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“We found in these islands 
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“Their manner of generation or 
procreation is exceedingly 
strange. Below the belly the 
female carries a pouch and we 
have found that the young 
ones grow up in this pouch 
until they are able to walk…” 

-Francisco Paelsart, Commander of the 
Batavia, 1629 
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(a) Significance 

One of the major challenges in comparative genomics and evolutionary biology is understanding how 

differences in body form and function are reflected at the molecular level2. With significant advances in next-

generation sequencing technologies we now have the genomes of over 45 vertebrate species, but 
understanding how the differences and similarities within these genomes are correlated with species diversity 

is largely unknown. The primary research objective of this proposal is to elucidate how convergent evolution of 

body form in disparate lineages is conferred at the molecular level. To achieve this objective we will use a 
species described as the most striking example of convergent evolution in mammals, the thylacine or 

Tasmanian tiger (Thylacinus cynocephalus) (Fig. 1).  

The thylacine was a large, carnivorous Australian marsupial 

that, apart from the presence of a pouch where its young 

developed, was phenotypically almost indistinguishable from a 
eutherian canid (dog) (Fig. 1)4. Despite their phenotypic 

similarities, the thylacine last shared a common ancestor with 

eutherian mammals (including the canids) around 160 million 

years ago5. This makes the thylacine-dog comparison an ideal 
system in which to examine the molecular changes resulting in 

convergent evolution for many reasons; firstly, the degree of 

convergent evolution is unsurpassed in the mammals. 
Secondly, the divergence time of marsupials and eutherians 

provides enough sequence homology to enable genome 

alignments, but enough divergence that non-functional regions 
are not maintained6, 7. Lastly, the genome sequence of the dog, 

several other eutherian mammals and closely related 

marsupials (the tammar wallaby and Tasmanian devil) are 

available providing the necessary materials for comparison8.  

Understanding how changes in body form are specified at the 

genome level is crucial to understanding the process of 
evolution and the regions of the genome subject to natural 

selection. We will also identify key regions of the genome that 

can alter the development of the mammalian body plan. This is 
essential to our understanding of mammalian diversity. 

Although the thylacine has recently gone extinct, our 

preliminary data indicate that the sequencing of its genome 
from archived museum specimens is a tangible goal. We have 

also demonstrated that we can identify promoter elements of 

critical developmental genes, and examine their function in the 

mouse through transgenesis. Thus we have the tools and materials necessary to investigate the fundamental 
consequences of convergent evolution at the genome level and provide insights into the genetic basis of 

adaptive traits and mammalian evolution.  

Our hypothesis is that convergent evolution at the phenotypic level will be reflected by convergent evolution at 

the genome level, particularly within the promoter regions of key genes driving development of the body plan. 

To test our hypothesis, the specific aims of this proposal are: 
Aim 1: Develop a draft sequence of the thylacine genome. We will use new next generation sequencing 

technologies to generate reads of the thylacine genome and scaffold it against that of other marsupials.  

Aim 2: Characterize the thylacine HOX gene clusters and a defined set of known mammalian skeletal 
patterning genes. In parallel with Aim 1, we will use capture array technology to obtain deeper coverage (than 

that of the rest of the genome) of known regions of the genome that affect the mammalian body plan. We will 

then develop new bioinformatic algorithms to examine these sequences to identify regions of convergence 
between the dog and thylacine genomes.  

Aim 3: Perform a genome wide survey to identify novel genes and regulatory regions that have 

undergone convergence in the thylacine and dog. Using methods refined in Aim 2, we will identify 

fundamental changes in known genes as well as isolate new putative modulators of the mammalian body plan. 
Aim 4: Functional examination of convergent changes. A subset of the regions identified will be 

functionally examined in mice using our proven transgenesis approach to determine how the convergent 
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Convergent&regions&

species - and will enable us to effectively identify regions of parallel 

evolution while greatly reducing the risk of isolating conserved non-
functional elements by random chance. Such an approach would not be 

feasible within the eutherian or marsupial lineages since too much 

homology exists due to insufficient divergence (Fig 4 & 5). However, this 

also complicates the identification and analysis of convergent regions. We 
will primarily focus on the conservation of TFBS that are typically 4 to 30 

base pairs long (but can be up to 200bp). However, the nonfunctional DNA 

between the TFBS is going to show a higher degree of similarity between 
closely related species (ie. between the thylacine and wallaby, and the dog 

and bat) than between thylacine and dog, by virtue of their divergence 

times. To get around this obstacle and enable identification of homoplastic 
promoters, we use a non-sequence based approach to identify 

combinations, or motifs, of TFBS. Firstly, we will scan assembled promoter 

sequences for known transcription factor families using MatInspector 

(http://www.genomatix.de/matinspector.html) and other related algorithms. 
By using TFBS weight families in the scanning process, MatInspector is 

especially good for comparative promoter analyses and detection of 

phylogenetically conserved TFBS patterns. We will also analyze the 
assembled promoter regions using the MEME suite (NIH/NCRR; which 

performs de novo TFBS motif recognition89, 90). Since gene promoters most 

usually have a set of TFBS for multiple factors that act in synergy to 
regulate gene expression, we will identify the TFBS types and locations for comparison across our species83. 

This will be validated using MotifMap59, 60 and DistanceScan91 (a program designed to identify TFBS 

combinations and find motifs). We will then search for common motifs between our species using the methods 

outlined by Xie et al.,92. This method is extremely effective in identifying conserved TFBS motifs in divergent 
species92. By searching for a combination of TFBS, we will significantly reduce the risk of identifying matching 

elements by chance. We will identify homoplastic promoters using MOPAT, an algorithm designed to identify 

discontiguously conserved TFBS motifs93. This will enable more flexibility in the precise arrangement of TFBS, 
that might be expected to occur under homoplasic convergence. We will use this pipeline to identify TFBS-

motifs in key developmental genes, shared between the thylacine and dog, but that are not shared between 

dog and bat or thylacine and tammar wallaby (Fig. 9). The promoters that show a high degree of sequence 

convergence will be targeted for functional examination in Aim 4.   

Significance: Using the approach outlined above, we will address one of the most fundamental questions in 
evolutionary biology; how alterations to body form and function are reflected by changes at the genome level. 

We will also examine whether parallel evolution in known skeletal genes occurs most often in the coding 

regions of the genome, as suggested by Fondon24, or in the non-coding regions, as suggested by Carroll2. 

Furthermore, we will identify the specific regulatory and coding changes that are important for development of 
the mammalian body plan, critical for our understanding of mammalian developmental biology, genome biology 

and evolution.  

Anticipated outcomes: Identify regulatory region and amino acid changes in known body patterning genes 

that direct differential development of the mammalian body plan; Determine how convergent evolution is 

conferred at the genome level; Determine if evolutionary changes occur more often in coding or non-coding 

regions of the genome. 

Aim 3: Perform a genome wide survey to identify novel genes and regulatory regions that have 

undergone convergent evolution in the thylacine and dog.  We will refine our bioinformatics approach in 
Aim 2, by running our coding and non-coding pipelines on previously described body patterning loci, purified 

using the capture array. We will then apply a similar approach to perform a genome wide survey for signatures 

of convergent evolution. This comprehensive and unbiased survey will enable us to identify novel genes and 
regulatory regions that may not have been previously reported to affect the mammalian body plan. Thus, our 

comparative methods to identify convergent regions of the genome can also be used as a novel gene 

discovery tool to isolate genes and regulatory sequences that influence mammalian diversity.  

Methods: The scaffolded thylacine genome will be divided up into coding and non-coding portions using the 

tammar and devil genome annotations. The resulting two pools will be subject to different analysis pipelines as 

outlined in Aim 2 (Fig. 8). All coding regions will be translated into amino acids and then aligned to dog, bat 
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Assembly(Stats(
Total&Number&of&Bases& 3,016,507,000&

Total&Number&of&Con,gs& 2,065,150&

N50&Con,g&Length& 3,500bp&

N90&Con,g&Length& 729bp&

Longest&Con,g& 39,863&

GC%& 35.98&

Thylacine Genome 1.0 

~15x coverage after filtering for high quality reads 
Further 10x coverage from Proton, 454, SOLiD reads 
Damage estimate <0.5% before preCR 

species - and will enable us to effectively identify regions of parallel 

evolution while greatly reducing the risk of isolating conserved non-
functional elements by random chance. Such an approach would not be 

feasible within the eutherian or marsupial lineages since too much 

homology exists due to insufficient divergence (Fig 4 & 5). However, this 

also complicates the identification and analysis of convergent regions. We 
will primarily focus on the conservation of TFBS that are typically 4 to 30 

base pairs long (but can be up to 200bp). However, the nonfunctional DNA 

between the TFBS is going to show a higher degree of similarity between 
closely related species (ie. between the thylacine and wallaby, and the dog 

and bat) than between thylacine and dog, by virtue of their divergence 

times. To get around this obstacle and enable identification of homoplastic 
promoters, we use a non-sequence based approach to identify 

combinations, or motifs, of TFBS. Firstly, we will scan assembled promoter 

sequences for known transcription factor families using MatInspector 

(http://www.genomatix.de/matinspector.html) and other related algorithms. 
By using TFBS weight families in the scanning process, MatInspector is 

especially good for comparative promoter analyses and detection of 

phylogenetically conserved TFBS patterns. We will also analyze the 
assembled promoter regions using the MEME suite (NIH/NCRR; which 

performs de novo TFBS motif recognition89, 90). Since gene promoters most 

usually have a set of TFBS for multiple factors that act in synergy to 
regulate gene expression, we will identify the TFBS types and locations for comparison across our species83. 

This will be validated using MotifMap59, 60 and DistanceScan91 (a program designed to identify TFBS 

combinations and find motifs). We will then search for common motifs between our species using the methods 

outlined by Xie et al.,92. This method is extremely effective in identifying conserved TFBS motifs in divergent 
species92. By searching for a combination of TFBS, we will significantly reduce the risk of identifying matching 

elements by chance. We will identify homoplastic promoters using MOPAT, an algorithm designed to identify 

discontiguously conserved TFBS motifs93. This will enable more flexibility in the precise arrangement of TFBS, 
that might be expected to occur under homoplasic convergence. We will use this pipeline to identify TFBS-

motifs in key developmental genes, shared between the thylacine and dog, but that are not shared between 

dog and bat or thylacine and tammar wallaby (Fig. 9). The promoters that show a high degree of sequence 

convergence will be targeted for functional examination in Aim 4.   

Significance: Using the approach outlined above, we will address one of the most fundamental questions in 
evolutionary biology; how alterations to body form and function are reflected by changes at the genome level. 

We will also examine whether parallel evolution in known skeletal genes occurs most often in the coding 

regions of the genome, as suggested by Fondon24, or in the non-coding regions, as suggested by Carroll2. 

Furthermore, we will identify the specific regulatory and coding changes that are important for development of 
the mammalian body plan, critical for our understanding of mammalian developmental biology, genome biology 

and evolution.  

Anticipated outcomes: Identify regulatory region and amino acid changes in known body patterning genes 

that direct differential development of the mammalian body plan; Determine how convergent evolution is 

conferred at the genome level; Determine if evolutionary changes occur more often in coding or non-coding 

regions of the genome. 

Aim 3: Perform a genome wide survey to identify novel genes and regulatory regions that have 

undergone convergent evolution in the thylacine and dog.  We will refine our bioinformatics approach in 
Aim 2, by running our coding and non-coding pipelines on previously described body patterning loci, purified 

using the capture array. We will then apply a similar approach to perform a genome wide survey for signatures 

of convergent evolution. This comprehensive and unbiased survey will enable us to identify novel genes and 
regulatory regions that may not have been previously reported to affect the mammalian body plan. Thus, our 

comparative methods to identify convergent regions of the genome can also be used as a novel gene 

discovery tool to isolate genes and regulatory sequences that influence mammalian diversity.  

Methods: The scaffolded thylacine genome will be divided up into coding and non-coding portions using the 

tammar and devil genome annotations. The resulting two pools will be subject to different analysis pipelines as 

outlined in Aim 2 (Fig. 8). All coding regions will be translated into amino acids and then aligned to dog, bat 
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What&is&a&thylacine?&

Common&
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Lowenstein&et&al&(1991),&Krejewski&et&al&(1997),&Miller&et&al&(2009)&
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Summary&

•  Marsupials provide terrific models to 
understand mammalian evolution 

•  High quality “ancient” DNA – best extinct 
genome build to date 

•  Correct placement of the thylacine 
phylogenetically 

•  Opportunity to understand convergent 
evolution 
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