was digested overnight at 37°C in a solution of 50 mM Tris-HCl, pH 8.0, 20
mM Ethylenediaminetetraacetic Acid (EDTA), pH 8.0, 2% SDS and 0.2mg/ml ProteinaseK.
Proteins were precipitated by adding 0.5 vol saturated sodium chloride (NaCl) solution,
chilled for 5 mins then centrifuged at 8000 rpm for 15 mins. The supernatant was collected
and the DNA was precipitated by adding 2X vol. 95-100% ethanol at -20°C overnight. After
centrifuging for 30 mins at room temperature, the DNA pellet was washed with 70% ethanol

dried at 55°C for 10 mins and resuspended in 100pl dH2O.



2.3 Mitochondrial enrichment methods
2.3.1 Isolation of mitochondrial DNA using caesium chloride PI gradient

This method follows Dowling et al. (1996). Approximately 0.5gm of frozen liver
tissue was homogenised thoroughly in cold Sodium Chloride-Tris-EDTA-Sucrose (STES)
buffer, then centrifuged for 5 mins at 1200g (2590 rpm in a 4.5 rotor Sorvall RC-5B
centrifuge) at 4°C to pellet the nuclear debris. The supernatant was transferred to a 50ml
Oakridge centrifuge tube and centrifuged at 23,000g (11,339 rpm) for 20 mins at 4°C to pellet
the mitochondria. The supematant was discarded and the pellet resuspended in 1.0ml Tris-

EDTA (ThE) buffer and 0.125ml (1/8 resuspended volume) 20% SDS (w/v in H,0), for 10

mins to lyse membranes. To precipitate nuclear DNA-SDS, 0.188ml (1/6 volume) Caesium
Chloride (CsCl)-saturated water was added and left at 4°C overnight.

The sample was centrifuged for 10 mins at 17,000g (12,000 rpm in 4.25" SS 24 rotor)
at 4°C to pellet nuclear DNA. The supernatant was transferred to a 5ml ultracentrifuge tube
and layered in a CsCl gradient. Caesium-chloride was added to bring the sample density to
1.40gm/ml. For 1.28gm of sample, 0.81gm of CsCl and 0.23mg/ml propidium iodide (PI)
stock (in ThE) was added (Dowling et al., 1996). To form a step gradient the sample was
underlaid with 1.33ml of 1.70gm/ml CsCl per ml of sample (1.70ml) and overlaid with
mineral oil. Samples were centrifuged for 24 hours at 140,000g (36,000 rpm in a SW60Ti
rotor, Beckman L8-70 Ultracentrifuge) in a temperature range of 21°C-35°C.

Mitochondrial DNA was collected from the tube by taking fractions with a sterile
syringe and 23 gauge needle under UV light. The nuclear fraction was also collected
separately. The PI was extracted with an equal volume of CsCl-saturated isopropyl alcohol.
The DNA samples were placed into prepared dialysis tubing (see below) and dialyzed for 24
hours in two changes of 500mls 0.5 X ThE buffer. The mtDNA was then removed from the

tubing to a sterile 1.5 ml eppendorf and stored at 4°C until required.
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2.3.1.1 Preparation of Dialysis Tubing

Tubing was cut into 20cm lengths and boiled vigorously in 2% sodium bicarbonate,
10mM EDTA pH 8.0 for 10 mins. After rinsing thoroughly in distilled water it was boiled a
further 10 mins in 10mM EDTA pH 8.0 and allowed to cool. The tubing was stored in sterile

dH,0 until needed.

2.3.2 Mitochondrial DNA enrichment

This method of mitochondrial DNA enrichment was modified from the plasmid
isolation mtDNA enrichment method of Welter et al. (1989). 0.1-0.2gm of liver tissue was
homogenised in 1 ml ice-cold homogenisation buffer (50mM glucose, 10mM EDTA, 20mM
Tris-HCI pH8.0) and centrifuged at 1600rpm for 10 mins. The supernatant was transferred to
a fresh tube and centrifuged a second time at 1000rpm for 10 mins. The supernatant was
collected and centrifuged at 12,000rpm for 20 mins to pellet the mitochondria. The pellet was
gently resuspended in 1ml 1X TrisHCI-EDTA (TE) and placed on ice for 10 mins. To
concentrate the mitochondria, the samples were centrifuged at 12,000rpm for 20 mins and the
pellet was resuspended in 100pl homogenisation buffer. 200ul of lysis solution (200mM
sodium hydroxide [NaOH], 1% SDS) was added, mixed gently and placed on ice for 5 mins.
150ul of acetate neutralising solution (11.5% glacial acetic acid, 3M potassium acetate) was
added, vortexed for 10 secs and placed on ice for 60 mins. The mixture was then centrifuged
at 10,000 rpm for 20 mins to pellet any remaining cellular debris. The supernatant was
extracted with phenol/chloroform and the mitochondrial DNA was precipitated with 0.1 vol
3M sodium acetate (NaAc) pHS.2 and 2X vol 100% ethanol at -20°C overnight. The DNA
was pelleted by spinning at 10,000 rpm for 30 mins and the pellet washed in 70% ethanol and
air dried. The DNA was resuspended in 50ul TE/RNAase (10mg/ml) and incubated at 37°C

for 30 mins.
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2.4 Titration test to reduce the amplification of nuclear paralogues

The presence of paralogous sequences in the genomes of organisms confounds
phylogenetic analysis, which requires the comparison of orthologous sequences to correctly
estimate relatedness of alleles by descent. Paralogous sequences occur when a gene or part of
a gene is duplicated in the genome and then each copy evolves independently. The time since
the duplication event and the rate of nucleotide substitution will determine the amount of
similarity between the paralogues. Often, paralogous sequences are detected by the presence
of stop codons or frame shifts in coding genes (Lopez et al., 1994; Quinn, 1992).

There is now an accumulation of evidence supporting the translocation of paralogous
sequences to other parts of the genome. Nuclear genes translocate to different chromosomes
(deGrouchy and Turleau, 1984) and organellar components (i.e. mitochondrial and chloroplast
genes) translocate into the nuclear genome (Ayliffe and Timmis, 1992; Collura and Stewart,
1995; Lopez et al., 1994; Quinn, 1992; Smith et al., 1992; Sorenson and Fleischer, 1996;
Zhang and Hewitt, 1996). PCR amplification of paralogous sequences and their subsequent
inclusion into any phylogenetic analyses will lead to inaccurate estimates of phylogeny
(Arctander, 1995; Collura and Stewart, 1995). Donnellan et al. (1999) developed a procedure
to test the potential for mitochondrial primers to amplify mitochondrial genes rather than
nuclear paralogues. Serial dilutions from neat to 10° lof caesium-chloride purified or enriched
mtDNA were amplified with three sets of primers: the “universal” /25 rRNA (1.1091/H1478)
or 16S ¥rRNA (16Sar/16Sbr) and the nuclear /8S rRNA primers (18¢ and GS59) and the
mitochondrial primers being tested. (All primer sequences and authors are listed in Table
2.1). Usually the mitochondrial primer pairs amplified products at a dilution of 10" and the
nuclear primers amplified products to a dilution of 102, If the endpoint for the test primers
was similar to the 125 rRNA primer pair and both amplified a product from an aliquot at least
100 fold more dilute than the nuclear primers, it was concluded that the product was most
likely derived from mtDNA. If the endpoint of the test primers was similar to that of the

nuclear primers, it was concluded that the test primers had most likely amplified a nuclear



Table 2.1 PRC primers used in this study
Sources: 1 — Kumazawa et al. (1996); 2 — Y. Kumazawa, Nagoya University, Japan; 3 — Kumazawa and Nishida
(1993); 4 — Kocher et al. (1989); 5 — Cunningham et al. (1992); 6 — Hillis and Dixon (1991); 7 — S. Cooper,
South Australian Museum, Adelaide, Australia.

12

Primer Sequence Source
CR
L14973 5’-CACATCACYCGAGATGTCCCCTACGG-3’ 1
H690 5’-GTTGAGGCTTGCATGTATA-3’ 1
L15926 5’-AAAGCATTGGTCTTGTAARC-3’ 2
Snakel7H 5-TATGTCTAACAAGCATTAAG-3’ 2
Snakel L 5-CCTATGTATAATAATACATTAA-3’ 2
Snake6 L 5’-ACCCTTCCCGTGAAATCC-3’ 2
Snake7 H 5-TGAAAGGATAGAGGATTTCACG-3’ 2
L4160m 5’-CGATTCCGATATGACCARCT-3’ 3
H4433 5’-AACCAACATTTTCGGGGTAT-3’ 3
Cyth
H15916 5’-GCCCAGCTTTGGTTTACAAGA-3’ 2
Snakel2L  5-CAGCCAAYATCAAYCTAGCATTTTCATC-3’ 2
L14861 5-AAAAGCTTCCATCCAACATCTCAGATAAA-3 4
H15149 5’-AAACTGGCAGCCCCTCAGAATGATATTGCCTCA-3’ 4
128 RrNA
L1091 5-AAAAAGCTTCAAACTGGGATTAGATACCCCACTAT-3’ 4
H1478 5°- TGACTGCAGAGGGTGACGGGCGGTGTGT-3’ 4
16S rRNA
16Sar 5’-CCGGTCTGAACTCAGATCACGT-3’
16Sbr 5’-CGCCTGTTTATCAAAAACAT-3’
18S rRNA
18e (F) 5’-GGTTGATCCTGCCAGTAG-3’ 6

G59 (R)

5’-GCTGGCACCAGACTTGCCCTCC-3'
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paralogue and an alternative set of test primers was considered. Also, the sequence of the
product derived from a high dilution of the enriched mtDNA was compared with the sequence
of a product derived from total cellular DNA using the sequencing procedures given above to
test the origin of sequence derived from total cellular DNA. If these sequences were

indistinguishable, it was concluded that the primers only amplified mtDNA.

2.5 Gel Electrophoresis
2.5.1 Agarose

To visualise the extracted DNA and PCR products, 5ul aliquots with 2ul of loading
buffer were loaded onto a 1.5% agarose gel. The gel was covered with 1X Tris-boric acid-
EDTA (TBE) running buffer and electrophoresed under standard conditions at 105V (50mA),
stained with 0.5ug/ml ethidium bromide and viewed under UV light. The size of PCR
products less than 1kb were gauged against a 100 bp ladder marker (GeneWorks) and
products greater than 1kb were gauged against HindIIl/EcoRI digested DNA standard size

marker (GeneWorks).
For gel purifying single bands, either 1.2% low-melt NuSieve® GTG® agarose

(Bioproducts, USA) or 6% polyacrylamide (PAGE) gels were used.

2.5.2 Polyacrylamide gels

PAGE gels were made with 3.5ml 10X TBE buffer, 26.25 ml H,O and 5.25ml
acrylamide, to which 245pl 10% ammonium persulfate (APS) and 40 pl NNNN-
Tetramethylethylenediamine (TEMED) was added. The acrylamide mixture was syringed
between two prepared glass plates, a comb was inserted and the gel was polymerised for 30
mins. The plate was attached to an upright gel rig, immersed in 1X TBE buffer and pre-
electrophoresed for 15 mins at 250V. 5pl of PCR product with 1l loading buffer was loaded

into each well and electrophoresed for 1.5 hrs.
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2.6 Oligonucleotide PCR and sequencing primers

Oligonucleotide primers for PCR and sequencing were ordered from Gene Works
(formerly Bresatec Pty Ltd.) or Applied Biosystems, USA. Primer sequences used are listed
in Table 2.1. Each primer was diluted in dH2O to give concentrations of 5uM for PCR and

sequencing.

2.7 PCR mixtures and thermocycling conditions

2.7.1 PCRI

A 50pl PCR mixture was used containing 0.75U of Tag (Promega) or AmpliZagGold
(Perkin Elmer) polymerase, 5ul 10X Reaction Buffer (Promega), 4mM Magnesium Chloride
(MgCly) (Promega), 0.2mM of each nucleotide (INTP), 0.2uM each primer and 20-100ng of

template DNA.

2.7.2 PCR2 - (Long and Accurate PCR, LA-PCR)

50u1 PCR reactions were prepared in two separate mixes. Mix 1 contained 0.2mM of
each ANTP, 0.2uM of each primer, 20-100ng of template DNA and water to make the volume
to 20ul; Mix 2 contained 1.6mM MgCl; (Buffer A + Buffer B), 1ul of ELONGASE Enzyme
Mix Gibco/BRL) and water to make the volume to 30pl. This reaction was hot-started by

mixing Mix 1 and 2 at 94°C.

2.7.3 PCR programs

2.7.3.1 Program 1
(annealing temp 48°C, 52°C or 55°C) on a FTS-320 Thermal Sequencer (Corbett Research).

94°C (2 mins), 48°, (1 min), 72° C (20 secs) X 1;
94°C (45 secs), 48°, (45 secs), 72°C (1 min) X 34 cycles ;

72° C (6 mins ), 26°C (10 secs) X 1
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2.7.3.2 Program 2
for LA-PCR on an Omn-E Thermal Sequencer (Hybaid)

94°C (30 secs);
94°C (30 secs), 52°C (1 min), 72°C (15 mins) X 30;

30°C (10 secs)

2.7.2.3 Program 3
(sequencing) on a FTS-1 Thermal Sequencer (Corbett Research)

94°C (30 secs), 50°C (15 secs), 60°C (4 mins) X 25 cycles;

60°C (4 mins), 25°C (10secs)

2.8 Nested PCR
2.8.1 Nested PCR of the control region

To avoid the amplification of a control region-like gene that is present in snakes
between the NDI and ND2 genes (Kumazawa et al., 1996), nested PCR was used. An initial
amplification used the primers 115926 and H690 situated in the tRNA™ and 128 rRNA genes
respectively with the ELONGASE PCR protocol (chapter 2, sections 7.2 and 7.2.2). This
product was then used as a template for a hemi-nested amplification with primers L.15926 and
snake 17 situated in the Conserved Sequence Block I of the control region sequence to

amplify a ~850 bp product that was used for sequence analysis.

2.8.2 Nested PCR of the control region-like gene

To selectively PCR amplify the control region-like gene, nested PCR was used. An
initial amplification used the primers L4160m and H4433 situated in the ND1 and ND2 genes
respectively with the ELONGASE PCR protocol (chapter 2, sections 7.2 and 7.2.2). This
product was then used as a template for a hemi-nested amplification with primers L4160 and
snake 17 situated in the Conserved Sequence Block I of the control region-like sequence to

amplify a ~850 bp product that was used for sequence analysis.
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2.9 Purification of PCR products

2.9.1 Bresaclean

PCR products were purified using a "BRESA-CLEAN™" DNA purification Kit (Gene
Works, formerly Bresatec Pty. Ltd.). 45 pl PCR product was aliquoted into a 1.5ml
eppendorf tube to which 3X volume of "BRESA SALT" (6M Nal stock solution) and 5pl
"BRESA-BIND™" (silica glass milk) were added. This was incubated with mixing at room
temperature for 5-15 mins and centrifuged for 1 min to pellet the BRESA-BIND™/DNA
complex. The supematant was removed, the pellet was resuspended in 500pl of BRESA-
WASH™ (Tris, EDTA, NaCl, 50% ethanol) and spun for 1 min. The supernatant was
removed and the pellet was dried on a heating block at 55°C for 5 mins. DNA was eluted into

solution by resuspending the pellet in 35 pl of dH,O, incubating for 5 mins at 55°C,

centrifuging for 1 min and immediately transferring the supematant to a new tube. The
cleaned PCR product was stored at 4°C. Recovery of DNA was checked by running 4 pl of

product with 2 pl loading buffer on a 1.5% agarose gel.

2.9.2 Column purification
Some PCR products were also purified using spin columns (BRESAspin PCR

purification kit - GeneWorks) as per manufacturer’s instructions.

2.10 DNA Sequencing

PRISM™ Ready Reaction DyeDeoxy™ Terminator Cycle Sequencing Kit containing
four ABI dye-labelled dideoxy nucleotides (G, C, A and T Dye Deoxy terminators) was
supplied by Applied Biosystems. Terminator premix includes dITP and the thermally stable
enzyme, AmpliZag DNA polymerase.

Both strands of the PCR amplified gene fragment were sequenced using a PRISM™

Ready Reaction DyeDeoxy Terminator Cycle Sequencing Kit on a FTS-1 thermal sequencer
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(Corbett Research) using Program 3 (see above). 20 pl reactions were prepared using 2 pl of
PCR product, 8 pl of PRISM™ and 1pl of 5 pM primer and transferred to 20pul Corbett
Research capillary tubes. The reaction products were electrophoresed on an Applied
Biosystems 373A DNA sequencer and Macintosh Powermac computer at the Department of
Molecular Pathology of the Institute of Medical and Veterinary Science (IMVS), Adelaide

and the sequences were made available as chromatograms.

2.11 Generating Sequence Data & Data Analysis

DNA sequences were edited on the Sequence Editor (SeqEd) program from Applied
Biosystems, Inc. The reversed complement sequence of the heavy (or reverse) strand primer
was comparatively aligned with the light (or forward) strand and a consensus sequence was
constructed. Where base anomalies occurred a redundancy code was used as follows: R = A
or G (puRine); Y= Tor C (pYrimidine); M = A or C (aMino); K=Gor T (Keto); W=Aor T
(Weak - 2 H bonds); S = C or G (Strong - 3 H bonds).

Sequences were aligned either by eye for coding genes or using ClustalW (Thompson
et al., 1994) and adjusted manually to improve alignment where necessary when sequences
had multiple variable length insertions or deletions (indels). Aligned sequences were

analysed using PAUP*4.0b2a (written by Swofford, 1999).

2.12 Analysis
2.12.1 Data Partitions

To deal with the gene tree vs. species tree issue, multiple data sets are usually
considered in phylogeny building. Often, too, there are other non-molecular data sets such as
morphological, physiological or biochemical characters that can be incorporated into the
analysis. When different qualitative data partitions are incorporated into a single phylogeny
estimate, there are three possible approaches to their combination, i) always combine, ii)

never combine and iii) combine in some circumstances. The first approach, referred to as the
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total evidence approach (Kluge, 1989) always combines all data sets into a single analysis.
Kluge’s (1989) justification for this approach was that incorporating all the available data
maximises the “informativeness” and “explanatory power” of the information. The second
approach, referred to as the consensus approach (de Queiroz, 1993) estimates the phylogeny
of each data partition separately and then determines a consensus tree from the separate
analyses. The argument for this approach suggests that information can be gained from
separate analyses that might be lost in a combined analysis (Miyamoto and Fitch, 1995).
Because combining partitions removes the independence of characters provided by analysis of
each partition separately, the sampling variance is increased, thus increasing the probability of
errors in the phylogeny estimation.

Support for the third approach of conditional combination arises from evidence of
heterogeneity between data partitions. For molecular data, different genes, even linked genes
such as those of the mitochondrial genome, have differing rates of nucleotide substitution and
nucleotide frequencies between lineages (Wu and Li, 1985), between genes (Nei, 1987;
Wolfe, 1988) and within genes (Li et al., 1985). With the advancement of computing power,
different analytical algorithms have been developed to incorporate new and more complex
models of molecular evolution (Jukes and Cantor, 1969; Kimura, 1980; Lanave et al., 1984;
Rodriguez et al., 1990; Yang, 1996). These models of evolution can also incorporate variable
parameters such as the frequency of each nucleotide, the proportion of invariable sites and the
gamma shape parameter (Yang, 1996). The gamma shape parameter (I') (Yang, 1996)
measures the variation in the rate of evolution between sites within a sequence. If within-
sequence rate variation is not accounted for, it can bias the estimation of phylogeny and the
estimation of evolutionary rate. Ideally, a continuous gamma distribution best describes the
evolutionary model that would fit real data, implying an independent rate for each nucleotide
site. However, a continuous distribution is computationally intensive and only feasible for
very small data sets (ie. < 6 taxa). The best available alternative is to use a discrete gamma

model, which sets discrete classes of rates of equal probability. The gamma shape parameter
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can be estimated using ML in PAUP*4.0b2a. With a move into even more complex analyses
such as Bayesian probabilities (Larget and Simon, 1999; Shoemaker et al., 1999; Yang and
Rannala, 1997), the theory of molecular evolution modelling is still ahead of available
computing power that can achieve results in a realistic time frame, particularly for large data
sets.

All phylogenetic methods make specific assumptions about modes of evolution. If
combining partitions that have different underlying evolutionary processes violates these
assumptions, false estimates of evolutionary history may be made (Bull ez al., 1993). A first
step in dealing with data partitions that may have different underlying evolutionary processes
is to identify those partitions that are heterogeneous. There are a number of tests that attempt
this. The Incongruence Length Difference Test (ILD, Farris et al, 1995) compares the
incongruence length difference (D) for the observed data with D for a series of randomised
partitions that are the same size as the original partitions ( i.e. with sampling replacement). D
is calculated as the difference between the length of the most parsimonious tree for a
combined analysis and the sum of the lengths of the most parsimonious trees from individual
analyses. The null hypothesis for the test assumes combinability of partitions.

A second test of partition heterogeneity is the goodness-of-fit test as determined by the
Templeton Test (Bull et al., 1993; Templeton, 1983). This non-parametric test compares two
tree topologies using a Wilcoxon signed-ranks test of the number of steps required by each
character on each of the respective trees to determine whether the support for a hypothesis is
significantly better than would be expected from random variation among the characters. To
effect a conditional combinability test, each data partition is mapped on to the most
parsimonious trees from a combined analysis and the Templeton test is applied to determine
goodness of fit.

The third test discussed here is the Rodrigo test (Rodrigo et al., 1993), named as such by
Cunningham (1997). Differences in tree topology may be because the tree reconstruction

method is inappropriate, may be due to a lack of significant cladistic information in the data,
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may be due to different cladistic processes acting on the data or sampling error. This test uses
the symmetric difference index (SDI) (Penny and Hendy, 1985) to measure the degree of
similarity between the most parsimonious trees from each partition. The distribution of the
SDI statistic is determined for each partition by calculating the mean SDI between the most
parsimonious trees estimated from bootstrap pseudoreplicates taken from the same data
partition. If the range of possible tree topologies from both partitions do not overlap, the null
hypothesis that both trees estimate the same phylogeny can be rejected.

Cunningham (1997) used pairs of data partitions of well-established phylogenies to
test the sensitivity of these incongruence tests to detect heterogeneity between data partitions.
He found that the ILD test was best able to predict the accuracy of combined data. Also, the
ILD test could be applied to multiple data partitions simultaneously and could be reapplied
after the model had been adjusted by weighted parsimony to determine whether congruence
was increased.

The congruence of data partitions can be tested using maximum likelihood (likelihood
heterogeneity test) (Huelsenbeck and Bull, 1996). In this test, the likelihood ratio test
statistic A compares the log likelihoods of a combined analysis with the total log likelihoods
of separate analyses (ie. A = 2(In L, - In Ly), where L; is the sum of log likelihoods for all data
partitions). The null hypothesis (Lo) assumes that the same tree underlies all the data
partitions ( i.e. a combined analysis) and the alternate hypothesis suggests that different tree

topologies apply to different data partitions.

2.12.2 Choosing the Analysis Method

Once a decision has been determined, whether or not to combine partitions,
analysis can proceed. Three methods of analysis were included in this study, maximum
parsimony, maximum likelihood and neighbor-joining analysis of genetic distances. Each

method of analysis treats information within the data in a different manner. Maximum
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parsimony searches for the phylogenetic hypothesis ( i.e. tree(s)) that can be explained with
the least number of changes through direct descent within the data. There are a number of
algorithms that calculate the minimum length tree. Because changes between character states
may not necessarily occur with equal frequency, parsimony analysis can incorporate
weightings or costs for various kinds of transformations, i.e. greater importance can be given
to transversions over transitions because transitions have a tendency to become saturated i.e.
mutations accumulate and superimpose over previously mutated sites (Kimura, 1980). Thus,
the observed difference in substitutions between two sequences will not necessarily reflect the
actual number of mutations that have occurred over time. The transition/transversion ratio
can be estimated in the program PAUP*4.0b2a using likelihood functions.

Neighbor-joining (Saitou and Nei, 1987) is a method of cluster analysis that uses pair-
wise genetic distances to join taxa into a tree of relationships. Trees are constructed by
starting with the taxa that have the smallest distance between them and successively joining
the more distant taxa. Unlike some cluster methods (e.g. unweighted pair group method
using arithmetic averages), neighbor-joining analysis does not assume that all lineages have
diverged equally and distances calculated under various models of sequence evolution can be
incorporated into the analysis. However, there is only a single tree produced and specific
parameters associated with models of evolution cannot be set, making it a less robust test than
analysis such as maximum likelihood.

Maximum likelihood (Felsenstein, 1981) searches for the most probable outcome of
relationships (tree) that could arise from the observed data according to a specified model of
evolution. The model of evolution that is best suited to a particular data set can be estimated
using the computer program Modeltest3 (Posada and Crandall, 1998). Once a particular
model has been selected, the specification of many parameters can be estimated from the data
using PAUP*4.0b2a and a maximum likelihood search done. ML analysis has been shown to

be robust to violations of the assumptions of a specified model (Felsenstein, 1981).
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2.12.3 Estimating likelihood model parameters

Maximum  likelihood ~model parameters such as base frequencies,
transition/transversion (ts/tv) ratio, gamma shape parameter (') and proportion of invariable
sites for a particular model were estimated using successive approximations (Swofford et al.,
1996) of the parameters calculated using quartet puzzling (Strimmer and von Haeseler,
1996). The most parsimonious unweighted tree was used as a starting point to estimate the
parameters by maximum likelihood. These parameters were then used in a puzzling analysis
to generate a tree topology for the next round of parameter estimation using maximum
likelihood. When the estimated parameters no longer changed, it was concluded that the best
estimate of the parameters had been reached. The estimated base frequencies,
transition/transversion (ts/tv) ratio and I' were then used in a full maximum likelihood
analysis under the specified model. The estimated ts/tv value was used to weight heuristic
searches under the maximum parsimony criterion of optimality analyses and to choose

appropriate molecular evolution models to calculate evolutionary distances.

2.13 Molecular clock

The concept of a molecular clock is that genes evolve at a constant rate, with the
number of nucleotide substitutions being proportional to time. If the rate of substitution can
be calculated, then a time of divergence between sequences can be estimated. The molecular
clock has been applied to very deep time scales reaching to the Cretaceous/Tertiary boundary
(Bromham et al., 1999; Cooper and Penny, 1997). However, not all genes evolve at the same
rate (as opposed to a gene evolving at a constant rate) (Nei, 1987) and sections of
mitochondrial DNA (e.g. tRNAs) evolve 20-100 times faster than their nuclear counterparts
(Brown et al., 1982; Pesole et al., 1999). There is also evidence to suggest that the rate of
molecular evolution varies between homeotherms and poikliotherms (Martin ef al., 1992) and

that apparent observed rates of evolution are correlated with body size (Martin and Palumbi,
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1993). Therefore, to use a molecular clock it is essential to first establish that a constant rate
of nucleotide substitution exists for the lineage of sequences being considered.

Rates of nucleotide substitutions can be compared between two closely related taxa
using the relative rates test (Li et al., 1985; Sarich and Wilson, 1967; Wu and Li, 1985). This
test does not require any knowledge of divergence times between the taxa being considered.
The sequences of two closely related taxa are each compared to the sequence of a more
distant outgroup taxon. If the molecular distance (i.e. the difference in the number of
nucleotide substitutions between the ingroup taxon and the outgroup taxon) is the same for
each taxon being considered, the sequences have evolved according to a molecular clock.
The difference between the distances can be tested statistically to determine whether any
deviation from zero is significant. Wu and Li’s test assumes the substitution model of Kimura
(1980) which has two parameters, one for the rate of transitions and one for transversions,
base frequencies are assumed to be equal. Muse and Weir (1992) used the same three-taxon
principle but devised a likelihood method to compare the likelihood. of sequences under the
situations of no constraint or the constraint of equal rates of change that incorporated more
complex models of sequence evolution. For both of these methods, a knowledge of the
phylogenetic relationships among the taxa being tested is required.

An alternative to the relative rates test to determine the heterogeneity of evolutionary
rates is the Tajima test (Tajima, 1993). This test is similar to the relative rates test in that it
compares three taxa and it accounts for differences in rates of transition and transversion
substitutions. Also, unlike the other tests, models of nucleotide substitution do not need to be
incorporated into the analysis and the test can be applied even if the substitution rate varies
among different sites and if phylogenetic relationships are not known.

Once a constancy of evolutionary rate has been established, a molecular clock can be
invoked to estimate sequence divergence times. To calculate sequence divergence times it is
necessary to have an independently derived date of origin for some of the taxa included in the

sample, usually from fossil evidence (Martin et al., 1992) and sometimes from the dating of
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vicariant events (Caccone et al., 1997). To calculate deeper divergences, Rambaut &
Bromham (1998) have developed a test that incorporates a test of rate constancy and models
of sequence evolution and also provides confidence intervals for the estimated times of
divergence. However, this method requires fossil dates for pairs of taxa that diverged at a
more recent time than the divergence under consideration.

If fossil evidence suggests a date for a common ancestor of a cluster of taxa (clade), a

more recent divergence (¢) within the clade (between taxon A and taxon B, Fig. 2.1) can be

Minimum divergence time

a) taxa without suitable fossil
e.g. B. irregularis, C. aspera, C. carinata

% A -B distance

time ap = evolutionary rate
Sister A
. Genetic distance (K 2)
b) taxa with suitable fossil (i.e. divergence)
e.g. L. albertisii, M. viridis, M. rufescens
A - B distance
time A= * mini fossil F
AB distance to sister lineage (C) minimum fossil age (F)

Fig. 2.1 Diagram showing the relationship between evolutionary distance and genetic distance
and the formulae used to calculate the minimum divergence times between taxa.

estimated by dividing the sequence divergence between the clades (divergenceAB), by the
average sequence divergence between the test species and the nearest sister lineage

(divergenceC) and multiplying this value by the age of the calibration fossil (F).

divergence AB (1]
tww = - * F
divergence C

The intrinsic rate of nucleotide substitution or evolutionary rate, ER (% substitutions/million
years) can be estimated for a particular lineage using the sequence divergence from a sister

lineage with a reliable fossil date by the formula where divergenceC is the sequence



25

divergence between the test species and the living descendant of the nearest sister lineage

ER = +divergence C [2]

with a known fossil taxon and (F) is the estimated age of the fossil. The estimate may be a
very rough approximation, as the actual time of separation will predate the appearance of a
morphologically differentiated fossil by an unknown amount of time. If the ER for a lineage
is known, divergence times (7) for taxa within the lineage that do not have suitable fossils can

be calculated using the ER.

- +divergenceAB (3]
ER

2.14 Confidence
2.14.1 Decay indices

The Bremer support indices (Bremer, 1994) are a measure of the amount of support
for each internal node in a parsimony phylogeny. The index is calculated from the difference
in tree lengths between the shortest trees that contain a particular node and those trees that do
not contain the node. Bremer decay indices can be calculated using Autodecay (written by T.
Eriksson, 1997) or for multi-partition data, the decay indices can broken down according to
support provided by individual data partitions in the program TreeRot v.2 (written by M.D.

Sorenson, 1999).

2.14.2 Bootstrapping

Bootstrapping (Felsenstein, 1985) is a measure of whether a phylogenetic tree
estimated from a set of nucleotide sequences is truly representative of the signal in the data or
has been assembled to a particular topology by purely by chance. Homoplasy within the data
will cause different nucleotide sites to support different tree topologies and therefore any
given estimate of phylogeny will depend on the characters sampled, with an associated level

of sampling error. Bootstrapping estimates sampling error by taking multiple random
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samples from the sample (pseudoreplicates). By sampling with replacement, some sites will
be represented in the sample more than once?‘and others not at all. A tree is then built from the
pseudoreplicate data set. The frequency of occurrence of each node amongst a large number
of (100-2000) pseudoreplicate trees is a measure of the sampling error. A bootstrap value of

>70% is considered to offer strong support for any particular node in a tree.

2.14.3 Hypothesis testing

When a particular hypothesis is proposed for a data set (eg. monophyly of a clade), the
strength of the hypothesis can be statistically tested using the Kishino-Hasegawa (Kishino and
Hasegawa, 1989) test for maximum likelihood and maximum parsimony analyses or the
Templeton (1983) test for maximum parsimony analysis. These tests compare trees estimated

under a constraint with those estimated under no constraint.

2.15 Mismatch distribution and raggedness index

Rogers & Harpending (1992) showed that there is a correlation between historical
population size and the distribution of pair-wise nucleotide site differences between
individuals. The distribution of nucleotide site differences between pairs of individuals
(mismatch distribution, Hartl and Clark, 1997) changes as populations grow or decline (Avise
et al., 1988; Felsenstein, 1992; Rogers and Harpending, 1992). In a rapidly growing
population, pair-wise differences have a Poisson distribution arising from most alleles being
descended from a few ancestral types (Harpending et al., 1993; Rogers and Harpending,
1992). In a theoretical stable or declining population, the equilibrium distribution shows a
geometric decrease in the number of matched sites due to a much more structured allelic
phylogeny. However, simulations show that stable or declining populations often have multi-
modal distributions giving a ragged distribution that does not readily resemble the predicted
outcome (Rogers and Harpending, 1992; Slatkin and Hudson, 1991). Bottlenecks in

population size generate waves similar to those produced by sudden expansion but with a
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steeper leading edge, and they often have ragged empirical distributions with many peaks at

large values. Populations that have been through a rapid reduction in size produce L-shaped
distributions due to the initial high probability of identity of nucleotide sites, while the right
edge converges to a new equilibrium.

To obtain a measure of confidence as to how well the data fit a particular distribution
curve, a null distribution is simulated for known parameters and compared to the raggedness
index (Rogers, 1995) calculated from the data. High values of raggedness indicate that a

population is in equilibrium.



28
Chapter 3.

Evolution of mitochondrial control regions in boid snakes

3.1 Introduction

The circular genome of the mitochondrion of vertebrates is in general approximately
16 kb and in most organisms is maternally inherited. The gene content of the vertebrate
mitochondrial genome has been known since the early 1980°s (Anderson et al., 1982) and
with a multitude of complete genomes now sequenced, has proved for the most part to be
highly conserved across vertebrate lineages i.e. in amphibians (Roe er al, 1985), birds
(Desjardin and Morais, 1990), marsupials (Janke et al., 1997), reptiles (Janke and Amnason,
1997) and sea lampreys (Lee and Kocher, 1995). However, the arrangement of those genes in
the mitochondrial genome has proved to be much more dynamic (e.g. birds, Bensch and
Hirlid, 2000; Desjardin and Morais, 1990; Mindell et al., 1998; marsupials, Pddbo ez al,
1991; reptiles, Quinn and Mindell, 1996; Seutin et al., 1994) and gene order is being used as
a phylogenetic character to determine evolutionary relationships between groups of organisms
(Kumazawa and Nishida, 1993; Macey et al., 1997). Even within the lineage of squamate
reptiles, gene rearrangements are not uncommon. In lizards there are tandem duplications of
clusters of genes (Moritz and Brown, 1986), tandem duplications of adjacent tRNAs (Macey
et al., 1998), and translocations of tRNAs (Kumazawa and Nishida, 1995; Macey ef dl.,
1997). Many of these gene rearrangements are associated with transfer RNAs (Macey et al.,
1998). Models implicating slipped-strand mis-pairing during strand replication (Levinson and
Gutman, 1987; Streisinger et al, 1966), and an association with hairpin-like structures
(Macey et al, 1997; Stanton et al, 1994) have been proposed to explain these
rearrangements.

Whilst most non-tRNA duplications occurring in the mitochondrial genome are in

tandem array (Moritz and Brown, 1987), in boid, colubrid and viperid snake lineages there is
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a non-tandem duplication of the control region (CR) and associated tRNAs into the
isoleucine, glutamine and methionine (IOM) tRNA cluster situated between the NDI and ND2
genes (Kumazawa et al., 1996; Kumazawa et al., 1998). Studies examining the arrangement
of gene in the IQM tRNA cluster in agamid and iguanid lizards (Macey et al., 1997) and
leptotyphlopid snakes (Kumazawa and Nishida, 1995) found no evidence of this inserted
control region-like (CRL) gene.

In three individual snakes, Kumazawa et al. (1996) found that the sequences of the CR
and the CRL were identical except for a single base substitution in each individual. Given the
rapid rate of evolution in much of the CR, it is unlikely that sequence fidelity would be
maintained between the CR and CRL without some kind of recombination mechanism. Until
recently, there was no evidence of recombination between vertebrate mitochondrial genomes.
Earlier studies showed recombinant mitochondrial sequences in yeast (Dujon, 1981) and more
recently, putative recombinases have been found within mammalian mitochondria
(Thyagarajan et al., 1996).

The aim of this study was to extend the findings of Kumazawa et al. (1996) and
investigate the maintenance of sequence fidelity between the CR and CRL m pythons at
varying levels of evolutionary distance, i.e. between genera and at a population level within a
species. If mitochondrial recombination is a rare event, sequence differences between the CR
and CRL may be detected in a time lag between the sequence mutation in one region and the
subsequent homogenization event. I would expect that for shorter divergence times ( i.e.
within or between conspecific populations) there would be more evidence of sequence
differences between the CR and CRL as mutated sequences would have less chance of being
involved in a recombination event that would homogenize the two regions.

To determine the evolutionary origin of the CRL insertion, I used PCR amplification
to detect the presence/absence of a large (>1kb) insertion into the [QM tRNA cluster in a range
of squamates (Fig. 3.1a and b). To test the idea of concerted evolution between the CR and

CRL, firstly, the CRs of two species of Morelia pythons were examined for structural features
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Phrynosomatidae - Iguanas

———— Anguidae - Alligator Lizards

Varanidae — Monitors* (Varanus)

control region-like
insertion

{ Pythonidae - Pythons* (Morelia+, Python+)
- Boidae - Boas* (Candoia+)

Typhlopidae - Blind Snakes* (Ramphlotyphlops®)
(Lepotyphlops Kumazawa & Nishida, 95)

[ Agamidae - Dragons * (Uromastix Macey etal, 97)

> ~

Chamaeleonidae - Chamaeleons

Scincidae - Skinks* (Egerm'aT, Emoia’)

Pygopodidae - Legless Lizards
Gekkonidae - Geckos
Amphisbaenidae - Worm Lizards
Teiidae - Whi p-tail Lizards
Sphenodontidae - Tuatara

Crocodylidae - Crocodiles

a‘

Madtsoiidae

Leptotyphlopidae A
(Kumazawa & Nishida 95)

— Typhlopidae” A

Anomalepididae

—— Uropeltidae

Aniilidae

Xenopeltidae

Boidae*

T T

Acrochordidae®

Elapidae”

o

Colubridae
(Kumazawa et al. 96)

Viperidae P

(Kumazawa et al. 96)

o

Fig. 3.1a. Evolutionary relationships of major reptile groups from c-mos gene sequence (adapted
from Saint et al. 1998), showing the distribution of a control region-like insertion. * = lineages
examined for IOM region, + = taxa examined in the present study, arrow indicates most likely
insertion of CRL in squamate phylogeny. b. Evolutionary relationships of snakes (after Scanlon &
Lee, 2000) showing the derivation of a control region-like insertion. + = taxa examined in the
present study, P = insertion present, A = insertion absent.



31

that are known to be present in other vertebrates and colubrid and viperid snakes. Secondly,
complete and partial CR and CRL sequences, were compared from a number of individuals of
the carpet python Morelia spilota of varying geographic and genetic distance (0-6%
uncorrected sequence divergence) (Fig. 3.2) and from one representative each of the genus
Acrochordus and three boid genera, Antaresia, Candoia and Python. Furthermore, to get a
more comprehensive picture of the evolution of the CR in boid snakes, I also compared the
primary and secondary structures of the CR and associated tRNAs for a range of python

genera with those of other vertebrates.

3.2 Materials & Methods
3.2.1 Specimens examined

Individuals included in this study are given below. * = complete control region and
control region-like sequences, * = extractions enriched for mitochondrial DNA.

Acanthophis antarcticus NTM R17880; Acrochordus arafurae SAMA R23999*";
Aipysurus laevis NTM R17775; Antaresia childreni SAMA R21411*%": 4. maculosa ABTC
68227; A. perthensis ABTC 68276; A. stimsoni SAMA R38794; Apodora papuana ABTC
68240; Aspidites melanocephalus ABTC 68246; A. ramsayi” SAMA R19831; Bothrochilus
boa AMS R129533; Candoia aspera® AMS R115337; Demansia atra SAMA R29954;
Egernia stokesii SAMA R51503; Emoia longicauda AMS R122615; Heloderma horridum
ABTC 64991; Hydrelaps darwiniensis NTMR16471; Leiopython albertisii AMS R124481%;
Liasis mackloti SAMA R21422; Liasis fuscus ABTC 68263; Liasis olivaceus ABTC 6503;
Morelia amethistina AMS R115347"; M. boeleni BPBM 11611; M. oenpelliensis ABTC
68277, ten M. spilota SAMA R26878*", ABTC 68278/79/80*/81/88, 68308*, ABTC 66175,
ABTC 66267, ABTC 66295; six M. viridis ABTC 51498, ABTC 65592 (Australia), AMS
R115348*", AMS R122363 (Southern PNG), BPBM 11617, BPBM 13798 (Northern PNG);
Python curtus ABTC 24797; P. reticulatus SAMA R28533*; P. sebae SAMA R26137; P.

timoriensis ABTC 68326; Ramphotyphlops australis SAMA R38446; R. bituberculatus
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SAMA R38362; Sphenodon punctata ABTC 32244 and Varanus rosenbergi AMS R123331.

3.2.2 Mitochondrial genes

Genomic DNA was extracted and mitochondrial DNA (mtDNA) was enriched as per
chapter 2.3. Because there is a duplication and translocation of the CR in the mitochondrial
genome of snakes, as well as rearrangements of flanking transfer RNAs that vary between
species (Kumazawa et al., 1996), nested PCR as per chapter 2.8 was used to amplify partial
transfer RNA™/CR and CRL products using PCR2 (chapter 2.7.2) and program 2 (chapter
2.7.3.2). Primers L14973 and H690 were used to PCR amplify a large product spanning the
CR and its flanking transfer RNAs. (For primer sequences see Table 2.1). This product was
then used as a template for nested amplification with primer L15926 situated in the tRNA™
gene and H690. A nested PCR, using the first round product as template, and the primers
115926 and snakel?7 situated in the Conserved Sequence Block I (CSB-1) of the CR,
generated PCR products of ~850 bp in length. To determine the source of size variation
between CRs within species, a second nested PCR, using primers Snakel6 and H690, was
done from the transfer RNA™/CR templates to amplify the 3’ repeat region of some Morelia
taxa.

To PCR amplify the CRL gene that is located between the NDI and NDZ2 genes
(Kumazawa et al., 1996), a PCR product was amplified using primers L4160m and H4433

situated in the tRNA™" and tRNA" respectively.

3.2.3 Sequencing and alignment of the CR and CRL

Both strands of the PCR products were sequenced as per chapter 2.10. Sequencing
reactions in both directions of the CR and CRL products often stalled at a C-rich region
described by Kumazawa et al. (1998). Additional nested primers were used to sequence
across this region in each direction and to obtain sequence of both strands for other parts of

the products. These primers were Snake7, Snake6 and Snakel. Secondary structures in the
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Seaham NSW *
~ Abe rnathy NSW

Alice Springs NT
Warby Range VIC
~ |— Piambe VIC
E‘ Cardwell NSW
Goyders Lagoon SA
s _[— Kimberley NT
JabiruNT
_— Cape Tribulation NQ *
Cape Tribulation NQ

Merauke 1J *
Merauke 1J *

Merauke 1J *
—— Strathablbyn SA

| Caparra NSW

Bonney Hills NSW *

Norseman WA *
NTwinPeak Is WA *
| Mondrain Is WA *

St Francis Is. SA *

Morelia viridis

Fig. 3.2. Evolutionary relationships within Morelia spilota from 792 bp of mitochondrial control
region sequence. * = taxa sequenced for CR and CRL, 1J = Irian Jaya, Indonesia; NSW = New South
Wales; NT = Northern Territory; SA = South Australia; NQ = Northern Queensland; Vic = Victoria;
WA = Western Australia
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CR were identified using the ECGC Wisconsin Package version 8.1.0 (1996) available

through WebAngis.

3.2.4 Paralogue test

The potential for the CR and CRL primers to amplify nuclear paralogues rather than
mitochondrial genes (Zhang and Hewitt, 1996) was tested by a serial dilution PCR test as per
chapter 2.4. Caesium-chloride gradient purified mtDNA and total cellular DNA of Morelia
spilota, SAMA R26878 and M. viridis, AMS R115348 were used in the titration test. Primer
H15916 situated in the tRNA™" was also used to sequence the H-strand of the 3’ end of the
cytb gene of the large CR fragment to compare with published python sequence of this gene

and to check for the absence of stop codons that would indicate a paralogue.

3.3 Results
3.3.1 Mitochondrially-derived sequences

Serially-diluted, enriched mtDNA from Morelia spilota and M. viridis were amplified
to dilutions one thousand-fold greater with the CR and CRL primers than with the nuclear /8§
rRNA primers. These products were used as template DNA for a second round nested PCR.
The second round products were then sequenced. These sequences were found to be
indistinguishable from those obtained from total cellular DNA. Also, the amino acid
sequence of the 5° cytb portion of the large CR product was the same as the published

GenBank sequences for M. spilota and M. viridis.

3.3.2 Determining the presence of an insertion in the squamate IQM tRNA cluster

Genomic DNA was PCR amplified for the mitochondrial region between the ND/ and
ND?2 genes to determine the presence of a duplication of the CR (the CRL) in the JOM tRNA
cluster in a variety of squamate taxa. Taxa surveyed included representatives of blind snakes,

Ramphotyphlops, monitors, Varanus; skinks Egernia and Emoia; helodermatid lizards,
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Heloderma and tuataras, Sphenodon. Representatives of the python genera Antaresia,
Aspidites, Leiopython, Morelia, Python, the boid genus Candoia, elapid snakes Acanthophis,
Aipysurus, Demansia and Hydrelaps and file snakes Acrochordus were also tested. Short
~300 bp products were amplified from Egernia, Emoia, Heloderma and Varanus and a shorter
product was amplified from Ramphotyphlops (Fig. 3.3). In the blind snake, Leptotyphlops,
the IOM tRNA region between NDI and ND2 lacks the tRNA®* (Kumazawa and Nishida,
1995). It is extrapolated that this is also the explanation for the shorter product amplified for
NDI-ND2 region in Ramphlotyplops. These shorter PCR products are consistent with a
region that does not have the CRL insertion. Large products (1300->2000 bp) were amplified
from Antaresia, Leiopython, Morelia and Python (Fig. 3.3) and larger products (~3.5 - 4kb)
were amplified from Acanthophis and Candoia aspera.

Two PCR products of 1200 and 800 bp for CR and 1500 and 950 bp for CR and CRL
were amplified for Acrochordus arafurae (Fig. 3.3 lanes 7 &13), see below. PCR
amplification of the CRL region from the snakes Aipysurus, Aspidites, Demansia and
Hydrelaps, and the lizard Sphenodon was not successful, most likely due a lack of sequence

similarity of the primers to the target gene in these taxa.

3.3.3 CR structure in pythons

Extreme size variation was observed in PCR products of the mitochondrial CR from
the tRNA™" gene to the 5’ end of 125 rRNA gene for a range of python genera. Products
ranged from ~ 1300-1500 bp for most taxa to >3500 bp in Candoia aspera. In order to locate
the source of the CR size variation, nested primer pairs L15962/Snake 17 and Snakel6/H690
were used to amplify the 5° and 3’ ends of the CR respectively. The majority of the size
variation was found in the 3’ end of the CR, even within a species (Fig. 3.3).

The structural features of the CR were compared from sequenced PCR products
spanning the tZRNA™ to 125 rRNA region obtained from six individuals of Morelia viridis and

three M. spilota (Figs. 3.4 and 3.5). For these individuals, the PCR products ranged in size
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MvIN
Mv2N
Mv3A
Mv4A
Mv5S
MvES

Mv5SCRL

Mv1IN
Mv2N

Mv4A
Mv5S
Mv6S

Mv5SCRL

Mv1N
Mv2N
Mv3A
Mv4A
Mv5S
MvES

Mv5SCRL

Mv1N
Mv2N
Mv3a
Mv4A
Mv5S
Mv6Ss

TTAGAGCATC
TTAGAGCATC
TTAGAGCATC
TTAGAGCATC
TTAGAGCATC
TTAGAGCATC

ARAGAGGARA
ADAGAGGAAA
ARAGAGAAAG
BAAGAGRRAAG
ARAGAGAAAG
ARAGAGARAG

AR-CTTCATC
AA-CTTCATC
AAGCTTCATC
AAGCTTCATC
AAGCTTCATC
ARGCTTCATC

CCTGGTCCG
CCTGGTCCG
CCTGGCCCO
CCTGGCCCQ
CCTGGTCCA
CCTGGTCEQ

EERBEE

RACCAGAR
MACCAGAR
RACCAGTA
AACCAGTA
BACCAGTA
PACCAGTA

TTTTAAATTA
TTTTAAATTA
TTTTAAATTA
TTTTAARTTA
TTTTAAATTA
TTTTARATTA

AACTACTCTT
AACTACTCTT
AARCTACTCTT
ABRCTACTCTT
AACTACTCTT
AARCTACTCTT

TGACT~CAAC
TGACT~CAAC
TGAATTCAAC
TGAATTCAAC
TGAAT-CAAC
TGAATTCAARC

CCTCRCTTCC
CCTCACTTCC
CCTCACTTCC
CCTCACTTCC
CCTCACTTCC
CCTCACTTCC

TTCCA-GCCA
TTCCA-GCCA
TCCTARGCCA
TCCTAAGCCA
TCCTAAGCCA
TCCTAAGCCA

TAGTCTGTAA

ATTACAGGCT

TAGTCTGTAA ATTACAGGCT
TAGTCTGTAA CTTACAGACT
TAGTCTGTAA CTTACAGACT
TAGTCTGTAA GTITACAGACT
TAGTCTGTAA CTTACAGACT

130
ATGGCTCATA
ATGGCTCATA
ATGGCTCATG
ATGGCTCATG
ATGGCTCATG
ATGGCTCATG

ERNA™
CATTCCACGG

TACRCCCCCA

CAATGGAAGC

%

GTGCCCGAGA

TTTCAGGGAT

TACCTTGRTA]

GAGTAARCAC

tRNA™®

paralogue

AGGGATCAAC CCTCACTTCC TCCTAAGCCA

ND1

CCTTGATATA
CCTTGATATA
CCTTAATATA
CCTTAATATA
CCTTAATATA
CCT-AATATA

CCTTAATATA

TTCCTCCCTA
TTCCTCCCTA
TTCCTCCT~A
TTCCTCCT-A
TTCCTCCT-A
TTCCTCCT-A

TTCCTCCT-A

GCAATCGGGT
GCRAATCGGGT
GCAATCGGGG
GCAATCGGGG
GCAATCGGGG
GCAATCGGGG

TAARCCAARA
TAAACCARRA
TAAACCARAR
TARAACCAARA
TARACCAAAR
TAARCCAAAA

TARACCAARA

ACCCATATAR
ACCCATATARA
ACCCATATAA
ACCCATATAA
ACCCATATAA
ACCCATATAA

ACCCATATAA

Hairpin

TGTATAATCT

CTABRCABATC
CTAACARAATC
TTAATAAATC
TTAATAARATC
TTAATABRATC
TTAATARATC

Mv5SCRL GCAATCGGGGT TAATARATC

TACATTAATG

TTACTAACCA
TTACTRACCA
TTACTAACCA
TTACTAACCA
TTACTAACCA
TTACTAACCA

TTCACCACAC
TTCACCACAC
T-CACTGCAC
T-CACTGCAC
T-CACTGAAC
T-CACTGCAC

T-CACTGRAC

GTTTGCCCCA
GTTTGCCCCA
GTTTGCCCCA
GTTTGCCCCA
GTTTGCCCCA
GTTTGCCCCA

GTTTGCCCCA

TGGATATCCT
TGGATATCCT
TGGATATCCT
TGGATATCCT
TGGATATCCT
TGGATATCCT

ABRCARAACTC
AACAAARCTC
AATAABRCTC
ARTBRARACTC
ADRTAARACTC
AATAAAACTC

AATRARAYTY

TGRATATTAR
TGARATATTAR
TGAATATTAA
TGAATATTAA
TGAATATTARA
TGAATATTAA

TGARTATTAR

TGATCAAGTT
TGATCAAGTT
TGATCAAGTG
TGATCAAGTG
TGATCAGGTG
TGATCAGGTG

TCTCCTCGGC
TCTCCTCGGC
TCTCCTCGGC
TCTCCTCGGC
TCTCCTCGGC
TCTCCTCGGC

TYTCCTYGGC

GCAGGRATTT
GCAGGAATTT
GCAGGAATTT
GCAGGAATTT
GCAGGAATTT
GCAGGAATTT

GCAGGAATTT

GTGTCTCTTA
GTGTCTCTTA
GTGTCCCTTA
GTGTCCCTTA
GTGTCTCTTA
GTGTCCCTTA

tRNA™®

CCCCCCCCTA
CCCCCCCCTA
CCCCCCCCTA
CCCCCCCCTA
CCCCCCCCTA
CCCCCCCCTA

CCCCeeeece
cceceeceecee
cceecceces
cccececcece
Cceeeeeeea
CCCCCCCCCG

C-rich region

CCCCCCCCTA

CCCTTCAAAT
CCCTTCARAAT
CCCTTCAAAT
CCCTTCAAAT
CCCTTCAAAT
CCCTTCARAT

CCCTTCAAAT

ATCTAGTAAC
ATCTAGT-AC
ATTTAGT-AC
ATTTAGT-AC
ATTTAGT-AC
ATCTAGT-AC

CCCCCCCCCG

ATTTTAGCCT
ATTTTAGCCT
ATTTTAGCCT
ATTTTAGCCT
ATTTTRGCCT
ATTTTAGCCT

ATTTTAGCCT

TTCCCCGTGA
TTCCC-GTGA
TTCCC-GTGA
TTCCC-GTGA
TTCCC-GTGA
TTCCC-GTGA
<

GAARRACATA
GARRRACATA
GARRACCATA
GRARBCCATA
GAARACCATA
GAABACCATA

GRARACCATA

ARAATAGCCT
ARAATAGCCT
AADATTAGCTT
AAATTAGCTT
ARBTTAGCTT
BARTTAGCTT

ARATTAGCTT

AARTCCTCTAT
AATCCTCTAT
AATCTTCTAT
ARTCCTCTAT
AATCCTCTAT
ABRTCCTCTAT

GAAGARGTCA
GAAGAAGTCA
GAAGAAGTCAR
GRAGARAGTCA
GARGARAGTCA
GARGAAGTCA

GRAGAARGTCA

TTGTACAARAR
TTGTACARARA
CTGTACAAARA
CTGTACAARAA
CCGTACARRA
CCGTACAARA

CCGTACARAA

CCTTCCATAG
CCTTCCATAG
CCTTCCATAG
CCTTCCATAG
CCTTCCATAG
CCTTCCATAG

[

Snake 6
TTACTAACCA TGGATATCCT TGATCAGGTG GTGTCTCTTA ATTTAGT~-AC TTCCC-GTGA

Snake 7
AATCCTCTAT CCTTCCATAG AATGCTAACC ATTCGACTTC TCACGTCCAT

¢

hairpin

TAGTCTGTAA

GCACAATTARA
GCACRATTAA
GCACATABRAT
GCACATAAAT
GCACATAAAT
GCACATAAAT

GCACATARAT

TACCTTGTCC
TACCTTGTCC
TATCTAGTCC
TATCTAGTCC
TATCTAGCCC
TATCTAGTCC

TATCTAGCCC

BATGCTAACC
AATGCTBARCC
AATGCTAACC
AATGCTRACC
ARTGCTAACC
AGTGCTARCC

GTTACAGACT

ACTTACTGAT
ACTTACTGAT
AARACCTATTA
ARACCTATTA
ARACCTACTA
ARACCCACTA

AARACCTACTA

TCATTTTCTG
TCATTTTCTG
TCATTTTCTG
TCATTTTCTG
TCATTTTCTG
TCATTTTCTG

TCATTTTCTG

ATTCGACTTC
ATTCGACTTC
ATTCGACTTC
ATTCGACTTC
ATTCGRCTTC
ATTCGACTTC

ATGGCTCATG

260
ARCCCCTTGC
ARCCCCTTGC
ATCCCATTGC
ATCCCATTGY
ATCCCATTGC
ATCCCATTGC

ATCCCATTGC

390
GTCGTTCAAT
GTCGTTCAAT
GTCGTTCAAT
GTCGTTCAAT
GTCGTTCAAT
GTCGTTCARAT

GTCGTTCAAT

520
TCACGTCCAT
TCACGTCCAT
TCACGTCCAT
TCACGTCCAT
TCACGTCCAT
TCACGTCCAT

Fig.3.4. Nucleotide sequence alignments of complete control region for six Morelia viridis individuals from three populations showing secondary structures. Mvi=BPBM 11617;
Mv2=BPBM 13798; Mv3=ABTC 65592; Mv4=ABTC 51498; Mv5=AMS R115348; Mv6=AMS R122363; N=northem PNG; S=southern PNG; A=Australia. A complete control
region-like sequence is also shown for comparison.
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MvIN
Mv2N
Mv3A
Mv4A
Mv5S
Mv6S

Mv5SCRL

Mv1N
MV2N
Mv3a
Mv4A
MvSS
Mv6S

Mv5SCRL

MvliN
Mv2N
Mv3A
Mv4A
Mv5S
Mv6S

Mv5SCRL

Mv1N
Mv2N
Mv3A
Mv4A
Mv5S
Mvé6Ss

MvS5SCRL ACACAACCATTT

ATAATGCCAA
ATAATGCCAA
ATTATGCCAA
ATTATGCCAA
ATTATGTCAA
ATTATGTCAA

ATTATGTCAA

CATCTTGTCT
CATCTTGTCT
CATCTTGTCT
CATCTTGTCT
CATCTTGTCT
CATCTTGTCT

CATCTTGTCT

TTTTCTCCCC
TTTTCTCCCC
TTACTTCCTC
TTACTTCCTC
TTACTTCCTC
TTACTTCCTC

TTACTTCCTC

ACACAAC-ATTT
ACACAAC-ATTT
ACACAACCATTT
ACACAAC-ATTT

TCCTCCCTTT
TCCTCCCTTT
TCCTCCCTTC
TCCTCCCTTC
TCCTCCCTTC
TCCTCCCTTC

TCCTCCCTTC

CATGTTCTGA
CATGTTCTGA
CATGTTCTGA
CATGTTCTGA
CATGTTCTGA
CATGTTCTGA

CATGTTCTGA

ATTTACCCCC
ATTTACCCCC
ATTTACCCCA
ATTTACCCCA
ATTTACCCCA
ATTTACCCCA

ATTTACCCCA

TTCT|
TTCT,
TTG
TTG
TTGA
TTG,

TCARCC
TCACC
TCARCC
TCACC
TCACC
TCRCC

TTGAATCACC

AAGCTTTTTC
ARGCTTTTTC
TAGCTTTTTC
TAGCTTTTTC
TAGCTTTTTC
TAGCTTTTTC

TAGCTTTTTC

TCACCTATGT
TCACCTATGT
TCACCTATGC
TCACCTATGC
TCACCTATGC
TCACCTATGC

TCACCTATGC

ATGGATACA-
ATGGATACA-
ATGGATACAG
ATGGATACAG
ATGGATACAG
ATGGATACAG

Snake 16—

CRAGGCCGCT
CAAGGCCGCT
CAAGGCCGCT
CAAGGCCGCT
CAAGGCCGCT
CARGGCCGCT

CAAGGCCGCT

TAGTCCGCCA
TAGTCCGCCA
TAGTCCACCC
TAGTCCACCC
TAGTCCACCA
TAGTCCACCA

TAGTCCACCA

TCTCTTAATG
TCTCTTAATG
TTTCTTAATG
TTTCTTAATG
TTTCTTAATG
TTTCTTAATG

GGTTACACTC
GGTTACACTC
GGTTACACTC
GGTTACACTC
GGTTACACTC
GGTTACACTC

GGTTACACTC

CTGGTTTCCC
CTGGTTTCCC
CTGGTT-CCC
CTGGTT-CCC
CTGGTTTCCC
CTGGTTTCCC

CTGGTTTCCC

CTTGTTAGAC
CTTGTTAGAC
CTTGTTAGAC
CTTGTTAGAC
CTTGTCAGAC
CTTGTCAGAC

TCAAGATCAT
TCAAGATCAT
TCAAGATCAT
TCAAGATCAT
TCAAGATCAT
TCAAGATCAT

TCAAGATCAT

TTTTTTTCTC
TTTTTTTCTC
TTTTTTTCTC
TTTTTTTCTC
TTTTTTTCTC
TTTTTTTCTC

TTTTTTTCTC

ATATGAATTC
ATATGAATTC
ATATTAATTC
ATATTAATTC
ATATTAATTC
ATATTAATTC

CBS-1

L

ATGGATACAG TTTCTTAATG CTTGTCAGAC

TTCCRACACG
TTCCAACACG
TTTTTACACG
TTTTTACACG
TTTTTACACA
TTTTTACACA

TTTTTACACA

CCCTGAGCGC
CCCTGAGCGC
CTCCTGGTGT
CTCCTGGTGT
CTCCTGGTGT
CTCCTGGTGT

CTCCTGGTGT

AATTATACAC
AATTATACAC
AATTATACAC
RATTATACAC
AATTATACAC
AATTATACAC

AATTATACAC

CTCAATGGTC
CTCAATGGTC
CTCAATGGTC
CTCAATGGTC
CTCAATGGTC
CTCAATGGTC

CTCAATGGTC

TGTACCTTTC
TGTACCTTTC
GGTACCTTTC
GGTACCTTTC
GGTACCTTTC
GGTACCTTTC

GGTACCTTTC

TCCTTACCGA
TCCTTACCGA
TCCTAACCGA
TCCTAACCGA
TCCTAACCGA
TCCTAACCGA

Snake 17

ATATTAATTC TCCTAACCGA

AAACTGGCTT
ARACTGGCTT
ARATTGGCTT
ARATTGGCTT
AAATTGGCTT
AAATTGGCTT

AAATTGGCTT

TTATTATTAA
TTATTATTAA
TTAATATTAA
TTAARTATTAA
TTRATATTAA
TTAATATTAG

TTAATATTAR

CGGAACCRACC
CGGAACCACC
CGGAACCACC
CGGARACCACC
CGGAACCACC
CGGAACCACC

CGGAACCACC

ATCTGACTAC
ATCTGACTAC
ATCTGACTAC
ATCTGACTAC
ATCTGACTAC
ATCTGACTAC

ATCTGACTAC

AATTTCATAT
AATTTCATAT
AATTTCATAT
AATTTCATAT
AATTTCATAT
AATTTCATAT

AATTTCATAT

CAGGCCCATC
CAGGCCCATC
CAGGCCCATC
CAGGCCCATC
CAGGCCCATC
CAGGCCCATC

CAGGCCCATC

CCTCCATCCT
CCTCCATCCT
CCTCCATCCT
CCTCCATCCT
CCTCCATCCT
CCTCCATCCT

CCTCCATCCT

CATATATGCA
CATATATGCA
CATATATGCA
CATATATGCA
CATATATGCA
CATATATGCA

CATATATGCA

ACCGAAACTT
ACCGAAACTT
ACCGAAACTT
ACCGAAACTT
ACCGAAACTT
ACCGAAACTT

hairpin

ACCGRAACTT

GTTTCTGTAT

AGCTTTTTCC
AGCTTTTTCC
AGCTTTTTCC
AGCTTTTTCC
AGCTTTTTCC
AGCTTTTTCC

AGCTTTTTCC

CACACACAGT
CACACACAGT
CACACACAGT
CACBRCACAGT
CACACACAGT
CACACACAGT

CACACACAGT

CGGARAABRACC
CGGAAAAACC
CGGAAAAACC
CGGAAAAACC
CGGARABRACC
CGGAAAAACC

CGGARAAACC

GTTTCTGTAT AATTTCTTIT
GTTTCTGTAT ARATTTCTTTT
GTTTCTGTAT AATTTTCTT-
GTTTCTGTAT AATTTTCTT-
AATTTTCTT-
GTTTCTGTAT AATTTTCTT- A

GTTTCTGTAT AATTTTCTT-

AAGACCTTTG
ARAGACCTTTG
ARGACCTTTG
AAGACCTTTG
AAGACCTTTG
AAGACCTTTG

AAGACCTTTG

ARGGCT-TAC
AARGGCT-TAC
AAGGCTCTTT
AAGGCTCTTT
AAGGCTCTTT
BAGGCTCTTT

AAGGCTCTTT

CCAATCA-TT
CCAATCA-TT
CCAATCAACG
CCBAATCAACG
CCAATCAACG
CCAATCAACG

CCAATCAACG

TCACCTT
TCACCTT
TCACCTT
TCACCTT
TCACCTT
TCACCTT

ARATCACCTT

GTCGCACCCT
GTCGCACCCT
GTCGCACCCT
GTCGCACCCT
GTCGCACCCT
GTCGCACCCT

GTCGCACCCT

GGTCCGGGTG
GGTCCGGGTG
AGTCCGGGTG
AGTCCGGGTG
AGTCCGGGTG
AGTCCGGGTG

AGTCCGGGTG

AAATAAACAA
AAATAAACAA
ATAAARACAA
ATAAARMBACAR
ATAARAACAR
ATAADAAACRA

ATAAARACAA

CCARCACGCC
CCRACACGCC
TTTACACGCT
TTTACACGCT
TTTACACGCT
TTTACACGCT

TTTACACGCT

650
TTATATGGTA
TTATATGGTA
TTATATGGTA
TTATATGGTA
TTATATGGTA
TTATATGGTA

TTATATGGTA

780
GRACATTATG
GAACATTATG
GAACATGATG
GAACATGATG
GAACATGATG
GAACATGATG

GAACATGATG

910
ACCACAAC--
ACCACAAC--
ACCCARACCC
ACCCAARCCC
ACCCAAACCC
ACCCAAnCCC

ACCCAAACCC

1040
CTGGGCGG
CTGAGCGC
CCTGGTGT
CCTGGTGT
CCTGGTGT
CCTGGTGT

CCTGGTGT

8¢



MvIN
Mv2N
Mv3A
Mv4A
Mv5S
Mv6S

Mv5SCRL

MviN
Mv2N
Mv3A

Mv5S
MvES

Mv5SCRL

Mv1N
Mv2N
Mv3A
Mv4A
Mv5S
Mv6S

MvIN
Mv2N
Mv3A
Mv4A
Mv5S
Mv6S

AATTATACAC
AATTATACAC
AATTATACAC
AATTATACAC
AATTATACAC
AATTARTACAC

AATTATACAC

TTTCTGTATA
TTTCTGTATA
TTTCTGTATA
TTTCTGTATA
TTTCTGTATA
TTTCTGTATA

TTTCTGTATA

AGCGCAATTA
AGCGCAATTA
AGTGTAATTA
AGTGTAATTA
AGTGTAATTA
AGTGTAATTA

ARACTGGCTT
AARCTGGCTT
ARAATTGGCTT
ARATTGGCTT
AAATTGGCTT
ARATTGGCTT

RAATTGGCTT

ATTTCTTTTA
ATTTCTTTTA
ATTTTCTT-A
ATTTTCTT-A
ATTTTCTIT-A
ATTTTCTT-A

TTATTATTAA
TTATTATTAA
TAARATATTAA
TAAATATTAA
TTAATATTAA
T-AATATTAG

TTAATATTAA

TCACCTTC
TCACCTTC
TCACCTTT
TCRCCTTT
TCACCTTT
GRTCACCTTT

CAGGCCCATC
CAGGCCCATC
CAGGCCCATC
CAGGCCCATC
CAGGCCCATC
CAGGCCCATC

CAGGCCCATC

CARCACGCCC
CRACRCGCCC
TTACRCGCTC
TTACRCGCIC
TTACACGCTC
TTACRCGCTC

GTTTCTGTAT
GTTTCTGTAT
GTTTCTGTAT
GTTTCTGTAT
GTTTCTGTAT
GTTTCTGTAT

GTTTCTGTAT

TGAGCGCAAT
TGGGCGGAAT
CTGGTGTAAT
CTGGTGTAAT
CTGGTGTAAT
CTGGTGTAAT

AATTTCTTTT
AATTTCTTTT
AATTTTCTT-
AATTTTCTT-
BATTTTCTT-
AATTTTCTT-

BATTTTCTT-

TATATACAAA
TATACACARA
TATACACAAA
TATACACARA
TATACACARA
TATACACARA

TCACCTT
TCACCTT
TCACCTT
TCACCTT
TCACCTT
AGATCACCTT

AAATCACCTT

CTGGCTTTTA
CTGGCTTTTA
TTGGCTTTTA
TTGGCTTTTA
TTGGCTTTTA
TTGGCTTTTA

CCARCACGCC
CCRACACGCC
TTTACACGCT
TTTACACGCT
TTTACACGCT
TTTACACGCT

TTTACACGCT

TTATTAACAG
TTATTARCAG
ATATTAACAG
ATATTAACAG
ATATTAACAG
ATATTAGCAG

CTGGGCGGARA
CTGAGCGCAA
CCTGGTGTAA
CCTGGTGTAA
CCTGGTGTAA
CCTGGTGTAA

CCTGGTGTAA

GCCCATCGTT
GCCCATCGTT
GCCCATCGTT
GCCCATCGTT
GCCCATCGTT
GCCCATCGTT

TTATACACAA
TTATACACAA
TTATACACAA
TTATACACAA
TTATACACAA
TTATACACAA

TTATACACAA

TCTGTATARAT
TCTGTATART
TCTGTATAAT
TCTGTATAAT
TCTGTATAAT
TCTGTATRAT

ACTGGCTTTT
ACTGGCTTTT
ATTGGCTTTT
ATTGGCTTTT
ATTGGCTTTT
ATTGGCTTTT

ATTGGCTTTT

TTCTTTT
TTCTTTTAR
TTTCTT-
TTTCTT-
TTTCTT-
TTTCTT-AGP

ATTATTAA-C
ATTATTAA-C
AATATTAA-C
ARTATTARAAC
AATATTAA-C
AATATTAG-C

AATATTAA-C

TCACCTTCCA
TCACCTTCCA
TCACCTTTTT
TCACCTTTTT
TCACCTTTTT
TCACCTTTTT

1170
AGGCCCATCG
AGGCCCATCG
AGGCCCATCG
AGGCCCATCG
AGGCCCATCG
AGGCCCATCG

AGGCCCATCG

1300
ACACGCCCTG
ACACGCCCTG
ACACGCTCCT
ACACGCTCCT
ACACGCTCCT
ACACGCTCCT

P o PN

TATACAAACT
TACACAAACT
TACACARATT
TACACAAATT
TACACABDAT-
TACRCAAATT

GGCTTTTATT
GGCTTTTATT
GGCTTTTAAT
GGCTTTTAAT
GGCTTTTAAT
GGCTTTTAAT

ATTARACAGGC
ATTAACAGGC
ATTAACAGGC
ATTAACAGGC
ATTAACAGGC
ATTAGCAGGC

CCATCGTTTC
CCATCGTTTC
CCATCGTTTC
CCATCGTTTC

TGTATAATTT
TGTATAATTT
TGTATAATTT
TGTATAATTT

BCCTTCCRARC
ACCTTCCAAC
ACCTTTTTAC
ACCTTTTTAC

ACGCCCTGGG
ACGCCCTGGG

CGGRATTAT-
CGGRATTAT-

ATCGTTTCTG TATAATTTCT TT

TCACC

TTTTTACACA

AATGGCTTTT
AATGGCTTTT

ATTGGCTTTT

AATAATAACA
AATRATAACA

AATATTAACA

GACCEACTGT
GACCCACTGT
AACCCATCGT
BACCCATCGT

GACCCATCGT

TATTGTAGCT
TATTGTAGCT
TTTTGTAGCT
TTTTGTAGCT
TTTTGTAGCT
TTTTGTAGCT

TACACTA-CA
TACACTA-CA
TACACTATCA
TACACTATCA
TACACTATCA
TACACTATCA

AAGCACAGCA
ALGCRCAGCA
ARGCACRGCA
ARAGCACAGCR
AAGCACAGCH
AAGCACRGCA

CTERRAATGC
CTEARRATGC
CTRARRBATGC
CTEARRATGC
CTEAARATGC
CTEARRATGC

TGAGACGGTA
TGAGACGGTA
TGAGACGGTA
TGAGACGGTA
TGAGACGGTA
TGAGACGGTA

1560
CTACACCCARA
CTACACCCAA
GCATACCCAA
GCATACCCAA
GCATACCCAA
GCATACCCAR

ATTABRGGTAG

CARAGTCAGG

CCATGCAAGA

tRNA™®

GGeTTRARRC

CTTGACACAG

ATGTTCAAAT

tRNAY

6¢



Mv1N ATAACACARA GTTCTTGGTC CTAARACCTGA
Mv2N ATRACACAAA GT-CTTG-TC 2222222222
Mv3A ATAACATARA GT-CTTGGTC CTAAACCTAA
Mv4aa ATRACATARA GT-CTTGGTC CTAAACCTAA
Mv5S ATAACATAAA GT-CTTGGTC CTARAACCTAA
Mv6S ATAACATARA GT-CTCG?TC CTACACCTAA

125 rRNA

MvSSCRL CATCTCCTTAA TAC TAGAAGGTCAAGACTCGAACTTGAACTAGAAAGCC@ACTTTCAGTATATCCAT

tRNAu" tRN. AGln

oy



Ms1CR
MS2CR
MS3CR

Ms1CRL

Ms1CR
MS2CR
MS3CR

Ms1CRL

Ms1CR

MS2CR
MS3CR

Ms1CRL

MslCR
MS2CR
MS3CR

PVPPPIVP??Y?

CTCCCACTRA

PRVVPV??Y?

PRI

CCCTAGCCAT

? ?AAAGCTGG
227272722727?727

CTGCATGCTA AACATTTCGA

CTATGCCCTT

GCAACCCCTT
27272727222722°?

CCACCACAGC

AGAGCATCAA AGAGAAAGGA
AGAGCATCAA AGAGAAAGAA
??AGCATCAA AGAGAAAGAA

ACTTCATCCC
ACTTCATCCC
ACTTCATCCC

100
TGGCCCCCAR| AACCAGAATT
TGGCCCCCAAR| AACCAGAATT
TGGCCCCLAA| AACCAGAATT

ATTCAACGGT ACACCACCAC

AATGGAAGCG

tRNAF=°
TGCCCGAGAC CAGGGACTAC

TTAAATTARA
TTAAATTAAA
TTAAATTAAA

CTACTCTTTG
CTACTCTTTG
CTACTCTTTG

GCCACACCCC
GCCACACCCC
GCCACACCCC

TCACTTCCTC
TCACTTCCTC
TCACTTCCTC

CCAACCATAG
CCAACCATAG
CTAACCATAG

TCTGTAATTT ACAGACTATG
TCTGTAATTT ACAGAsTATG
TCTGTGAATT ACAGACTATG

GTCCATGCCT
GTCCATGCCT
GTTGATGCCT

CTTGATAGAG

tRNA™®

paralogue

TAGACACAGG GCCACACCCC TCACTTCCTC CCAACCATAG

hairpin
TCTGTAATTT ACAGACTATG

GTCCATGCCT

tRNAT!® 200
TAATATAARAG CCAAAAATCC
TAATATAAAG CCGAAAATCC
TAATATAAAR CCARAAATCC

TAATATAAAGC CAAAAATCC

ATATAATTTA
ATATAATCTG
ATATAATTTA

ATATAATTTA

BACAAACCTC
AACAAACCCC
AACAARACCTC

tRNAT®

CCACAAAATA AAGCTCTCTC TCGGCCCCCC CCCTACCCCC
CCACAAAATA ARGyTyTyTy TCGGCCCCCC CCCTACCCCC
CCACAARACA AAGyTyTyTy TyGGCCCCCC CCCTACCCCC

CCCC-AAGAA
CCCAARAGAA
CCCC-AGGAA

C-rich region
CCACRARATA AAGyTyTyTy TCGGCCCCCC CCCTACCCCC CCCC-AAGAA

TAS
TCTATGTATA ATCTTACATI]
TCTATGTATA ATCTTACATT
GCTATGTATA ATCTTACATI
hairpin

AATGGTTTGC CCCATGAATA TTAAGCAGGA
AATGGTTTGC CTCATGAATA TTAAGCAGGA
AATGGTTTGC CTCATGAATA TTTAGCAGGA

CATTGGGGAG
CATTGGGGAA
CATTGGGGAG

CATTGGGGAG

ATTTCCCTTT
ATTTCCCTTT
ATTTCCCTTT

ACCGGCACAC AAAACCATTA
ACCGGCACAA AAAACTATTG
ATCGGCACAT AAAACCATTA

ACCGGCACAC AAAACCATTA

TATTATTTTA
TATTATTTTA
TATTATTTTA

GTCTAAAATG
GTCTAAAATG
GTCTARARAATG

Ms1CRL AACAAACCTC TCTATGTATA ATCTTACATT AATGGTTTGC CCCATGAATA TTAAGCAGGA ATTTCCCTTT TATTATTTTA GTCTAAAATG

300
GAARAACTCTT
GAAAACTACT
GAAAACTCTC

GAAAACTCTT

400
GCCTTTGTAC
GCCTTTGTAC
GCCTTTGTAC

GCCTTTGTAC

Fig.3.5. Nucleotide sequence alignments of complete control region for three Morelia spilota individuals from three populations showing secondary structures. A complete
control region-like sequence is also shown for comparison. MsI=SAMA R26878; Ms2=ABTC 68308; Ms3=ABTC 68280.
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Ms1iCR
MS2CR
MS3CR

Ms1CRL

Ms1lCR
MS2CR
MS3CR

Ms1lCRL

Ms1CR
MS2CR
MS3CR

Ms1CRL

Ms1CR

MS2CR
MS3CR

Ms1CRL

AAAATATTCT
AAAATATTCT
AAAATATTCT

ARAAATATTCT

GCGCTTCCCG
GCACTTCCCG
GCGCTTCCCG

GTCCTCATTC
GTCCTCATTC
GTCCTCATAT

GTCCTCATTC

TGAAATCCTC
TGAAATCCTC
TGAAATCCTC

TCTTGGTCGT
TCTTGGTCGT
TCTTGGTCGT

TCTTGGTCGT

TATCCTTCCA
TATCCTTCCA
TATCCTTCCA

b

Snake 6

GCGCTTCCCG

GCTGGTTACA
GCTGGTTACA
GCTGGTTACA

GCTGGTTACA

CCTCATGTTC

CCTCATGTTC
CCTCATGTTC

CCTCATGTTC

e

TGAARATCCTC

CTCTCAAGAT
CTCTCAAGAT
CTCTCAAGAT

CTCTCAAGAT

TGATCATCTA

TGATCACTTA
TGATCATCTA

TGATCATCTA

Snake 7

TATCCTTCCA

CATCTCAATG
CATCTCGATG
CATCTCAATG

CATCTCAATG

TGTCTATCCA

TGTCAATCCA
TGTCTATCCA

TGTCTATCCA

TCTATGCAGC
TCTATGCAGC
TCTATGCAGC

TCTATGCAGC

TAGAATGCTA
TAGAATGCTA
TATAATGCTA

TAGAATGCTA

GTCCGGAACC
GTCCGGAACC
GTCCGGAACC

GTCCGGAACC

CCATTGGTAG

CCACTGGTAG
CCATTGGTAG

CCATTGGTAG

ACGAGTTAAC
ACGAGTTAAC
ATGAGTTAAC

ACGAGTTAAC

ACCATTCGAC
ACCATTCGAC
ACCATTCGAC

ACCATTCGAC

ACCCCTCCAT
ACCCCTCCAT
ACCCCTCCAT

ACCCCTCCAT

CTCTCTTTTT

CCTCTTTTTT
CTCTCTTTTT

CTCTCTTTTT

TAATCTTATT
TAATCTTATT
TAATCTTATT

TAATCTTATT

TTCTCACGTC
TTCTCACGTC
TTCTCACGTC

TTCTCACGTC

ACTAGCTTTT
ACTAGCTTTT
ACTAGCTTTT

ACTAGCTTTT

TCTGTACCTT

TCTGTACCTT
TCTGTACCTT

TCTGTACCTT

AATCATGGAT
GATCATGGAT
AACCATGGAT

AATCATGGAT

CATATCATGC
CATATTATGC
CATATTATGC

CATATCATGC

TCCAAGACCT
TCCAAGACCT
TCCAAGACCT

TCCARGACCT

TCATCTGACC

TCATCTGACC
TCATCTGACC

TCATCTGACC

ATTCTCAACC
ATTCTTAACC
ATTCTTAACC

ATTCTCAACC

TAATCCTCCC
TAATCCTCCC
TAATCCTCCC

TAATCCTCCC

TTGGTCGCAC
TTGGTCGCAC
TTGGTCGCAC

TTGGTCGCAC

ACCATATATG

TCCATATATG
ACCATATATG

ACCATATATG

TAAGGGTGTC
TAAGGGTGTC
TAAGGGTGTC

TAAGGGTGTC

TACTAGCTCT
TACTGGCTTT
TACTAGCTCT

500
TCTTAGTCTA
TCTTAGTCTA
TCTTAGTCTA

TCTTAGTCTA

600
TTCCAAGGCC
TTCCRAGGCC
TTCCAAGGCC

TACTAGCTCT TTCCAAGGCC

700
CCCTTATATGG TACATATCA
CCCTTATATGG TACATATCA
CCCTTATATGG TACATATCA

CCCTTATATGG TACATATCA

800
CACACACACA GTTAGGCATT
CACACACACA GTTAGGCACT
CACACACACA GTTAGGCATT

CACACACACA GTTAGGCATT

(44



Ms1CR
MS2CR
MS3CR

Ms1CRL

Ms1CR

MS2CR
MS3CR

Ms1CRL

Ms1CR

MS2CR
MS3CR

Ms1CRL

Ms1lCR

MS2CR
MS3CR

Ms1CRL

CAGTCCGGGT
TAGTCCAGGT
CAGTCCGGGT

CAGTCCGGGT

ACCAAAACTT

ACCGAAACTT
ACCGAAACTT

TGAGCACGCT
TGAGCACGCT
TGAGCACGCT

TGAGCACGCT

CGGAARAACC

CGGAAAAACC
CGGAAAAAAC

hairpin

ACCAARACTT

CTTTAAATAC
CTTAAAATAC
CTTTAAACAC

CTTTARATAC

CAGGCCCATT

CAGGCCCTTT
CAGGCCCATT

CAGGCCCATT

CGGAAADACC

AGCAGGCCCA
AGCAGGCCCT
AGCAGGCCCA

AGCAGGCCCA

ATTTCTATAT

ATTTCTATAT
ATTTCTATAT

ATTTCTATAT

GCTTCCTCCT
GTTTCCTCCC
GCTTCCTCCT

GCTTCCTCCT

CCAATCCTGA

CCAATCCTTT
CCAATCCTGA

CCAATCCTGA

TTATTTCTAT

TTATTTCTAT
TTATTTCTAT

TTATTTCTAT

TAATTATTTT

TAATTTTTAT
TATTTATTTT

TAATTATTTT

CATTTACCCC
CATTTACCCC
CATTTACCCC

CATTTACCCC

CAAAAATCTC

CAACAACCTC
CAARA-CCTC

CAAAAATCTC

ATTAATTATT

ATTAATTTTT
ATTATTTATT

ATTAATTATT

TATCCGCCTT

TTCCCTCCTT
TATCCGCCGT

TATCCGCCTT

TAGGGATACA
TATGGATACA
TAGGGATACA

TAGGGATACA

ACACAACTTT

CCCACAGATT
ACACAACTTT

ACACAACTTT

TTTATCCGCC

ATTTCCCTCC
TTTATCCGCC

TTTATCCGCC

C[TAACCCACC

C[TAACACACC
CITAAACCCTC

TCTCTTAATG CTTGTTAGAC ATATGTATIC
TCTCTTAATG CTTGTTAGAC ATATGTATTC

TCTCTTAATG

CTTGTTAGAC

ATATGTATTC

CsB-1
TCTCTTAATG CTTGTTAGAC ATATGTATTC

TT-ACTTTTT
TT-CATTTTT
TTTCCTTTTT

TT-ACTTTTT

TTCTAACCCA
TTCITAACACA
GTCITARACCC

Repeat

TTCTAACCCA

TTCAACAGGT
TCTGACAGAT
TCCAAGAGGT

Repeat copy 3

CTAACCCACC

TTCAACAGGT

CCTQTAACCC
CCTJTAACAC
CCTJTAACCC

AC-CTTCARAC
AC-CTCTGAC
TCTCTCCAAG

Repeat copy 1

CCTCTAACCC

CCTTCAACAG
CCTCTGACAG
TCTCCAAGAG
copy 2

CCTTCAACAG

TAATACAGAA
TAATACAGARA
TAATACAAAA

TAATACAGAA

AC-CTTCARAC

GTTAATACAG
ATTAATACAG
GTTRATACAA

GTTAATACAG

ACCCGCCTTT

AGTCCCCTTA
ACCCGCCTTT

ACCCGCCTTT

TCCTTCCCGA
TCCTTCCCGA
TCCTTCCCGA

TCCTTCCCGA

AGGTTAATAC

AGATTAATAC
AGGTTAATAC

AGGTTAATAC

ARACCCGCCT

ARAGCCCCCT
AAACCCGCCT

ARACCCGCCT

AAATACAGCA

AAATACAGCA
AAACACAGCA

AAATACAGCA

900
AATTTCATAT
AATTTCATAT
AATTTCATAT

AATTTCATAT

1000
AGAAACCCGC
AGAAAGCCCC
ARAARACCCGC

AGAAACCCGC

1100
TTAAATACAG
TAAAATACAG
TTAAACACAG

TTARATACAG

1200
GGCCCATTAT
GGCCCTTTAT
GGCCCATTAT

GGCCCATTAT

1374



Ms1CR
MS2CR
MS3CR

Ms1CRL

Ms1CR

MS2CR
MS3CR

Ms1CRL

Ms1CR
MS2CR
MS3CR

TTCTATATTA
TTCTATATTA
TTCTATATTA

TTCTATATTA

TATTTTTATC
TTTTATTTCC
TATTTTTATC

—-—-—AAACAGG
AACAAAATGA
-———TAATTT

1300
ATTATTTTTA TCCGCCTTAT AACCCACCTT CAACAGGTTA ATACAGAAAC CCGCCTTTAA ATACAGCAGG CCCATTATTT CTATATTAAT
ATTTTTATTT CCCTCCTTAT AACACACCTC TGACAGATTA ATACAGAAAG CCCCyTTAAA ATACAGCAGG CCCTTTATTT CTATATTAAT
TTATTTCTAT ————==m=fm —mmmmmm—— = ——— e mmmo Do mmm—— oo o ———o—oo oo oo ATTATT

ACCGATCTAC Crmmmmmmmm —mmmmmmmmm mmmmmm oo o —mo e mm oo oo S oSS oo Sooooo—oos oo

CACETTH—== me=mrrsoae . cummssc—mn: e S ete. mmmeme s Smmmmsm s SEEETETeTT, Smmeeememe—

CTCCTTATAA CACACTTCTG ACAGATTAAT ACAGAAAGCC CCCTTAARAAT ACAGCAGGCC CTTTATTTCT ATATTAATTT TATTTQCCCC

CACCGGH——= ———===m—mm msmmmememem mmm—e————— —mssmm———s —mess————s SSSSSmsmes STTTTETEEs TeeEmE T
Repeat copy 5

TTAATACAAG GCCCCTTETT ATTGTAGCTT ACATTACTT AAAGCACAGC
TACAGCAGAC CCCCCCTETT ATTGTAGCTT ACATTACTT AAAGCACAGC

t RNALeY

—————————————— ATTAAGGTA GCAAAGCAAG GCCATGCAAG AGGCTTRAAA CCTTGACACA GATGTTCAAA TCATCTCCTT AAT

TRNAP®

147
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from approximately 1450 to 1650 bp. PCR products were sequenced using a series of nested

primers to obtain over-lapping sequences. Examination of the sequences showed a partial
tRNA™" gene 3 to the priming site, and a functional tRNA™ gene, directly followed by 20 bp
of the amino acid acceptor stem and the TyC arm of the tRNA™ gene (henceforth called a
paralogue). A comparison of the mitochondrial gene arrangements between ND1 and COl
for pythons, viperid and colubrid snakes is shown in Fig. 3.6. The beginning of the CR

sequence contained a 15 bp hairpin (the consensus sequence of which was CAGCCATAGTC

TGTAAATACAGACTATGGCTG). There was a C-rich region consisting of two runs of

nine cytosines separated by a thymine and an adenine. A C-rich region is also found at the 5’
end of the CR in some birds (Marshall and Baker, 1997). There was a five-base hairpin which
also incorporated a termination-associated sequence (TAS), 60 bp 3’ to the C-rich region and
the conserved sequence block CSB-1, common to mammalian control regions, was also
present. There was no evidence of the mammalian CSB-2 or CSB-3. There was a CA di-
nucleotide series of five repeats ~70 bp 5° of the CSB-1 and a 5 bp hairpin, 29 bp 3’ of the
CSB-1. At the 3’ end of the CR there was a series of tandem repeats of 87 bp in four M.
viridis individuals and 88 bp in two M. viridis and in three M. spilota individuals (Fig. 3.7).
The sequence of each repeat within an individual remained the same as the first repeat directly
3’ to the non-repeat region, except at the end of the repeat region adjacent to the tRNA™"
gene. However, the sequence, copy number and endpoint of the repeat region were variable
between individuals (Fig. 3.5). Repeat sequence copy number ranged from 4}: to 6% repeats
and the last partial repeat was separated from the tRNA" gene by 3-29 bp of spacer DNA.

To compare the CR of Morelia with other snakes, single individuals of Acrochordus
arafurae, Antaresia childreni, and Python reticulatus were sequenced for the whole CR
region. Sequence are shown in Appendix 3.1. Most of the CR of Candoia aspera was also
sequenced, except for completely sequencing through the repeat region (see below). All the
complete CR sequences of the taxa examined, with the exception of Acrochordus arafurae,

had a series of 2-6 tandem repeats 3’ to the CSB-1. Antaresia childreni had only two



46

COMMON VERTEBRATE GENE ARRANGEMENT
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Fig. 3.6 a) Schematic of mitochondrial gene arrangements in colubrids, viperids and pythons for the region
between the ND6 and COI genes, which includes the control region and control region-like genes. * taken from
Kumazawa et al. 1996. b) Secondary structures present in pythons (corresponding to Table 3.1) and PCR primer
locations. E=glutamic acid, T=threonine, P=proline, F=phenylalanine, V=valine, L=leucine, I=isoleucine,
Q=glutamine, M=methionine, W=tryptophan, A=alanine, N=asparagine, C—cysteme Y=tyrosine, [*=isoleucine
pseudogene, “2H=17bp partial repeat of hairpin, 5 H=hairpin, C=C-rich region, H-T=hairpin+associated
termination-associated-sequence2, CA=CA di-nucleotide repeat series, CSB=conserved sequence block-1,
3’H—har1p1n 3’ to CSB, R=repeats. Primers are marked with arrows indicating direction. Lines link assoc1ated
regions between the common vertebrate gene arrangement and the viperid, colubrid and boid taxa considered in
this study.



CSB-1

M.viridis TTTCTTAATGCTTGTCAGACATATTAATTCTCCTAACCGAAATTTCATATACCGAAACTTCGGAAAAACCCCAA
A.childreni Cuovnnenn e GALL . CA....AC..CT.vvrenennanncnnn Biviroo. . aimams e
M_.spilota A G s W TeweweeaaGTooonnn, Topses, |, | gwwwn. .| Do oo anoa omaa st
A.ramsayi ¢ Cii ipaayeiaiate o wisis Totia 5o ..AG. .ATC.TCTC..... ceereaaan e s Bnins i das $h os aeiele i
P.reticulatus 2 Ci i aiandiani v siws T....... GA.T..T.T.C..A.ACCCAC...AGG.AACC..ACCACCCAC*
C.aspera Cuovnnnnn L. .Cm Tl T.ACAA.TAT..GkC.TA..GGA.C.TAAATTTA.ATA.....
M.viridis TCAACGAT. . ARACAAACCCAAACCCACACAACCATTTTTGA¥
A.childreni ..-TAACA..T...... T...CCA.A¥*
M.spilota . .CTGACA....T.TC.CA...CITTTTA.TITTT-CC.C*
A.ramsayi JATTAC.G...CC.T..A..... AAA.TC.TC.TCGCC..TCAC*
P.reticulatus
C.aspera CT...TCACC*
M.viridis *ATCACCTTTTTACACACTCCTGGTGTAATTATACACAAATTGGCTTTTAATATTAACAGGCCCATCGT
A.childreni TTTTATC.T..A.CCA......CTARA. .. A..C.ivvvvesa..CA ..o A.CCGC..A..... .
M.spilota *Tp,..C...CTTCAACAGGT.A.....G...CCC..C.....ATAC.G...... wiw 3L Be
A.ramsayi *, .....AAACCAGT.A...T.G..... CCG..... T.TrCC.T.A.....C...
P.reticulatus *, ..C.AAAAC.A...A..... C....AAA....A...TAC....A.G...G..~-
C.aspera *A AA...A..T.A.TCA..CACAC..C...... A.CT..CA...c.veun. GC..TTTARA.TAAC.

TAAACACATAA

No. nucleotides/repeat

M.viridis TTCTGTATAATTTTCTTAA 87
A.childreni P - = smems A ’ 88
M.spilota ...A...T.ATTATTTTTATCCGCCTTC 88
A.ramsayi LTLALL L. ACCTTTTATAATTTACTCCTAATT 88
P.reticulatus il NA, 2§ AATGTATTTATTTTTCCTTTTTT 86
C.aspera .T.A..... ACTACTATT 85/96

Fig. 3.7 Sequence alignment of the CR from the CSB-1 to the end of the first repeat unit for selected python genera and C. aspera showing the differences in the starting point of the
repeats. The boundaries of the repeat units are marked by *. The 11bp deletion is shown and the G-A transition site is marked with an arrow.

Ly
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imperfect repeats. The colubrid and viperid snake CRs examined by Kumazawa et.al. (1996;

1998) did not have tandem repeats at the 3’ e{lfl of the CR. Comparison of the repeat regions
between python species showed considerable sequence variation and the point from which the
repeats were generated was different for each taxon (Figs. 3.5 and 3.7). The size of the
repeats was conserved, being mostly 86-88 bp, with the exception of C. aspera (86-96 bp).

The control region PCR product amplified for C. aspera was ~3500 bp long. At the
5° end of the CR, C. aspera showed none of the structures between the tRNA®" and the C-rich
region present in pythons, except for 12 nucleotides that could be aligned with an imperfect
CT di-nucleotide repeat series also present in pythons (Table 3.1). At the 3’ end of the CR
there was a combination of tandem repeats of either 85 or 96 bp (Fig. 3.7). There were four
different versions of the repeat sequence as follows: i) a 96 bp sequence, designated A, ii) A
with a G-T transversion, designated B iii) A with an 11 bp indel or iv) B with an 11 bp indel
(designated C and D respectively). Sequencing all the way through the repeat region could
not be achieved, with the readable endpoint of the sequencing from either direction
terminating within the repeat region. Consequently, the point of overlap of the light and
heavy strands was not determined, suggesting that the unusually large size of this fragment
was due to a large number of repeats. Single stranded sequence was obtained for eight repeats
downstream of the non-repeat region and for four and a half repeats adjacent to the {RNA®"
gene. The order of the repeat types at the 5’ end is as follows: non-repeat region, A, B, C, C,
D,AC,C,........ and at the 3’ end is: ..... C, D, A, C, D-partial, tRNA™®.

Some of the structural regions of the CR reported in the colubrid snake genus,
Dinodon and the viperid genera, Crotalus and Ovophis (Kumazawa et al., 1996; 1998) were
not present in the python CRs examined here. The python sequences corresponding to
hairpins 1 and 2 and the termination sequence TAS1 in Dinodon were very variable,
indicating that these structures are not conserved in pythons. In contrast, TAS 2 and hairpin
3, which are often associated in vertebrate CRs, were both present in the python CRs studied.

In the python Antaresia childreni there was a 19 bp repeat of the 5” portion of the first hairpin
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Table 3.1. Table showing primary and secondary structures that are present (O) or absent (X) in the snakes
examined in this study. Ile* = isoleucine pseudogene, 2 H = 19bp partial repeat of hairpin, 5° H = hairpin
adjacent to Ile*, C = C-rich region, H-T = hairpin +.associated TAS2, CA = CA di-nucleotide repeat series,
CSB = Conserved Sequence Block-1, 3° H = hairpin 3’ to the CSB-1, R=repeats, P = partial structure.

Species Ile* %“H 5H C HT CA CSB 3H R

Acrochordus arafurae X O O X 0] O X

Antaresia childreni O 0
Antaresia maculosa

Antaresia perthensis

Antaresia stimsoni

© o O O O

Apodora papuana

o

Aspidites melanocephalus

X XM X O XK X O X

a~]

Aspidites ramsayi
Bothrochilus boa
Candoia aspera
Leiopython albertisii
Morelia amethistina
Morelia bredli
Morelia boeleni
Morelia oenpelliensis
Morelia spilota
Morelia viridis
Python curtus

Python sebae

O X X O O O O O O O X o

Python reticulatus

O O X ¥ O O O O 0O O O X O O o o o o o o
O O 0O O 0O 0O O O O o O o 0 0O o o o o o o
O 0O 0O O 0O 0O 0O 0O 0O O © O o 0o 0o o o o o o
O O 0 0O O O O O O 0O 0O o 0o 0O 0o o o o o o©o

S s T o T T R T S

o

Python timoriensis
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(see Table 3.1).

To further investigate the CR within the python lineage, a portion of the CR from the
tRNA™™ gene to CSB-1 was sequenced for 14 other python species. (For sequence alignments
see Appendix 3.2). Up to 720 nucleotides were aligned and compared. Whilst in general it
was not difficult to align these sequences, there were major differences in the nucleotide
sequences in some regions. All of the Australian-New Guinean pythons (the Moreliini of
Underwood and Stimson, 1990) have a similar CR structure for the ~720 bp region compared
as described above (Table 3.1). The 19 bp repeat of the 5° portion of the first hairpin found in
Antaresia childreni was also present in 4. stimsoni, but was not present in the congenerics, 4.
maculosa and A. perthensis (Table 3.1). To optimise the sequence alignment of all 20 taxa,
many small indels (1-4 bp) were necessary and large indels of 6 bp-25 bp needed to be
incorporated into the sequences 3’ of the C-rich region of B. boa, L. albertisii and M. boeleni
(see sequence alignment in Appendix 3.1). The C-rich region, hairpin 3/TAS2 structures and
CA di-nucleotide repeat series were conserved across all boid taxa examined (Table 3.1).

The region of the CR between the tRNA™" and the C-rich region was more variable
than the region 3’ to the C-rich region. The 19 bp isoleucine paralogue found in Morelia was
not present in Acrochordus arafurae, C. aspera , P. curtus or P. sebae (Table 3.1) and only 10
bp and 14 bp of the paralogue was present in P. timoriensis and the two Aspidites species
respectively. The isoleucine paralogue was present in all other taxa compared. The hairpin
that is adjacent to the isoleucine paralogue in Morelia was not present in Acrochordus
arafurae, C. aspera , P. curtus or P. sebae. This hairpin was present in all other taxa
compared but the number of Watson-Crick pairs involved and the number of nucleotides in

the loop varied from 9-15 bp and 0-5 nucleotides, respectively.

3.3.4 Comparison of short and long PCR products for Acrochordus arafurac CR.
Two bands amplified with the CR primers for Acrochordus arafurea were gel

purified (chapter 2.5) and sequenced. (The short CRL gel-purified PCR products did not
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produce clean, readable sequence). The sequences of the shorter CR products were identical
for the 620 bp in common to the longer CR products. A second H690 priming site was found
nested within both longer sequences, which allowed the amplification of two different sized
products from the same template. (A comparison of the long and short sequences and the
positions of the proposed second priming site are shown in Appendix 3.1). It is therefore
most likely that 4. arafurae contains only a single CR and CRL. The H690 primer sequence
was only partially present in the corresponding position of python CRs and there was no

similar sequence in the colubrid snake, Dinodon semicarinatus published by Kumazawa et al.

(1998).

3.3.4 Comparison of CR and CRL

The mitochondrial CRL region from the 3” end of the NDI gene to the tRNAM# gene
was PCR amplified from caesium-chloride purified mitochondrial DNA for Morelia spilota
SAMA R29677 and M. viridis AMS R115348. The product was completely sequenced for
three M. spilota (SAMA R29677, ABTC 68308 and ABTC 68280) and one M. viridis AMS
R115348 and partially sequenced for the 5’ and 3’ ends of Acrochordus arafurae, Antaresia
childreni, C. aspera and P. reticulatus. The gene order for M. spilota and M. viridis was as
previously reported for pythons (Kumazawa et al., 1996) with the CRL sequence being
translocated between the tRNA™ gene and the tRNA®™ gene. The tRNA™* gene is also
translocated between the CRL and the tRNA®™ gene.

A product of approximately 900 bp from the NDI/ gene to the CSB-1 was also
sequenced for seven other individuals of M. spilota. As previously found in other snakes
(Kumazawa et al., 1996; 1998), for the python taxa examined in this study, the CRL
sequences commencing downstream from the {RNA™ gene to the CSB-1 were
indistinguishable from the CR sequence. However, in M. spilota ABTC 68308, there was a
C-T base substitution between the CR and CRL in one of the 5 CR (3% CRL) 88 bp repeat

blocks situated between the CSB-1 and the tRNA™* gene (Appendix 3.2). The CR and CRL
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differed further in the number of repeats between the CSB-1 and the tRNA™* gene. For

Acrochordus arafurae, Antaresia childreni,ﬂC. aspera and P. reticulatus that were partially
sequenced for the flanking regions of the CR and CRL, sequence similarity was found for ~
400 bp beyond the tRNAs and for the repeat blocks. For the eight ~800 bp partial CR and
CRL sequences of M. spilota examined, the sequences between the tRNA" gene and the non-

repeat region were indistinguishable.

3.4 Discussion
3.4.1 Translocation of the Control Region into the IOM tRNA cluster

The present study has confirmed earlier reports of a second copy of the CR found in
the IOM transfer RNA region of the snake mitochondrial genome (Kumazawa et al., 1996).
The range of taxa that do not have the insertion was expanded to incorporate skinks, monitors,
helodermatid lizards and ramphotyphlopid snakes and the range of those with the insertion
was expanded to include file snakes and elapids. The results of the present study support the
hypothesis that the CRL duplication/insertion event occurred after the divergence of the major
snake lineages from the more ancestral Scolecophidian lineage, but prior to the divergence of

lineages of boids, colubrids, viperids and elapids from their common ancestor (Fig. 3.1a).

3.4.2 Sequence conservation between the CR and CRL

An interesting feature of the CR and CRL sequence in snakes is the maintenance of
sequence fidelity between the two regions (Kumazawa et al., 1996; 1998). The CR is non-
coding and whilst there are domains that are highly conserved between quite divergent
lineages (Brown, 1986; Clayton, 1992), it is likely that very little of the sequence has
functional constraints. These more rapidly evolving, variable domains have proved to be
useful for the study of evolutionary relationships at the population level (Avise, 1992; Brown

et al., 1992; Moritz et al., 1987). A second copy of the CR should have a similar rate of
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nucleotide mutation to the CR, which should be independent of the sequence evolution
evidenced in the CR. However, it has been shown that the CR and CRL sequences in snakes
are evolving in a concerted fashion (Kumazawa et al. 1996; the present study). From the
present study of the CR and CRL in 11 genera of snakes from five families, it can be
concluded that the incidence of recombination between the CR and CRL at least matches the
sequence mutation rate in snakes, for only three unambiguous nucleotide differences (in two
samples) were detected out of more than 11,000 nucleotides sequenced. For concerted
evolution to occur, the sequences need to come into contact in order to facilitate an exchange
of nucleotides. If the frequency of this exchange is low, a lag time might be expected where
there would be differences between the CR and CRL. The extremely high level of sequence
similarity between the non-repeat portions of the CR and CRL within individuals of M. spilota
with CR sequence divergences of 0-6% between individuals, suggests that homogenisation of
the two regions is keeping pace with nucleotide substitution rate. The boundaries of the
recombination are marked by tRNA™® and tRNA™* at the 3’ ends of the CR and CRL
respectively and by tRNA™ at the 5° end. Whilst it could not be definitively determined from
this study whether or not the tRNA™ paralogue is part of the homogenising event, the
sequence similarity for the portion shared between the isoleucine paralogue and the functional
gene suggests that homogenisation is also occurring between these regions. The repeat units
are involved in the homogenisation, as the repeat sequences are conserved between the two
regions, except for a single individual that had a transition in one of the repeats of the CRL.
This may be evidence of a new substitution that has not yet been homogenised by
recombination between the two regions. However, the generation of copy number of the
repeats appears to be independent of the homogenisation of the two regions, suggesting that
replication strand-slippage may be occurring separately at both regions or that different
mechanisms are involved in the homogenisation phenomenon.

A recombination model for the mitochondrial genome now has support from studies

that show homologous recombination activity in the mitochondria of mammals (Thyagarajan
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et al., 1996) and nematodes (Lunt and Hyman, 1997). Kumazawa et al. (1998) proposed two

models to account for this concerted evolutign, a tandem duplication model or the crossing of
nicked DNA strands through a Holliday structure. The preferred model of Kumazawa et al.
(1998) suggested a tandem duplication of the CR through replication slippage, with light-
strand synthesis then producing two mitochondrial types, one with two identical CRs and one
with three copies. Under this model, if replication was initiated from the CRL, the tRNA™
paralogue could also have been introduced into the CR region. The alternative model
proposed recombination by crossing over and resolution of a Holliday structure to produce
homogeneous sequences in both regions. Neither model can be discounted on the basis of my

data.

3.4.3 CR structure

Within the python group it was shown that the CR is quite dynamic in its evolution of
primary and secondary features. The CRs of pythons contain many elements that are
important to the replication and transcription of the mitochondrial genome which are common
to most vertebrates, such as the Conserved Sequence Block 1 (CSB-1), hairpins and the
termination associated sequence, TAS2. However, elements such as CSB-2 and 3 and
multiple TAS elements that were also thought to play a significant role in the function of the
CR based on sequence conservation amongst reported vertebrate lineages, are not present in
pythons. This suggests that either the functions of the regions that are absent have been taken
over by some other sequences within the genome or there are other, as yet undetermined,
regulatory mechanisms involved. There is also considerable flexibility for the CR to
accommodate other secondary structures as evidenced from the presence of a large hairpin in
the 5° region of some pythons. As this structure is absent from other snake lineages and from
some pythons, if it has a function at all, it is dispensable. Similarly, whilst the C-rich region
is present in all snake lineages examined to date, its variable position within the CR suggests

that its location is not crucial to any function it may have.
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The present study found that the gene arrangement for tRNA™, tRNA™* and tRNA®" in

P. regius reported by Kumazawa et al. (1996) was common to the file snake (Acrochordus
arafurae) and the four boid genera examined, Antaresia, Candoia, Morelia and Python. The
tRNA®™ gene was in the usual vertebrate arrangement and not in the CRL nor was there
evidence of a tRNA™™ paralogue as was found in colubrids and viperids (Fig. 3.6). The
presence of the CRL and the incorporation of the tRNA™* gene into the IQM region in all the
snake lineages except Scolecophideans examined to date suggests that the
duplication/translocation occurred before the major snake lineages diverged (Kumazawa et al.
1996). If the duplication/translocation occurred as a single event, it is most likely that the
region between the tRNA™" and 128 rRNA genes were involved, with subsequent differential
loss of copied tRNAs or parts thereof. If the CR and associated flanking tRNAs did not
translocate into the JQM region as a single event, subsequent translocation events have
inserted genes into an order comparable to the usual arrangement for the vertebrate
cytochrome b to 125 rRNA region.

Unlike the CRL that is ubiquitous to all snakes except the Scolecophidians, the tRNA™
paralogue is present in the CR of the Moreliini pythons (pythons of New Guinea and
Australia, (Underwood and Stimson, 1990) and Python reticulatus and P. timoriensis, but is
not present in P. sebae, and P. curtus, Candoia aspera, A. arafurae, Acanthophis, colubrids
and viperids (Kumazawa et al., 1996) (Table 3.1). This suggests that the
duplication/translocation event that produced the tRNA™  paralogue occurred within the
python lineage after the African and Asian Pythonini had diverged but prior to the divergence
of the Indonesian and Australo-New Guinea pythons. The Moreliini pythons and P.
reticulatus and P. timoriensis have a large hairpin structure at the commencement of the CR
and CRL. It has been suggested that hairpin structures and tRNA pseudogenes that can form
stable stem-loop structures may cause the stalling of heavy-strand replication to aid the
formation of the D-loop (Doda et al., 1981; Kumazawa et al., 1998). These structures have

also been proposed as termination signals that regulate transcription levels of some
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polycistronic light-strand RNA transcripts, leading to a higher production of shorter

transcripts of the ribosomal sub-units only. A short sequence acting as a differential
terminator of transcription (or transcriptional attenuator-like signal) contained within the
tRNA"®* that is situated 3’ to the /6S rRNA gene regulates transcription levels in humans
(Christianson and Clayton, 1988). A DNA binding protein is suspected of using this sequence
to block elongation by mitochondrial RNA polymerase (Hess et al., 1991). In snakes, the
tRNA™* gene has been translocated to the 3’ end of the CRL and therefore may not be
functional as a terminator of transcription (Kumazawa et al., 1996). If the hairpin sequences
in the 5° region of the CR were acting as transcriptional terminators, the:short polycistronic
transcript would be translated for 12S rRNA, 16S rRNA and ND1 gene products. Therefore,
as well as elevated levels of the ribosomal sub-units, there would also be an increase in ND1.
Because all of the elements for the initiation of transcription are present in both the CR and
CRL, if these structures function as transcription terminators, the mitochondrial polycistronic
transcripts in snakes may have at least two forms. A short transcript of the ribosomal sub-
units and ND/ and a long transcript of the genes between ND2 and the CR. If the 5° hairpin
structures have an attenuator function, there may be three or more forms of polycistronic
transcript, which would increase the amount of 12S rRNA and 16S rRNA present in the cell.
Alternatively, to have a differential transcription of the ribosomal genes, there would need to
be a transcriptional enhancer of some sort associated with initiation of transcription from the
CR and not from the CRL. There is no evidence to support the existence of such an enhancer
in CR.

At the 3’ end of the CR sequence in pythons there are a series of tandem repeats of
approximately 88 nucleotides with the size of the repeats being mostly conserved across all
the python species (Fig. 3.7). There is moderate sequence conservation of the repeat region
between genera, but the repeat units themselves are mostly perfect except for the final unit
which sometimes has only a portion of the repeat perfectly conserved. Between individuals of

the same species, the sequences of the repeat units vary, reflecting population level sequence
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mutation (Figs. 3.4 and 3.5). However, the 5’ boundary of the region of repeat units is

conserved within a species (Figs. 3.4 and 3.5), but is variable between species (Fig. 3.7). The
fact that repeat regions reflect sequence that is unique to a particular individual suggests that
the generation of the repeats happened after the sequences had evolved and the
generation/deletion of repeats is perhaps an ongoing phenomenon. However, the presence of
a series of similar-sized repeats commencing around a common point in most of the taxa
considered in this study (Fig. 3.7), suggests a common element in the primary or secondary
structure 3’ to the CSB-1 that facilitates the generation of repeats from a particular region of
sequence.

The presence of tandemly-repeated sequences within the CR is not uncommon. There
are large (82 bp) and short (10 bp) tandem repeats associated with the TAS sequences at the
5’ end of the CR in fish (Brown et al., 1992; Buroker et al., 1990; Faber and Stepien, 1998)
and 4-32 bp tandem repeats at the 3’ end in some birds (Berg et al., 1995). Frequently, there
is length heteroplasmy caused by mitochondria having different copy numbers of the repeats
(Brown et al., 1992; Buroker et al., 1990). It has been suggested that repeated DNA sequence
is often generated by slipped-strand mis-pairing occurring during strand replication (Macey et
al., 1997; Stanton et al., 1994). This frequently occurs where there are runs of similar bases
and may be the mechanism that accounts for the many short (5-9 bp) repeats found scattered
throughout the python CR. However, random slipped-strand mis-pairing by itself would not
explain the maintenance of repeat boundaries such that the repeat blocks were of perfect
sequence similarity. Stem and loop or palindromic sequences have been implicated in
slipped-strand mis-pairing (Glickman and Ripley, 1984; Ripley and Glickman, 1983; Stanton
et al., 1994). Buroker et al. (1990) proposed a model to generate perfect-sequence tandem
repeats that used a secondary structure in the displaced strand of the D-loop. This model
relies on the proximity of the TAS sequences to the repeat and also on the internal base
pairing of the repeat to form stable hairpin structures that cause misalignment during

replication of the heavy strand. Whilst the repeat region of pythons is not associated with the
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5> TAS elements, the involvement of stem-loop structures in slipped-strand mis-pairing is
supported in our study by the presence of a run of 5-6 thymines in the repeat units that would
form a stable stem and loop with a run of adenines in the region downstream of the CSB-1.
Slipped-strand mis-pairing to produce the 19 bp repeat insert in the two Antaresia species
could have been initiated from a hairpin formed in the tRNA™ paralogue.

The present study showed that the copy number of repeats was variable between
individuals of the same species and varied between the CR and CRL within an individual
(Appendix 3.1). If the mechanism of repeat generation/deletion occurs with strand
replication, which is separate from the concerted evolution that is maintaining sequence
fidelity between the CR and CRL, the repeat copy number for the CR and CRL may be
specific to each region and may be constantly changing around an optimal mean. In C
aspera, the repeat units reflect the maintenance of a series of mutations (a transition, an 11 bp
indel and a combination of both) in the repeat unit and there is no pattemn of repeat type. This
suggests that if strand slippage is involved in changing the copy number of repeats, it does not
always commence at the same point, nor does it occur sequentially along the repeat units.

Throughout the CR of pythons there are a number of isolated repeated sequences of 5-
12 bp that are often associated with runs of adenines or thymines. This finding supports
earlier reports of sequences with a high AC/TG-content being more commonly involved in
replication slippages than other sequence motifs (Levinson and Gutman, 1987).

Therefore, it can be concluded from the present study that the CR and CRL regions of
pythons are evolving in a concerted manner, with sequences within individuals becoming
identical at a rate similar to the rate of nucleotide substitution. In only two individuals was
there evidence of different sequences for the CR and the CRL. As each individual was only
sequenced once there is a possibility that the nucleotide differences are a result of polymerase

substitution error. The question could be settled by sequencing multiple clones.



Appendix 3.1

Pair-wise comparisons between control region and control region-like nucleotide sequences. Aa=Acrochordus arafurae, SAMA R23999; (SCR=short CR product,
LCR= long CR product, AaCRL is incomplete); Ac=Antaresia childreni, SAMA R21411; Ms=Morelia spilota, 1I=SAMA R26878, 2=ABTC 68308, 3=ABTC 68280,
4=ABTC 66175, 5=ABTC 66267, 6=ABTC 66295, 7=ABTC 68278, 8= ABTC 68279, 9=ABTC 68281, 10=ABTC 68288; Mv=Morelia viridis, AMS R115348;
Pr=Python reticulatus, SAMA R28533; 2= missing data; .= similarity with first sequence; -=gap; J=tRNA-CR/CRL junction. Position of primer-like sequences in Aa
are shown - reverse primer sequence for CR is marked in red; reverse primer sequence for CRL is marked in blue; :=similarity with primer sequence; *=difference from
primer sequence.

AaCRL CCAATAACACTAAGCCATCTGCCTACTAAACATTTCCACCACATTAACATTCAACGGAATTCCCCCACAATGGAAGCGTGCCTGAGCAAGGATTACTTTG
AalLCR ?????????????????????????????????????????????????????????????????????????????ATCAATTCATCTCTGGCCCCCAA
AaSCR ????????????????????????????????????????????????????????????????????????????? ..... CER. .. P .. - ..
AaCRL ATATAGTAAACACGGAGACCAACACTCCCACTTCCCCTTGARARATAAGCCCTC GGACCCCCCCCTTACCCCCCCCAARACCTCTATGTATTATTATT
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i S e e e SR SR e BRI LAY SR SO S AN BN e e cseresessaan TR B e e e e TATCCTCCACCCAACAC

——————————————————————————————————————————— ETTAAGG?AGCAAAACCAGGCCATGCAAGAAGCTTAAAACCTTGACACAGATGTTCA
ACCTATAGGCGGAGCCATACACAATCGACCTTTAAAACCACAGETATTGTAGCTTACACTATAAAGCACAGCACTGAAAATGCTGAGAAGGTACCACACC

AATAAACGTTTCAACCACCACAGCATTCCACGGTACACCCCCACAATGGAAGCGTGCCCGAGATTTCAGGGATTACCTTGATAGAGTAAACACAGGGATC

AACCCTCACTTCCThCTAAGCCATAGTyTGTAAGTTACAGACTATGGCTCATGCCTTAATATATAAACCAAAAACCCATATAATCACTGAACAATAAAAy

e EeRIEE H eeaes e v s e e «Cuae s o are emmeee s bk SR AR SRR s seleea R EeieE ava e o avatatel e Bleveieva Al atevevee e 30

TyTyTCCTyGGCCCCCCCCCTACCCCCCCCCGGAAAACCATAGWAGAAGTCAGCACATAAATAAACCTACTAATCCCATTGCTTCCTCSTATGTATAATC
B O I I s cia e Al ieinennanns Ceseeerereaans % s e o TEE G - FESEEGES P ACHEEIE: @ - R

TTACATTAATGGTTTGCCCCATGAATATTAAGCAGGAATTTCCCTTCAAATATTTTAGCCTAAATTAGCTTCCGTACAAAATATCTAGCCCTCATTTTCT

I I T R N I PR S P T T R R R R B B S T D T L L R I DR R R e s s e s
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MvCRL
MvCR

MvCRL
MvCR

MvCRL
MvCR

MvCRL
MvCR

MvCRL
MvCR

MvCRL
MvCR

MvCRL
MvCR

MvCRL

MvCR

PrCRL
PrCR

PrCRL
PxCR

PrCRL
PrCR

PxCRL
PrCR

PxCRL
PrCR

TCAATGGTCCGGAACCACCCCTCCATCCTAGCTTTTTCCAAGACCTTTGGTCGCACCCTTTATATGGTACATCTTGTCTCATGTTCTGATCACCTATGCT

“ & 8 8 8 % 8 8 B B S A S B S A B EEEEseEesE s R I R R R R ) R R R N ) P R T T T T I

AGTCCACCACTGGTTTCCCTTTTTTTCTCGGTACCTTTCATCTGACTACCATATATGCACACACACAGTAAGGCTCTTTAGTCCGGGTGGAACATGATGT

CRC R T R ) R R PR RN s s e I T N o B T e I I ) R B R 5 % & 4 4 % 8 B B B B 8 8 W s S e R e s s

R I N R R B R R R R @ 8 8 4 8 8 s 8 8 % 8 B & S s 8 4 e s s s s s A e = e s e e R T T R T I

CAATCAACGATAAAAACAAACCCAAACCCACACAACCATTTTTGAATCACCTTTTTACACACTCCTGGTGTAATTATACACAAATTGGCTTTTAATATTA

s s e e s e s e s e E R T EE s sss s et s sssar e N re e EE eSS sseB sy 2 P T 8 B 8 8 % e s s B s s E s s e Ees e

ACAGGCCCATCGTTTCTGTATAATTTTCTTAAATCACCTTTTTACACGCTCCTGGTGTAATTATACACAAATTGGCTTTTAATATTAACAGGCCCATCGT

" s 4 s B s 8w e e s s s s s e oo s e 4 8w s s 8 8 8 B S B A S E SRS EEEESsessss s “ s s PR T T I R N LR PR

TTCTGTATAATTTTCTTAAATCACCTTTTTACACGCTCCTGGTGTAATTATACACAAATTGGCTTTTAATATTAACAGGCCCATCGTTTCTGTATAATTT

AT CC = = = = = = = = = = o e oS

TCTTAAATCACCTTTTTACACGCTCCTGGTGTAATTATACACAAATTGGCTTTTATATTAACAGGCCCATCGT?TCTGTATAATTTTCTTAAATCACCTT

—————————————————————————————————————————————————————————— TTAAGGTAGCARAGTCAGGCCATGCAAGAGGCTTAAAACCT
TTTACACGCT ?CTGGTGTAATTATACACARATGGCTTTTAATATTAACAGGCCCCGTAGTTTTTGTAGCT TACACTATCAAAGCACAGCACTGARRAATGC

TTGATAGAGTAGCCACAGGGCCATCACCCTCACTTCCT CAACCATAGCCAAATATTTGGCTATGGTTTCATGCCAARATATATCAACCARARACCCATA
TTAAATTAAACTACTCTTT| ¢ v v o v v e nnns chsteeisaaaasnense B P P TR I SR e e ETaTe e e e e e ale cwewe wiwee

TTAATATAATGCTATAAAATGGTCCCTCGACCCCCCCCCTACmCCCCCCCAAGAAAACATAAGGAAAGTCCGCACATCATAAACCTCGTACTTTTCCCTA

e 8 8 s % 8 8 8 % s s s s w s s s s P I I I T R I I ] e % s s & B 8 s b 8 E 4 B B B B AT E S S B S eSS s s e E s

TTTTTTGCTCCTATGTATAATCTTACATTAATGGCTTGCCCCATGGATAATAAGCAGGAATTTCCCTTTTAATATTTTAGTCTAAATTAGCCTTCGTACA

e S G T S S S B S T S T I R R R I I R R R N N R e ssssesnesal

GGTAATTCAGTCCTCATTTTCTGGTCGTTCAATGCAGCATGGATTAATAATTGTTGATAACCATGGATATCCTTGATCTAGTTGTGTCCCTTGATTTAAC

TR R R R ] 4 8 & s B e w e PRI " s e s s e s e b E e s e R R s s s e s s s ososoaow oo

ACTTCCCGTGAAATCCTCTATCCTTCCGCGTAATGCTAACCATTCGACTTCTCACGTCCATTAATTGCTACTCCTCTTTACTGGTTTTTCCAAGGCCGCT

P T R R R B s s s on e s PR R e s oo om . PR R R I R T R R 8 s s s s e e
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PrCRL
PrCR

PrCRL
PrCR

PrCRL
PrCR

PrCRL
PrCR

PrCRL
PrCR

PrCRL
PrCR

PrCRL
PrCR

PrCRL
PrCR

PrCRL

PxrCR

Ms1lCRL
MsiCR

Ms1CRL
Ms1CR

Ms1lCRL
Msl1lCR

Ms1CRL
Ms1CR

GGTTACACCTTCAAGATCATCTCAATGGTCCGGAACCACCCCTCCATACTAGCTTTTTCCAAGACCTTTGGTCGCACCCCTTATATGGTACATATCACCT

R L R R R N e s s B 4 s A BB S AW ETEEEE e Nss R R T R NI ) I B R R N IR B 4 s s os e “ s s e s o.

CATGTTCTGATCACCTATGCTAGACCACCACTGGTAGCTCTTTTTTCTCTCTCCCTTTCACCTGACTACCATATATGCACACACACAGTAAGGTCCTTAG

R I R B R R N P R e s s 8 88 EE B8 N a S S eSS s s ssEsEeE e T R B CEC I

TCCAGGTGGAGCAACATGCTTACGTTACACCTACCCCTAATGGGATACATCTCTTAATGCTTGTTAGACATAGAATTTTTTCCAAACACCCACTCAAGGA

e B B e e el e ¢elEaTE e el Ale @ AE Sl aLE mTaeCE e BYe naTele A IR0e e ene RiR T B P T I AR R PR P T LN

AACCAAACCACCCACCACCCAAAACGAAATAATACACAAATAAACTTTAAATCACAACAAACCCAGCGCTTTATATAAAATGTATTTATTTTTCCTTTTT

P T R T R R R T B R s s e s 8 B e B S S E S S e e B s e ssasseaen "% 4 % 8 8 e E W s e as e PR R R T R R R R

TCACCCAAAACGAAATAATACACAAATAAACTTTAAATTACAACAGGCCCAGCGTTTTTATATAAAATGTATTTATTTTTCCTTTTTTCACCCAAAACGA

-.--..c-.--.-4.----oooo----.--.--.----oco.---no.---.--o----o.-...c. ----- P T I B B I R B R N S

AATAATACACAAATAAACTTTAAATTACAACAGGCCCAGCGTTTTTATATAAAATGTATTTATTTTTCCTTTTTTCACCCAAAACGAAATAATACACAAA

A e s s E BB AS e s s FesAasasa Vi e R T T I R S B O A IR R BB B S e s s s 8 mE s e e “ s s s s os s

TAAACTTTAAATTACAACAGGCCCAGCGTTTTTATATAAAATGTATTTATTTTTCCTTTTTTCACCCAAAACGAAATAATACACAAATAAACTTTAAATT

T N R I R R R PR S S N S AU E B S B L e wew s i a s A e e e s e naseasdsesdsns s n e

ACAACAGGCCCAGCGTTTTTATATARACCTTACACA= === == = = i o e e = o= e
6 SaNEER KR . .....ATGTATTTATTTTTCCTTTTTTCACCCARAACGARATAATACACRAATAAACTTTARATTACAACAGGCCCAG

———————————————————————————— ETTAAGGTAGCAAAGCCAGGCCATGCAATAGGCTTAAAACCTTGACACAGATGTTCAAATCATCTCCTTAAT
CGTTTTTATATAAAATGTATCTACCAAGETTATTGTAGCTTACACAAAGCACAGCACTGAAAATGCTGAGATGGTGATTCACCCATATAACACAAAGTCT

CTTGATAGAGTAGACACAGGGCCACACCCCTCACTTCCT CCAACCATAGTCTGTAATTTACAGACTATGGTCCATGCCTTAATATARAGCCARARATCC
TTAARTTAARCTACTCTTT| ... ... . we e e S P I I I I R

ATATAATTTACCACAAAATAAAGYTyTyTyTCGGCCCCCCCCCTACCCCCCCCCAAGAACATTGGGGAGACCGGCACACAAAACCATTAGAAAACTCTTA

ST o S o 0 o I o USRS R——————— e S DR R R S R R A R L

ACAAACCTCTCTATGTATAATCTTACATTAATGGTTTGCCCCATGAATATTAAGCAGGAATTTCCCTTTTATTATTTTAGTCTAAAATGGCCTTTGTACA

s 8 88 e B E B e e e e e s se s e s es T erAsEeees N LR R R T ] R I R R ) % % & B B S W S B E S S EE s s

AAATATTCTGTCCTCATTCTCTTGGTCGTTCTATGCAGCACGAGTTAACTAATCTTATTAATCATGGATATTCTCAACCTAAGGGTGTCTCTTAGTCTAG

...... ..-.--.—.-...-.-.-..----..-..--..--..o.----..-..--.n....--.-...--.....----..-o..---...-...--..a
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Ms1CRL
Ms1lCR

Ms1CRL
Msl1lCR

Ms1lCRL
MsliCR

MslCRL
Ms1lCR

Ms1CRL
Msl1lCR

Msl1CRL
MslCR

Ms1lCRL
Msl1CR

Ms1CRL
MslCR

Ms1lCRL
Ms1lCR
Ms2CRL

Ms2CR

Ms2CRL
Ms2CR

Ms2CRL
Ms2CR

Ms2CRL
Ms2CR

CGCTTCCCGTGAAATCCTCTATCCTTCCATAGAATGCTAACCATTCGACTTCTCACGTCCATATCATGCTAATCCTCCCTACTAGCTCTTTCCAAGGCCG

P B R R ) s s 8 8 = e 8 s 4 8 8 s AT e S EeE e I T R R R e 8 4 8 8 8 8 S S B E S 4 4SS e s eSS EEeEEEETsee e

CTGGTTACACTCTCAAGATCATCTCAATGGTCCGGAACCACCCCTCCATACTAGCTTTTTCCAAGACCTTTGGTCGCACCCCTTATATGGTACATATCAC

e A B s B e e e s Ea s e e ESLE e Y eS ses e d T T T T T s 8 e 88 8 8 8 W E B S E S S S S S S S eSS s e

CTCATGTTCTGATCATCTATGTCTATCCACCATTGGTAGCTCTCTTTTTTCTGTACCTTTCATCTGACCACCATATATGCACACACACAGTTAGGCATTC

e e e 8 8B B R e A B S S e ee s ETELEA s -.-----.q-...o.----o.---.-o..-..o.-.-...-o.---.ao-o--.-.-o-...-n...-

AGTCCGGGTTGAGCACGCTGCTTCCTCCTCATTTACCCCTAGGGATACATCTCTTAATGCTTGTTAGACATATGTATTCTCCTTCCCGAAATTTCATATA

.-.no-.---oo.--.oo.--..-o-.--...--.-o.....o---.....-..on..--..oo ----- R L RN R R N

CCAAAACTTCGGAAAAACCCCAATCCTGACAAAAATCTCACACAACTTTTTACTTTTTCCTCTAACCCACCTTCAACAGGTTAATACAGAAACCCGCCTT

s 84 8 8 8 8 B B B S e s s B AT S e e e B wele e s e WAl ele B e s ele W A8 SN e LY REse e e ssse e e bba 8 5 8 4 % & & B E B s e E e

TAAATACAGCAGGCCCATTATTTCTATATTAATTATTTTTATCCGCCTTCTAACCCACCTTCAACAGGTTAATACAGAAACCCGCCTTTAAATACAGCAG

e N N N A B S S R e = S RC T BB SR B s a s 4 e 8 e s A s aAS e s e e E s s P s s 8w % % 4 B 8 E 8 E s e e s s s s

GCCCATTATTTCTATATTAATTATTTTTATCCGCCTTCTAACCCACCTTCAACAGGTTAATACAGAAACCCGCCTTTAAATACAGCAGGCCCATTATTTC

e 8 8 8 8 8 8 8 8w e e s s S 8 8 8 % B B B S s E P EANES s e asesssasese s s s s B 4SS E BE S E S A S S BE e s s SN EREESE s SN .

AT ATTAACCGAT CTACC =~ = = = = = = = e ST SoTo oSS
........ TTATTTTTATCCGCCTTCTAACCCACCTTCAACAGGTTAATACAGARACCCGCCTTTARATACAGCAGGCCCATTATTTCTATATTARTTAT

————————————————————————————————————— ETTAAGGTAGCAAAGCAAGGCCATGCAAGAGGCTTAAAACCTTGACACAGATG
TTTTATCCACCTTCAACAGGTTAATACAAGGCCCCTTETTATTGTAGCTTACATTACTTAAAGCACAGCACT

CTTGATAGAGTAGACACAGGGCCACACCCCTCACTTCCThCCAACCATAGTCTGTAATTTACAGACTATGGTCCATGCCTTAATATAAAGCCGAAAATCC
TTAAATTARACTACTCTTT| . v v v SieTETE W BUeUSTELEIE(E @8 eeLeIE B wpeie e e e B A vaaie aellla daiaies os saaas s «esiesien o W e

ATATAATCTGCCACAAAATAAAGyTyTyTyTCGGCCCCCCCCCTACCCCCCCCAAAAGAACATTGGGGAAACCGGCACAAAAAACTATTGGAAAACTACT

---noo---t----o\oq---no'--o.-u---loc----o.-u---oou---n---oso ------ s s e s os . s s w s s s 8 s s s B s E T

AACAAACCCCTCTATGTATAATCTTACATTAATGGTTTGCCTCATGAATATTAAGCAGGAATTTCCCTTTTATTATTTTAGTCTAAAATGGCCTTTGTAC

e 8 86 8 4B s e eSSBS eSS se s s rase e s s s s s 8 a s Ee I T R R PR P R R I

AAAATATTCTGTCCTCATTCTCTTGGTCGTTCTATGCAGCACGAGTTAACTAATCTTATTGATCATGGATATTCTTAACCTAAGGGTGTCTCTTAGTCTA

s 8 8 8 8 & 8 a8 m ks e e s s s e sesEteees e P I T SR EEEE E A s e B e e Rs s resdedes Ae AN B S SE EESS R e RO
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Ms2CRL
Ms2CR

Ms2CRL
Ms2CR

Ms2CRL
Ms2CR

Ms2CRL
Ms2CR

Ms2CRL
Ms2CR

Ms2CRL
Ms2CR

Ms2CRL
Ms2CR

Ms2CRL
Ms2CR

Ms2CRL
Ms2CR

Ms2CRL
Ms2CR
Ms3CRL

Ms3CR

Ms3CRL
Ms3CR

Ms3CRL
Ms3CR

GCACTTCCCGTGAAATCCTCTATCCTTCCATAGAATGCTAACCATTCGACTTCTCACGTCCATATTATGCTAATCCTCCCTACTGGCTTTTTCCAAGGCC

R R T e T s 8 8w e ow o R R R ) s s s s s e E a s E e s s R ) R I R ] I I R R T

CCTCATGTTCTGATCACTTATGTCAATCCACCACTGGTAGCCTCTTTTTTTCTGTACCTTTCATCTGACCTCCATATATGCACACACACAGTTAGGCACT

@ 8 & 88 8 8 8 ® e S B S s s e s awEEe s e [ R R I B B R B N R R R R R R I B BB B SR EE R R T )

TAGTCCAGGTTGAGCACGCTGTTTCCTCCCCATTTACCCCTATGGATACATCTCTTARTGCTTGTTAGACATATGTATTCTCCTTCCCGARATTTCATAT

e s s A s s e s e s e e s s esarEasssdas R et er s ss s s neYen e R A A R R ] 4 8 8 8 4 % B % B B B S 8 W B B B W EE e

ACCGAAACTTCGGAAAAACCCCAATCCTTTCAACAACCTCCCCACAGATTTTCATTTTTCCTCTAACACACCTCTGACAGATTAATACAGAAAGCCCCCT

i e e w el e AR e E e aee e L e e e SRS B N R e R S s e B SR R e e D R N

TAAAATACAGCAGGCCCTTTATTTCTATATTAATTTTTATTTCCCTCCTTCTAACACACCTCTGACAGATTAATACAGAAAGTCCCCTTAAAATACAGCA

2 i s el el A e e e S A B R e ol aidie ¢8 eiave eie B sigimie e Bid WieE aies an seesen aCatidin vaisiand e devd

GGCCCTTTATTTCTATATTAATTTTTATTTCCCTCCTTCTAACACACCTCTGACAGATTAATACAGAAAGCCCCCTTAAAATACAGCAGGCCCTTTATTT

8 % 8 8 s s s B E e e D R I “ s s s s 8w s s s ow s e s P ..-.--y.-.-.n-o...--.a.-o».--. ......

l_\T
i ERE A S S EeaTe e AR R SV emimie pd SR A AT i R TEe Y e vaEee +i s e e SO

ACCCACT = = = = = == e e == - o——oooo s
TTATTTCCCTCCTTCTAACACACT TCTGACAGATTAATACAGARAGCCCCCTTARAATACAGCAGGCCCTTTATTTCTATATTAATTTTATTTCCCCCAA

————————————————————————— \PTAAGGTAGCAARGCCAGGCCATGCAGAATGCTTARAACCTTGACACAGATGTTCAAATCATCTCCTTAATACT
CAAAATGATACAGCAGACCCCCCCT TTATTGTAGCTTACATTACTTARAGCACAGCACTGAAAATG?TGAGATGGTACTCACCCAAATAACACARAGTC

CCCGAGACCAGGGACTACCTTGATAGAGTAGACACAGGGCCACACCCCTCACTTCCT CTAACCATAGTCTGTGAATTACAGACTATGGTTGATGCCTTA
GCCCCCAAAACCAGAATTTTAAATTAAACTACTCTTTl ......... siiela i e R T T B e ee0E ereleliie e e wlis seanavmeee e e P

ATATAAAACCAAAAATCCATATAATTTACCACAAAACAAAGCTCTCTCTCGGCCCCCCCCCTACCCCCCCCCAGGAACATTGGGGAGATCGGCACATAAA
Win snmdueieena wie mimim e S FIAREES 8R VAR FT T VeV VeV e Yeoroeaerananaasnonanns

ACCATTAGAAAACTCTCAACAAACCTCGCTATGTATAATCTTACATTAATGGTTTGCCTCATGAATATTTAGCAGGAATTTCCCTTTTATTATTTTAGTC

e @ 8 B B ®omom oA s S % & s s e s s E e A A EEssaa s s s s s s oo PRI I I R R R R e s e P T T T I I R I
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Ms3CRL
Ms3CR

Ms3CRL
Ms3CR

Ms3CRL
Ms3CR

Ms3CRL
Ms3CR

Ms3CRL
Ms3CR

Ms3CRL
Ms3CR

Ms3CRL
Ms3CR

Ms3CRL
Ms3CR

Ms3CRL
Ms3CR

Ms3CRL
Ms3CR
Ms4CRL

Ms4CR

Ms4CRL
Ms4CR

Ms4CRL
Ms4CR

TAAAATGGCCTTTGTACAAAATATTCTGTCCTCATATTCTTGGTCGTTCTATGCAGCATGAGTTAACTAATCTTATTAACCATGGATATTCTTAACCTAA

P T T R * s s % & 4 8 8w 8 E s & % w s s s s s oEos s s s s e e e s s s s s s oe e PRI T RO D I R ) s 8 8 8 s s s s s wos oo

TAGCTCTTTCCAAGGCCGCTGGTTACACTCTCAAGATCATCTCAATGGTCCGGAACCACCCCTCCATACTAGCTTTTTCCAAGACCTTTGGTCGCACCCC

T T T T R e T T B s s s s s os oo R I R R R 4 8 % 8 8 8 8 & E BB B WA EE AT EE LA s S E e ss.

P R R ) e 8 8 8 8 e 8 8 8 B e s e N S E W S BT EEE S s e e e # m % B B B B & B B s B B B S 8 S 8 W eSS e s s s s s sas s

“ 8 4 & 8 8 s s 8 s s % s s s s E w koo R " 8 % 8 B 8 8 8 B B e B e B e E s s e R R R R ] # 8 8 8 % B % 4 B BB B W B E R e R s s e

R R e R N I s 8 %8s s 8 8 8 @ e s S B8 S S S B ESETEEEEEEEss s P I R R I R s 8 s s e e

TAATACAAAAACCCGCCTTTAAACACAGCAGGCCCATTATTTCTATATTATTTATTTTTATCCGCCGTCTAAACCCTCTCCAAGAGGTTAATACAAAAAC

B e 8 4 e s 4 8 B B E B S S B RN S 88 S B8 s S E AN LSS s T I T I IR I P LR R R

ACAGCAGGCCCATTATTTCTAT = == —— = == = = = = o e o e e e e e o oo
..... o iu.....ATTATTTATTTTTATCCGCCGTCTAAACCCTCTCCRAGAGGTTAATACAAAAACCCGCCTTTAAACACAGCAGGCCCA
——————————————————————————————————————————————————————— TTAAGGTAGCARAGCTAGGCCATGCAAGAGG
TTATTTCTATATTATTTATTTTTATCCACCGGTAATTTAACACAGAAGACCCTCTETTATTGTAGCTTACAR?22222222222272?

TTCATCCACCASTGCATTCCWCGGTACACCACCACAATGGAAGSGTGCCCGAGACCAGGGACTACCTTGATAGAGTAGACACAGGGCCACACCCCTCACT

P Saadle e wne STe el winE AT ae AT BE Wl R 8 e Geeee e s s raim e i mmee e e e ¢ 6 e YVeounoooanon

CCCCCCCCTACCCCCCCCCAAAGAACATTGGGGAAACCGGCACAAAAAACTATTGGAAAACTACTAACAAACCCCTCTAWGTWTAATCTTACATTAATGG

...... f e S e e e B S aTe e e IR AR e o wie e ele s seereree wipaceaeis v ] o Pl e Sl 0 weieT o e



Ms4CRL
Ms4dCR

Ms4CRL
MsACR

Ms4CRL
Ms4CR

Ms4CRL
Ms4CR

Ms4CRL
Ms4CR

Ms4CRL
Ms4CR
Ms5CRL

Ms5CR

Ms5CRL
Ms5CR

Ms5CRL
Ms5CR

Ms5CRL
Ms5CR

Ms5CRL
Ms5CR

MsB5CRL
Ms5CR

Ms5CRL
Ms5CR

TTTGCCTCATGAATATTAAGCAGGAATTTCCCTTTTATTATTTTAGTCTAAAATGGCCTTTGTACAAAATATTCTGTCCTCATTCTCTTGGTCGTTCTAT

8 8 8 B s B s s BB S S sS4 s asEEEEEs s s ® 5 s s A s % e asne s s s s w s 8 s me e R E E E R N e e e I S A AR L B A BB I I BB B

GCAGCACGAGTTAACTAATCTTATTGATCATGGATATTCTTAACCTAAGGGTGTCTCTTAGTCTAGCACTTCCCGTGAAATCCTCTATCCTTCCATAGAA

R T R R I R s s s a s e s e ass s nsssassssanEes sl ssess e sesssaend I I R R

TGCTAACCATTCGACTTCTCACGTCCATATTATGCTAATCCTCCCTACTGGCTTTTTCCAAGGCCGCTGGTTACACTCTCAAGAT?ATCTCGATGGTCCG
..................................................................................... Cuievteeneanans

GAACCACCCCTCCATACTAGCTTTTTCCAAGACCTTTGGTCGCACCCCTTATATGGTACATATCACCTCATGTTCTGATCACCTATGTCAATCCACCACT

P R N A e e e ee ale et selelie e e AREEESE B SEEE e e s ss e oS s P T I T T N I I P T

GGTAGCCTCTTTTTTTCTGTACCTTTCATCTGACCTCCATATATGCACACACACAGTTAGGCACTTAGTCCAGGTTGAGCACGCTGTTTCCTCCCCATTT

P G- S PUE RS S S T S S R R B R SR S B U B R e e R L @ 8 B B B &8 B S E S S B A SRS S A B S S e A s

ACCCCTATGGATACATCTCTTAATGCTTGTTAGACATATGTATTCTCCT

F T T TIPS S S ST S B S I RO O R S

CCTTGATAGAGTAGACACAGGGCCACACCCCTCACTTCCC CACCATAGTCTGTAATTTACAGACTATGGTTGATGCCTTAATATARAGCCAARAATCCA |

TTTAAATTAAA?TASTYTTT} « o v eee v v Seveaceanenaannoa VeorassorsnseeSecaenassnns i iRl S aacele e e

TATAATTTACCACAAAATAAAGCTyTyTyTCGGCCCCCCCCCTACCCCCCCCCAAGGAACATTGGGGAAACCGGCACACAAAACTATTAGAAAACTCTTA

tee s s s s e s e sas e e eSeaaene YeosesssanoasaeSacnanoanne PR P S S Cseesesas et s e e e s s B e B

ACAAATCCCTCTATGTATAATCTTACATTAATGGTTTGCCTCATGAATATTAAGCAGGAATTTCCCTTCTATTATTTTAGTCTAAAATGGCCTTTGTACA

ocu---.oo.--lI..--nooou-s.Io--nolpu---.o1--..|-.-voo----a.lou---n-ooq---oop.----noao-q---nou-. ......

AAATATTCTGTCCTCATCTTCTTGGTCGTTCTATGCAGCATGAGTTAACTAATCTTATTAACCATGGATATTCTTAACCTAAGGGTGTCTCTTAGTCTAG

s diw m e aaE B e e A e ST B eSE e e SR e Sl e . P I T L R e o A R I ® % 8 % s 8@ e s m s

TACTTCCCGTGAAATCCTCTATCCTTCCATAGAATGCTAACCATTCGACTTCTCACGTCCATATTATGCTAATCCTCCCTACTAGCTCTTTCCAAGGCCG

i e seiealEe W e e e ee e e e e e ese D8 Kid e e 80 ale plaeale ie SAidielele B S E e WL SIBATRTNIRTS AT0 sa s e R S O S Y

CTGGTTACACTCTCAAGATCATCTCGATGGTCCGGAACCACCCCTCCATACTAGCTTTTTCCAAGACCTTTGGTCGCACCCCTTATATGGTACATATCAC

T TN ST IR I R R T R I 2 8 B 8 P 8 88 88 aRAE S e eeEsssreEEESs e snEa s s e s s e e s R R R PR s s e

CTCATGTTCTGATCACTTATGTCTTCCCACCATTGGTTGCTCTCTTTTTTCTGTACCTTTCATCTGACCACCATATATGCACACACACAGTTAGGCATTT

IR R # s s s m e e s e P N T B R R R R ] A s s s s o= PR R I T IR P L] PR PR PP
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Ms5CRL
Ms5CR

Ms6CRL
Ms6CR

Ms6CRL
Ms6CR

Ms6CRL
Ms6CR

Ms6CRL
Ms6CR

Ms6CRL
Ms6CR

Ms6CRL
Ms6CR

Ms6CRL
Ms6CR

Ms6CRL
Ms6CR
Ms7CRL

MsTCR

Ms7CRL
Ms7CR

Ms7CRL
Ms7CR

AGTCCGGGTTGAGCACGCTGTTTCCTCCTCATTTACCCCCAGGGATACATCTCTTAATGCTTGTTAGACAT
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Appendix 3.2.

Nucleotide sequences for python taxa used in this study for partial control region sequences. ?=missing data; -=gap. Python regius sequence is from GenBank, see text for GenBank

Accession No. Binary characters at the end of the sequence represent presnece (1) or absence (0) of the tRNA" paralogue, hairpin and % hairpin indel respectively.
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Ch;apter 4.

Python phylogenies: comparisons from morphology and mtDNA.

4.1 Introduction

Snakes can be traced in the fossil record for about 130 MYA, extending to the early
Cretaceous (Barremian) period (Rage and Richter, 1994) and it is generally accepted that
snakes originated from lizards. However, the precise relationship of snakes to other
squamates has been much debated. Recent morphological (Caldwell, 1998; Lee et al., 1999;
Lee et al., 1998) and molecular evidence (Saint et al., 1998) suggest that the varanoid lizards,
especially the extinct marine mosasaurs, are the likely sister group to snakes. From their
lizard-like beginnings, snakes diversified into several major lineages. In recent times, many
workers have used a three-way subdivision of snakes into the Scolecophidia (blind snakes),
the Henophidia ("primitive" snakes) and the Caenophidia ("advanced" snakes). Henophidia,
based mainly on the boas and pythons, is clearly a paraphyletic taxon, as it has been generally
agreed that the caenophidian snakes are derived from a ‘henophidian’ ancestor (Rage, 1987).

Whilst acknowledging that a well-corroborated phylogenetic hypothesis for all snakes
does not yet exist, McDiarmid et al. (1999) proposed a classification that can be regarded as a
consensus arrangement of the major snake taxa. They subdivided the “Henophidia” by
removing fossorial taxa to a redefined Alethinophidia and placing the remaining Henophidia,
including boas and pythons, in the Macrostomata. Scanlon and Lee (2000) proposed that the
Macrostomata comprises a group of relatively plesiomorphic families that lie at the base of
the Caenophidian radiation. McDiarmid et al. (1999) placed pythons in their own family,
Pythonidae, while Scanlon and Lee (2000) treated pythons as a subfamily, Pythoninae, of the

Boidae. I use the informal terms ‘pythons’ and ‘boas’ for Pythonidae and Boidae respectively
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(Boidae, McDiarmid et al., 1999; or Boinae, Scanlon et al., 1999).

Pythons range from western and southern Africa, through the tropical rainforests of
Southeast Asia, eastwards as far as New Guinea and into the cooler climates of southern
Australia (Fig. 4.1). They differ from the generally similar boas in reproductive mode and
anatomically by the presence in pythons of a novel bone, the supraorbital, on the dorsal
margin of the orbit. Pythons are oviparous (egg layers) and the females coil around the eggs
to incubate them until they hatch (McDowell, 1987). Pythons can be terrestrial, arboreal,
fossorial or semi-aquatic and vary in size from 0.5m e.g. Antaresia perthensis (Smith and
Plane, 1985) to approximately 10m in length e.g. Python reticulatus (Minton and Minton,

1973).

4.1.2 Taxonomy

Most python genera and species are restricted to the Australian region. Of the eight
genera recognised by Kluge (1993), only the genus Python is not found in Australia or New
Guinea. Of the other seven genera, three (Leiopython, Liasis and Morelia), are found in
Australia and New Guinea and two each are restricted to Australia (Antaresia and Aspidites)
or New Guinea (Apodora and Bothrochilus).

The species composition of the subfamily Pythoninae has also been controversial
(Cogger et al., 1983; Kluge, 1993; McDowell, 1975; Smith, 1985; Storr et al., 1986; Stuhl,
1932; Underwood, 1976; Underwood and Stimson, 1990 — see Fig. 4.2). In particular, Liasis
fuscus and Morelia bredli have not been recognised as species by some authors (Fyfe, 1990;
Smith, 1985). I follow Barker & Barker (1994) in recognising 27 described extant species
with the inclusion of Liasis fuscus and Morelia bredli and an unnamed sibling taxon of M.
viridis from northern New Guinea (see chapter 5).

The comprehensive morphological studies of McDowell (1975), Underwood &
Stimson (Underwood and Stimson, 1990) and Kluge (1993), who each used an array of

different characters in their analyses, each reached different conclusions about the
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Other ‘python’ genera
Sympatry of genus Python and other ‘python’ genera
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Fig. 4.1. World map showing the distributions of b
timoriensis and Liasis mackloti and Ambon, the Banda Isalnds, Halmahera, Seram and Tanimbar for P. reticulatus and Morelia amethistina.

oas and pythons. The regions of sympatry shown in yellow are Timor for Python reticulatus, P.
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relationships among species (Fig. 4.3). The cladogram of python relationships determined

from McDowell’s discussion of species aﬂjl{lities shown in Fig. 4.3a has been adapted from
Kluge (1993). Strikingly, from these three studies, there is concordance only in the
monophyly of the genus Morelia, as outlined below.

McDowell (1975) classified the pythons into two major lineages (Fig. 4.3a). In one
group, Aspidites is a sister lineage to a clade supporting two distinct groups within the genus
Liasis, one group comprising mackloti, olivaceus and papuana (called the Liasis olivaceus
Group) and the other group comprising albertisii, boa and childreni (called the Liasis boa
Group). A second lineage contains two clades, one comprising Python reticulatus and P.
timoriensis plus Morelia amethistina, M. boeleni, M. spilota and M. viridis and the other
comprising Python anchietae, P. curtus, P. molurus, P. regius and P. sebae.

Underwood & Stimson (1990) divided the pythons into two major tribes, the
Pythonini from Afro-Asia, limited to the genus Python, and the Moreliini from Australia and
New Guinea (Fig. 4.3b). Characters used to define these two groups were the number of neck
scales being greater than 48 as a synapomorphy for Python and intercostal arteries arising in
pairs rather than singly as a synapomorphy for the Australo-Papuan pythons. Furthermore,
among the Moreliini, Aspidites was the sister lineage to the remaining taxa of that tribe.
There is agreement between McDowell’s and Underwood & Stimson’s studies in the
relationships within Morelia with the species pairs boeleni/amethistina and spilotal/viridis
being each other’s closest relatives.

Kluge (1993) used a set of 121 morphological characters, incorporating some of the
characters used by McDowell and Underwood & Stimson, to understand further the
relationships of pythons. Kluge’s (1993) analysis differed from the other analyses in placing
Aspidites as a sister taxon to all other pythons and in placing Python well within the Australo-
Papuan clade (Fig. 4.3c). Kluge placed Morelia as the sister group to Python, but was not
able to define the relationships within Python. This differed from McDowell who placed

Python paraphyletic with Morelia (Fig. 4.3a). Underwood & Stimson (1990) placed Python
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Fig. 4.3. a) Python relationships determined from McDowell’s (1975) discussion of species groups. Brackets
on right show McDowell’s assignment of Species Groups, with the exception of viridis, which is assigned to the
genus Chondropython. b) Python relationships determined from Underwood & Stimson’s (1990) morphological
analysis of within and between Afro-Asian and Australo-New Guinea pythons, showing the division between the
Moreliini and the Pythonini. ¢) Python relationships based on morphological analysis of Kluge (1993).
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as the sister group to all other pythons (Fig. 4.3b). Kluge’s argument with McDowell’s

(1975) and Underwood & Stimson’s (1990?_p1acement of Aspidites is based on the latters’ a
priori assumption that the absence in Aspidites of some characteristics ( e.g. thermoreceptive
labial pits) is due to secondary loss as opposed to never having them in the first place, as well
as a secondary acquisition of the horizontal part of the nasal bone lying above the nostrils.

A general conclusion from investigators of python systematics is that there is little
morphological divergence within the python group (Schwaner and Dessauer, 1981; Smith,
1981a; Smith, 1981b; Smith, 1985; Storr et al, 1986; Underwood and Stimson, 1990),
however, Kluge (1993) felt that the lack of differentiation was most likely due to the
incorporation of too few characters and non-parsimony methods of analysis. The ambiguous
generic allocation of some species provides a further indication of the relatively low level of
morphological divergence within the lineage. For example, McDowell (1975) synonymised
Bothrochilus with Liasis, whilst Storr et al. (1986) synonymised Liasis and Chondropython
with Morelia. McDowell (1975) felt that whilst Aspidites could be distinguished well from
other pythons by its lack of labial pits, the forward extension of the horizontal processes of
the nasal bone and entire subcaudal scales, morphology could only weakly define most other
genera. McDowell (1975) had difficulty in making a generic distinction between amethistina
and reticulatus and commented that timoriensis appeared to be an intermediate. McDowell
(1975) recognised Morelia (spilota) and Chondropython (viridis) as monotypic genera but felt
that that there was little justification for recognising spilota as non-Python. Qualitative
comparisons of transferrins by Schwaner and Dessauer (1981) also found that there was little
detectable divergence among the Australian taxa compared, although there was a pronounced
drop in cross-reactivity when Australian taxa were compared with Python.  Such
morphological and molecular conservatism may be due to recent origins for many extant
python taxa, or may reflect a slow rate of evolution, molecular and morphological. Kluge
(1993) suggested that the inability to distinguish between subgroups of pythons might be due

to insufficient number of characters examined.
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Biogeographic implications that flow from hypotheses suggesting slow rates of
evolution are: 1) that pythons arose in Laurqs_ia and moved southwards through the Asian land
bridge into Australasia (supported by McDowell’s, 1975 and Underwood and Stimson’s, 1990
systematic hypotheses) or 2) that pythons arose in Gondwana and moved northwards into
Eurasia. Python fossils may be present in Eocene deposits in Europe (Szyndlar and Béhme,
1993) and are known from early-middle Miocene deposits in Europe, the Middle East and
central Asia (Hoffstetter, 1964; Rage, 1987; Rage, 1976). Gondwanan fossils of Liasis and
Morelia, are known from Queensland, Australia in deposits of Miocene age (Kluge, 1993;
Scanlon ef al., 1999; Smith and Plane, 1985). Thus, the fossil record does not unequivocally
support either hypothesis.

Given the very comprehensive nature of Kluge’s (1993) morphological study, it is
appropriate to look for other independent measures of relatedness that could be used to
determine evolutionary relationships between python species. Analyses of nucleotide
sequences and relative evolutionary rate tests provide tools with which alternative
evolutionary scenarios can be tested. I present sequence data from two mitochondrial genes
with differing rates of molecular evolution, the faster-evolving control region (CR) and the
more medium- to fast-evolving coding gene, cyfochrome b (cytb). 1 also considered Kluge’s
(1993) data to evaluate the characters that were used to distinguish Aspidites from other

pythons and reanalysed the data with an expanded set of outgroups.

4.2 Materials & Methods
4.2.1 Specimens examined

Genomic DNA was extracted as per chapter 2.2. Individuals included in this study
are: (" = extractions enriched for mitochondrial DNA). Antaresia childreni SAMA R2141 1
A. maculosa ABTC 68227, A. perthensis ABTC 68276; A. stimsoni SAMA R38794; Apodora
papuana ABTC 68240; Aspidites melanocephalus ABTC 68246; A. ramsayi SAMA

R19831%; Bothrochilus boa AMS R129533; Leiopython albertisii AMS R124481%; Liasis
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mackloti SAMA R21422"; Liasis fuscus ABTC 68263; Liasis olivaceus ABTC 6503; Morelia

amethistina AMS R115347"; M. boelenzL BPBM 11611; M. bredli ABTC 68339; M.
oenpelliensis ABTC 68277, M. spilota SAMA R26878", M. viridis AMS R115348",
(Southern PNG), BPBM 11617, (Northern PNG); Python curtus ABTC 24797; P. molurus
ABTC 67159; P. reticulatus SAMA R28533; P. sebae SAMA R26137 and P. timoriensis
ABTC 68326. Boinae (outgroup) Candoia aspera AMS R115337°. Because of the
unavailability of material, Morelia carinata and Python anchietae were not included in the

present study. Python regius sequences were retrieved from GenBank (see below).

4.2.2 PCR primers and conditions

The Polymerase Chain Reaction (PCR) was used to amplify partial transfer
RNA™ /control region and cytochrome b gene products. All primer sequences are listed in
Table 2.1. To preferentially PCR amplify the CR instead of the control region-like gene
(Kumazawa et al., 1996), nested PCR was used as per chapter 2.8. Two overlapping partial
cytb products of approximately 300 bp and 900 bp were amplified using primers 1.14841 and
H15149 (Kocher et al., 1989) for the short product and either 1.14973 or Snakel2 (L) with
H15916 (Kumazawa et al., 1996) for the longer product. PCR products for cytb and CR were
sequenced for both strands with the PCR primers and also with nested primers Snake 1 (L),
Snake 6 (L) and Snake 7 (H) for the CR products. The potential for each of the mitochondrial
primer pairs to amplify mitochondrial genes rather than nuclear paralogues was tested as per
chapter 2.4. Enriched mitochondrial DNA (mtDNA) and total cellular DNA of Liasis
mackloti SAMA R21422, Morelia spilota SAMA R26878 and M. viridis AMS R115348 were
used to test the whether the CR primers amplified mitochondrial genes. M. spilota SAMA
R26878, M. viridis AMS R115348 and C. aspera AMS R115337 were used to test the cyrb
primers.

CR sequences were initially aligned in Clustal W (Thompson et al., 1994) under

varying gap penalties and insertions and deletions (indels) were incorporated to optimise the
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alignments. Regions of sequence alignment that varied under differing gap penalties were
considered to be of ambiguous alignment and were excluded from the final analyses.

Incorporated in this region of ambiguous sequence alignment are three structural
features of the CR (see Chapter 3, Fig. 3.5,6) which were coded as binary characters and
included in the analysis. The first feature is an indel at the 5’ end of the region adjacent to the
tRNA™™ gene, that is approximately 20 bp of the amino acid acceptor stem and the TyC arm
of the tRNA™ gene. The second feature is a 15 bp hairpin found adjacent to the isoleucine
paralogue. The third feature is a 15 bp partial repeat of the hairpin in the region 5’ to the
hairpin that is present in Antaresia childreni and A. stimsoni. A parsimony analysis of
character state change of the evolution of each of these characters was performed using
McClade version 3.04 (Maddison and Maddison, 1992).

Complete cytb gene sequences were retrieved from GenBank for Aspidites
melanocephalus, Antaresia childreni, Apodora papuana, Liasis mackloti, L. olivaceus,
Leiopython albertisii, Morelia amethistina, M. spilota, M. viridis, Python molurus, P. regius,
P. reticulatus and P. sebae (Acc. Nos. U69741, 751, 760, 835, 837, 839, 842, 843, 847, 851,
853, 857, 860, 863). The M. spilota sequence U69851 had a stop codon present due to an
autapomorphy in a first codon position, this nucleotide position was coded as missing for the
present study. Due to sequencing difficulties, only partial cytb sequence (337 bp) was used
for Liasis fuscus. Because it has been shown that in snakes the control region-like sequence
that is present between the ND1 and ND2 genes is typically indistinguishable from the control
region sequence for the region of the CR sequenced here (Kumazawa et al., 1996; Kumazawa
et al., 1998 see chapter 3), and CR sequence for Python regius was not available, I used the
published control region-like sequence (GenBank Acc. No. D84258) in the CR data set.
Aligned nucleotide sequences for CR and cytb are presented in Appendices 3.2 and 4.1

respectively.
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4.2.3 Morphological characters

Kluge (1993) found 16 morphological characters to support the sister relationship of
Aspidites to Group C (all other pythons). A summary of the 16 characters used by Kluge
(1993) to define Aspidites can be found in Appendix 4.2.

Assistance in helping me to understand the morphological characters used by Kluge
(1993) was kindly given by Dr. M. Hutchinson. I examined preserved python skulls in the
South Australian Museum collection for 11 of these 16 characters in order to assess the
reliability, i.e. non-ambiguity, with which the character states could be determined. Taxa that
were examined from preserved skulls were: Antaresia childreni, Aspidites ramsayi, A.
melanocephalus, Boa constrictor, Candoia carinata, Liasis fuscus, Morelia amethistina, M.
spilota, M. viridis, Python molurus, and P. reticulatus. 1 considered each character with
respect to four questions. 1. Is the character correctly scored? That is, can the character states
be verified in other specimens? 2. Are the character states homologous and anatomically
identical? 3. Is the character continuous and therefore have the character state definitions
been subjectively determined? 4) Are the characters correlated in any way? That is, could the
character state of one character be influencing the character state of another character
because, for instance, they form part of a common structure?

Characters that answered yes to 1 and 2, but no to 3 and 4 were considered to be
strong candidate characters to use in considering the relationships of Aspidites to other
pythons. Phylogenetic support for those strong characters that define the Aspidites lineage
could then be tested using the Bremer decay index.

I reanalysed Kluge’s (1993) full data set with a modified outgroup comprising a set of
five outgroup taxa each as an individually coded taxon (compiled by S. Donnellan) rather than
using Kluge’s common ancestor approach. The five outgroups (after Kluge) are: 1. boids; 2.
erycines and “advanced snakes” which includes tropidophiines, bolyeriines, Aérochordus and
“higher snakes = colubroids per Marx & Rabb (1970)”; 3. Loxocemus; 4. Xenopeltis and 5.

anilioids which includes Anilius, Cylindrophis and the uropeltines. Reliability of the resulting
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tree topology was evaluated by bootstrapping, from 2000 pseudoreplicates.

4.2.4 Phylogenetic Analysis

Data partitions were tested for combinability with the ILD test of Farris ef al. (1995)
by using the Partition Homogeneity Test in PAUP*4.0b2a, (Swofford, 1999) (see chapter
2.12.1). I adopted an o of 0.01 as the combinability criterion for the ILD test (Cunningham,
1997). Aligned sites were phylogenetically analysed with PAUP*4.0b2a.

Parameters such as transition/transversion (ts/tv) ratio, the shape of a gamma
distribution describing rate variation between sites (I'), the proportion of invariable sites (I)
and substitution rates were estimated for the nucleotide data by maximum likelihood (ML) in
PAUP*4.0b2a. Modeltest3.0 (Posada and Crandall, 1998) was used to determine the
appropriate molecular evolution models for ML and distance analyses of the molecular data.
For MP analysis, gaps were treated as a fifth character state. The robustness of the trees was
evaluated by bootstrap analysis from 2000 “fast” pseudoreplicates for MP and NJ analyses
and 200 for ML analysis. Support for the internal nodes of branches of MP trees were
determined from decay indices (= branch support of Bremer, 1994). Decay indices for
individual partitions were estimated in TreeRot v.2 (written by M.Sorenson et al., 1999).

Saturation of nucleotide substitutions was examined by plotting the genetic distance as
determined by the selected model of evolution against the uncorrected p-distance for cytb and
CR for all substitutions, transitions only and transversions only and for first and third codon
positions for cytb. There were too many comparisons with no transversions to obtain
distances for second positions. A linear relationship between the two distances compared
suggests that the nucleotide substitutions are not saturated for multiple hits and can be used in
the analysis. Saturated substitution types should be excluded from the MP analysis but not

distance and ML analyses.



89
4.2.5 Hypothesis testing

The Wilcoxon signed-ranks test was applied to examine statistical significance of the
most parsimonious tree relative to alternative hypotheses (Templeton, 1983). To find the
most parsimonious tree(s) under the alternate hypothesis, a heuristic search was performed
under the constraint of the hypothesis to be tested. All the most parsimonious trees generated
under the hypothesis constraint were tested (with the Templeton (1983) test) against all the

most parsimonious trees generated under no constraint.

4.2.6 Hard vs. Soft Polytomies

Polytomies in a phylogeny may be the result of 1) a rapid radiation in a short space of
evolutionary time, called a hard polytomy (Maddison, 1989) or 2) insufficient signal in the
data to distinguish genetic relationships or homoplasy due to superimposed nucleotide
substitutions at a single site, called a soft polytomy (Maddison, 1989). Jackman et al.
(Jackman et al., 1999) proposed that hard and soft polytomies could be distinguished by a
series of statistical tests. They suggested that if long branches have been divided by many
successive branching events, the appropriate subsets of species should reveal phylogenetic
structure that is obscured when all species are analysed together. Also, if simultaneous
branching occurred, analyses using subsets should lack phylogenetic structure. The statistical
test first establishes a critical value for bootstrapping pseudoreplicates by calculating the 95t
percentile of a null distribution of bootstrap values. This is done by selecting a subset of taxa
representative of branches in a polytomy and creating 100 randomised data sets. A maximum
parsimony heuristic search is then performed for each randomised data set and two sets of
four taxa are selected on the basis of the tree recovered (see Jackman et al. 1999 for selection
criteria). For each set of four taxa, a bootstrap analysis is done and the bootstrap values
recorded. These 200 bootstrap values provide a null distribution of values from which the
95™ percentile is calculated. Next, a bootstrap search is done for every permutation of four

taxa from the selected subset of taxa for the real non-randomised data set. All observed
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bootstrap proportions greater than or equal to the critical value then indicate that simultaneous
branching can be rejected for the taxon set in question. I selected 10 in-group taxa that
represented unresolved clades in the weighted maximum parsimony bootstrap analysis and
used the shuffle option in MacClade 3.04 (Maddison and Maddison, 1992) to create the 100

randomised data sets.

4.3 Results

4.3.1 Test for paralogous sequences

All the mitochondrial primer pairs amplified PCR products at a dilution of >10™ while
the nuclear primers amplified products to a dilution of 102, Partial CR and cyrb sequences
amplified from enriched mitochondrial DNA and from total cellular DNA for C. aspera AMS
R115337, Liasis mackloti SAMA R21422, Morelia spilota SAMA R26878 and M. viridis
AMS R115348 were indistinguishable, providing no evidence that the primers may be

amplifying paralogous sequences.

4.3.2 Partition homogeneity test

With no evidence to suggest the amplification of paralogous sequences, 26 aligned
partial CR and cytb sequences and Kluge’s 121 morphological characters were analysed using
PAUP*4.0b2a. For the CR sequences, there were a total of 768 nucleotides, 230 of which
were excluded due to ambiguous alignment, and including three binary characters
representing structural features. For the cytb sequences, there were 1114 nucleotides. To
determine if the morphological and two molecular data partitions could be combined into a
single analysis, the Incongruence Length Difference (ILD) Test (Farris et al., 1995) with 1000
replications was performed. The test was significant (p = 0.001). The test was then
performed on the molecular data partitions only and the result was also significant.

Experimentation with this test, using sequential addition of taxa, on the effect of various
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combinations and input order of taxa in the data set, produced peculiar results. For the
combination of CR and cytb partitions, I could include up to 20 taxa and have a non-
significant test, but this depended on the addition order of the taxa. There were six taxa that

could not be added without making the test result significant.

4.3.3 Single partition analysis

Factors contributing to the heterogeneity among data partitions could include different
gene histories (gene trees), the partitions are not representative samples of the character
population due to sampling error or there are differing underlying models of nucleotide
substitution. Since the two mitochondrial partitions in the present study are samples of a
single non-recombining, maternally inherited “supergene”, each has an identical gene history.
Conflict between partitions could occur due to sampling error such that the gene portions
chosen for analysis may contain insufficient phylogenetic signal to recover the real tree or

they may contain homoplasy that confounds the search for the most-parsimonious tree.

4.3.3.1 Signal or noise?

Commonly used indicators of the level of phylogenetic signal to noise in sequence
data are the proportions of parsimony-informative sites and the g, statistic which measures the
skewed-ness of tree-length distributions. (Hillis, 1991; Hillis and Huelsenbeck, 1992). The
proportion of parsimony informative sites was similar for each partition, being 161/539 for
CR (~30%) and 332/1114 for cytb (~30%). The g statistic for each partition was —1.015 and

~0.429 respectively, suggesting that there is adequate signal for parsimony analysis.

4.3.3.2 Test for model of sequence evolution

Although the genes of the mitochondrial genome have identical histories of descent,
each gene may be subjected to different selection pressures, leading to substantially different
underlying modes of nucleotide substitution, particularly as the sequence partitions include

different classes of functional genes in the mitochondrial genome.



92

To determine the mode of nucleotide substitution for each data set, I used
Modeltest3.0 (Posada and Crandall, 1998) to estimate the molecular evolutionary model best

suited to each partition. The General Time Reversible plus proportion invariable sites plus
gamma shape parameter (GTR+I+I") model (Rodriguez et al., 1990) was found to be the most
suitable for each partition. The GTR+I+I" parameters were estimated for CR and cytb using

ML. The parameters estimated for CR and cytb are listed in Table 4.1.

Table 4.1 Maximum likelihood parameters for the GTR+I+I" evolutionary model as estimated by PAUP*4.0b2a.

control region  cytochrome b Combined
nucleotide frequencies (A) 0.36088 0.36590 0.32374
© 0.35906 0.39273 0.30097
(€)) 0.07624 0.03875 0.13238
M 0.20383 0.20262 0.24291
substitution rates A 0.5159 0.2974 1.52284
A 7.7015 21.3083 7.06710
A 0.8848 0.58837 1.78174
C 0.2157 1.2980 0.41394
C 9.8119 7.2182 12.80278
G 1 1 1
proportion of invariable sites (I) 0.49425 0.45073 0.47532
gamma shape parameter @) 0.97158 1.11574 0.61675

4.3.3.3 Test for nucleotide saturation

The CR sequences were examined for saturation of transitions and transversions by
plotting pair-wise uncorrected p-distances against GTR+I+I" distances. As third codon
positions of mitochondrial coding genes are frequently saturated for transitions, I analysed all
three codon positions of cytb and all sites for transition and transversion saturation. There
was evidence of saturation across all sites for transitions in the CR and for transitions at third
codon positions in cytb (Fig. 4.4). Therefore, transitions in the CR and at third codon

positions in cyth were excluded from the MP analysis by down-weighting transitions to 0 in a
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Fig. 44 Graphs of uncorrected p-distance against the GTR+I+T" distance for 1* and 3™ codon positions for
transitions and 3™ position transversions for cytochrome b (top) and for transitions and transversions for Control

Region.
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step-matrix in PAUP*4.0b2a.

4.3.3.4 Phylogenetic analysis

For CR data in a weighted MP heuristic search, there were 21 equally most-
parsimonious trees. (A strict consensus tree of 21 equally most-parsimonious trees for CR is
presented in Fig. 4.5a. Proportions of bootstrap pseudoreplicates are also shown). For cytb,
the weighted MP analysis, ﬁroduced three equally most-parsimonious trees, which are shown
in Figs. 4.5b and c. Much of the structure present in the three cytb trees collapses when
bootstrapped. For both partitions, there was very little resolution at deeper levels of the trees.

Analysis of the three structural features present in the 5’ region of the CR relative to
the python phylogeny showed concordance between the presence of the hairpin and the partial
isoleucene tRNA paralogous sequence. Both features are present in all the Australo-Papuan
pythons although there are only 14 bp of the isoleucine tRNA sequence present in the two
species of Aspidites and only 10 bp present in P. timoriensis. Neither feature is present in P.
curtus, P. sebae or the outgroup, Candoia aspera and consequently the CR is considerably
shorter for these taxa. A parsimony analysis of character state change of the evolution of each
of these characters, performed with MacClade version 3.04 (Maddison and Maddison, 1992),
showed the insertions of the isoleucine paralogue and hairpin to be derived along the lineage
between the Afro-Asian pythons and the western Indonesian Python reticulatus and P.
timoriensis (Fig. 4.6). The partial duplication of the hairpin appeared along the lineage

separating A. childreni and A. stimsoni from the other Antaresia species.

4.3.4 Combined data partitions

Finally, on the basis that conclusions of single-partition analyses that: i) a similar
mode of evolution could be applied to each partition, ii) there was very little strongly
supported conflict in separate partition analyses, iii) there was no conflict in decay index

support between partitions at the nodes leading to Aspidites and Python species (the
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hypotheses being tested in this study) and iv) the gene partitions all have one evolutionary

history because they are all mitochondrial sequences, I combined the nucleotide data for

phylogenetic analysis.

4.3.4.1 Phylogenetic analysis

For the combined nucleotide sequence partitions, MP, ML and NJ methods were used.
For the parsimony analysis, control region transitions and cytb 3" codon transitions were
excluded. The model of nucleotide substitution found for the combined data set, using
Modeltest3, (Posada and Crandall, 1998) was GTR+I+I". This model was used for the ML
and NJ analyses. Parameters for the combined data set estimated for this model using ML are
listed in Table 4.1. The ML tree is shown in Fig. 4.7 with bootstrap proportions for MP, NJ
and ML analyses indicated.

In all three methods of analysis, similar tree topologies were recovered, with internal
branch lengths being very much shorter than terminal branches. Thelte was also a high level
of concordance for a significant lack of bootstrap support for in;ér-generic relationships
among pythons, except for the sister relationship between Bothrochilus boa and Leiopython
albertisii (100%, 96%, 100% pseudoreplicates for ML, MP and NJ respectively) (Fig. 4.7). In
all analyses, the genus Morelia was not monophyletic. Morelia amethistina, M. bredli, M.
oenpelliensis and M. spilota formed a clade. However, the two M. viridis species clustered as
a sister clade to the Antaresia species complex and M. boeleni was a sister taxon to all other
Moreliini pythons. None of these relationships are supported by strong bootstrap support in
the MP or ML analyses but there was quite strong bootstrap support in the NJ analysis. The
hypothesis of Morelia monophyly was tested using the Templeton (1983) test (see below).
The Antaresia species (childreni, maculosa, perthensis, and stimsoni) and the Liasis olivaceus
Group each formed a monophyletic clade, but with low (<50%) bootstrap support for each in

the MP and ML analyses (Fig. 4.7). A sister relationship between A. childreni and A. stimsoni
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was strongly supported by bootstrapping (100%) in all three analyses. In each analysis, the

Aspidites clade formed a sister group to the Liasis olivaceus Group.

The Python species were also paraphyletic, with P. reticulatus and P. timoriensis
forming a sister clade to the Moreliini. Only the ML analysis had the other Python species
forming a monophyletic group, with bootstrap support of 90% pseudoreplicates. In the
weighted MP analysis, there were two equally most-parsimonious trees conflicting only in the
placement of P. curtus, relative to P. molurus. In the MP and NIJ analyses, there were 90%
and 94% support for the clade comprising the Moreliini and P. reticulatus/P. timoriensis but

there was only 59% bootstrap support in the ML analysis.

4.3.4.2 Bremer decay analysis of data partitions

To determine the support contributed by each data partition to the phylogenetic
analysis, Bremer decay indices were determined using TreeRot v.2.0. (Sorenson, 1999) for
each partition on a maximum parsimony strict consensus tree generated from the combined
data. Decay indices were very low (-1.0 — 2.0) for most nodes leading to Python species, with
the exception of the node separating P. reticulatus and P. timoriensis from the other Python
species (Fig. 4.7). This node had decay indices of 34.8 and 12.2 for CR and cyrb respectively.
Decay indices of 5.1 and 7.9 supported the node that separated P. reticulatus and P.
timoriensis from the Moreliini taxa. For the most part, the decay indices for both partitions
were in agreement as to the measure of support for each node. Notably, there was
disagreement at the node associating Apodora papuana with Liasis, at a node associating M.

viridis with Antaresia species, and with nodes linking Morelia species.

4.3.5 Hard vs. soft polytomies
Ten in-group taxa were selected from a weighted MP tree to represent unresolved
clades. The taxa included in this analysis were: Antaresia maculosa, Apodora papuana,

Aspidites melanocephalus, Candoia aspera, Leiopython albertisii, Liasis mackloti, Morelia
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spilota, M. viridisS, Python molurus and P. reticulatus. A weighted MP heuristic search was
conducted on each of one hundred randomi‘sed pseudoreplicates of the data set. Using the
criteria of Jackman et al. (1999), two subsets of four taxa were chosen from each of these
trees, giving 200 subsets. One hundred bootstrap pseudoreplicates were performed for each
of the two hundred subsets and the bootstrap values were used to provide a null distribution of
bootstrap values (Fig. 4.8). The 95" percentile calculated for this null distribution set a
critical bootstrap value at 89% pseudoreplicates. One hundred bootstraps were performed on
the unshuffled data set for each of 204 permutations of 4 taxa and bootstrap values equal to or
greater than 89% were indicative that simultaneous branching could be rejected for the taxon
set in question. Almost twenty-seven (26.8) percent of the 204 permutations had significant
bootstrap values. This was considerably higher than the expected number of significant sub-
samples (that is, five per cent of the total number of sub-samples, i.e. 10.2 significant
bootstrap values out of 204). However, when those significant sub-samples that included
cither Python species were removed, there were only two significant sub-samples. According
to Jackman et al. (1999), if the observed number of times that a particular branch consistent
with the most-parsimonious tree appeared in significant sub-samples was greater than
predicted from their proportional representation in all sub-samples, that branch was a probable
source of phylogenetic signal. One hundred and fifty-six out of 204 or 76.5% of sub-samples
contained P. molurus or P. reticulatus. Of the significant results, there were 52 out of 54 or
96.3% that contained P. molurus or P. reticulatus, suggesting that there is strong phylogenetic
signal in the branch supporting the Python species as sister taxa to other taxa in the selected
subset. The two non-Python-containing significant subsets were in conflict with the
phylogenies produced by all three analyses and therefore, can be rejected as real conflicts in
the data. Therefore, the null hypothesis of a hard polytomy cannot be rejected for all the non-

Python containing branches within the phylogenies recovered.
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4.3.6 Hypothesis testing

Templeton’s (1983) test and the K§§hino-Hasegawa (Kishino and Hasegawa, 1989)
test were applied to the data set to examine the statistical significance of the shortest MP trees
relative to the hypothesis of Kluge (1993) that Aspidites rather than Python is the sister
lineage to all pythons, i.e. (Candoia, (Aspidites, (Antaresia, Apodora, Bothrochilus,
Leiopython, Liasis, Morelia, Python). In a weighted heuristic search under this constraint,
there was only a single most-parsimonious tree generated. This single most-parsimonious
tree was compared to each of the two equally most-parsimonious trees found with no
constraint. The tree constrained to Kluge’s hypothesis was not significantly different from the
overall shortest tree in either test, with P-values between 0.1186 and 0.1236 for both tests.
Therefore, the hypothesis of Aspidites as a sister group to all other pythons could not be
rejected according to the Templeton or Kishino-Hasegawa tests.

I also tested the monophyly of the genus Python as suggested by the phylogeny of
Underwood & Stimson (1990) i.e. (Candoia, Aspidites, Antaresia, Apodora, Bothrochilus,
Leiopython, Liasis, Morelia (Python) and the monophyly of the genus Morelia, i.e. (Candoia,
Aspidites, Antaresia, Apodora, Bothrochilus, Leiopython, Liasis, Python, (Morelia). There
was only a single most-parsimonious tree generated under each constraint. P-values for the
Templeton (1983) and Kisihino-Hasegawa (1989) tests were between 0.1144 and 0.1223 for
the monophyly of Python and between 0.4041 and .06937 for the monophyly of Morelia.
Therefore, neither hypothesis could be rejected according to the Templeton or Kishino-

Hasegawa tests.

4.3.7 Morphological Data

4.3.7.1 Skull examinations.

With the assistance of Dr. M. Hutchinson, I examined 11 of the 16 characters defined

by Kluge (1993) in the light of the four questions outlined above. Kluge examined many
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specimens of each species. Intra-species variation of quantitative characters was represented
by the modal or median condition. Frquently observed states in qualitative traits were
included in Kluge’s (1993) data matrix, but multiple states within a species were treated as
unknown in his analysis. [ could not examine character 48 (fenestra of the septomaxilla) as
the Aspidites skull was damaged in this region, characters 91 and 95 which were scale
characters and character 111 which was an arterial character.

Characters answering no to the question “Can the qualitative character states in a
species observed by Kluge (1993) be verified in other specimens?” were excluded from the
ongoing analysis. Character 46 was described as the ventral, horizontal, fluted wing of the
vomer, posterior to the septomaxilla in two character states — as i) uniformly wide or variant
in width or ii) uniformly narrow in width. In the skulls examined, I found that the ancestral
state of character 46 (i) could not be singularly assigned to Aspidites, but that Antaresia
childreni and Morelia spilota also had uniformly narrow wings of the vomer, similar to
Aspidites. Thus, my findings differed from those of Kluge and I excluded character 46 from
the next stage of analysis.

Characters answering no to the question “Are the character states homologous and
anatomically identical?”” were excluded from the ongoing analysis. In discussing character 5
(described as the ventral openings for the premaxillary channels as located posterior (0) or
anterior (1) to the posterior margin of the premaxillary teeth), Kluge (1993) mentions
character states that occur in single specimens, that he excludes from the analysis. For
example, one specimen of Bothrochilus boa which had premaxillary teeth and no channels
was excluded from the analysis, as the remaining B. boa had state 1. Also, one Liasis
olivaceus specimen had state 0, but as all the remaining L. olivaceus had state 0, posterior was
the character state used in the analysis. Similarly, the character could not be scored in the
outgroups which lack adult teeth, but as state 0 was determined for 4nilius and Xenopeltis,
posterior was assumed to be the plesiomorphic state. For Aspidites, it was difficult to

determine the character state of this character as premaxillary teeth are absent in this genus.
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Kluge assumes the state to be 0 as the channels are located in a posterior position on the
premaxilla. However, the channels may appear to be in a more posterior position because of
the anterior growth (hypertrophy) of the rostrum of the premaxilla, a condition that is
associated with burrowing specialisation. It would be more conservative to score this
character state for Aspidites as unknown. Thus, I excluded character 5 from being a strong
character to support the sister relationship of Aspidites to other pythons.

Character 41 was described as the lateral crests on the supraoccipital having two
character states — i) being absent or weakly developed or ii) being well-developed and
prominent. Absence of the lateral crests on the supraoccipital was found in Aspidites and P.
sebae but the finding was equivocal in that the character state found in Aspidites and P. sebae
was homologous to that of Boa.

Eight characters out of eleven could be examined for the above questions and
answered in the affirmative. These characters were then examined under two further
questions. If the questions “Is the character continuous and therefore have the character state
definitions been objectively determined?” could be answered yes and no respectively, the
character was excluded from ongoing analysis. The following characters answered no under
this examination and were excluded from ongoing analysis: Character 66 was described as
the height of the dentary teeth, with two character states, i) a slight change or ii) a marked
change between the heights of teeth 4-6 and teeth 9-11. The change in teeth height is not very
well determined for the taxa I examined and therefore I consider this character to be
somewhat ambiguous.

Finally, 1 asked the question, “Are the characters correlated in any way?” If
examination of the character answered yes, I felt that the character may not contribute as a
unique, unlinked character providing information to the total analysis and therefore it was
excluded. Aspidites differs from other pythons in that it is a burrowing species. Therefore,
there may be correlated characters that are significant to the adaptation to burrowing. I

considered that characters (particularly characters of the head) in Aspidites that showed a
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possible linked pattem of distribution or that were similar to burrowing adaptations in other
burrowing taxa may be correlated character_s_. The following characters were excluded on the
basis of question 4. Character 1 describes the presence or absence of palatine teeth.
Premaxillary teeth are present in neonate 4spidites, but are lost in adults as the rostral shield
develops to form the spatulate shape of the snout that is suited to burrowing. Kluge (1993)
leaves the debate on the significance of this character open until developmental series of
samples can be examined. Character 73 was described as the width of the neck relative to the
head and has three character states, with the neck i) as wide as, ii) slightly or iii) markedly
narrower than the head. This is a continuous character that is influenced by ontogenetic
variation (Kluge 1993) but Kluge compensated for this latter point by only using adult
specimens. Neck width could be one of a group of head-associated characters that may
evolve together to contribute to the overall reduction in head size found in some fossorial
species burrow (Greer, 1985; Rieppel, 1984). Therefore, character 73 is ambiguous relative to
question 4 and was excluded from the analysis. Character 86 describes the number of
posterior sutures in the nasal scale and has three character states, i) none, ii) one and iii) two
or more. To examine this character I used the taxon descriptions of Barker and Barker
(1994). This character of the number of posterior sutures in the nasal scale is polymorphic in
Antaresia perthensis (Barker and Barker, 1994), M. spilota and P. anchietae (Kluge 1993,
Barker & Barker 1994) for states i) and ii), whilst Aspidites and M. viridis only have state 1).
As other burrowing reptiles also exhibit the fusion and enlargement of nasal scales (e.g.
Ramphotyhplops, Ophioscincus, Cogger, 1996), state i) may be an adaptation to burrowing in
Aspidites. Character 106 was described as the number of thermoreceptor pits in seven states.
Aspidites does not have thermoreceptor pits, nor do the outgroups bolyerines, erycines,
Loxocemus and Xenopeltis. Boa manditra, Corallus and some Epicrates (Kluge 1993) have
some form of pits and there is some debate as to whether Boa constrictor, B. dumerili, B.
madagascariensis and Eunectes have pits (Kluge 1993). Aspidites may have secondarily lost

thermoreceptor pits as an adaptation to burrowing. Thus, I excluded character 106 from
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ongoing analysis.

Therefore, on the basis of my critc;{ia, for 11 out of 16 characters used by Kluge
(1993) to separate Aspidites as a sister lineage to all other pythons, eight characters were
rejected as being equivocally useful phylogenetically diagnostic characters. Four characters
that were not excluded from the analysis on the basis of my criteria were character 31 (based
on the separation of the supraorbital from the parietal), character 45 (based on the relative
length of the quadrate), character 50 (based on the number of palatine teeth per ramus in an

adult) and character 55 (based on the width of the maxillary process).

4.3.7.2 Phylogenetic analysis of morphological characters

Using MP, 1 re-analysed Kluge’s (1993) data with an expanded set of five outgroups.
A heuristic search of 121 characters (119 parsimony informative, two parsimony
uninformative) with simple stepwise addition with tree bisection-reconnection found 60
equally most-parsimonious trees of length 464 steps. A strict consensus tree is shown in Fig.
49a. This compared with two equally most-parsimonious trees of n’length 410 steps found
using a generalised ‘boine’ outgroup (consensus tree shown in Fig. 4.9b). Each search was
also repeated with the eight characters mentioned above excluded from the analysis. For the
analysis with five outgroups, there were 20 equally most-parsimonious trees of length 422
steps (Fig. 4.9¢c), compared to seven equally most-parsimonious trees of length 375 steps
found with a single outgroup (Fig. 4.9d). In each of the analyses using all characters,
Aspidites was placed as the sister taxon to all other pythons with weak bootstrap support
(58%, decay index of 1) (Fig. 4.9). All of the polytypic genera were each monophyletic, but
there was only strong bootstrap support for the Antaresia and Aspidites clades (93% [d=5] and
97% [d=4] respectively with expanded outgroups and 97% and 100% respectively with a
generalised outgroup).  Python and Morelia formed sister clades with bootstrap
pseudoreplicate proportions of 66% and 54% with expanded outgroups and generalised

outgroup respectively. Decay indices were all five or less with the strongest support for the
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Fig. 4.9 Strict consensus trees of maximum parsimony analysis of Kluge’s (1993) morphological data. Figs a
and ¢ include an expanded set of outgroups, b and d incorporate a single common ancestor as per Kluge’s
analysis. Figs ¢ and d exclude eight potentially ambiguous morphological characters that Kluge considers
significant to Aspidites characterization (see text). Numbers represent bootstrap pseudoreplicate proportions and
Bremer decay indices respectively.



108

Antaresia clade.

The alternative hypothesis that Python may be the sister group to all other pythons was
tested on the morphological data using the Templeton (1983) and Kishino-Hasegawa (1989)
tests. When a constraint forcing the Python clade as the sister group to all other pythons ( e.g.
(Python, (Antaresia, Apodora, Aspidites, Bothrochilus, Leiopython, Liasis, Morelia))) was
imposed on Kluge’s (1993) data set, eight equally most-parsimonious trees were found.
There were no trees generated under the constraint that were significantly different from the
either of the two equally most-parsimonious trees generated without constraint for either test,
p-values ranged from 0.1083-0.2931. This suggests that the hypothesis of Python as the sister

to all other pythons cannot be rejected from Kluge’s data.

4.4 Discussion
4.4.1 Morphology

The classification of pythons has been an area of frequent change.for many years, even at
the level of generic assignment, as morphological characters have been assessed and
reassessed as to homology and polarity (McDowell, 1975, Kluge 1993). It has been suggested
in the past that there is little divergence within the python group, with McDowell (1975) even
suggesting that there was good argument for referring all python taxa to the genus Python.

The most controversial difference between previous python systematic arrangements is
the placement of Aspidites relative to other python taxa. Kluge’s (1993) argument against
McDowell’s (1975) and Underwood & Stimson’s (1990) placement of Aspidites is based on
the latters’ a priori assumption that the presence or absence in Aspidites of some
characteristics ( e.g. thermoreceptive labial pits and the horizontal part of the nasal bone lying
above the nostrils) is due to secondary loss or secondary acquisition of these traits
respectively. Premaxillary teeth are present in juvenile Aspidites and are lost in adults, which
suggests that the absence of premaxillary teeth in adults is more likely to be a secondary loss.

However, Kluge (1993) will not consider a possibility of evolutionary reversal of character
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states until an ontogenetic series can be examined.

Many of the characters that Kluge (1?93) considered to be controversial because of
Underwood and Stimson’s (1990) a priori polarisation of character state changes were
associated with fossoriality. While this may have been a procedural error on the part of
Underwood and Stimson, it is nevertheless true that Aspidites is unique among pythons in its
burrowing habits, and therefore characters which contribute to this mode of life are likely to
co-evolve. Of Kluge’s 16 synapomorphies which unite all pythons exclusive of Aspidites, at
least seven (the functional significance of most of the remainder is unknown) can be argued as
being typical of the anatomical changes which occur in the skulls and scalation of limb-
reduced squamates which burrow (Greer, 1979; Greer, 1985; Rieppel, 1984). These
characters are linked to the formation of a burrowing rostrum (characters 1 and 5), shortening
and strengthening of the facial bones (characters 50 and 55), reduction of the cross-sectional
area of the head (character 73), fusion of head shields (character 85) and in the specific case
of pythons, absence (a hypothesis of secondary loss can be invoked), of the forward-opening
thermoreceptive pits (character 106). A majority of the outgroup taxa used in the parsimony
analysis (erycines, Loxocemus, Xenopeltis, anilioids) are also fossorial to variable degrees,
and there is a possibility that Aspidifes is ‘attracted’ to a basal position on the tree due to
characters convergently shared by snakes with fossorial adaptations, rather than because it
might retain symplesiomorphies.

In summary, phylogenetic analyses of Kluge’s morphological data with and without
the eight characters that may not be reliable autapomorphies of Aspidites, and with and
without expanded outgroups, are consistent with the placement of Aspidites as the sister group
to all other pythons. However, bootstrap support for this arrangement is only strong (76%)
for the original Kluge (1993) data set. With expanded outgroups, the bootstrap support for
Aspidites as a sister group drops to 58% and hypothesis testing shows that the data do not
unequivocally support Kluge’s hypothesis. The sister relationship of Morelia to Python is

also supported in each analysis with low (50%-64% pseudoreplicates) bootstrap support.
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4.4.2 Phylogenetic implications

The lack of divergence found in morphological analyses is also reflected at a molecular
level. Genes such as /25 rRNA and 16S rRNA, often used to determine deeper evolutionary
histories (e.g. Hedges and Poling, 1999) do not have sufficient phylogenetic signal to be
useful in python systematics (Rawlings unpubl. data). On the basis of similar evolutionary
histories and modes of evolution and limited topological conflict, I combined the two
mitochondrial genes, CR and cy?b into a single analysis.

The molecular data suggest that the primary split among pythons is between the genus
Python and the other genera, with Aspidites included within the Australian radiation. This is
in concordance with the findings of Underwood & Stimson (1990) and Schwaner and
Dessauer (1981) who placed the genus Python as the sister lineage to all the Moreliini and is
fundamentally different from the set of relationships proposed by Kluge (1993) which places
the genus Python as a nested clade among the majority of the Australo-Papuan genera. The
second finding is that the genus Python is paraphyletic with P. reticulatus and P. timoriensis
forming the sister clade to the Moreliini. McDowell (1975) made the observation that P.
reticulatus appeared to be more closely related to the Australo-Papuan genus Liasis (now
Morvelia amethistina) than to the other African and Asiatic python species. This relationship
is also supported by the presence of the CR secondary structures, a tRNA" paralogue and a
partial 5> hairpin that Python reticulatus and P. timoriensis have in common with the
Moreliini.

However, surprisingly, analysis of the sequence data places Aspidites as nested within the
Moreliini clade as the sister group to the M. viridis/Antaresia clade. There is no previous
hypothesis that has placed Aspidites as a nested clade. Whilst the hypotheses of Kluge
(1993), McDowell (1975) and Underwood & Stimson (1990) differ in the placement of
Aspidites, each has Aspidites as the sister lineage to other major clades. Kluge places

Aspidites as the sister lineage to all pythons, McDowell (1975) places Aspidites as the sister
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lineage to a Bothrochilus/Leiopython, Antaresia and Liasis clade and Underwood & Stimson
(1990) place Aspidites as the sister lineage to all the Moreliini. There is not strong bootstrap
support for the relationship of Aspidites recovered in the present study.

The diversification of distinct genera is genetically supported, with evidence for the
monophyly of Antaresia and the Liasis olivaceus Group. The present molecular analyses
agree with the general finding of morphological studies that there seems to be very limited
divergence between the eight genera of the pythons. The molecular analyses show short
branch lengths at deeper divergences with much longer terminal branches between species
within genera.

Although there is not strong statistical support for tree topologies from each analysis, the
nucleotide data support the monophyly of most genera of pythons. Exceptions are Morelia
and Python. Amongst the Morelia species, M. boeleni is the most divergent. This is contrary
to the phylogenetic hypotheses of McDowell (1975), Underwood & Stimson (1990) and
Kluge (1993) which all conclude that Morelia is monophyletic (Fig..4.3). In the nucleotide
analyses, M. viridis is placed in a surprising arrangement as a sister group to Antaresia.
Previous taxonomists, unsure of any similarity of green pythons to other species of pythons,
classified the green python in a monotypic genus Chondropython. Perhaps there is more
support for classifying green pythons outside of the Morelia group than earlier thought.
However, there is no a priori evidence to suggest this relationship of M. viridis to Antaresia
and whilst there is not strong statistical support in the molecular data for Morelia monophyly,
the hypothesis of Morelia monophyly could not be rejected by the Templeton (1983) test.

The results of the phylogenetic analyses are concordant with parts of each of the three
morphological studies detailed above (Fig. 4.3). There was no resolution of deeper
relationships except for the distinction of the Afro-Asian pythons from the Australo-Papuan
pythons. This supports Underwood & Stimson’s (1990) division of Pythonini and Moreliini
(Fig. 4.3b) and the immunodiffusion results of Schwaner & Dessauer (1981). Also, the

molecular analyses place Python as the sister group of the python lineage as per Underwood
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& Stimson (1990) (Fig. 4.3b) and not as a derived lineage as found by Kluge (1993) (Fig.

4.3c). The splitting of Python in all analyses, with P. reticulatus and P. timoriensis separated
from the remaining Python species, reflects the finding of McDowell (1975) (Fig.4.3a),
although McDowell does not place Python as the sister clade to all other pythons and the
present study does not place P. reticulatus and P. timoriensis as a sister group to Morelia.

The present study also concurs with McDowell (1975) in placing Bothrochilus boa and
Leiopython albertisii as sister taxa. McDowell (1975) felt there were so many similarities
between B. boa and L. albertisii that separate generic status was unwarranted. There is
considerable pattern variation in B. boa with distinctive orange and black striped markings
being the most striking and the most common in collections (Kluge, 1993; O'Shea, 1996).
However, there is also a uniformly dark form similar to L. albertisii (Kluge, 1993; McDowell,
1975; O'Shea, 1996) and a range of variations in between (Kluge, 1993). The geographic
range of each species does not overlap, with B. boa being found exclusively in the Bismarck
Archipelago, and L. albertisii not being found in the Bismarck Archipelago, except on
Massau Island, the island of the archipelago farthest from New Guinea. McDowell (1975)
suggested that the Massau Island population of L. albertisii was a remnant population from a
previously continuous distribution along the archipelago and that B. boa replaced L. albertisii
across the rest of the archipelago.

The present study also concurs with McDowell (1975) on the monophyly of the Liasis
olivaceus Group, with all analyses supporting (but with bootstraps of <50% pseudoreplicates
for MP and ML) Apodora as the sister taxon to the three Liasis species. Kluge (1993)
tentatively raised papuana to the monotypic genus Apodora designated as sedis mutabilis (of
changeable position) due to the lack of resolution of the relationships between Apodora,
Liasis mackloti and L. olivaceus.

The result of the hard vs. soft polytomy test that the hypothesis of a hard polytomy
could not be rejected suggests that the lack of well-supported resolution in the data set is

likely to be the result of a rapid radiation. It has been suggested that in a molecular
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phylogeny, when internal branches are much shorter than terminal branches, rapid
diversification in earlier evolutionary history is implied and that low sequence divergence
between species suggests rapid diversification in the more recent past (Jackman et al. 1999).
This is indicative of either long periods of species stability amongst just a few species, with a
rapid, much more recent, radiation and dispersal, or python speciation occurred a long time
ago and the rate of molecular evolution is very slow, maintaining low levels of divergence
after speciation. However, this evaluation will also be dependent on the rate of sequence
evolution. A rate of nucleotide substitution for cytb for pythons was calculated to be was
0.21% per MY respectively for all substitutions and 0.06% per MY for transversions only (see
Chapter 7). These estimates were found to be consistent with other data supporting a slower
rate of molecular evolution in heterotherms than in the homoeothermic placental mammals
(Kocher et al., 1989; Martin et al., 1992; Rand, 1993; Rand, 1994). However, the rate of
nucleotide substitution for pythons was found to be even slower than colubrid snakes,
suggesting that the lack of phylogenetic resolution from this and other studies of pythons may
not be exaggerated.

Phylogenetic analysis of pythons in the present study has shown both ‘short internal
branches relative to the terminal branches and low sequence divergence. Pythons similar to
the genus Python have been around in the fossil record since Eocene times (Hoffstetter, 1964;
Rage, 1984; Szyndlar and Béhme, 1993) and fossils similar to the Moreliini have been found
only from Miocene deposits in Australia (Kluge, 1993; Scanlon and Lee, 2000; Scanlon et al.,
1999). This, coupled with the sequence data, could suggest that rapid diversification did
occur during the late Miocene, possibly associated with python radiation into Australasia, but
a slow rate of sequence evolution has maintained low levels of divergence in the time since.

The patterns of nucleotide substitutions in the mitochondrial genes examined in the
present study would support the hypothesis that ancestral python species underwent little
evolutionary change until recent times when they underwent a rapid radiation. The lack of

python fossils predating the middle Miocene (Rage, 1987; Scanlon, 1996) could also be
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explained by the recent-radiation hypothesis.

Therefore, the present study has not resolved the puzzle of python origins. Future genetic
analysis needs to turn to nuclear introns in the search for nucleotide sequences that might be
evolving at rate intermediate to the mitochondrial ribosomal RNA and coding genes and the

non-coding, seemingly unconstrained sequences of the CR.

4.4.3 Secondary Structures

Whilst secondary structures of the control region generally have a role in the
regulation of the region’s function (Clayton, 1992; Doda et al., 1981) and are, therefore,
subject to some selective pressures, they are much less susceptible to selective pressures of
environment that might determine morphological traits. Thus, patterns of insertions and
deletions within the control region may reflect association by descent rather than be due to
convergence. The pattern of evolution of the 5’secondary structures of the CR could be
explained as follows. Pythons are the only snake lineages examined to date that have an
extended 5’ section of the CR (Kumazawa et al., 1996; Kumazawa et al., 1998 see Chapter 3).
The isoleucine tRNA paralogue and 15 bp hairpin are not found in the boid outgroup
Candoia aspera nor are they present in colubrid or viperid snakes (Kumazawa et al., 1996;
Kumazawa et al., 1998; see Chapter 3). This presence/absence pattern of these structures is
also found in the duplicated copy of the CR that is present elsewhere in the mitochondrial
genome of snakes (Kumazawa et al, 1996; Kumazawa et al., 1998; see Chapter 3).
Therefore, absence of the isoeleucine paralogue and hairpin is the plesiomorphic state, which
is also found in four of the Python species (P. molurus, P. sebae, P. curtus and P. regius).
Python reticulatus and P. timoriensis have the derived state in common with the Moreliini
pythons, suggesting that the two eastern-most Indonesian pythons and the Moreliini probably
shared a common ancestor in which the insertion of the isoleucine paralogue and hairpin

occurred.
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4.4.4 Biogeographic implications

On the basis of the most ancestral taxon in each study, Underwood & Stimson (1990)
and Kluge (1993) formulated biogeographic hypotheses for the pythons. Underwood &
Stimson (1990) suggested that the Pythonini originated in south-east Asia and the Moreliini
evolved from a south-east Asian stock and radiated into Australia and New Guinea. In
contrast, Kluge (1993) concluded an Australia-New Guinea origin of pythons with subsequent
radiation into south-east Asia and Africa.

The phylogenetic results of the present study place the Afro-Asian pythons as the
sister group to all other pythons. This suggests that pythons arose out of Africa or Asia and
dispersed eastwards through Malaysia and Indonesia to Australia and New Guinea. The
paraphyletic split within Python occurs amongst the Asian pythons with P. reticulatus and P.
timoriensis being divergent from the Asian P. curtus and P. molurus and the African pythons.
Python curtus has a distribution stretching from Malaysia, south-eastwards to Sumatra and
Bomeo. Python molurus is found in Pakistan, India and southern China and is sympatric with
P. reticulatus through Thailand, Sumatra and into Java. Python reticulatus extends its range
eastwards into Nusa Tenggara and the Moluccas. It is sympatric with P. timoriensis on the
islands of Flores and Timor. Lack of resolution of relationships amongst the Python species

precludes any speculation as where to the divergence of P. reticulatus may have occurred.
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Nucleotide sequences for python taxa used in this study for partial cytochrome b sequences. ?=missing data; -=gap. Sequences marked with * are from GenBank. See text for GenBank
Accession Nos.
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Appendix 4.2

Summary of characters found by Kluge (1993) to define Aspidites that were examined in
the present study. '

Numbers in parentheses refer to Kluge’s character state coding

1. The modal, or median, number of premaxillary teeth in an adult is none (0), on (1) or two
(2) per ramus.

5. The ventral openings for the premaxillary channels are located posterior (0) or anterior (1)
to the posterior margin of the premaxillary teeth.

31. The anterior head of the dorsomedian end of the postorbial under- or overlaps (0) or abuts
(1) the postorbital process of the parietal.

41. Lateral crests on the supraoccipital are absent or weakly developed (0) or prominent (1).
45. The quadrate is tall (>21% of lower jaw length) (0) or short (<22% of lower jaw length)
(1).

46. The ventral, horizontal, fluted wing of the vomer, posterior to the septomaxilla, is
uniformly wide or varies in width (0) or is uniformly narrow (1).

48. Anterior to the vomeronasal fenestra, the anterodorsal margin of the septomaxilla is even
and the vertical lamina is without a fenestra (0), or there exists a fenestra completely enclosed
by bone or narrowly (1) or broadly (2) continuous with the dorsal margin.

50. The modal, or median, number of palatine teeth per ramus in an adult is four or less (0),
five or six (1), or seven or eight (2).

55. The maxillary process is broad (0), narrow (1), or absent (2).

66. There is a slight (0) or marked (1) change in the height of the dentary teeth.

73. The neck is approximately as wide as (0) or slightly (1) or markedly (2) narrower than the
head in adults.

85. The number of posterior sutures in the nasal scale is none (0), one (1) or two or more (2).
91. The first, anteriormost genial scale is short (0) or long (1) compared to other throat scales,
particularly the posterior geneials.

95. Most subcaudal scales are single (0) or paired (1).

106. There are none (0), 3 (1), 4 (2), 5 (3), 6 (4), 7 (5), 8 (6) or 9 (7) thermoreceptive pits in
the posterior infralabial series of scales.

111. Each posterior trunk intercostal artery usually supplies blood to one (0) or more (1) body
segments.
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Chapter 5.

Phylogenetic analysis of the green python, Morelia viridis reveals a

cryptic species.

5.1 Introduction

The Green Python (Morelia viridis) is found throughout the island of New Guinea and
its offshore islands (with the exception of the Bismarck Archipelago) and in a small area of
rainforest in the Iron and Mcllwraith Ranges of northern Queensland (Barker and Barker,
1994; McDowell, 1975; O'Shea, 1996) (Fig. 5.1). It has an altitudinal range from 0-2000
metres above sea level, inhabiting lowland and lower montane forests and populated areas
(O'Shea, 1996). McDowell (1975) found no significant distinguishing morphological features
between populations, with the possible exception that juveniles from the Sandaun Province,
PNG populations are brick red rather than the usual yellow or orange (Parker, 1982).
However, this may be a rare polymorphism that is yet to be detected in other regions.
Anecdotal evidence suggests that colour variation and markings may be diagnostic for some
island populations, eg. Aru Is. and Biak Is. (F. Yuwono, D. McCrae, pers. comm).

Evidence from a study presented in chapter 7 shows that there is distinct genetic
structure within green pythons from eastern New Guinea. Analysis of partial cytochrome b
(cytb) sequence indicates a genetic dichotomy between populations north and south of the
New Guinea central mountain range. The age of this division correlates with the uplifiing of
the central mountain range in the Pliocene (see chapter 7).

As green pythons are also found in western New Guinea and the rainforest habitat of
green pythons forms a continuous “ring” around the central mountain range of New Guinea
(Johns, 1982; Pratt, 1982) it is possible that the north-south genetic pattern found in the east
may extend for the entire length of the island. However, as the island narrows to a

mountainous isthmus and then widens into the Vogelkop Peninsula at the western end, there
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Fig 5.1. Map of northern Australia and New Guinea showing

natural range of Morelia viridis (shaded area) and

sample locations. The locality code is: Aru = Aru Islands, Bk = Biak Is., Bun = Bundi, Doi = Doido, Jay =
Jayapura, Mai = Maimufu, Mer = Merauke, Mor = Port Moresby, Nam = Namasado, Nor = Normanby Is., Nru =

Noru, Qld = Queensland, Tim = Timika, Wau = Wau. ® = southern populations, m = northern populations, *

represents central mountain range.
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may be a disjunction in suitable habitat sufficient to prevent gene flow between populations
east and west of the narrow neck of land (Pratt, 1982). With climate and precipitation
changes of the glacial/inter-glacial periods causing altitudinal shifts in vegetation patterns
(Hope, 1996b; Pasveer and Aplin, 1998), opportunities existed for further separation and
differentiation of populations of green pythons. East-west patterns of distribution have been
found in some New Guinea species of mid-montane distributed tree kangaroos (Flannery,
1995; Groves, 1990) and birds (Pratt, 1982). If global patterns of climate, geography and
vegetation changes caused these patterns of distribution, the distribution patterns of other
mid-montane species such as the green python could have been similarly affected.

The distribution of green pythons in a small region of tropical rainforest in northern
Queensland, Australia suggests that there was suitable habitat along the land bridge that was
exposed between the two land masses during the times of lowered sea-level in the Tertiary
and Quaternary periods. Because of the shallow depth of Torres Strait, the land bridge would
have been in existence for up to half a million years (Galloway and.Loffler, 1972) with the
most recent marine incursion starting approximately 8,000 years ago. However, fluctuating
climatic conditions would have influenced the vegetation types that inhabited the land bridge
(Nix and Kalma, 1972; Read and Hope, 1996). The change from high rainfall/ high humidity
to drier atmospheric conditions (Nix and Kalma, 1972) may account for a change in
vegetation from the extensive rainforest that was present in the Miocene (Truswell, 1993) to
the patches of remnant rainforest and sclerophyll forests of today. The extant rainforest
remnants are essentially similar to lower montane forests of New Guinea but there is no
northern Australian equivalent of the complex lowland humid rainforests (Nix and Kalma,
1972). Whilst some New Guinea rainforest species migrated into northern Australia and
continued southwards to the Wet Tropics region of Atherton Tablelands (Winter, 1997), other
New Guinea rainforest species, including M. viridis, extended their distributions no further
south than the McIlwraith Range (~13°30’S).

The geological history of the Australia-New Guinea region is complex. New Guinea
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is a composite of 22 separate terranes that successively accreted and collided with the
Australian craton from the Oligocene to the Pliocene as tectonic plates moved Australia
northwards and the Pacific island arcs south and westwards (Hill and Gleadow, 1989; Pigram
and Davies, 1987). The western Irian Jayan terranes are different from the remainder of the
island in that eight of the ten are of Gondwanan origin (Pigram and Davies, 1987). They were
detached from the Australian craton by the Early Cretaceous and then had an independent
history until at least until the Miocene.

With the evolutionary history of Australian and New Guinean pythons still
undetermined, the possible ancestral population of green pythons could have been Australian,
which entered New Guinea when the geological terranes from the north docked against the
Australian craton (Pigram and Davies, 1987). Alternatively, the ancestral population could
have been situated on one of the terranes that accreted to form New Guinea and then
proceeded to move southwards into the Australian continent. Subsequent to either of these
scenarios, northern and southern populations became isolated from each other as mountain
orogeny proceeded (see chapter 7).

Aside from the natural history interest, genetic relationships within green pythons also
have interest and applications in two other areas. Firstly, the striking appearance of green
pythons makes them popular exhibits in zoos and in the pet trade. Much of the pet trade is
supplied from Irian Jaya, although there is now considerable success with captive breeding in
the US and Europe from Irian Jayan stock (D. Barker, pers. comm; D. MacCrae, pers. comm.).
The Australian green python has had limited captive breeding success (Barker and Barker,
1994) and Australian law prohibits the unregulated capture of wild snakes. These factors
combining with its very limited Australian range, have initiated the green python being given
special status for conservation management (Banks, 1998). In a global effort to conserve
biodiversity, zoological and fauna parks of the Australasian region established the
Australasian Species Management Program (ASMP) to determine conservation selection

criteria and appropriate management strategies for species at risk (Banks, 1998; Banks and
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Meikle, 1994). These management programs are overseen by Taxon Advisory Groups
(TAGs). Two of the main TAG goals for the green python are to clarify suggested differences
between Australian and New Guinea snakes and to achieve captive breeding of Australian
specimens. In earlier years, before quarantine restrictions closed off legal importation, green
python exhibits for Australian zoos and fauna parks were imported from New Guinea as well
as collected from Queensland. Therefore, to establish a breeding program in accordance with
TAG guidelines, the origin of green pythons already in zoos and fauna parks needs to be
determined.

Secondly, the rarity of the green python in Australian herpetologists’ collections (and
consequent high market price) and the strict regulations on importing exotic specimens into
Australia have encouraged the illegal importation of green pythons into Australia (AQIS Press
release, August 27, 1998). Currently, these illegal imports can easily be absorbed into the
Australian pet trade undetected. The development of molecular makers that can be used to
provenance or identify individual animals would ensure better quarantine management.

In the present study, I further investigated the genetic structure of green pythons by
incorporating Australian and western New Guinean populations. I used nucleotide sequences
of two mitochondrial genes and incorporated allozyme electrophoresis data (provided by S.
Donnellan) to examine whether the “north/south” dichotomy extends along the length of the
island of New Guinea and whether the Australian population could be distinguished from
southern NG populations. I also considered the biogeography of the species and whether there

is any east/west genetic partitioning within New Guinea.

5.2 Materials and Methods
5.2.1 Specimens examined

Fifty-four Morelia viridis were collected from 16 locations from across the species
range in New Guinea and the Iron and McIlwraith Ranges of northern Queensland, Australia

(Fig. 5.1). * = samples were used for allozyme electrophoresis. Tissue samples used in this
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study were: Australia, Mv1-18: Iron Range, Queensland, ABTC 65592, ABTC 65605,

ABTC 67593-4, ABTC 67596, ABTC 67627-34, QM J66805, NMVT888, Lockhart River
Mission, Queensland, ABTC 51497-8*, Mcllwraith Range, Queensland, QM CJS919;
Southern PNG, Simbu Province, Doil-3: AMS R115348-50*, Nrul-2: AMS R115355-6*,
Southemn Highlands Province, Nam1-2: AMS R122363-4*; Milne Bay Province, Norl: AMS
R129716*; Central District, Morl: ABTC 68320; Eastern Highlands Province, Mail: ABTC
67151; Northern PNG, Madang Province, Bunl: AMS R124531*; Morobe Province,
Waul-2: BPBM 11617*, BPBM 13798*; Southern Irian Jaya, Arul-4: ABTC 66380-1,
ABTC 68312-3; Merl-6: ABTC 66384-5, ABTC 67170, ABTC 67172, ABTC 68315-6;
Tim1: ABTC 66387; Northern Irian Jaya, Bial-4: ABTC 66388, ABTC 67175-6, ABTC
67182; Jayl-2: ABTC 66383, ABTC 66386; Sorl-6: ABTC 67173-4, ABTC 67183, ABTC

68318-9, ABTC 66379. Morelia spilota, SAMA R26878, was used as the outgroup.

5.2.2 Mitochondrial DNA

DNA was extracted from frozen or alcohol preserved liver or blood, body scales or
sloughed skin as per protocols in chapter 2.2. PCR primers L14841 and H15149 (see Table
2.1) and PCR protocols from chapter 2.7.1 and 2.7.3.1 were used to amplify a 350 bp cytb
product. To amplify a partial CR product, whilst avoiding the amplification of the CRL
fragment, nested PCR was done as per chapter 2.8. PCR primers L15926 and H690 (see
Table 2.1) and PCR protocols from chapter and 2.7.2 and 2.7.3.2 were used for the CR
product. Sequencing reactions in both directions of the CR product tended to stall at a C-rich
region (described by Kumazawa et al., 1998). Additional nested primers were used to
amplify sequence across this region in each direction. These primers were Snake 1, Snake 6
and Snake 7 (see Table 2.1).

Sequences were aligned by eye and only 12 insertion/deletion (indel) events were

inferred. Aligned sequences were phylogenetically analysed with PAUP*4.0b2a (Swofford,

1999). Aligned sequences are presented in Appendix 5.1. To determine whether the two data
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sets should be combined, the ILD test (Farris et al., 1995) (called the Partition Homogeneity

Test) was performed in PAUP*4.0b2a. The potential for the CR primers to amplify
mitochondrial genes rather than nuclear paralogues (Zhang and Hewitt, 1996) was tested
using the protocol described in chapter 2.4.

Although the sample size for green pythons is small, I have used the mismatch
distributions (Rogers, 1995; Rogers and Harpending, 1992) and raggedness indices
(Harpending et al., 1993) of the northern, southern and Australian populations calculated in
DnaSP ver 3.00 (Rozas and Rozas, 1999) to infer population history. The shape of a mismatch
distribution can give an indication if recent demographic history of the population sampled
(Rogers and Harpending, 1992). If the population has undergone recent expansion the
mismatch distribution has a distinct uni-modal, wave-like form. Populations that have been
stable for long periods of time have a ragged, multi-peaked form. Also, the smaller the initial
population size, the steeper will be the leading face of the wave. The distribution pattern of a
population expveriencing a bottleneck is similar to that produced by a sudden expansion model
as the population recovers to a new equilibrium, but can be distinguished by elevated
probabilities in the tail-region of the distribution. An L-shaped distribution will reflect the
early stages of a reduction in population size, but the shape of the curve quickly flattens as the
population converges to a new equilibrium (Rogers and Harpending, 1992). The observed
mismatch estimators were compared to simulations of population growth estimates under a
range of possible population histories were done by S. Chenoweth (Griffith University,
Queensland) using the program Mismatch (Rogers, 1998) on a Unix computer. To calculate
confidence regions, the Mismatch program simulates 1000 replicate data sets and estimates
two parameters of the Mahalanobis distance (M, the vector of means, and C, the covariance
matrix) using the two variables logio8p (MSE) and t (Rogers, 1995). The Mahalanobis
distance (D) is then calculated using these two parameters. The number of simulated data sets
(n) for which the simulated D is at least as large as the observed D and the simulated MSE is

at least as small as the observed MSE are counted. If #/1000 is less than or equal to 0.05, the
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distribution is rejected as being outside the 95 percentile of confidence that the parameter

estimates are correct.

5.2.3 Allozyme Electrophoresis

Allozyme electrophoresis was done by S. Donnellan for 12 specimens of M. viridis
according to the methods of Richardson et al., (1986) (Table 5.1). A phenogram was generated
by the unweighted pair group method using arithmetic averages (UPGMA) from a matrix of
percentage of fixed allele differences from 36 loci. Phylogenetic analysis was done using
maximum parsimony criterion of optimality, with loci as characters and alleles as unordered
character states. Polymorphisms were treated as uncertainties as per the recommendations of

Kornet and Turner (1999).

5.3 Results
5.3.1 Mitochondrial DNA

Partial cytb and CR sequences from purified mitochondrial DNA were compared with
sequences amplified from total cellular DNA for Morelia viridis AMS R115348. The two
sequences for each gene were indistinguishable.

One M. spilota and thirty-six M. viridis samples were amplified for both partial cyrb
and partial CR genes to give fragments of approximately 350 bp and 850 bp respectively. In
addition, specimens Aus15, Jay1, Merl and Nrul were typed only for cytb and 14 specimens,
Aus 3-13, Sor2 and Sor6 were typed only for CR. Among the 18 individuals sequenced either
for cytb or CR, there were no additional haplotypes that were not already observed among the
36 individuals sequenced for both genes. From 40 individuals sequenced for cytb there were
14 haplotypes and from 50 individuals sequenced for CR there were 33 haplotypes. Unique
haplotypes were represented in the combined data that were used for the final analyses.
Sequence alignments are presented in Appendix 5.1.

Of 292 nucleotide sites of aligned cytb sequence, 64 were variable, and 42 were



Table 5.1 Allele frequencies, expressed as a percentage, in 7 OTUs of Morelia at 36 loci. Al
migrating allele. 'Where enzymes are encoded by more than one locus, the loci are d
allele frequencies are not given, the frequency
except when fewer individuals were success
locus. The following loci were invariant: Acoh-1, Acp,
Pgdh and Pgk. For Aat-1, Lgl and Mpi, OTUs Wau-

are Wau, Nor = Normanby, Nam = Namosado, Doi =

esignated numerically in

Locus Wau Nor Nam Doi Nru Aus spl
N 2 1 2 3 2 1 1
Aat-2 a c c c c - b
Acoh-2¢(75) b b b b(75) - b
a(25) a(25)
Ada ¢ d d d d d b(50)
a(50)
Eno b b b b(17) b(75) b b
a(83) a(25)
Gpi b b b b c(25) b a
b(75)
Gr  b(50)' b(50) b b(17) a b a
a(50) a(50) a(83)

Ak-1, Ak-2, Ca, Est, Fbp, Fumh, Gda, Iddh, Idh-2, Lap,
QId had the b, a and a alleles respectively and M. spilota had the a,
Doido, Nru = Noru, Aus = Australia and spl =M. spilota.

Jeles are designated alphabetically, with ‘a’ being the most cathodally
order of increasing electrophoretic mobility. Where the
i each column, except where

b and b alleles respectively. OTU codes

Locus Wau Nor Nam Doi Nru Aus spl

N 2 1 2 3 2 1 1

Idh-1 ¢(25) bB(50) a a' a' a a
b(75) a(50)

PepA ©(75) b b b b - b
a(25)

PepBl ¢ b(50) b(50) b(83) b(50)" - c

a(50) a(50) a(17) a(50)

PepB2 b a a a a a E
Pgm-1 b(25) a b(25) b(83) b(25) a b
a(75) a(75) a(17) a(75)

Pgm-2'b a a a a - b

cel
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parsimony informative. 786 nucleotide sites of aligned CR sequence (47 bp of tRNA"™ and

739 bp of CR) had 243 variable sites, with 87 parsimony informative. The Partition
Homogeneity Test was not significant (P = 0.61), indicating that the estimate of sequence
heterogeneity was not greater than would be expected due to chance alone and therefore, the
two data sets were combined for analysis. The combined data sets of 1078 aligned sites (307
variable, 129 parsimony informative) were analysed by MP, NJ and ML. For maximum
parsimony analysis, gaps were treated as a fifth character state. From a weighted heuristic
search, a strict consensus tree was constructed from the 208 equally most parsimonious trees
found. The model of nucleotide substitution found for the combined data set, using
Modeltest3, was HKY85+T (Hasegawa et al., 1985). Parameters estimated using successive
approximations (as per chapter 2.12.3) for the HKY85+I" model for the combined data set
were: nucleotide frequencies A = 0.271227, C = 0.287991, G = 0.131905 and T = 0.308877,
ts/tv ratio = 2.3341 and I" = 0.2929. These parameters were then applied to a ML bootstrap
analysis and corrected distances were used under the HKY85+I" model for NJ analysis. The
ML tree is shown in Fig. 5.2 with bootstrap proportions for MP, NJ and ML analyses
indicated. Phylogenetic reconstructions for all three methods of analysis of mtDNA showed
two monophyletic lineages supported by bootstrap pseudoreplicate proportions greater than
98%. One lineage, designated the southern lineage, comprised the southern New Guinea and
Australian populations and the other, designated the northern lineage, comprised the northern
populations. All three analyses also had the Australian specimens forming a monophyletic
clade within the southern lineage with bootstrap pseudoreplicate support greater than 95%.
There was polyphyly of populations within the northern and southern lineages. Some
of the western Sorong and Biak samples clustered with the eastern Wau and Bundi samples in
the northern clade, and amongst the southern populations some samples from Merauke
clustered with those from Aru Is., whilst other samples from Merauke grouped with

individuals from Namasado. Relationships among haplotypes within the northern populations
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Mspilota

Fig. 52 Maximum likelihood phylogram of evolutionary relationships of Australian and New Guinea
populations of Morelia viridis. Proportions of bootstrap pseudoreplicates are indicated for MP, ML and NJ
analyses in descending order respectively.
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were well supported, but much of the population structure amongst the southern populations
was not supported by bootstrapping in MP and ML analyses.

For the combined sequence data, there were four synapomorphies for the Australian
clade - three transitions and an indel. One of the transitions was found in the cyrb, and one
was in tRNA™®. There was a C-T transition unique to the southern New Guinea individuals.
There was also an A-G transition that was found in all the southern New Guinea animals
except for the individual from Normanby Island (Norl) which had an A at this site. Norl is
the most divergent individual in the southern lineage, averaging more than 3% sequence
divergence from all the other southern animals. Whilst this sequence has a character state that
is synapomorphic for the southern lineage, it also shares 5 nucleotide substitutions that would
otherwise be synapomorphies of the northern clade, one of which is an indel. There were 57
synapomorphies for the northern New Guinea lineage, (31 transitions, 23 transversions and 3
indels) 16 of these were in cytb and one in the tRNA™. There was an average of 8.4%
uncorrected sequence divergence between the northern and southern.lineages for transitions
and transversions and 1.5% divergence between Australia and southern New Guinea. Within
the clades, mean sequence divergence was 0.2 % for Australia, 1.0% for southern New

Guinea and 1.4 % for northern New Guinea.

5.3.2 Allozymes

Allele distributions at the 36 loci resolved are shown in Table 5.1. These data were
converted into a matrix of percentages of loci showing fixed differences between OTUs. A
fixed difference occurs at a locus when the two OTUs being compared share no alleles
(Richardson et al., 1986). UPGMA analysis of allozyme fixed differences showed the
distinction between the northern and southern lineages (Fig. 5.3a). Phylogenetic analysis of
the allozyme data using the maximum parsimony criterion of optimality showed the
dichotomy of the northern and southern lineages with bootstrap support of 84%

pseudoreplicates (Fig. 5.3b). Five loci showed fixed allelic differences between the northern
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Fig. 5.3 Analysis of allozyme electrophoretic differences. a. A UPGMA tree of the percentage fixed allelic
differences between OTUs of Morelia viridis. The scale bar represents 1% fixed allelic differences. b. One of
twelve equally most-parsimonious trees constructed using branch and bound search method for maximum
parsimony. Numbers represent proportion of bootstrap pseudoreplicates.
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and southem lineages. For Aar-2, the northern lineage had the g allele, whereas southern New
Guinea had c and the Australian population could not be typed for this locus. For PepB/ and
Pgm-2, the northern lineage had alleles ¢ and b respectively, whereas within the southern
lineage, the southern NG populations had alleles ab and a respectively, whilst the Australian
population could not be typed for either locus. For Ada and PepB2, the northern lineage had
alleles ¢ and b respectively, whereas all other M. viridis had d and a respectively. For Acoh-2
and Idh-1, the northern lineage had a unique allele ¢ that was not fixed in the population and
for Gpi, the Noru population had a unique allele ¢ that was not fixed in the population. Five
loci could not be typed for the Australian population and there was little differentiation within
the southern lineage, with the Australian population sharing alleles with the southern New

Guinean populations at the remaining 31 loci.

5.3.3 Mismatch distributions

Mismatch distributions, which measure the frequency distributions of the number of
nucleotide sites at which all pair-wise combinations of sequences differ (Hartl and Clark,
1997), were determined between individuals for the Queensland, southern NG and northern
NG populations using DnaSP (Rozas and Rozas, 1999) and distribution curves are shown in
Fig. 5.4. The mismatch distribution for the Queensland population formed an L-shaped curve
that showed a good fit to the expected distribution for a population in equilibrium. For the
southern NG population, the curve was ragged with a steep leading edge. There was a peak in
the tail of the curve that was not present when the Normanby Is. sample (NOR1) was
removed, suggesting that the peak was representative of the high level of divergence of the
Normanby Is. sample. The mismatch distribution for populations of the northem lineage had
a ragged distribution with a much shallower leading edge. The distribution curves of both the
southern and northern populations reflected the expected curves for population
growth/decline.

The confidence region of each observed mismatch distribution was assessed by
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comparing it with 1000 simulated populations of constant size for each of the three M. viridis
populations. To calculate the mismatch distributions, three parameters, o, 6; and 1, were
estimated using the method of moments (Rogers, 1995), where 0 is the measure of population
size and € = 2Nu where N is the effective population size and u is the per-generation
probability of a mutation anywhere in the sequence (i.e. the sequence mutation rate, as
opposed to the nucleotide mutation rate. The mutation rate for a sequence mt nucleotides is
equal to mru, where u is the mutation rate per nucleotide). Time and population size are
measured in mutational units T, such that t = 2uz, where ¢ is time in generations and u is the
per-generation probability of a mutation anywhere in the sequence. Raggedness (r) is
measured by the sum of squared differences between successive entries of the empirical
mismatch distribution. An r (obs) of ~ 0.012 suggests there has been a sudden expansion of
the population, and an # (obs) of ~ 0.26 (> 0.03) is more consistent with the population size
being constant for a long time (Harpending et al., 1993).

The observed value of » (obs) for the Queensland population was 0.2331, T was 0.168 and
0 at time zero was 0.302. The measure of confidence of the mismatch distribution for the
Queensland population was 548/1000 in the 1000 fold growth run and 712/1000 in the zero
growth run, both of which are > 0.05, suggesting that we can accept with confidence that
there was no evidence of a population expansion or decline. The » (obs) for Southern NG was
0.0172, Tt was 3.394 and O at time zero was 7.714. In the test of confidence for the southern
NG populations in the 1000-fold growth run, the measure was 976/1000, which is not
significant, suggesting evidence for a population expansion in southemn PNG which was
probably more severe than 1000 fold. However, the null hypothesis of no growth could not
be rejected with a confidence region of 177/1000, which is also not significant. For Northem
NG, the observed value of » (obs) was 0.0401, t was 8.431 and 6 at time zero was 3.557.
Confidence regions for this population were estimated at 360/1000 for the 1000-fold

simulations and 339/1000 for the zero growth simulations, neither of which are significant
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and therefore the values estimated from the data cannot be rejected. This suggests that there
was no evidence of population growth/gl_ecline and the population is likely to be in
equilibrium. However, it must be noted that the confidence regions produced for
expanding/shrinking populations are much narrower than for equilibrium populations (Rogers
1995). Populations in equilibrium are usually recognized by the roughness of the mismatch

distributions (Rogers 1995).

5.4 Discussion
5.4.1 Patterns of diversity and biogeography

For green pythons examined in the present study, in the analyses of the mitochondrial
and nuclear partitions, there were two reciprocally monophyletic clades separating individuals
from northern New Guinea and southern New Guinea/Australia, with very strong support
from high bootstrap proportions. The high sequence divergence and number of allozyme and
nucleotide allelic fixed differences between the northern and southern lineages of M. viridis
suggest that there has been no gene flow between populations north and south of the central
mountain range for a substantial period of time. The presence of two such very distinct
genetic lineages would beg the question as to whether the lineages actually represent two
species of green pythons.

Traditionally, species were defined by the Biological Species concept (BSC) proposed
by Dobzhansky (1937) and Mayr (1969) in which "species are groups of interbreeding natural
populations that are reproductively isolated from other such groups". Some species don’t
interbreed because of natural geographical or chronological isolation, but they will interbreed
and produce fertile offspring if placed in an artificial situation where males and females of
each species come into contact with each other. Therefore, standing alone, the abiiity or not
to interbreed may not be sufficient to define species. Also, Mayr outlined the difficulties of
the BSC in determining the species status of allopatric populations. Some of the green python

specimens used in this study represent island populations, invoking the difficulties of
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allopatry if the BSC is used. Consequently an altemative approach to species definition is
considered here.

The Evolutionary Species Concept proposed by Simpson (1951) states that a species is
"a phyletic lineage (ancestral-descendent sequence of interbreeding populations) evolving
independently of others, with its own separate and unitary evolutionary role and tendencies."
This concept can be used to cover extinct and asexual groups. Species status is usually
decided on patterns of phenotypic cohesion within a population as opposed to differences
between populations. However, as this system is equivocal on the ranking of importance of
each phenotypic trait it leads to inconsistencies (Avise and Ball, 1990).

The Phylogenetic Species Concept (PSC) of Cracraft (1983), focuses on evolutionary
units that emphasise the results of evolution (i.e. the pattern of phylogenetic relatedness
between organisms) rather than the process that brought about the separation. A phylogenetic
species is defined as “the smallest diagnosable cluster of individual organisms within which
there is a parental pattern of ancestry and descent”. The diagnostic’ character must have a
genetic basis and must be defined within the community, not just in subsets of the
community, ie. males, females, stages of life cycle, morphs, etc. A difficulty in applying this
species concept lies in the somewhat arbitrary recognition of “the smallest diagnosable cluster
of individual organisms”.

In an attempt to combine the strengths of the BSC and the PSC, and to avoid their
weaknesses, Avise and Ball (1990) devised the Concordance Principles (CP) concept. Under
this species concept, species should be recognised by evidence of concordant phylogenetic
partitions at multiple independent genetic attributes. In any individual, allelic phylogenies
may differ from locus to locus due to stochastic lineage sorting of alleles and any number of
individuals could group together differently depending on which locus is considered (Avise
and Ball, 1990). However, if some evolutionary force such as reproductive isolation
(intrinsic, i.e. biological, or extrinsic, i.e. geographical) pushes the gene genealogies towards

a status of monophyly, congruent evolutionary patterns may occur across loci, causing alleles
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to separate and cluster in a pattern reflective of their population history. Therefore, under
natural conditions, phylogenetic partitioning could occur due to the separation of populations
by chronological or geographical barriers as well as by intrinsic reproductive isolating
barriers. Hence, there may be populations of organisms which under the BSC are classified as
a single species that could be given separate taxonomic recognition under the CP.

Because some of the populations of green pythons are allopatric and therefore, species
definition under the BSC could not be tested, I have adopted the Concordant Principles
species concept for the present study. Under the CP (Avise and Ball, 1990), the pattern of
relationships found for mitochondrial and nuclear genes would suggest the likely existence of
two species of Morelia viridis, one present north of the central cordillera and the other present
in southern New Guinea and Australia.

Because sampling of the eastern tip of New Guinea is very sparse, I am not able to
define the geographic limits of the northern and southern species. The Huon Peninsula may
be a candidate region of barrier to gene flow. Colgan et al. (1993) reported a possible
zoogeographic barrier for lowland mammal species existing in the Huon Peninsula region and
many lowland bird species which occur throughout the rest of New Guinea are not found in
the lowlands of the Huon Gulf and Markham Valley. This is despite an apparent continuity of
low elevation rainforest habitat through the Ramu-Markham divide (Pratt, 1982).

McDowell (1975) examined specimens from populations north and south of the
central cordillera and found that scale counts were subject to geographic variation. However,
there was no broad concordant geographic pattern apparent across a number of characters that
would suggest morphological differentiation. Therefore, the northern and southern green
python populations can be considered to be cryptic species.

Within each of the New Guinea lineages, there does not appear to be strong east/west
genetic structure. In the northern lineage, genetic pattern does not correspond to geographic
location, with haplotypes from Biak and Sorong present in all three minor clades of the

phylogenetic tree (Fig. 5.2). There is also no distinct separation of eastern and western
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populations in the northern lineage. One of these clades within the northern lineage contains
representatives from each population sampled, covering two-thirds of the east-west range of
the island.

In the mtDNA analyses, within the southern New Guinea clade, all the Australian
individuals clustered together and this clade was well supported by high bootstrap and
reliability values. There is a single character that would appear to be diagnostic of southern
New Guinea populations, which in conjunction with four characters present in the Australian
population, can be used to distinguish the two southern forms. The Australian population

shows little haplotype diversity.

5.4.2 Population history

Mismatch distributions calculated from mtDNA alleles have been used to estimate
times since population divergence and starting population size in primates (Goldberg and
Ruvolo, 1997; Harpending, 1994; Rogers, 1995). Rogers (1995) admits that models used are
“unrealistically simple” and the confidence intervals around the estimates are very large, thus
making these divergence estimates for primates very rough. Also, initial population
expansion tends to obscure the effects of later expansions for a very long time, therefore, the
timing of sequential changes in population size would be difficult to determine (Rogers,
1995). As 0 and t have been calculated from mean mutation rates for primates, it may be
inappropriate to use the values estimated from python sequences to extrapolate divergence
times. However, the signals of population growth and decline can still be detected from the
mtDNA sequences.

The small sample sizes in this study may have reduced the robustness of the statistical
interpretation of the raggedness indices for each of the three populations of green pythons.
The southern New Guinean population showed signs of population growth, but this evidence
was not strong because a zero population growth scenario could not be excluded. However,

estimates of past population history can be extrapolated from observations of the graphs of
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raggedness index relative to expected outcomes (Fig. 5.4). The Australian population showed
a very steep L-shaped curve that fits to thg_ expected curve for a population that has had a
dramatic reduction in size in relatively recent time (Rogers and Harpending, 1992). It is not
yet reflecting a period of population growth from its newly established equilibrium. There is
no evidence of population growth in the Australian curve. If green pythons evolved in New
Guinea, it is possible that the Australian population has been through a bottleneck that would
occur if only a small number of individuals made it across one or more of the land bridges of
Torres Strait that formed each time an Ice Age caused a drop in sea level (ie. a founder
effect). Because mismatch signals associated with later changes in population size are
masked by earlier signals (Rogers, 1995), it is not possible to predict which era the reduction
in population size may have occurred. However, if the migration across the land bridge was
early, it may be possible to see evidence of population expansion in the mismatch signal as
the Australian population established itself. Alternatively, the population of green pythons in
Australia may have been larger but the population size was determined by the expansion and
contraction of the rainforest brought about by climatic changes associated with the Ice Ages.
If Cape York is reflective of Atherton Tableland, forests have continued to retract since the
Ice Ages, thus constraining the potential for population expansion (Nix and Kalma, 1972;
Winter, 1997). It is possible that the ancestral population of green pythons was influenced by
a combination of the above scenarios. The low genetic diversity amongst the Queensland
population supports the hypothesis of a bottleneck sometime in the past.

The observed curves for the northern and southern NG populations both show a
degree of raggedness (Fig. 5.4) which tend to match the expected curves for growing or
declining populations. The peak on the right of the southern curve, representing signal from
the divergent Normanby Island individual, may indicate that the Normanby Island population
has had a distinct population growth and expansion history to the southern mainland
populations. The genetic divergence of the Normanby Island sample may reflect the isolation

of an allopatric population, although geological evidence suggests that Normanby Island was
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joined to mainland New Guinea during the Plio-Pleistocene (Keenan, 1994). The sequence
divergence of the Normanby Island sample from the mainland southern populations is greater
the divergence of the Australian population from the southern population. The present study
only included a single individual from Normanby Island and therefore, divergence of this
population is worthy of further investigation. The raggedness index is a non-directional
indicator of change in population size, meaning that specific expansion or contraction cannot
be determined from the curves (except for rapid decline). To further study the population
trends of green pythons it will be necessary to have much larger sample sizes from within

each of the northern and southern regions.

5.4.3 Management issues

It is clear from this study that populations of green pythons should be
considered as at least three distinct management units. Whilst it has not been directly tested,
it is possible that lack of breeding success in captive populations may be partially due to
individuals from northern and southern lineages being paired. There are already many
specimens in captivity in Australia that are descended from New Guinea lineages. As there
has also been interbreeding with Australian individuals, the captive population is not
representative of the Australian gene pool. Therefore, in order to conform to the ZooTag
recommendations to only breed local fauna and to establish the uniqueness of the captive
population, the management of any captive breeding program should maintain breeding stock
taken from the rainforest of Queensiand.

As poaching green pythons from the wild and illegal importation of specimens
from New Guinea are major law enforcement issues in Australia, the determination of distinct
mitochondrial lineages from Australia, southern and northern New Guinea provides a basis
for the enforcement of protective legislation. However, as sample sizes from New Guinea
were small, the haplotypic diversity present in each population needs further investigation

before estimates of allele frequencies can be regarded as reliable.



Appendix S.1

Nucleotide sequences of partial control region (786 bp) and cytochrome b (292 bp) genes for 35 Morelia viridis and one M. spilota specimens.
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Chapter 6.

Phylogenetic relationships of Liasis pythons based on

mitochondrial DNA.

6.1 Introduction

Since their description in the mid-1800's, pythons of the genus Liasis have had a
dynamic taxonomic history (Kluge, 1993; McDowell, 1975; Underwood and Stimson, 1990).
McDowell (1975) divided the many species of Liasis into two groups. One group, called the
L. olivaceus Group, comprised the olive python, L. olivaceus, the Papuan python L. papuana
and the water pythons L. fuscus/L. mackloti.

The olive python is endemic to Australia and is found in two disjunct geographic
regions (Fig. 6.1). L. olivaceus olivaceus Gray 1842 is distributed from the Kimberley district
of Western Australia to the western slopes of the Great Dividing Range in Queensland. L. o.
barroni Smith 1981 is found only in the Pilbara region of Western Australia. The olive
python is unpatterned, reddish-brown in colour and reaches a length of 4-6 metres (Shine,
1991). The two subspecies are distinguished by differences in mid-body and ventral scale
counts (Smith, 1981a).

The Papuan python, whose distribution is limited to New Guinea, is comparable in
size and colour to L. olivaceus and has a similarly high number of ventral scales. The two
taxa were considered to be conspecific by Stuhl (1932). In more recent studies using
morphological characters to determine the evolutionary relationships of pythons, Liasis
papuana was placed as a sister taxon to Liasis olivaceus /L. fuscus/L. mackloti by McDowell
(1975) and to L. olivaceus only by Underwood & Stimson (1990). Kluge (1993) considered it
to be sufficiently different to warrant erection of a new monotypic genus, Apodora.

Water pythons are found in the Lesser Sunda islands of Indonesia, the trans-Fly River
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Fig. 6.1. Map showing populations of Liasis mackloti (¢) and L. olivaceus (W) sampled. Letters
indicate populations as follows: B= Babar Island, M = Merauke, NT = Northern Territory, Q =
Queensland, Sa = Sawu Island, Sb = Saibai Island, Se = Semau Island, T = Timor, W = Wetar, WA =
Western Australia. Shaded area indicates the natural range of L. fuscus/mackloti, hatched area indicates

the natural range of L. olivaceus olivaceus and the spotted area represents the range of L. o. barroni.
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region of southern New Guinea and across northern Australia from the Kimberley district of
Western Australia, through the tropical region of Northern Territory and Queensland as far
south as Bowen (Fig. 6.1) (McDowell, 1975). They are also found on some islands in Torres
Strait. Water pythons are predominantly shades of brown to glossy black dorsally with some
patterning on the Indonesian specimens (Brongersma, 1956) and no patterning on the
Australian and New Guinean specimens (Barker and Barker, 1994; O'Shea, 1996). They have
an average length of 1.5-2.0 metres (Cogger, 1996; Shine and Slip, 1990) and are usually
found in wetter areas such as freshwater swamps and lagoons.

Water pythons have been recognised as one or two species by different reviewers.
Liasis mackloti Duméril & Bibron 1844, was originally described from Timor. The
Australian water python L. fisscus Peters 1874, was described from Port Clinton in
Queensland and this name was also applied to specimens from New Guinea (e.g. de Rooij,
1917). Boulenger (1893) presented a key to separate L. fuscus and L. mackloti based on the
presence/absence of a groove or pit in the rostral scale and ventral and sub-caudal scale
counts. This key was determined from published records of specimens from Timor and
Semau and observations of specimens from Queensland and New Guinea available in the
Natural History Museum, London (McDowell, 1975). McDowell (1975) used Boulenger's
key to examine the status of L. fuscus/L. mackloti by comparing two specimens from Wetar
and four from New Guinea, one from Northern Territory and three from Queensland. He
could not differentiate populations according to Boulenger’s key, which may be due to the
limited samples available from Indonesia. McDowell could distinguish specimens from
Australia-New Guinea and Wetar Island based on colour variation, but attributed the
difference to geographical variation within a species.

Water pythons from Wetar and Sawu Island had been classified previously as the sub-
species L. m. dunni by Stuhl (1932) and L .m. savuensis by Brongersma (1956) respectively.
Barker & Barker (1994) recognised L. fuscus from Australia and New Guinea and L. mackloti

from Indonesia. Kluge (1993) conservatively recognised only a single species, L. mackloti



157

but indicated the need for further investigation of geographic variation.

In summary, the taxonomic history of the Liasis Group suggests that there are two
distinct types of olive python - L. olivaceus barroni and L. o. olivaceus, four distinct types of
water python - L. fuscus (from Australia and New Guinea), L. mackloti, L. m. savuensis and L.
m. dunni (from Indonesia) and the Papuan python, Apodora papuana as the sister lineage to
all Liasis species.

To date there has been no comprehensive molecular study of the systematics of
McDowell’s L. olivaceus Group. Because Kluge (1993) placed 4. papuana as the sister
lineage to L. fuscus/L. mackloti and L. olivaceus, 1 included 4. papuana as an ingroup taxon
in order to examine the relationships of the genus Liasis with respect to Apodora. To
examine the contentious taxonomy of the group, for completeness, I included representatives
of the two olive python subspecies and specimens of water pythons from across the range in
Australia, New Guinea and Indonesia. Because of a relatively rapid rate of nucleotide
evolution, mitochondrial DNA markers are powerful tools in evolutionary biology and have
been used widely to elucidate phylogeographic structure and species boundaries (Moritz,
1994; Moritz et al., 1987). However, because I recovered the phylogenetic history of a
mitochondrial gene, ie a “gene” tree, which may or may not be representative of the
“species” tree (Avise, 1994), I do not attempt to use the results of the present study to alter
taxonomic classifications. Rather, any phylogenetic structure that may be present in the
mitochondrial gene tree is used to provide a focus for further investigations and biogeographic

speculation.

6.2 Materials and Methods
6.2.1 Specimens examined

Samples were available for thirty-five specimens of Liasis fuscus/L. mackloti from
five Indonesian islands, New Guinea and Australia (Northern Territory and Queensland,

including Saibai Island). Three specimens of L. olivaceus barroni, four specimens of L. o.
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olivaceus, and single specimens of Apodora papuana and the outgroup taxa Morelia spilota
and M. viridis. Individuals included in this study are given below.

Liasis fuscus/L. mackloti: Indonesia Babar Island, wB 1 ABTC 66396; Sawu wSa 1-5
ABTC 67166, ABTC 68266-69; Semau wSe 1-3 ABTC 66392-3, ABTC 67165; Timor wT 1-
4 ABTC 66390-1, ABTC 66394-5; Wetar wW 1-2 ABTC 67167/86;, New Guinea Merauke
wM 1-2 ABTC 68258-9; Australia Northern Territory, Amhem Highway wNT 1 ABTC
13467, Darwin wNT 2-4 ABTC 68260, SAMA R21422, SAMA R27497, Fogg Dam, wNT 5-
9 ABTC 13445, ABTC 13460-2, NTM R10694, Humpty Doo wNT 10 ABTC 68261,
Queensland wQ 1-6 Cairns ABTC 68262, ABTC 51982-3, Tully Gorge ABTC 66026,
ABTC 51981, Yorkey’s Knob ABTC 68263, Saibai Island wSb 1-2 ABTC 67637/9. Liasis
olivaceus: Northem Territory oNT 1-4 ABTC 6503, ABTC 13427, ABTC 13463, ABTC
66237, Western Australia oWA 1-3 ABTC 68265, ABTC 66137, ABTC 66214. Apodora

papuana ABTC 68240, Morelia spilota SAMA R26878 and M. viridis AMS R115348.

6.2.2 Mitochondrial DNA

DNA was extracted as per chapter 2.2 and mitochondrial DNA (mtDNA) was enriched
from frozen liver for L. mackloti SAMA R21422 as per chapter 2.3.2. Nested PCR as per
chapter 2.8 was used to amplify a partial transfer RNA™ Icontrol region (CR) product using
first round primers L15926 and H690 and second round primers 115926 and snakel7. CR
products were amplified using PCR2 (chapter 2.7.2) and program 2 (chapter 2.7.3.2). Both
strands of the PCR products were sequenced with the primers used for PCR or with nested
primers Snake 1, Snake 6 and Snake 7 as per chapter 2.10 and 2.7.2.3. Sequences are
included as Appendix 6.1.

The potential for the CR primers to amplify mitochondrial genes rather than nuclear
paralogues was tested using the protocol of chapter 2.4 on enriched mtDNA and total cellular
DNA of Liasis mackloti SAMA R21422.

Sequences were aligned by eye and with only six insertion/deletion (indel) events
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inferred within L. fuscus/L. mackloti and 12 insertion/deletion events between L. fuscus/L.
mackloti and L. olivaceus, it was not necessary to use a secondary structure model to optimise
the alignment. Aligned sequences were phylogenetically analysed with PAUP*4.0b2a
(written by D. Swofford, 1999). The model used for maximum likelihood analyses, selected
using Modeltest (Posada and Crandall, 1998), was the HKY85+I" model (Hasegawa et al.,
1985). The HKYS85+I" evolutionary model was also used in the Neighbor-Joining (NJ)
analysis. The robustness of the trees was evaluated by bootstrap analysis using 2000 fast
heuristic pseudoreplicates for MP and NJ analyses and 200 for ML analysis. Support for the
internal nodes of branches of MP trees was determined from decay indices (Bremer, 1994)
calculated with the program Autodecay ver. 2.9.9 (written by T. Eriksson, 1997). The
Wilcoxon signed-ranks test was applied to examine statistical significance of the most
parsimonious tree relative to alternative hypotheses (Templeton, 1983). To find the most
parsimonious tree(s) under the alternate hypothesis, a heuristic search was performed under
the constraint of the hypothesis to be tested. All the most parsimonious trees generated under
the hypothesis constraint were tested against all the most parsimonious trees generated under

no constraint using the Templeton (1983) test.

6.3 Results

Partial CR sequences from enriched mitochondrial DNA and from total cellular DNA
for Liasis mackloti SAMA R21422 were indistinguishable, providing no evidence that the
primers amplify paralogous sequences.

For most of the samples tested, there are 795 aligned nucleotide sites (48 bp of
tRNA™ and 747 bp of CR), 208 sites were variable, with 119 parsimony informative. Due to
sequencing difficulties, full length sequence could not be obtained for three samples. For
samples wQ2, wNT9 and wNT10 there are 617, 671 and 684 bp respectively. The ts/tv ratio
as estimated by ML was 2.56 and the gamma shape parameter was 0.241410. The nucleotide

sequences had estimated nucleotide frequencies of A=0.282054, C=0.281717, G=0.122758
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and T=0.313472. Amongst 7 individuals of L. olivaceus and 35 individuals of L. fuscus/L.

mackloti sequenced there were 5 and 18 haplotypes respectively. In olive and water pythons,
there were two and seven haplotypes respectively shared by more than one individual. Shared
haplotypes were: (oNT3,4) and (0WAL,3) for olive pythons and (wM1,2, wSB1,2),
(WNT2,6), (WNT5,8), (wQl, 4-6), (wSal-4), (wSel,2) and (wSe3, wT1-4) for water pythons.
For all the Liasis sequences, there was a mean HKY8S corrected haplotype divergence
of 8% between L. olivaceus and L. fuscus/L. mackloti. There were 46 synapomorphies for the
L. olivaceus haplotypes, including 5 indels. One of these indels comprised four nucleotides in
L. o. olivaceus and five nucleotides in L. o. barroni that were not present in the L. fuscus/L.
mackloti haplotypes. Within the L. olivaceus clade there were 13 synapomorphies for L. o.
barroni and five for L. o. olivaceus.
It is important to note that informative sites coded as alignment gaps could not be included in
the maximum likelihood analyses, which is reflected in lower ML bootstrap support for most
clades. A ts/tv ratio of 2.5 was used to down-weight transitions relative to transversions for
weighted parsimony analysis. From both unweighted and weighted heuristic searches under
the maximum parsimony criterion of optimality found 30 equally most parsimonious trees
(unweighted tree length of 441steps). A maximum likelihood tree generated under the
HKY85+I" model is presented in Fig. 6.2. Maximum likelihood and distance analyses had
similar tree topologies to the parsimony analyses with the exception that the distance tree had
Apodora as a sister taxon to M. spilota. Bootstrap proportions for ML, MP and NJ analyses
are indicated on Fig. 6.2. Apodora papuana was the sister taxon to Liasis and there was
reciprocal monophyly of L. fuscus/L. mackloti and L. olivaceus with strong bootstrap support
(73-100%). Within L. olivaceus there was reciprocal monophyly of L. o. barroni and L. o.
olivaceus, although there was not strong bootstrap support from distance or likelihood

analyses. However, a decay index of 14 supported the branch uniting the two subspecies.



161

popomystosf

56
50
63
0
98
100
100
2
80
S
5 2
4
<0 ——oNT34
7 6l 2,
6 5 [oNI'l s
100 o
T_[oWAz — &
A papuana
M vividi
M spilota

— Schanges

Fig. 6.2. Phylogram of maximum likelihood tree showing the genetic relationships of olive and water pythons
for partial sequence of the mitochondrial control region. Numbers in descending order represent bootstrap
proportions of 200 and 2000 pseudoreplicates for maximum likelihood, maximum parsimony and distance
analyses respectively and decay indices.
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The relationships between haplotypes of populations within the water python clade (L.

fuscus/L. mackloti) were not fully resolved by any analysis, although there was well-
supported monophyly (>72% bootstrap proportions) for most populations, except NT and
Qld. There was strong support (>80% from bootstrap analysis; decay index of 2) for the
monophyly of the New Guinea/Queensland/Saibai populations (hereafter called the “eastern”
clade) with the HKY85 NJ tree and strict consensus trees of the MP analyses showing this
clade as the sister lineage to the Northern Territory/Indonesian clade (hereafter called the
“western” clade). There were five nucleotide substitutions and an indel unique to the
“eastern” clade. There was also strong support (>72% bootstrap pseudoreplicates) for
monophyly of each of the Sawu, the Babar/Semau/Timor and Wetar clades. There were four
transitions unique to the Babar/Semauw/Timor cluster and two transitions and two indels
defining the Sawu cluster. There were two unique haplotypes from Wetar that had two
synapomorphies separating them from the remainder of the Liasis populations. Within the
Babar/Semaw/Timor clade, four Timor individuals and one Semau individual (wSe3) shared a
haplotype, which differed from a Babar haplotype (wB1) by a single nucleotide. However,
there were nine nucleotides difference between these haplotypes and the other Semau
haplotype (wSel,2).

There was no structure amongst the Northern Territory haplotypes, except in the
HKY85 analysis where all individuals but one (wNT3) formed a clade (58% bootstrap
pseudoreplicates). In 11 of the 30 equaily most-parsimonious trees and the ML tree, this
Northern Territory haplotype was more closely associated with the Sawu haplotypes than with
the remaining Northern Territory haplotypes.

Within the “western” clade, intra-clade HKY85-corrected divergence was 0.0-0.7%
and inter-clade divergence was approximately 2.5%. Within the Babar/Semau/Timor clade,
inter-island divergence was approximately 1.2%.  The divergence between the Semau
haplotypes, wSel,2 and wSe3, was 1.13%, whereas there was 0.6% divergence between the

two haplotypes,wSa5 and wSal-4, observed from Sawu.



163

Templeton’s (1983) test was applied to the data set to examine the statistical
significance of the shortest trees in MP analysis relative to two alternate hypotheses. The
alternate hypotheses tested were a) monophyly of the Australian haplotypes, i.e no
distinction between the “eastern” and “western” clades and b) monophyly of the Northern
Territory haplotypes.

For hypothesis a) the constraint tree was (L. fuscus/L. mackloti from Semau, Timor,
Babar, Sawu, Wetar (Queensland, Merauke, Saibai, Northern Territory), L. olivaceus, A.
papuana, M. viridis, M. spilota). There were 55 equally most-parsimonious trees generated in
an unweighted heuristic search under this constraint. The constraint tree for hypothesis b)
was (L. fuscus/L.mackloti from Semau, Timor, Babar, Sawu, Wetar, Queensland, Merauke,
Saibai,(Northern Territory), L. olivaceus, A. papuana, M. viridis, M. spilota). There were 148
equally most-parsimonious trees generated in the unweighted heuristic search under this
constraint. Each of the 30 equally most-parsimonious trees generated in a heuristic search
with no constraints was tested against all the most-parsimonious consttaint trees. None of the
trees from either alternate hypothesis was significantly different from the overall shortest trees
(Table 6.1). Therefore, the hypotheses of Australian or Northern Territory monophyly could

not be rejected.

6.4 Discussion
6.4.1 Taxonomic implications

The phylogenetic analyses in the present study provide genetic support for the
taxonomic groupings summarised in the introduction. Apodora papuana was the sister
lineage to L. olivaceus and L. fuscus/L. mackloti, supporting the separate status of the genus
Liasis. As well as very strong support for the monophyly of CR haplotypes from the island
populations of Sawu (L. m. savuensis) and Wetar (L. m. dunni), there was also strong support

for monophyly of haplotypes from the island cluster of Timor, Semau and Babar. Reciprocal
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Table 6.1. Results from Wilcoxon signed-ranks tests for monophyly of the Australian and Northern Territory
Liasis fuscus/L. mackloti. The number of equally most parsimonious trees is shown in brackets after each
hypothesis. None of the tests were significant.

.

Alternative hypothesis No. sites compared Test score P-value
Australian monophyly (55) 8 13.5 0.4795
Tree length = 443 10 22.0 0.5271

12 32.5 0.5637
Northern Territory monophyly (148) 4 2.5 03173
Tree length = 443 5 5.0 0.4795
6 7.0 0.4142
8 13.5 0.4795
10 22.0 0.5271

monophyly of Timor and Semau was not supported in the present analysis and both
populations share a haplotype (wSe3). However, the amount of divergence between the two
haplotypes from Semau (wSel,2 and wSe3) was 60% greater than the maximum intra-clade
divergence for other islands, suggesting either that there has been %lispersal, naturally or in
association with human movement around the region, or that the samples were mislabeled.
Timor and Semau were last connected by dry land during the last glacial maximum 18000 yr
BP (Heaney, 1991; Kitchener and Suyanto, 1996) providing a means of easy dispersal. These
alternatives can only be distinguished with further sampling.

The genetic relationships of the Indonesian and Northern Territory water pythons
remain unclear. The present data are insufficiently informative to distinguish the Indonesian
and Northern Territory water pythons as separate lineages, reflected in the inability of
Templeton’s (1993) test to reject the monophyly of Australian water pythons.

Whilst a study of Mhc polymorphisms comparing two specimens from Fogg Dam in
the Northern Territory with two specimens from eastern Queensland did not show any
differentiation between the two populations (T. Madsen pers. comm.), there is evidence from
the present mitochondrial study for the presence of two distinct lineages of water pythons in

Australia. The monophyly of the “eastern” clade of water pythons would support the
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application of the name L. fuscus to this lineage. However, because I present a gene tree that
may or may not reflect the species tree, allusions to taxonomic classifications need to be taken
cautiously and warrant further investigation. Increased sampling of the region between the
Northern Territory and Queensland, west of the Great Dividing Range around the Gulf of
Carpentaria and investigating nuclear loci, would be useful to elucidate the possible

distinction between L. fuscus and L. mackloti.

6.4.2 Biogeographic implications

Mitochondrial haplotypes from New Guinea and eastern Australia are more closely
related than are the haplotypes of eastern Australia and the Northern Territory. Likewise, the
Northern Territory haplotypes are more closely related to the Indonesian haplotypes than they
are to those of eastern Australia. This haplotypic distribution can be explained by a vicariant
event that separated eastern Australian and Northern Territory populations whilst maintaining
a link between New Guinean and eastern Australian populations.

I propose that the divergence of the “eastern” from the “western” populations of
water pythons within Australia may be the first documented evidence in a land-dwelling
organism of the Plio-Pleistocene Torres Strait land bridge causing an east-west directed
barrier to gene flow, with the Northern Territory aligning with Indonesia to the exclusion of
Queensland and New Guinea. Land barriers such as peninsulac have previously been
implicated as the cause of genetic sub-structuring in a regional suite of both inshore marine
and coastal organisms (Avise, 1992). Six out of ten coastal species or species—complexes
(including birds, reptiles, fish, mollusks and arthropods) surveyed from the Florida peninsula,
showed substantial genetic subdivision between the Atlantic Ocean and the Gulf of Mexico
(Avise, 1992). Likewise, the Torres Strait land bridge has been implicated as a barrier to gene
flow in a teleost fish, the barramundi (Chenoweth et al., 1998; Keenan, 1994), and there are a
number of inshore marine organisms such as oysters (Johnson and Joll, 1993), and turtles

(Norman et al., 1994) that show strong genetic divergences between populations from the
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Australian perimeters of the Indian versus the Pacific Oceans.

Geological evidence indicates that Australia and New Guinea have been periodically
joined by land for long periods of time (up to half a million years) throughout the Plio-
Pleistocene (Galloway and Loffler, 1972). During the most recent glacial maximum at 18,000
years BP, an extensive land bridge was present from the eastern edge of what is now Cape
York to the edge of the Arafura Sill, approximately 500km north-east of Darwin (Lambeck
and Nakada, 1990) (Fig. 6.3). Potentially, a land bridge between Australia and New Guinea
would allow gene flow between populations from the Northern Territory and New Guinea.
However, for water pythons, it seems that gene flow between Northern Territory and New
Guinea/eastern Australia populations has not occurred in the recent past. The most recent
opening of Torres Strait began at the peak of the warmest period 7000 years BP. During the
period 50,000 — 10,000 years BP, the sea level sometimes dropped below —50 metres, whence
a large lake (Lake Carpentaria) formed in a depression in the present Gulf of Carpentaria.
(Jones and Torgersen, 1988; Torgersen et al., 1983; Torgersen et al., 1985) (Fig. 6.3). The
lake was connected to the sea by a large westerly flowing river that reached the coast at the
edge of the Arafura Sill (Jones and Torgersen, 1988) and until ~35,000 years BP was the
endpoint for the Fly River (Torgersen et al., 1988). These large rivers may have caused a
barrier to west-coastal taxa moving between Australia and New Guinea. There was a rapid
rise in sea level between 18,000 and 6,000 years BP that would have had significant effects on
the marine/land interface. The marine incursion would have occurred at a rate of 125m per
year (Galloway and Loffler, 1972) requiring coastal populations to find new suitable habitat.
The climate postulated for 17,000-8,000 years BP would have sustained an open
woodland/savannah/open forest vegetation across the emergent Torres Strait land bridge (Nix
and Kalma, 1972) with a swampy flood plain brought on by flooding from intense wet season
in the region of Lake Carpentaria (Torgersen et al., 1988). As sea levels rose and marine
inundation began to open Torres Strait from the west, the changing climate caused the

vegetation of the land bridge to develop an almost continuous, narrow band of closed forest
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between New Guinea and the east coast of Australia, whilst maintaining woodland/open forest
in the west. I hypothesise that the distribution of water pythons on the land bridge between
Australia and New Guinea was limited by their requirement for watery habitats in drainage
areas along the coast. They would have been isolated by the dry open forest of the interior of
the land bridge, leading to the divergence between the “eastern” and “western” clades within
Australia.

A second vicariant event to affect the distribution of the mitochondrial haplotype
distributions of water pythons could have been the widening of the sea barrier between the
Lesser Sunda Islands of Indonesia and the emergent Australian landmass. During the height
of the last glacial maximum, the Lesser Sunda Islands may have been separated from the
Australian landmass by as little as 72-99 km (Goodwin, 1979; Hooijer, 1975) possibly close
enough for individuals to raft between the two land masses. This could account for the close
genetic relationship of Northern Territory populations with those from the Indonesian islands.

In the absence of suitable tools for establishing a molecular clock, I do not attempt to
estimate the timing of divergence between the “eastern” and “western” lineages. It would
first be necessary to calibrate of the rate of molecular evolution for a gene suited to detecting
more recent divergences. Calibration of the rate of molecular evolution is also dependent on
the availability of well-dated fossils related to the taxa under consideration.

The role of the Pleistocene Torres Strait land bridge as an east-west barrier to gene
flow can be further investigated by examining a suite of semi-aquatic, freshwater-dependent

taxa from northern Australia for congruence in phylogeographic patterns.



Appendix 6.1.

Alignment of nucleotide sequences for Liasis mackloti/fuscus (w) and L. olivaceus (o) samples used in this study for partial control region. Due to sequencing difficulties,
sequences are shorter for wQ2 (617 bp), wNT9 (684 bp) and wNT10 (671 bp).

120
wiWl TTCATCTCTGGTCCCCAAAACCAGAATTTTAAA-TTARACTACTCTTTGACCACAACCC-TCACTTCCTTC-———— AGCCATAGTCTGTAATTTACAGGCTATGGCTG-ATACCTTAATA
wW2 e Y o S e e B SR S Rt & — e TR IR eretA S Rae el e R e T e e e sy S W B RS W I T,
wSel,2 W ssaes s Y -5 S e R sy weone e N RTINS E ST NEACRME mom s e IR, R Py SRRy V=g o B i S T R I
wSe3,WTl-4 ..ttt Cira pasims s =S B ST e T L e T g i B e L Bl BN R TR TR AR e R T e e la e A Cn
wB1 i Y YEF R aawin deee o G wwmnwa v —r e A Y - Y aasie REEe o - e v - = .. Maraeram Ga T b T e R B T s e e e i e s Crn
wSal-4 ..... Y. YsasCamann na s wonie S . e e R W e eI e e T R W T S T S Y 3o i SR
wSab ¢rwinena gee e Civnnnnnnnnnn (o - — T e SR SRR SR S e . e e . ST, SRS paaieTe ST TR O ST R R R S
wQl,4-6 ... SN R S BT waaiiie — R A SEATIES SR SN sEeaT - = LyE TR - Vo G L i e e ) R R, S s N wa
WQ2  Seatie e eaeiee e Sa il oBTce s me e AT WA O i WO T - = e - o Cimm = it i i e eiasenaeaaaaeaaaa B iRl i S
W03  tisessaesams saaes s eee s N R R——— s | P9 C.——=——.iminm ViS5G os vlaa e A AT e i S e e
WM1-2,WSDbLl=2 .crcanranensssnsassiass o R R TR B i e s g S e S o TR o« Ca T T T T L i SRV e T R S R ) R R R
wNT3  Seedlelesie SRS WLt A Casenmrws T R R A AL R R RO - S e B i S i ey sy e e ST siiemie e we A = gia e mime aie e
wNT4 ca¥e s Yo Vs ans it G Troce wiwiminrewm e wwun win's Wa wpmesewns e e e S SR Clws—mas, Sy is nn e sl o5 e oo e vam HEENE RS e e
WNT2,6 henerersecnanasaannanns R R S i AR R Sree e & > iy N Crommtmmem fiiaiines sianaTa o5 amace i el s v Bravivnia e T LI e
WNTL 000 iiseessssssasaanssansans Tisisinies s AR A o RS R R BRI - = e s O R e e — ime e e P
WNTS,8  caeseses swaem sa ol e B eaininmnce e ba e e e e B, S . i e v bes 085 8 bk a0 e 8% 8w e S e s SR A A
WNTE = sescasasessssassssnsisan Nt s wnme 5 eiei Saled PEeeivm e i Ed - ETee Coamommtrmanninii siivieim e o A 65 avEz) AN T AR T L
WwNT S DR i de e e e e e T srine aiaaa R ST AR AR SR o T Cog LS icaiinss ae Clvre aimimcsce min minrsvmn win o o o gymiaap o T ———
wNT10 2222w s R A ) e T cizanie Coawiw e wimmyn winieate e o aie e e 1oz, o e Cappmasmac, | | Jg iamn s aanss R St - S~ RN ShP ., Py Sympmg—
ONT3, 4 o Tinnn Bncm mimte mom dib i 75,5 5 26 s e e daydddines 5w el ST e e . 5=Cs —RCCC. B. an cmmeti srameioe a s . (R Y enl R-NEReNeNeR1 - IEeRS
OoNT2 ...e.- e e T S e R R S R A e Y T e Tiarsmerune wenemmmieas G oo aamin s B e =Cu—ACCT.A. sx'sn ssa sisens B . emim v Au...u. T = eie s aeenns
ONT1 ... ..- S o T S Y 8 L — & P = e =C;—ACCT.A. &ii invs s save s wR Jalsaies A...... T o R P
oWAl, 3 U <A oSSR O S - S YT i SRR A e R G...T..... Coazaiasivid are -C.AACCC.A....... Wiciavaas ACaia s wBe o o v ste TC. T .owwzaszs - G...
oWA2 = ... s o e o aaTST ee e a aAT TR T S R SRR TR T Sl ns CavwYuina:a CCLAACCC . Ay nie simimcnimimeiasan ACu s aniw B...... TC.Tuuweunnn G...
A.papuana = ....-- CnsnezalCon e aimacie wievas: o armss s B O G.ovvivnn e mie el s o oSSR DN R e S A..G.:..CC-..GiuuC.5ua
M.viridis  ...... Clacceiare o nin e s 58 aim 0,16 A =Seen sewdesss e AT .. ... —alaia A C.=~=TA. .rawi dwmws swmmte e Geme i - C—. . Ganmirasiivass
M.spilota @ ...... Chias s niw 4V5iSiE SaTnG Srate e e el e 2 e aCivinrese  Com==C.A s vvennnns G.A......B. .. .. T..—..Cawwwmmna

240
wiWl TA-AAACCAAAATCCCATATAAATACCACCACAACARAGCTYT-yTyTCGGCCCCCCCCCTACMCCCCCCCACC-AAAACATAGARGAATTCAGCACAATA-AATACTAGRAGTATTTGC
wiW2 o T S SRS AT A - oEa T RS B R ST e e e e e R AT A AT " ammeee emmieime cheaeaa e 2 TOPE W, Cofmrfinly
wSel, 2 T e e e e e CoeGuovivvvennn D P i N I T T T R R e e P S e wad G R e e R e e Ciin
wSe3,wTl~4 B P PP S P O i iR CiaaBy Ee v v e v e vl C. —Ca rimaisinss S e e e ST TR N W REE TR Brsiecniasainse wiwe T o« Cravta v 1w i s Cu
wB1l E R R S I R T Y G| = T Yeee—vasaTeroeasssssorsessrsannsenns T —— Aeanoaansses s - C..
wSal-4 T i e W e e Wi e 8 feeaas T uim im0k 2T B = ssavesa A S T = e A e el W e Ea P gl erava e s =G e CenatETerEe eldenNtd
wSab i A PR Sl Maeve aadte S T svarsssi saress o Comins ain e s o s se s uis siaaine e s e wh e s wie A R sracsimin awe ) A A N WL
wQl, 4-6 O A e eaaaa s (o I o P~ iy T S e B3 i s g RoTa aCasi sdaiasm as—As

691



wiWl TA-AAARCCAARAATCCCATATAAATACCACCACAACARAGCTYT-yTyTCGGCCCCCCCCCTACMCCCCCCCACC-AARACATAGARGAATTCAGCACAATA-AATACTAGRAAGTATTTGC
wQ2 CIESSERT WA A N R e SN B WA R D B ~Cu Cisagarre wcs L Cus wunre s wivis S D A.T..Civinivnnnnnn -A.
wQ3 B e e SO RIE N My @A MBI B8 B8R R S Ia e ~CoCuinimiy simimimen o a5, 43 88 Ceivninsin Bliaa= . dieaebsn samme o Biishe Saeidied 7437 1T O 1+ -A.
WM1-2,W8D1-2 .. 5. uauiosionovenis sanisinvaasansnanssassss =, N dleaeda EEeE Senngi VR B S TS - SRR SR e naid Bl v crawPasTave Co v o oo v oo s ooz ~A
wNT3 SETRA SR AT ST RN T T e s —~Cr Craninss Searmisnn Susision w5wme srsmmon N = . IR R By e wnwimw s ~uwie s e e e e e
wNT 4 e e e T VNN R S N e rn Y ea smaes s e e e O —— G P == Bierivevsiie =aeTe oTe SR T %
wNT2, 6 M e e e e e mie e BB 86 A B G =Cs Caan wwiaiem aenma se Cid iaba aih shes = . Wlaa e e alE e E Rl oid aidavea s = el R e R R
wNT1 LG wEn e R DY SR SR e SR P . . =% sl sieaies e wie Camsrsiniasen wave = SRR SRR Boion spaimre @ imsmn o TR S N W
WNT5, 8 AN {0 AT R e e O (o S e Bovrnnnnnnas I S
wNT6 SN e e e Y W e A ——— R O O R W AT Cii dnEim e <, ST G i B e ilele inlE e ¢ /vie e ae e e
wNT9 AT aale daa Heiate Ve e el e e aa e e W e —Cu Cimiara i S iain s ala vt Sl v Wi Al v R R R Bicss arelaie e e = own wGas BIEE e B R
WNT10 GTETSEAT. « « o« BLATRDE MEERI W T T R B RS e a — i R B i R w8 i i e e w e e Bviiinnnn ey veieeen e e e e
oNT3, 4 CiFwnG. .G 0l vanwa sivina CoGuvnvnnnnnnns A. A, Cuiveennnnnnnnnnnas Ciivwinaia™. AA.G—. . .55 G....G.........ACA.CC..yTA..A.CCCCC.
ONT2 Ci™nuG..G.5:Cs saaiainals s iCiGimeiiesems vaBs « e Al Saleve wia alsie i esis el saraitaatéfia « AA..—. ..., sl B mmsaea . - ACA.CC..CTA..A.CCCCC.
ONT1 Cram=iaG. . G. amiCh vimitain CaGaswaums sue s AYis sa B saeien arae s aae es sre sin e e e AA. .. .ieus Biein aBhnioce, sinwin o o ACA.TC...TA..A.CCCCC.
OWAl, 3 caaweG. .G 5mCn wsems wams C.GevuivewseG..AY...ACC..vunn e o/ -..GA..—...... G....G....T....ACA.CC..CTC..A.CCCCC.
oWAZ2 wi=a:aG.-G. s Ca ni v siiins CaGim snimle ..G..A. ACCC. . . sNaleraievye e i Camnaaics -..AA. .- L. G....G....T....ACA.CC..CTC..A.CCCCC.
A.papuana se=e3G. Gl Fa AT i iraia sirarwie s e L SN —CCC. Y . albimiwsmt immezicd v Cica wmawas AA—-....T..... GA.C.AT..A....ATA.CC..C.AG.AGT.CACT
M.viridis N T A mawemans T-CA.TGA....T...A CTCC. . . oy msmiem o mme yin e 0wy -GGA...C.......... [C T - TA.AT.A..CTACTAATCCCA-
M.spilota vo = a o ke 0om msmm AT icissuine T.TA.CAwBiesinas- y = Vel simialvaiesa v e wie Careirdin s AGG.-- T.GG...A..G..... TA.A.CC.T..... AAC.C.CA
360
wiWl TTCCTT-CCCCCTATGTATAATCTTACATTAATGGTTTGCCCCATGAATATTTAGCAGGRAATTTCCCTTTRAATATTTTAGTCTGAAATAGCCTTTGTACACAAAATTCTGTCCTCATTT
wW2  dswen Kt SRR R R e R e S R RTsA I S A P T Claanemera st arasa alita i « « v o o » Rlisvva nrerazers e ecaisms wisrw el wisie s s BRI ST
wSel,2  ...... T R B R AR s R T W) R T Y W e R - b s e e e m e e [ 2 o PR ¢ s R e
wSe3,wTl-4 ...... iy e e . i iy R em Bam e A BB B i A GE 358Y. - 1.0 R d i e e e e Tagia sviEsdidsamios ik
wBl1L L. =T alarare e & en o el a e ar e B e T e W e ST BN BATE ST TR TR RN 0 « o s e s s 0o Gosmiicaonas D esima wwrmay e s » Lipsne omsiewnssmrems wie
wSal-4  ...... T e Al FOR AR R R S A BRI N W SRR e e i e PP C.u i Braiesie v s mmea o e a5 Boin e asaniss
wSabs e e oy e e g P ISy TR W B T TS B i ¢ e R S e e N e e R e e v e s Dy Slieve i wraleTe) niare ol Sararetale oA . suanmini sfia
wQl,4-6 ... G5 agraiaim dYaie ae Sl A i 6 8 e STESEINE e R eSWRRR ST e e e e e el R e T R R Coiimiams s » - - C. . Aga aweiea wradabhe e i Lie e eime A . emreeinim B
wQ2 . G.. R R N O WL A R A o e e e @ B D CR.GC. e TosevusA. s annssnse
wQ3 e Gluie simiemia sum pis e omm m s minniw & obs 866888 eswes eeaeseass T T R L L Cawiiisisraia - - - C. . AQive §iaiaiess Chiive iTasGiidA, s i
wM1-2,wSbl-2 ...... G5 e i e S R A TS Sl AT SR R e S G sramas » « - C. .Rsuwaaiessms (57, TR e )
wNT3 ... i R EREEY bR R ) SRS BLE L W)W V] GBI B e @ e o e v e e v a STh erAAIe e RN P .ee Co cBesinonimo e meesn sb b o8 s CaBi s aisson nis
wNT4 ... = is swimcme) e e e e e . e e e e i e e mim e e Ty s dejees Bieiseene seied s C. . Buigaitin e Ciuiataiaioia oy Blatears o A, EvpiEeiasa e
wNT2,6 ...... =5 nasEe T B AT S R R Wim e e Wi T i s S0 RS SR e S R AR EAIE - e v m Dot e i B AT BRI - Buvernnnnnnn
wNTL ... L E MR e W e T A el e e ik N WL AL R R e R i e e o C..A. pie e e i W URE SN e e s .
wNT5,8  ...... L ) e e B e A A WS T T e ee ey w1 e e S ol oy Bl I PR e ol R, C. . A aiasies sresisess i . §% . AL diwaaCun &
WwNT6 wwin Y are e mimd e e w8 8 R w w e CREERE DEEEE Geeale el Sl ey e e e e S W e i 8T T .o e 0 e Bigusaviaaso i Kaess wials #a0a e 0 - A. e e
wNT9 L. = W e el W ST e e e el e bR e e W e e e e S SR, WREYE ALE I B el B0 N RN BT @« v s G . Acvin wmenncsin st e R e e mi . A. Ay ermmns vsve
WwNT10 ... Rt N e W R oS Te i e e R e ST e N, R SLmeiee syEees e ey ke B BE e CERIBL i s sr sesvesnemaes s . ALA. S B
ONT3, 4 CARFRC L sl b, 0 R R e SRR SRR iR SR Sl By aa i Eva e Cozisas Ca e ivrwian, ieiaiie Susie Mo asawawmne Biive ome CT. canmaen s
ONT2 a D DmereC ing e R e W A R R R R W RO B REE ST & Do on wom morm w v e e e R R e e RN, | AR O —— Aws sy CT. wwieismymen pumie
ONT1 BBA==Clas sia s s o ss o s s e s s e ssessssessssssssessssysenss Biiiiseie s Chimaeiemhesnnie venish nees Teisnn Chvgasersluts Acgiaia fis CT. yiyse® s fuie

0L1



wiWl TTCCTT-CCCCCTATGTATAATCTTACATTAATGGTTTGCCCCATGAATATTTAGCAGGRATTTCCCTTTAAATATTTTAGTCTGAAATAGCCTTTGTACACARAATTCTGTCCTCATTT

oWAl, 3 . A=l Ty CEEE T N CEENENCR FRER-RNeR=N-N-N=N BN rewene mexem-1- Clyonay- - Cg- -+ - - oh - C..A..T.. ..., GG....CT..... Coonnn
oWA2 B 1 N P Crm. . B ©Cr shy. 3TA. . .FPL - - - ] GG....CT...........
A.papuana O Ar . €. .. a.-- - 3. .66E- - -E X FEEE: A FATYE-rCry- G X A CECEE: -
M.viridis . [C.- s e G - R EEEEEEEEY: - EEGE EEEER 2 Nememe1s smee SJeEeE- - - - - Covvvnnnnnn C..A..T....T.CC..... A,.T..CTA.C........
M.spilota ACARAR-CYT . T . it e e i e tarsasaannanansennss T....... ™ _ o _ _ S5 . = " FaT . B 5. .| 2 A..Tooeen... A.

480
wWl ~CTTGGTCGTTCAATGCAGCACGGATTAATGGATTTTAATAACCATGACTATCCTTGATCTAGTGGTGTCCCATGATTTAGTACTTCCCGTGAAATCCTCTATCCTTCCACTGAATGCTA
wW2 e e mmmie e s 8 AR E AN B A R S YA RN e R SR e o T B e e el e eSS Sl e SRR T e TR e el e el e TSR WA e
wSel, 2 — el w e R ST b SRR e B R R e Sl B S AT R TR SR R ST E TR AR ISR WD P (N, WA (T e NN R e
wSe3,wT1l-4 R ET EEE RNEE ] (MR Bl vniwmsiensncess srnsainys e mipwe ST e eae e somimnesaine srewimse mimmieis mumiwrmimimie 6 ok sl BRI EE B0 Tiasaeva ooas
wB1 e e me e e e e me mie w e Bl W B8 e R eSS e R e R SieTe SRR e e weae e eele e R e e T ST T IR S SRS, GRS BRI S SR B
wSal-4 . EEEIEE e R SR MR ST TR SN AT SRR MR e AT R Weais § R BT W STARINT STNNIETE ATEELE IR ea e ] TN SN]SR RS ST
wSab L Chi i e S R e B ST R W Y 88 e e TR W) e i A A e e S e we e e mom e et e e RO BINe S TR SIS e NN B Re R e Sa Sele By SOe
wQl,4-6 T emiee i wimm e e e e mie s pam e ens 8 BUE B8 8k S N 8 W B e @i e DA S e e e N e e e ek L e e Wi
wQ2 R AR iR R SR WE e ST e R et aTE e e AT S BT A R S T R R e e T LT ae e e R e SR Rl AT AT AT e e Tanmaas saia
wQ3 = AR e W B R T R W ATy SRR ST R W s e R ST K A s S WL B e e i S e .
WM1—2,WSDL1-2 —. . csasms simams siwnss sie e seenesessnneassnesssasss i wimimseis e w8 R 98 T T e L T sdsiere vave
wNT3 e ea ae e S8 R BRSNS B e s A e e SRS R W T DA e e T SR AT SR e e S P PSS S Tisvac atimnicin’ w25t
WNT4 R R R R S B g Y T
WwNT2, 6 — . Cosmnins e wEu § e AL L A e e ) $e T e e e e e immre s e m e g BRIy Rimieim Snewsie) mom s R B Bk 88 B 8 e e
wNT1 D e o mmaaaie eiemiare sieie e wie e i s Gk 8 e SR e N8 s s e e e e el 8 e e e e e e e as e aw e s e e s aes Ale Al b e A ae e s T e ae B a e T e ae aTa e ee e e e e e
wNT5, 8 — L RS el B e TS ) G T T SRR SieTale Wiaa ST e e S AT B R ARSI WIS 88 6 E e, RN o DG e
WwNT6 e e v elETE R EIEIEE S S e SEE e SN T WO e e W e e e e e mm e e e e e A O L RS BB B e e e 8 ey Bl W B BT W6 B B i
wNTS o 2 caspmaay masremis Mhas o sle v s eee e sl s UL L i dedededeirede e le e de el iy e b S e M N A N A N NN N A N N A N N A N S e S N N N N N N NN N N S N N N N NN a4
wNT10 =2 o e FEE S SRR . e e PR PR PR R R R 2R R R YRR R R R R RN R PR 2222022022222 22222222222222222202222222°
ONT3,4 T. . —mawws s W | 9536 T sieimmnnzs v wBuwwCinuinT uis srwempe » G« xin pomimsyrmisne et srmnmim el S = o - o Cer it i AT oA s EE s s s enoaans T il fam
ONT2 T o o= spimm siemimas n R B, e 8 @ 8 AciwCianTan duda i G . e Wl Ty e e e e e ) SR R Cliraranii siiiaifa sSuiaieid @iela s o n o n o n v w n s T vstiavimswies
ONT1 T. . — Paaieie S9FaE GtaEeE aiaees S AieeCaaie Tain viaianere s G. o3 srwsiem wiesin aaies s sies e w e eie e C i v w0100 SN RN v v v v e e e e n T . wssm v ma
oWAl, 3 S e e e ) W TR B R v B wisce Ciwwin T won wiminswiy G . arp) momimmen osiwsmrm wsmn Bom (61818 Bk mn e Crae o s id 8 Bl 8 A w8 BB SRR S PSR
OWA2 L m e miew e 8RB DaiainChian Tui iiman 5 G. S o dls da sieie e/ win e aie gin e T C e et i e e s e e e SRR SRS SRR SRR R e e
A.papuana iR SEEER G e CA...A....CA..C...T et GAL ittt itsda e ans T.T..G.C.uumeincnennans nas ceressasssanes S .
M.viridis Pl semmaravaysra e s s e ATCG..G..... AR vCu 5:6Cun sammn » GAu;s wiwwiminm AU .V ORI DR Y - N RO g g TA. cvinnn.
M.spilota . | N AGeas o CTALLC: ss Tis ssiainin GAiu s inBiCiweBAGewann s T.T.AG.C. . .CG. . v v v v oy - sidiomatiinme famanais sratare GTAT cri e w5

600
wiWl ACCATTCGACTTCTCACGTCCATATAATGCCAATCCTCCCTGATAGCTTTTTCCARGGCCGCTGGTTACACTCTCAAGATCATCTCAATGGTCCGGAACCACCCCTCCATACTAGCTTTT
WW2 e aee e e s e e et e S ata e e S EEATE VR e . . A, . aw aaavey s SR eI TR R R R e e TN o R S A (el e
wSel,2 = Livhesewsssesesa & W S TR NN Ee e e e B.Civivnrrnnnnnas e BRI SN s e W e W Sy w0 B B e B AL AR A8 BB RO e e e
WSE3,WT1~4 i cecnsasnnnsnsssssonsassaasnsassssness B, Cog dlgnves salanamdia e oipviete &e s aral ave (505007 st i SATAY BT 5 SRl SRR AT Camsen wmaanis
WBl i aaa e s e dale R AT A a e e B . Ciratimiitems Fsrawih wmeiE @ T SRS S SN A ¥ YR  EIN WA e TN T A ) (M N T
wSal-4 = ... W6 S S T T e Taeeeanaaes B C oy omsmimen somimima mom mim s 68w S8 R b 8k A e 8 B8R 8,Eea EE AR &R e S e e e e e e
WSa5 =00 aeessesessaasesns e e e TatdAtpta ek - = « A Cud sramaiafa $ibtaiate sraietife sValablard Ve e i e A & A e R AT R Bl AU e esei e 5

LT



wiWl ACCATTCGACTTCTCACGTCCATATAATGCCAATCCTCCCTGATAGCTTTTTCCAAGGCCGCTGGTTACACTCTCAAGATCATCTCAATGGTCCGGAACCACCCCTCCATACTAGCTTTT

WQl,4-6  sna s saces swiee s s aR S (BRI, Towwes wiwince = o AL Clin mimimmie sisames smimsss s mmm mimemnm sin m bk Aep bR 888 AE e i fEaan PEEEAE M AS SaERe
WQO2 e aiase gpsmotiaumee mie el E S AL W Taiae SR oo o A, C.y siwiaiin satavaa aiaas Sl a et e e T R R ST T a G e e R ke w oTa R A AT TR e
wQ3 ih AT S e R ST e R STl eTE & Toesin s = - D C i wmiiass sta e WS o R e SR S e R R e AT S e AT e e e e e
WM1-2,wSbl-2 ...ivviinnnann o ERNE T SR R Trezera ssiciscn = v o AeCit it i ninnanananan em e b e mie e e ey E B @ B e R B FEEE e S e R SRR
wNT3 B W N SR e el e e e S A, C. il i maisigs ieEs e S e AR R A e e W e R S AT e o i RS TS SRR R
WNT4 = sesesssmsomssnsne Wi e e e e Tatd s et « » - B CLiw aiioaaii simarnlis wine s e moa e s e d R B B R AR BOE R e R e E e e e e e e e e .
WNT2, 6 o sieie s smmers s ss aiils. simhavmtas i Trsraimvisitgie o - « -\ o et i mimses e s mxmmmn eace Ll SEE R A SRR SR 8
WNT1 s sieaes aveiee s wa e woeiecs viee e Ceeea T emrxrmriacinss = = o B Cim mieinin mim s S5 Sa B S TR SRR R RS WAt el e e e e B e ST R S ST
WNTS,8 a..n.n I Pl o A7 i T Eaiiig s « o o B C i s s avd A avs ol S-S s WEiaivte SASIRTOTS Adarer SV ATé T S AT ST BN S R 6 S
WNTBE it e et onaceancsanonan Tresmomiate » « « B Coaampaieriais: wis W R W e e A5 O] MW W e e | e m: erm e (g e e
WNT9 drdririrdededvdededrdrdrde Ot i i S o B S O B & S S B Comimmimonm gomimemnm Bl 0 B e W 8 8B R B R R I T e T e T et Gossaii s
wNT10 o irie drdedede b e e ot e S S S A A S S R S SR TEGESEE Do = o v B CLoalwiva s e o aoEma e e e e AT e W ieanil W R e TR BT R T e WL B
ONTI, 4 i ireVsidan oo Bkes 4 BwTRrsiis SFRTa o imr e e T ogosvozs e = = N . T SO, SRS 5, SV
ONT2 = ssaesarams aiss B e e e WA W KT i e s B C . mmnimmom e mem e ol b 08 A RS A RN S e e W e EeE e e e T e STEE T BT
ONTL1 i i eevessssssssssnsnnnannssssnsssnsnonssssascs A . C i i s R E e i eSS M S AR R T VAR TR SR R R T KR S G R .
OWAL,3 = i icisessraaseaaanssaa s T acavaris . o » A, C e avive s ass A AR RO ERNEE R ) WA G ST A e s e e s e e e
OWAZ2 = sesssdsssassasissssassneea i B R D e W - v . A, C.imipir sz s sowmn e N B e Re e g m e e s & 6N ae e e R RS RN TN AN
A.papuana = .a.e.-ss de s A wesimime wiw G uce Limware simiaiacs oo o v o A.Cicincscsnasssnas ael sla e iee e aa e s e a e e e e wE e e e A e e T A svn wwsCes v
M.viridis e emama mim memes bk e R BB Tewadlhs asses ddees T Criaipyin smeiina diiniia e CRTRG SEETRNTe Weaa A e B P R s s o R Ay Cooimin e siin s
M.Spilota  saseisssssanciieniesene ww C anmarallia s i TTBACTE callasrame ansraioe wrwmisim wm aran diwware,are v e Giviecnnnasnansnnsnanaasanannnnns .

720
wWl TCCAAGACCTTTGGTCGCACCCTTTATATGGTACATTTCACCTCATGTTCTGATCAGCTATGCTATTCCACCACTGGTATCCCTTTTTTCTCTGTACCTTTCATCTGACTACCATATATG
WW2 Eaa e e e evaEe N T AN e e e e S B e I - )~ G e @ TR R R R AR SR e B e R
WSE1,2 it ieasecsaraassasessnassasnananens SR RS e B e e e e R E N R AR BT BB R SR SR T B e R T O @) el R R
wSe3,WTl-4 ...iisacanaacasans e STEORTIONE W SV PRI TSN E(E Wi s e w0 T i e e T T 5 s e om0 (o Sl (R R B
wBl  Leedeas o RN W o ae B e e E e mE e K eE e e soe e e emie mmmmaome A b A e R R R R R e e e e e e h R e A TR AT B e e R R TR SR
WSal-4 = e iisassesseserssaeas S e B SR e e S a5 R SRR i T oo sta e e b S, R EoR R S TR B AT W i e RIS
WSal5 | G e wa Sediaidi e SR e TR e D W R R WA wii Wy e e we e e e s s iy W e e B 8 b B Bz eisins
wQl,4-6 R R A G B ey e . a simieiee mum e B8R R e T isiava s s el R s D s e e et RS T SRR ST SRR MR
w02 e eeeaan . N A R R P e L Y P R A A P I R R i i A e i b i i i N M i i i i A il e i N A N N N A i i N N N N N N N N N AN S A A N N
WQ3 G iaeed aeleee Bida e aiaieidie et T T R T e e cieye W Tnmes UL O R .~ ———
WM1-2,WSD1-2 . .viirinnnnenanns i ) A R e . acay simcesnze (pe ol N e e Leia e 6% B e e ST TR Y e e e e a e e e e e e e e e S EE e
wNT3 B . P i P R A i SR R e e e e Toalluascaaaaiie ate SR iR R ST TR S e R SRR
wNTd ... b VTR aie e e e SR e Re e e SR e TR R e TR G e T W 2@ AR A G e e e e e W e e e e e e mae e e ea e e e e
WNT2,6 = i iiieninsssssssacnnanns 8 T AL W Y O ——_ ) P RS e ol o R A e e e AR A e e e e
WNTL &isewa mwmems s emie mimimm i e AR e B e e S e e e ey R e eaE D ama e, alaarns Swieiele elu il m S o e R S W ST A R R e R
wNT5, 8 TR R e Aiele e AR ETAYE ATE e e e e e SRS e R eSS aTe T EIRE N eeTe Tvvemmsns Lcg e 5o PP
wNT6 b R EORTEIRIGL el eMeneTe T T T P = S R Lo Tswieaie STEREE TR DR e e e e T e S R N S B v e R
wNTS e R R - R o 2 e R e R e AT R S SRS WA W R LT i R AT W e L N ) B W T R
WNT10 Gavess Sammes Gl aE R e R TR R SESEIC R e E e B e e ) - .ivcwimct eumieimiy Ripieimie muarmumiey mem) m bl B R A BRI &) DR B8 S E A B
ONT3, 4 s suswims s ame e e Rk e srmmane ae i BETH DTSR SRR TC. Azisealsy rin G - Tareva, s iviricricss s S a o T &ao0a (6 0 e L A T
ONT2 = e essmbsssas e A A Wy T RS R GRS SR Saeel O T e L TC. Aysimawin erie iositem 0w Livies nenseemmes T e T T

Ll



wWl

oNT1
oWAl, 3
OWAZ2
A.papuana
M.viridis
M.spilota

wiWl

WW2
wSel, 2
wSe3,wTl-4
wB1l

wSal-4
wSab
wQl,4-6
wQ2

wQ3

wM1-2,wSbl-2

wNT3

wNT4
wNT2, 6
wNT1
wNTS5, 8
wNTG

wNT9
wNT10
ONT3, 4
ONT2

ONT1
OWAl, 3
oWAZ2
A.papuana
M.viridis
M.spilota

TCCAAGACCTTTGGTCGCACCCTTTATATGGTACATTTCACCTCATGTTCTGATCAGCTATGCTATTCCACCACTGGTATCCCTTTTTTCTCTGTACCTTTCATCTGACTACCATATATG

........... wis mee mww e mimie e e A lwieee e e e ece moe e e momimms smv ey g wassens TC AL Seva G iThvai s s Snleas iy e plsimaiet ol se S eieranss e

.................... D SRR S e e e e be e §e e eSeaieTe ssarera avwese TC VAL o sevideiatainw wima G e eme ene s i 306wk aTe el e SRR S ATRG ATETE e EE e e e

............. I TR R AR N A R aes e s & mieie uee TO e Ba o gxe e s sie e w5 Tra e sivimime womsie ooniee s im 87 5w $is0e e0s e ane v

....................... onrwsie e mwie a e o mmareie o ieie meimw e mimmmd e TC e B o giaa weain e e sGiTeailiie sid dsusiasene e sesis siva'aeasisen s

.................................... Ci DT s siveri iwnwis wanCavii, - o oG, o wenmain e Th sl SEm s Gma ure e @ o am: sme e 5ie #56ie 5i0 emaies »

...................... G mvewmim sl sianvie seses wsreos e D amwa- TCTAC, swswal TG.T..C....Tuwwwemrmmimmmin gyme e wiw e, s mm wsissme o
795

CACACACACAGTTAGGCTTCCAGTCCAGGTGGAGCACTATGCTTTCTCTTACACTTCCCCTATAGGGATACATCT

................... R PRSP 0GR TP A R S S P S

.................... BT e T R el RTRS R 8 R RS e e e e

....... . S T T IR

............ Blisensaimainamans sssnia siaieseasne e acssiaeitasieeite stelaen saale s bae el

............ Plasidia:ih el dle aata dae hle WTeTR BTN SIS TSR NIE BN B AN R e s

el T e be brdy b b e dedch b B e b el b b b R e e o e i R R R B B B A A S i S S

............ R ST e S T R UrS e PR SR i i L o R

....... 5 e e e e B e B ETE AT R ST R AR ETRTR ST ATRTE R SN AR W ST R AT e TeTe SR e e

DR S W SRSE T TN AT SRR e R e e W S wmie Garavms priewims wpswee swisssre siae v )

.......... Silidan . « TT Jevanaaei siaei smews #5w o CT o o vwen alassaevee T assiseea

............ Bacsriza « - TT - amrms smons evsi@one e e C - CTC—G v mw ofF esssT e

......... veoBeweos e T eeeanaenancancaneesrsssCoCTC-GiunaaTionanneTinsinnsnas

............ Biasion o « TT 5w i draniis aravairs sarnv svmace Co o TC= o caeann @ wesmes T v srnsinm o

............ Bioviaes e TTusmsscsms sonms smaias swnsCo e TC—1 oo .CCTwumusneT sowmirzeinismios

............ A,.....T"T.........A.............C.C.C.CAC..AM.. .ATGG.AT.C.TC.

............ B iwie - CTT o awwa@esn saolls wTG. .. T.A-T..C.CATT.A. .G.A.—-T......?2227?

................. A.TT..e:eGesTosaie.GC.....C...C.CATT.A. ... e = titnnanns

€LT



174
Chapter 7

Concordant molecular phylogeographic structuring in six

New Guinean vertebrates

7.1 Introduction

The power of comparative phylogeography lies in its ability to detect recent, broad-
ranging influences on population structuring (Avise, 1992; Riddle, 1996; Taberlet, 1998). By
considering a range of species that are diverse in habitat preferences and life histories, the
finding of phylogeographic congruence implies a common event that has overridden the
unique aspects of the ecology of individual taxa. A common, wide-ranging influence that has
affected the distributions of the species tested may have far-reaching implications in
conservation efforts for other co-distributed fauna and flora.

Phenotypic divergences between conspecific populations or sibling species are often
predicted to be primarily influenced by the most recent Pleistocene Ice Ages because the taxa
involved are thought to be very young and there are no other obvious barriers to dispersal.
Indeed, this situation has often been behind theories to explain the generation of genetic
diversity in lowland rainforest communities, e.g. the Pleistocene Refuge model (Haffer,
1969). Recent comparative phylogeographic studies among vertebrates from tropical
Australia and the Americas have aimed to test the effect of the expansion/contraction of
rainforests due to the latest Pleistocene climate oscillations on the historical aspects of species
distributions and the distribution of intraspecific genetic diversity (da Silva and Patton, 1998;
Patton and da Silva, 1998; Schneider et al., 1998). These studies found that a large proportion
of intra-specific genetic divergences with strong geographic partitioning predate the predicted
influence of the Pleistocene Ice Ages.

The island of New Guinea presents another opportunity to test the Pleistocene Refuge

model of speciation for tropical rainforests. New Guinea is the world’s largest and most
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biologically diverse tropical island, and has a continuous “ring” of lowland rainforest and
lower montane or hill forest (Johns, 1982; Pratt, 1982) skirting the central mountain range or
cordillera. While the width of these forests varies considerably around the island, both forest
types are thought to be continuously distributed around the island (Pratt, 1982). In any
biogeographic analysis of the New Guinean biota throughout the Tertiary and Quaternary, the
influence of two factors cannot be ignored: the substantial changes in the geomorphology of
the area due to complex tectonism over the entire period (Dow, 1977; Pigram and Davies,
1987), and the dramatic climate oscillations of the late Tertiary and the Quaternary (Axelrod
and Raven, 1982; Haig and Medd, 1996; Read and Hope, 1996). During this period, tectonic
movements due to continental and island arc collisions have seen the formation and infilling
of several major sedimentary basins to produce new lowland habitats and the rapid uplift of
the central cordillera (Dow, 1977; Hill and Gleadow, 1989; Hill et al., 1993). Vegetation and
faunal evidence suggests that climate oscillations caused major shifts in the altitudinal range
of many plant and animal species, with lowland rainforest becoming ‘‘patchier” and the upper
altitudinal limit of lower montane forest becoming depressed, the effect varying according to
the aspect and region (Hope, 1996a; Pasveer and Aplin, 1998). Unfortunately, palaeo-
environmental reconstructions are too few at the moment to derive a wide-ranging temporal
and geographic perspective across New Guinea. However, differences in the magnitude of
the climate oscillations could have caused a differential retreat of lowland/lower montane
rainforest to higher elevations, with steep valley/ridge systems along the heavily dissected
central cordillera leading to fragmentation of the rainforest. Rainforest refugia formed in this
way could have produced divergences amongst isolates without necessarily producing
phylogeographic concordance among different taxa.

The ranges of the north coast and the Vogelkop, in northwestern New Guinea, could
also have acted as rainforest refugia, promoting diversification of isolated populations to be
reconnected later by a continuous lowland rainforest cover. Their involvement as “refuges”

could have begun when they were part of the ‘Outer Melanesian Arc” before they achieved
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accretion with the Australian craton to form the emergent landmass of present day New
Guinea. It is also prudent to consider the role that the adjacent landmass of Australia,
repeatedly connected by land-bridges to southern New Guinea in the Plio-Pleistocene, could
have played as another lowland rainforest refuge area.

Given the complexity of the Neogene geomorphological and climatic history of New
Guinea, it would be surprising if wide scale patterns of phylogeographic concordance would
be observed on the island. Indeed, in general, continent-wide phylogeographic concordance is
far less frequent in comparison with the strong patterns of concordance observed for smaller
geographic regions (reviewed by Taberlet et al., 1998). Nevertheless, if any factor
influencing past rainforest distributions had a dominant effect, then patterns of concordance
might be expected. Evidence from the distributions of lowland rainforest and lower montane
forest birds (Pratt, 1982) and marsupials (Colgan et al., 1993) supports the latter contention.
Many apparent sibling species of birds and several species or subspecies pairs of marsupials
show concordant patterns of distribution within each of these two.groups. However, the
pattern of concordance at the eastern end of the island differs between birds and marsupials.
Furthermore, there is no estimate available of when the diversification patterns arose for any
of these taxa.

I tested the generality of the pattern of taxic diversification in New Guinean lowland
rainforest vertebrates observed for birds (Pratt, 1982) and marsupials (Colgan et al., 1993) by
using a molecular phylogeographic approach on a selection of snakes and a rodent. 1 studied
the intra-specific phylogeography of one colubrid snake (Boiga irregularis), two congeneric
boine snake species (Candoia aspera and C. carinata), two pythonine snake species
(Leiopython albertisii and Morelia viridis), and a murid rodent (Melomys rufescens). These
taxa have a wide range of differing ecologies and life histories and importantly they are co-
distributed throughout lowland rainforest and lower-mid montane forest (Flannery, 1995;
O'Shea, 1996). I used a mitochondrial molecular clock to estimate the timing of initial events

promoting divergences, providing new information to assist in the analysis of historical
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influences on the distribution of genetic diversity for an important component of the world’s

biodiversity.

7.2Materials and Methods
7.2.1 Materials

Samples were available from a wide geographic region of eastern New Guinea (Fig.
7.1). Collection locality and museum voucher details of the specimens sequenced in this
study are listed below. Some Candoia sp. sequences were supplied by C. Austin and the
Melomys cervinipes and Morelia viridis sequences were supplied by J. Birrell. These are
marked by * and ® respectively. * = samples used for allozyme electrophoresis only.

Ten Boiga irregularis AMS R124799 Usino, Madang Prov. (MP); AMS R124360
Nokopo, Morobe Prov. (MoP); BPBM 13758 Gusap, MoP; AMS R135588 Mt Sue, Sandaun
Prov. (SP); AMS R130424 Wilbeite, SP; AMS R115331 Yuro, Simbu Prov. (SiP); AMS
R115357 Noru, SiP; AMS R122371 Bobole, Southern Highlands Prov. (SHP); AMS
R122373/368 Namosado, SHP. Two B. cynodon Flores Is, Indonesia WAM R104558,
Sumba Is, Indonesia WAM R101936. Eleven Candoia aspera AMS R124100%/14, Madang,
MP; AMS R1335506"/7%/8"/9" Mt Sue SP; AMS R122352%/3* Namosado SHP; AMS
R115354" Noru, SiP; AMS R115337%/8* Yuro, SiP. Seven C. carinata AMS R135578 Mt
Sue SP; AMS R124689 Nobonob MP; AMS R124623 Karkar Is, MP; AMS R122347"/8"
Fogamaiyu SHP; AMS R122345/9 Waro SHP. Six Leiopython albertisii AMS R115346
Doido SiP; AMS R124686/798 Madang area, MP; AMS R124481 Kabum MP, BPBM
11612/3 Wau, Morobe. Eleven Morelia viridis AMS R122363%/4® Namosado SHP; AMS
R1153488 /49®/50° Doido, SiP; AMS R115355%/6® Noru, SiP, AMS R129716® Normanby
Is., MBP; AMS R124531% Bundi MP; BPBM 13080%/1°® Wau, Morobe. One Melomys
cervinipes QM M109142 Kroombit Tops, QId. Nine M. rufescens AMS M15955 Telefomin,
SP; AMS M15956 Wigote, SP; AMS M21678 Madang, MP; AMS M21677 Karkar Island

MP; AMS M16248 Namosado, SHP; AMS M19859 Waro, SHP; AMS M15162 Yuro, SiP;
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Fig. 7.1. Map of eastern New Guinea showing sample locations. The locality code is: AGO=Agofia,
BOB=Bobole, BUN=Bundi, DOI=Doido, FOG=Fogamaiyu, GUS=Gusap, HIA=Haia, KAB=Kabum, KAR=Kar
Kar Is., MAD=Madang, MAE=Mt. Albert Edward, MUN=Munbil, NAM=Namasado, NOK=Nokopo,
NRU=Noru, SUE=Mt. Sue, TEL=Telefomin, USI=Usino, YAP=Yapsiei, YUR=Yuro. Shading represents the
2,000 metre contour of the central mountain range. Squares represent ‘northern’ populations, circles represent
‘southern’ populations.
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AMS M14732 Noru, SiP; AMS M12651 near Kosipe, Mount Albert Edward, Central Prov.

One Python reticulatus SAMA R28534 no location data.

7.2.2 Mitochondrial genes

DNA was extracted by methods described in chapter 2.2. A ~360 bp product of the
partial cytochrome b (cytb) gene was amplified by PCR (protocols in chapter 2.7.1 and
2.7.3.1) and directly sequenced with primers 114841 and H15149. Aligned sequences
generated in the present study are listed in Appendix 7.1. The boid and pythonine trees were
reciprocally rooted, with each species or genus respectively acting as the outgroup for the
other. Other outgroups and species used for molecular clock calibration (GenBank accession
numbers where appropriate) included Boiga cynodon, Coluber constrictor (U49300), Elaphe
Sflavolineata (U49301), Melomys cervinipes, Mus (Z96069), Rattus norvegicus (J01436) and
Python reticulatus. Sequences were aligned by eye, as there was no length variation.
Analysis of the aligned sequences with Modeltest3.0 (Posada and Crandall, 1998) suggested
the Kimura 2-parameter model of evolution (Hasegawa et al., 1985) for maximum likelihood
and distance analyses. Phylogenetic trees were produced from the aligned sequences using all
nucleotide positions in PAUP*4.0b2a, by unweighted maximum parsimony (MP) and
maximum likelihood (ML) and the Neighbour-Joining algorithm (NJ) using the Kimura 2-

parameter model of evolution.

7.2.3 Molecular clock analysis

For the purposes of molecular clock dating, sequence divergence was estimated
according to the genetic distances calculated under the Kimura 2-parameter model (Hasegawa
et al., 1985). Cytb data were not available for the colubrid snake taxa used for fossil-based
calibration, instead I used the mitochondrial ND4 data of Kraus & Brown (Kraus and Brown,
1998). Because cytb has a fast rate of base substitution leading to saturation at third base

positions, I estimated divergence using transversion substitutions only. Rate homogeneity
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within each taxon (including the species used to calibrate our molecular dating approach) was
tested by Tajima’s (Tajima, 1993) test at a 95% confidence level. Time of separation of
major clades within Leiopython albertisii, Morelia viridis and Melomys rufescens was
estimated by the method described in chapter 2.13 equation 1. The times of separation of
major clades within each Candoia species, for which there were no suitable fossils, were
estimated as described in chapter 2.13 equation 3. For comparison of evolutionary rates with
other vertebrates, the evolutionary rate (% substitutions/million years) was estimated using

chapter 2.13 equation 2.

7.2.4 Allozyme Electrophoresis

Allozyme electrophoresis was done by S. Donnellan for four taxa examined in this
study according to Richardson et al. (1986). The enzymes stained were: AAT, ACOH, ACP,
ADA, AK, ALAT, ALDH, CA, ENO, EST, FBP, FUMH, GDA, GPDH, GP1, GSR, GUK,
IDDH, IDH, LDH, LGL, MDH, MPI, NDPK, PEP-A, PEP-B, PEP-C, PEP-D, PGAM, PGDH,
PGK, PGM, PNP, SOD, and TPI. (Allozyme frequencies are listed in Appendix 7.2).
Phenograms were generated by the unweighted pair group method using arithmetic averages
(UPGMA) from matrices of percentage of fixed allele differences from 28 loci for boines, 36
loci for pythonines, and 24 loci for rodents. Allozyme frequencies for Melomys rufescens
were obtained from Flannery et al. (1994), excluding the Central Province population because

of missing data, and for Boiga from L.Rawlings (unpublished honours thesis).

7.3 Results

7.3.1 Phylogeographic patterns

Phylogenetic relationships of a portion of the mitochondrial cyth gene were recovered with
unweighted MP and NJ from Kimura 2-parameter distances. To display the evolutionary
distances among samples, I present the NJ trees in which branch lengths are proportional to

evolutionary distance (Fig. 7.2i and 7.3i). Maximum parsimony trees showed similar overall
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topologies and are not presented. Allozyme UPGMA phenograms are shown in Fig. 7.2ii.

For Boiga irregularis, the Candoia species and Morelia viridis, phylogenies displayed
reciprocal monophyly of clades either side of the central cordillera, hereafter referred to as the
“north/south clades” (Fig. 7.21 a-b and 7.3i a). There was strong bootstrap support (>70%)
for reciprocal monophyly in almost every case. For Melomys (Fig. 7.31 b), the NJ tree has the
southern populations monophyletic to the exclusion of the northern populations which form
two groups, albeit with poor bootstrap support for paraphyly of the northern populations.
However, the northern and southern populations are reciprocally monophyletic in the MP
analysis and they group reciprocally in the allozyme analysis (see below). For Leiopython
(Fig. 7.3i a), there is a dichotomy between the Wau population (north of the central cordillera)
and Doido (south of the central cordillera), with both populations monophyletic to the
exclusion of a second group from the northern side of the central cordillera (96% bootstrap
support). For each of the six species, the north/south clades represent immediate sister
lineages in comparison with their closest congeners or confamilial relatives (see Chapter 5,
L.H. Rawlings unpublished honours thesis; Austin, 2000; Torrance, 1997).

Divergence at nuclear loci, assessed by allozyme electrophoresis, was used to
give another measure of genetic divergence and to test whether the observed pattern is due to
population history or gene specific phenomena such as gene trees. In the absence of any
evidence about constancy of rates of allozyme evolution, I do not draw conclusions about
phylogenetic relationships from these trees. With one exception, each of the UPGMA trees
showed a distinct dichotomy correlated with the north/south clades seen in the mitochondrial
trees. For Candoia carinata (Fig. 7.2ii b), a multifurcation of northern and southern
populations is present, but both southern populations form a subgroup within the
multifurcation. The lack of resolution in this phenogram arises because one third of the loci in
some populations could not be typed due to poor tissue quality. The magnitude of percentage
of loci showing fixed allelic differences largely reflects the extent of sequence divergence in

cyth. Indeed, the means of Kimura 2-parameter distances across all nucleotide
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Fig. 7.2. Mitochondrial gene tree and allozyme tree of a) Boiga irregularis and b) two Candoia species. 1.)
Neighbour Joining (NJ) trees of Kimura 2-parameter distances among mitochondrial cytochrome b haplotypes.
Numbers above and below branches represent MP and NJ bootstrap proportions from 1000 and 2000
pseudoreplicates respectively and the asterisk denotes southern New Guinean populations. ii.) UPGMA trees of
percentage of loci showing fixed allelic differences. The scale represents 10% fixed allelic differences. Terminal
taxon names correspond to locations on Fig. 7.1 or where populations were pooled for analysis MAP = Madang
Province (Kabum [KAB], Madang [MAD], Usino [USI]), MOR = Morobe Province (Gusap [GUS], Nokopo
[NOK]), SHP = Southern Highlands Province (Agofia [AGO], Bobole [BOB], Namasado [NAM], Waro
[WAR]), SIP = Simbu Province (Doido [DOI], Haia [HAI], Noru [NRU], Yuro [YUR]), For B. cynodon F =
Flores Is, Indonesia and S = Sumba Is., Indonesia.
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Fig. 7.3. Mitochondrial gene tree and allozyme tree of a.) two pythonine snake species (Leiopython albertisii and
Morelia viridis) and b.) Melomys rufescens. i.) NJ trees of Kimura 2-parameter distances among mitochondrial
cytochrome b haplotypes. (ii.) UPGMA trees of percentage of loci showing fixed allelic differences. The scale
represents 10% fixed allelic differences. Terminal taxon names correspond to locations on Fig. 7.1. or where
populations were pooled for analysis MAP = Madang Province (Kabum [KAB], Madang [MAD], Usino [USI]),
SAP = Sandaun Province (Munbil [MUN], Telefomin [TEL], Wigote [WIG], Yapsiei [YAP]), SHP = Southern
Highlands Province (Agofia [AGO], Bobole [BOB], Namasado [NAM], Waro [WAR]), SIP = Simbu Province
(Doido [DOI}, Haia [HAI], Noru [NRU], Yuro [YUR]).
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sites between north/south clades are highly correlated with the means of percentage of loci
showing fixed allelic differences (r* = 0.89, F 4= 34.85, p <0.0035).

The concordance of the geographical arrangement of genetic profiles between the
DNA and allozyme analyses across all six species shows that population sub-structuring is not
random and implies that some wide-reaching phenomenon has impacted on their history.
Furthermore, the relative amount of mitochondrial sequence divergence and the number of
fixed allelic differences between the north/south clades imply that their separation is not due

to the latest of the Plio-Pleistocene climatic oscillations.

7.3.2 Timing of Diversification

I used a mitochondrial molecular clock to estimate the timing of north/south clade
divergence. Initially, I tested for the presence of a molecular clock with the Tajima test
(Tajima, 1993). As none of the tests were significant, I was unable to reject the clock
hypothesis in any comparison. To account for the possibility that each lineage may have a
different rate of molecular evolution (Lopez et al., 1997), divergence times were estimated
separately for each lineage. As there are no fossils of any of the test species presently known,
I used the divergence from the nearest sister lineage with an adequately described and dated
fossil taxon as the calibration point for each lineage. The Python to Leiopython/Morelia
divergence dates to at least 25 MYA (Rage, 1987; Scanlon, 1996), and I used the pythonine
calibration for the boine lineage as suitable fossils are not known for the boines, and
pythonines and boines are immediate sister lineages (Kluge, 1991). For Boiga, the
evolutionary rate was calculated from the mitochondrial ND4 sequence divergence of two
colubroid species, Coluber constrictor and Elaphe flavolineata, for which the earliest fossils
are dated to the early Miocene at 22.5 MY A (Rage, 1987).

There is much controversy over the age of the Mus/Rattus divergence. Fossil dates for

Mus and Rattus are estimated at approximately 12 MYA (Catzeflis et al., 1992). Much earlier
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divergence times have been estimated using sequence divergences from other mammalian
lineages and their relevant fossils (e.g. Jap_ke et al., 1994), however, I have chosen to be
conservative and use the rodent fossil date. Whilst nucleotide substitution in cytb is not
always clock-like at deeper divergences (Janke et al., 1994), the Tajima test on our data did
not reject rate homogeneity for the Melomys/Mus/Rattus lineages. The corrected sequence
divergence between Mus and Rattus in the cytb gene for all substitutions and for transversions
only is 20% and 7% respectively. These data are consistent with estimates of sequence
divergence between Mus and Rattus determined from many nuclear genes (Bulmer et al.,
1991; O'hUigin and Li, 1992). The rate of sequence evolution between Mus and Rattus cytb
genes for all substitutions is 0.87% per MY and for transversions is 0.3% per MY. The rate
for transversions only at third codon positions is 0.9% per MY. This rate is faster than the
artiodactyl rate for cytb of 0.5% per MY (Irwin et al., 1991). Honeycutt et al. (1995) also
found that rodents have a faster rate for cytb and the mitochondrial cytochrome oxidase II
gene in comparison with artiodactyls.

For the snakes, the rate of base substitution for pythons and colubrids was 0.21% and
0.41% per MY respectively for all substitutions and 0.06% and 0.16% per MY for
transversions only. The only other directly fossil-calibrated estimate of the rate of cytb
sequence divergence for all substitutions for reptiles is ~0.4% per MY for marine turtles
(Bowen et al., 1993). These estimates are consistent with other data supporting a slower rate
of molecular evolution in heterotherms than in the homoeothermic placental mammals
(Caccone et al., 1997; Kocher et al., 1989; Martin et al., 1992; Rand, 1993; Rand, 1994; but
see Seddon et al., 1998).

The minimum estimated times of divergence between the north/south clades are 5.5 -
3.1 MYA for the snake species and ~ 1.7 MYA for Melomys rufescens (Table 7.1). It is
possible that the ages of the fossil divergences used in the calibrations have been under-
estimated. This is a significant source of error in fossil-based estimates of lineage age

(Springer, 1995). Importantly, in terms of testing for a late Pleistocene effect on divergence,



186

underestimating lineage age would cause a higher estimate of the rate of base substitution,
leading to an earlier estimate of the divergegce date. Similarly, if the earlier molecular clock
based dates for the Mus/Rattus divergence are used (i.e. 22 — 35 MA - Janke et al., 1994;
O'hUigin and Li, 1992; Sarich, 1985; Wilson et al., 1977), the divergence of the north/south

clades of Melomys is pushed back to 3.0 - 4.7 MYA.

7.4 Discussion
7.4.1 Biogeographic Interpretations

There are at least four major factors other than latest Pleistocene climate oscillations
that could explain recent population separation and hence genetic substructuring in New
Guinean lowland fauna. First, there has been a tremendous uplift of the central cordillera that
began approximately 5.8 MYA in the late Miocene (Haig and Medd, 1996). The orogeny of
the cordillera has been episodic rather than a continuously gradual event, with an initial major
burst of uplift at 5.8-5.3 MYA and less intense episodes of folding and-thrusting spanning 5.3-
47 MYA (Haig and Medd, 1996). Evidence of the effect that the orogeny of the central
cordillera has had on vicariance of lowland faunas is most dramatically demonstrated in a
range of aquatic fauna. The New Guinea crocodile Crocodylus novaeguineae (Hall, 1989),
the soft-shelled tortoise, Pelochelys (Webb, 1995) and rainbowfishes, Melanotaenia affinis
and M. goldei (Allen and Cross, 1982), show putative paired sister taxon distributions across
the central cordillera. Furthermore, the rainbowfish faunas of the northern and southern
watersheds share just a single species out of a total of 39 species (Allen and Cross, 1982).
Few opportunities exist for lowland rainforest or lower montane forest fauna to disperse
across the cordillera as there are only a few mountain passes at about 1200-2000m elevation
(Pratt, 1982). The assumption that lowland rainforest is continuously distributed around the
island (Pratt, 1982; the present study) should also be re-examined.

Second, vicariance could be due to isolation of founders on the accreting elements of

the “Outer Melanesian Arc”. Polhemus (1998) points out that the “Outer Melanesian Arc” is



Table 7.1 Corrected sequence divergence and fossil calibration data used to estimate minimum divergence times for northern
and southern clades in six New Guinean vertebrates. a - e are the values used to estimate evolutionary rates and divergence
time for the major clades in each taxon.

L. albertisii M. viridis B irregularis C. carinata C. aspera M. rufescens
a Avdistance Nvs S (A) 0.0069 0.0039 0.0131 0.0070 0.0067 0.0101
Standard Error 0.0000 0.0002 0.0016 0.0000 0.0004 0.0006
b Outgroup dist. from target taxon 0.0359 0.0316 0.0712
¢ Min. fossil divergence time (MY) 25 25 16-22.5 12
d ND4 Colubrid dist. Tv only 0.0712
e Python evol. rate (% bp/MY) 0.0006 0.0006
e Colubrid evol. rate x LMY 0.0022
¢  Colubrid evol. rate x 22.5MY 0.0016
Min N/S diverg. time (MY) # 4.8 31 1.7
Min N/S diverg. time (MY) + 2.97-4.09 5.5 53
Python evol. rate (% bp/MY) Ts+Tv 2% /MY
Python evol. rate (% bp/MY) ~ Tv only 06% / MY
Colubrid evol. rate x16MY(% bp/MY) » Tv only 22% /MY
Colubrid evol. rate x22.5MY (% bp/MY)* Tv only 16% /MY
# (ab)*c
+  (al2)e
A (d2¢)
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in fact a series of at least four elements with dissimilar ages and origins. By the late Miocene
(7-5 MYA), all of these elements except the eastern end of the Finisterre terrane had docked
with the northern margin of the Australian craton. By 2 MYA the eastern end of the
Finisterre terrane had also completely docked (Pigram and Davies, 1987). If vicariance on
any of these elements was responsible for producing the diversification observed among the
taxa that I have sampled, then it is difficult to reconcile the timing of the diversification from
our molecular data (up to S MYA) with the proximity of the these “Outer Melanesian Arc”
elements to the remainder of present day New Guinea at that time. Furthermore, if each taxon
was present on these elements prior to their docking with the rest of the New Guinean
landmass, it is difficult to conceive that diversification could have continued in the presence
of a higher likelihood of dispersal as the elemerts approached more closely to the gradually
growing New Guinean landmass.

Third, vicariance could be due to isolation of founders on various elements of the
“Inner Melanesian Arc” and northern Australia. The present sfudy does not rule out
vicariance from northern Australia as an explanation for some species but it certainly does not
explain the patterns for all of the species. There is no evidence that four of the taxa, the two
Candoia species, Leiopython albertisii and Melomys rufescens, occurred in northern Australia
and there are presently no paleo-environmental data available for this region that are pertinent
to the time period involving the taxa studied here. Future phylogeographic studies of the
several vertebrate species with distributions in northern Australia and throughout lowland
New Guinea e.g. the marsupials Echymipera rufescens and Spilocuscus maculatus, the
rodents Hydromys chrysogaster and Uromys caudimaculatus and the reptiles Boiga
irregularis, Morelia amethistina and M. viridis, could be informative by incorporating
analysis of both the Australian and New Guinean parts of their ranges.

Fourth, the earlier episodes of the Plio-Pleistocene climatic oscillations could have

produced range fragmentation and subsequent divergence iz situ within New Guinea. Whilst
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the molecular clock estimates of intra-specific divergences for the snakes and rodents
correlate with the 5-1 MYA period of orogeny of the central cordillera, they also overlap the
Plio-Pleistocene climate oscillations starting at approximately 2.6 MYA (Webb and Bartlein,
1992). Palaeoclimatic records for southern Australia indicate climatic oscillations for the
Pliocene comparable in magnitude to those of the Pleistocene (Truswell, 1993) but data for
the Pliocene and earliest Pleistocene are not yet available for the New Guinean region which
would have had both a more maritime and temperate to tropical climate. Climatic changes in
the Late Pleistocene in New Guinea lowered both the upper and lower altitudinal boundaries
of montane forests and caused expansion of grasslands at the expense of rainforest (Hope and
Golson, 1995). The effectiveness of climatic oscillations in producing fragmentation of
lowland rainforest and hill forest would have been exaggerated by the presence of the
increasingly uplifted central cordillera. Indeed, Pratt (1982) predicts that the most important
effect would have been to greatly restrict the distribution of hill forest.

The paraphyly of northern lineages of Leiopython and Melomys rufescens with their
respective southemn counterparts may indicate a dispersal pattern such as the “leading edge
hypothesis™ advocated by Hewitt (1996). Under this model, northem populations would have
persisted and have been the source of long distance dispersants into the southern lowlands
where the taxon was absent or had been extirpated.

Congruence of the phylogeographic structure between species strongly supports the
hypothesis that the uplifting of the central cordillera has made a major contribution to
distribution and divergence of lowland vertebrates in eastern New Guinea. As the central
mountain range extends the length of the island, I predict that populations in western New
Guinea would have been similarly affected. I also predict that a wider range of fauna and
flora will show a similar distribution pattern, which may provide a biogeographic principal for
defining conservation management units in the entire lowland New Guinean biota. Indeed
allozyme electrophoretic studies of skinks and frogs also suggest distributions of sister taxa

separated by the central cordillera (Domnellan and Aplin, 1989; Donnellan and Aplin, in
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press). Mapping the precise areas of contact or overlap for each of the divergent taxon pairs
will no doubt increase the level of understanding of the impact of orogeny and climate on the
New Guinean biota. It may also help determine whether these divergent taxon pairs represent

separate biological species through an examination of gene flow in areas where they may

come into contact.



Appendix 7.1.

Aligned nucleotide sequences for partial cytochrome b gene of six New Guinea taxa.

Boiga irregularis=#, B. cynodon="*
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Candoia aspera =# (S=R1335507/8) and C. carinata=*
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Morelia viridis=*, (~=AMS R115348/49/50; +=AMS R115355/6; <=BPBM 11617/BPBM 13798, AMS R124481) and Leiopython albertisii= # (+~-BPBM 11612/3)
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Melomys rufescens (A=AMS M19859/AMS M16248; *=M. cervinipes)
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Appendix 7.2.

Allozyme frequencies for five New Guinea taxa. Frequencies for Boiga irregularis are from L. Rawlings’ unpublished honours thesis, frequencies for Candoia aspera, C. carinata,
Leiopython albertisii and Morelia viridis were tested by S. Donnellan.
Boiga irregularis The following loci were invariant: dar-1, Acp, Ca, Gpdh, Guk, Idh-1, Lap, Ldh-2, Mdh-1, Mdh-2 ,Pgam, Pgk, Sod and Tpi.

Locus all BcS BcF CHP SHP WSP1 WSP2 MAP MP Locus all BcS BcF CHP SHP WSP1 WSP2 MAP MP
N 2 2 3 6 1 1 2 2 N 2 2 3 6 1 1 2 2
Rat-2 b 100 100 100 100 100 Gpi b 17 10
a 100 100 100 a 100 100 83 90 100 100 100 100
Acoh b 100 92 100 100 100 100 Idh-2 b 100 100 100 100 50 100 100 100
a 100 100 8 a 50
Ada c 100 100 50 100 100 100 Ldh-1 b 100 100 100 100 100 100
b 100 100 a 100 100
a 50
Lgl b 25 100 100 100 100 100 100 100
Alat c 100 a 75
b 100 100 75
a 100 100 100 25 100 Mpi b 100 100 100 50 100 100
a 100 100 50
Aldh b 100 100 100 - = 100 - i
a 100 Pnp b 100 100 100 ’
a 100 100 100 100 100
Ap c 100 100 67 60 100 100 100 100
b 20 PepA b 100 100
a 33 20 a 100 100 100 100 100 100
Eno b 100 100 PepB c 100 75
a 100 100 100 100 100 100 b 25 100 90 100 100 100 100
a 10
Est-1 b 50
a 100 100 100 100 100 50 100 100 PepC c 100 100
b 100 100 100 100
Est-2 c - 50 a 100 100
b 100 100 83 50 100 50 100
a 17 50 PepD c 33
b B 50
Fbp (] 100 100 67 50 100 100 100 100 a 100 100 67 92 100 50 100 100
b B
a 33 42 Pgdh b 75 100 100 100 100 100 100 100
a 25
Fumh b 100 -
a 100 100 100 100 100 100 Pgm c 50
b 100 100 100 100 100 50
a 100 100
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Candoia aspera and C. carinata

The following loci were invariant: Aat-1, Ada, Ca, Fbp, Fumh, Gda, G3pdh, Idh, Lap, Ldh-1, Ldh-2, Ndpk, PepA

LOCUS

Aat-2

Acoh-1

Acoh-2

Ak-1

Eno

Gpi

Gsr

Iddh

[ ey

o2l e} [\ ey [\ o o R o o

[oae}

C. aspera C. carinata
Madl Usi Kar Suel Nam Nru Yur Sue2 Mad2 Fog War
3 2 2 4 2 1 2 i 1 2 2
100 100 50 100 100 100 100
50 100 100 100 100
100 100 50 100 100 100 100 =
50 100 100 100
50 =
100 50 100
67 100 100 100 100 100 100
33
100 100 50 100 100 100 100 100 100 100
50 100
100 100 100 100 25 100 75 100 100 100 100
25
75
50 25
50 100 50 75 100 100 100
50 100 100 100 100
25 25 87 50 50 100 = 75
100 75 75 13 50 100 50 100 25
50 50
50 50 100 100 100 100 100 100 100 100 100

LOCUS

Lgl

Mpi

PepB

PepD

Pgdh

Pgm

Tpi

[y

(o el [ o ol oN v o0

o0

and Pgam.
C. aspera C. carinata
Madl Usi Kar Suel Nam Nru Yur Sue2 Mad2 Fog War
3 2 2 4 2 1 2 1 1 2 2
100 100 50 100 100 100 100
50 100 100 100 100
50 100 100 100 100
100 100 100
50 100 50 87
50 13
17
83 100 50 100 75 50
25 100 100 100 100
50 50 100
17 50 50 87
25
83 50 50 13 15 100 100 100 100 100 100
100 50 50 100 100 100 25
75
50 50 100 100 100 100
12 50 75
100 100 100 88 100 100 100 100 100 50 25
100 100 50 100 100 100 100
50 100 100 100 100
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Morelia viridis and Leiopython albertisii
The following loci were invariant: Acoh-1, Acp, Ak-2, Ca, Fbp, Fumh, Idh-2, Lap, Ldh-1, Ldh-2, Mdh-1, Ndpk, Pgam, Pgk and Pgdh.

Locus
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Acoh-2
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Est

Gda

Gpi

Gsr

Iddh
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Morelia viridis Leiopython albertisii
Wau Nor Nam Doi Nru Doi Wau Mad Kab
2 1 2 3 2 1 2 2 1
100 100 100 100 100
100 100 100 100
100 100 100 100 100 100
100 100
100
75
100 100 100 75 100 100 100 100
25 25
100 100 100 100
100 25
100 75 100 100
100 100 100 100
100 100 100 100 100
100 100 100 17 75 100 100 100 100
83 25
100 100 100 100 100 50 100 100 100
50
100 100 100 100 100
100 100 100 100
25
100 100 100 100 75
100 100 100 100
50 50 100 17
50 50 83 100 100 100 100 100
100 100 100 100
100 100 100 100 100
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oo oo

oo

Morelia viridis Leiopython albertisii
Wau Nor Nam Doi Nru Doi Wau Mad Kab
2 1 2 3 2 1 2 2 1
25
75 50 100 100 100 100
50 100 100 100
100 25 100 100
100 100 100 100 100 75
100 100 100 100 100 100 100 75 100
25
100 100 100 100 100
100 100
100 100
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Conclusion

The scope of the molecular studies -of pythons covered in the present study has been
very wide, ranging from intra-individual to inter-genera. Pythons share a mitochondrial gene
duplication of the control region that has been found only in other families of snakes.
However, some species of pythons, (particularly the Australo-Papuan and eastern Asian
species), have some additional elements such as hairpins and a paralogous, partial tRNA
sequence in the control region that are not found in viperid, colubrid or boid snakes studied to
date. Likewise, there are a number of large tandem repeat sequences in the python control
region that were not present in other snakes. Repeat sequences were found in the boid snake
Candoia aspera and further investigation of snake control regions might find much more
variation than originally thought. Concerted evolution of control region sequences has now
found in four snake families (boids, colubrids, viperids and file snakes) and the duplication is
also present in elapids (Acanthophis). This phenomenon would be interesting to pursue to
discover the mechanism involved.

Fourteen of fifteen genera of pythons are found in Australia and New Guinea and most
of the focus of this study was on the Australo-Papuan species. African and Asian species of
the genus Python were included to assess the genetic relationships within the family
Pythonidae. For completeness, it would have been useful to include Morelia carinata and
Python anchiete in the python phylogeny. Future studies could investigate the genetic
relationships within genera such as Morelia or Python to fill in the gaps left by the present
study. The species complex of Antaresia could also be investigated further. A 15 bp indel
present in A. childreni/stimsoni and absent in A. perthensis/maculosa suggests a common
ancestry for A. childreni/stimsoni after the divergence of 4. perthensis and A. maculosa.

In order to extend the findings of this study of phylogenetic relationships of pythons
beyond a gene tree, the addition of nuclear gene sequences would be advantageous. The

challenge will be to find a nuclear gene that has a rate of sequence evolution sufficient to
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contain phylogenetic signal that will reflect the evolutionary history of the Pythonidae. The

rate of molecular evolution of the mitochon@rial genes is quite slow relative to mammals and
even the medium-fast evolving cytochrome b gene did not provide sufficient signal on its own
to differentiate between python lineages.

Control region and cytochrome b sequences were able to differentiate between distinct
populations of green pythons (Morelia viridis). The present study found strong evidence to
suggest that there are two cryptic species of green pythons distributed either side of the New
Guinea central mountain range. The sampling of green pythons for this study was not
sufficiently comprehensive to discern the geographic boundaries of the two species. Further
investigation of the geographic boundaries for the “northem™ and “southern” forms of green
pythons could be undertaken by sampling from the coastal regions at the eastern and western
ends of the central mountain range. As a pattern of “north-south” genetic sub-structuring is
also present in other mid-montane New Guinea taxa (presented in chapter 7), delineation of
the green python species boundaries may give a clue to zoo-geographic regions that became
established as the mountain building of the Plio-Pleistocene divided faunal populations.

From this very preliminary data, it would seem that phylogenetic signal within the
control region of green pythons is sufficient to differentiate between the Australian
population and the New Guinea populations. Further testing is necessary to determine the
amount of variation present in the New Guinea populations and to test whether the Australian
haplotypes are also present in New Guinea. This population data would have a useful
application in customs and fauna protection to provenance suspected illegally-imported
animals. As the poaching of native specimens from the wild and the illegal import of exotic
specimens is an on-going fauna management problem for Australian Parks and Wildlife
officers, further molecular research on pythons should incorporate genetic markers that can be
used to identify individuals that are captive bred and distinguish between wild populations
(e.g. microsatellites).

Control region sequences have also been useful to investigate Australian populations
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of water pythons. Results from the present study suggested that there might be two distinct

populations, a northern territory group and an east coast population. These findings need to
be confirmed further and a cost-effective, first place to start would be with allozymes.
Genetic analysis supported the current division of Liasis olivaceus into two subspecies, the
Pilbara distributed L. o. barroni and the northern Australian L. o. olivaceus.

There are many other python population studies that could be pursued. As many
species have wide distributions that incorporate quite diverse habitats, some of which could
have existed in isolation for significant periods, there were likely to have been opportunities
for genetic sub-division to occur. In the pursuit of preserving genetic diversity, it is important
to identify unique populations. Population studies of Aspidites ramsayi, Morelia amethistina
and M. spilota would each be interesting to pursue for the above reasons. As these are also
attractive species that are popular in the domestic market, investigations that lead to the
development of molecular markers would also benefit the monitoring of the pet trade.

It is hoped that the findings presented in this study will: be built on in future

investigations into python population genetics.
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