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Abstract 

One of the most fundamental questions in evolutionary developmental biology is how 

phenotypic adaptations are controlled at the molecular level. One way we can address this 

question is by looking at examples of convergent evolution between distantly related species. 

Here we can ask the question; are similarities in morphology reflected by similarities in the 

genome? One of the most striking cases of convergent evolution in mammals is seen between 

the marsupial thylacine (or Tasmanian tiger) and placental canids (wolves, dingos and foxes) 

particularly in their cranial morphology. However, the extent of their morphological 

convergence has never been directly quantified. In my thesis I use a combination of 

morphological and molecular data to investigate candidate loci that may contribute to 

convergent craniofacial evolution between the thylacine and the canids.  

Using a geometric morphometric comparison of cranial shape between extinct and extant 

marsupial and placental mammals, I showed that the adult thylacine and canids represent a 

remarkable case of craniofacial convergence. By additionally CT scanning and landmarking 

all known thylacine pouch young specimens, I was able to demonstrate that the marsupial 

thylacine overcame its conserved neonatal constraints towards the end of its developmental 

period in the pouch. The strong similarities between the thylacine and canids are likely driven 

by underlying changes in cranial neural crest cells (NCCs), which are directly responsible for 

patterning the facial skeleton.  

I next investigated candidate loci that might be underpinning this extraordinary phenotypic 

convergence. RUNX2 is expressed in NCCs and is strongly implicated in driving facial length 

evolution in placental mammals. I hypothesized that similarities in the RUNX2 gene might 

partially explain similarities in facial shape between the thylacine and canids. However, 

unexpectedly, we found that the marsupials possess an invariant RUNX2 which cannot explain 

the diversity of facial shapes seen within marsupials nor craniofacial convergence. Instead, 

changes in facial length might be mediated through regulatory changes to RUNX2 expression.  

Using a genome-wide approach, we investigated homoplasy in protein coding genes. While 

overall homoplasy was extremely rare, we identified multiple thylacine/canid homoplasious 

amino acid substitutions in the osteogenic chromatin remodeller, CHD9, a known upstream 

regulator of RUNX2. We found that the amino acid substitution in the DNA binding domain 

resulted in differential expression and activation of RUNX2 in vitro and may act as a contributor 

to RUNX2-mediated craniofacial convergence.  
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While I found evidence for changes in protein coding genes potentially contributing to 

convergence, the pleiotropic consequences of mutations in key developmental genes are 

thought to limit their evolvability. As such, we also used a genome wide approach to investigate 

accelerated evolution and convergence in the non-coding portion of the genome. We identified 

multiple putative cis-regulatory elements (CREs), including an enhancer upstream of the 

craniofacial TGF-β signalling receptor ACVR2A, also critical in NCCs. We found that the 

thylacine enhancer was able to drive craniofacial expression in the mouse and is a potential 

candidate mediating convergent craniofacial evolution. This finding suggests CREs may also 

play important roles in adaptive evolution and convergence.  

In this thesis I find support for protein coding and CRE evolution driving convergent 

craniofacial similarities. This supports my hypothesis that convergence targets genes and CREs 

in the NCCs directing craniofacial convergence between the thylacine and canids.  
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1. Introduction 

Evolution is the driving force behind the entire diversity of life. Over successive generations, 

species accumulate small progressive changes which may then be selected for in response to 

specific environmental pressures. As suggested by Darwin, within a diverse population it is not 

the strongest of the species that survive, but instead the ones that are responsive to change [1]. 

Over the course of evolution, a wide diversity of adaptive forms have emerged to successfully 

occupy different habitats, assist in specialized locomotion, and to accommodate various 

feeding ecologies. The evolution of the vertebrate bony skeleton is an important innovation 

that has been continuously adapted to benefit the survival of species. While the skeletal 

structures vary significantly in their overall size, shape and appearance, each evolved from a 

common ancestral vertebrate form and are comprised of the same basic homologous structures. 

For example, the vertebrate limb has been adapted for swimming, arboreal climbing, powered 

flight and gliding, bipedal and quadrupedal walking and running, yet are each still comprised 

of the same underlying stylopod (upper limb), zeugopod (middle limb) and autopod (hands and 

feet) bones (Figure 1). The vertebrate limb is therefore an excellent example of developmental 

modularity. Within the limb are the three individual segments (modules) which can 

individually change (e.g. lengthening of the fingers without altering the upper limb or forearm), 

as well as the limb itself which can evolve freely relative to other parts of the skeleton. 

Individual skeletal elements may also be co-opted and repurposed into new structures to 

achieve novel roles. This is well illustrated through the exaptation of the mammalian middle 

ear bones, where two of the three bones of the reptilian inner jaw were repurposed to become 

the incus and malleus of the ear [2,3].    

The basis of morphological evolution is controlled through changes to the underlying genetic 

code. The genome is the primary target of evolution and is comprised of protein coding genes 

which drive development. Of these, there is a suite of master regulatory genes which make up 

a conserved genetic toolkit that patterns the body. Changes to the timing and expression of key 

patterning genes provides the molecular basis for the development of different morphological 

structures. Novelty may arise through genes being co-opted into new pathways or duplicated 

into new orthologs which may gain novel roles and functions in different developmental 

contexts [4]. Lineage specific expansions of gene families have also been attributed to specific 

adaptive outcomes [5–7]. While we possess a reasonable understanding of the governing 

processes that control molecular evolution, we know very little about how these specific 

mechanisms drive specific adaptive forms. This understanding of how molecular changes drive  
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Figure 1 – Homologous limbs between vertebrates. Forelimbs of human (A), dog (B), 

bird (C) and whale (D) showing homology of same bones adapted for different modes of 

locomotion. Each limb is comprised of the same stylopod (humerus, orange), zeugopod 

(ulna/radius, red/white) and autopod (carpals/digits, yellow/brown), yet each module is 

variabile in its size and shape. Adapted from work by Petter Bøckman,CC BY-SA 3.0.  
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phenotypic evolution is the central idea in evolutionary and developmental biology (evo-devo) 

and is the general theme of this thesis.  

 

2. Craniofacial development and evolution  

2.1 Evolution and development of the face  

The face and skull are important evolutionary innovations that have been shaped and moulded 

to facilitate various feeding ecologies, sensory processes and social and behavioural 

adaptations. The skull is a highly modular and evolvable system comprised of many bones, 

muscles and sensory structures. Development of the bony facial skeleton is a deeply conserved 

program with evolutionary origins dating back to the jawless agnathan fishes [8]. The ‘new 

head’ hypothesis suggests that the early origins of the face and jaws occurred in an ancient 

evolutionary transition from filter feeding to active predation [9,10]. One of the most important 

evolutionary novelties involved the co-option and articulation of the lower jaw from the gill 

arches through the acquisition and development of the neural crest [11]. The  innovation of the 

neural crest allowed the specification of the upper and lower jaws, and transition from a 

cartilaginous scaffold into a bony skeleton [12].  

The development of the skull is driven by the interplay of various germ layers in early 

development. During gastrulation, the unilaminar (single layered) embryo develops into three 

distinct germ layers: the ectoderm (outer), mesoderm (middle) and endoderm (inner). While 

the three germ layers give rise to various tissue types and organ systems throughout the body, 

the development of the vertebrate skull is driven by migratory mesenchymal stem cells that 

arise from the ectoderm and paraxial mesoderm [10]. In the early embryo, the ectoderm 

expands to form the neural folds. The neural folds migrate, contact and close forming the neural 

tube (Figure 2a,b). Before closure, the neural folds establish a multipotent population of 

migratory neural crest stem cells (NCCs) (Figure 2a,c) [13,14], which provide the precursors 

for the bones, cartilage, nerves and muscles of the face. The cranial NCCs migrate into and 

establish the frontonasal process (FNP; Figure 2c) and pharyngeal arches (PA) [13] (Figure 

2c). Each PA (anteriorly to posteriorly) determines various structures throughout the embryo, 

however here I focus on the first arch (PA1). Once the migratory NCCs reach the FNP and 

PAs, they differentiate into the various tissues that comprise the face. The NCCs in the FNP 

form the bones at the front of the face, such as the frontal and nasal bones (Figure 2d). While  
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Figure 1 – Contribution of neural ectoderm and mesoderm to mouse skull 

development. (a) Formation of the neural tube and NCC migration. The neural folds (NF) 

give rise to the neural crest stem cells (NC, light blue), and close to form the ectodermal 

neural tube (NT, grey). Neural crest cells (NCCs) bud off from the NF and migrate to their 

destination in the embryo. (b) Cross section of the early embryo showing ectoderm (NT), 

paraxial mesoderm (pme, pink) endoderm (en, yellow) and NC (blue). (c) Whole embryo 

showing NCC migration into the frontonasal prominence (FNP) and pharyngeal arches 

(PA1-4). PA1 is segmented into the maxillary (mx) and mandibular (md) prominences. 

NCCs migrate from discrete segments of the NT, called rhombomeres (R1-3), into their 

destination FNP and PAs, later forming the facial skeleton. The pme gives rise to the 

neurocranium (pink). (d) Contribution of NC and pme to the bones of the skull. The pme 

forms the oc=occipital, ip=interparietal, p=parietal and sp=sphenoid (pink); and the NCCs 

form the t=temporal, f=frontal, n=nasal, zy=zygomatic, mx=maxilla, pm=premaxilla, 

md=mandible (blue). Redrawn from Chai, Maxon (2006). 
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the NCCs in PA1 segment the arch into the maxillary and mandibular prominences (Figure 2c), 

with the maxillary prominence forming the bones of the upper jaw, including the maxilla, 

premaxilla, palate and zygomatic; and the mandibular prominence forming the mandibles 

(Figure 2c,d) (reviewed by [15]). Collectively, the bones of the face make up the 

viscerocranium of the skull. Unlike the NCC derived facial skeleton, the bones of the cranial 

vault and base, including the parietal, occipital and sphenoid (known as the neurocranium), 

form separately and are derived from mesenchymal cells of the cranial paraxial mesoderm 

(Figure 2b,c,d). Additionally, the origins of the cranial bones are formed through separate 

processes and are highly modular. The bones of the viscerocranium are formed through the 

process of intramembranous ossification, whilst the neurocranium is formed through the 

process of endochondral ossification.   

 

2.2 Molecular mechanisms driving craniofacial development  

Craniofacial development is a controlled by a ‘genetic toolkit’ made up of families of highly 

conserved patterning genes [16]. The expression and regulation of these major transcription 

factors, morphogens and signalling molecules control the development of the various structures 

of the face and are deeply conserved across distantly related vertebrates. Craniofacial 

development is driven through the interplay of the major signalling pathways: hedgehog (HH), 

wingless (WNT), NOTCH, fibroblast growth factor (FGF), transforming growth factor beta 

(TGF-β) and bone morphogenic protein (BMP). Each pathway plays specific roles in 

craniofacial patterning and outgrowth, beginning at the early stages of gastrulation, occurring 

in the migratory neural crest. For example, FGF, BMP and WNT signalling is responsible for 

NCC migration from the neural folds (reviewed in [17]) and is important in NCC initiation. 

Prior to migration, WNT driven NCC progenitors upregulate and express key early neural crest 

markers (Pax3/7, Msx1/2 and Ap2) before switching on NCC specifiers such as Sox9/10, Snail 

and Foxd3 [17] initiating the migration and invasion of the NCC into their target tissues. After 

induction and migration, WNT, BMP and NOTCH signalling further help to maintain neural 

crest development and specification. The key morphogenic transcription factor sonic hedgehog 

(Shh) from the HH family plays a critical role in patterning, homeostasis and development of 

the first pharyngeal arch and midline (reviewed in [18]). Shh attracts NCCs into the PAs 

through FGF signalling, driving arch patterning and outgrowth in the early facial ectoderm 

[19,20].  
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Once NCCs have migrated to their target tissues, the TGF-β and BMP pathways play essential 

roles in osteogenesis and skeletal development [21]. TGF-β signalling ligands, such as TGFs, 

BMPs and Activins, bind to and activate membrane bound TGF, BMP and Activin receptors 

which initiate intracellular Smad signalling cascades. These cascades initiate downstream 

target gene expression. During osteogenesis Smad signalling activates the key transcription 

factors Sox9 [22] and Runx2 [21,23] which pattern the skeletal elements and form the bones of 

the cranium. Bone is formed through two distinct pathways: endochondral ossification, where 

a cartilaginous scaffold forms before differentiating into bone; and intramembranous 

ossification, where bony condensations develop immediately from migrating MSCs. Bone 

development is controlled by the master transcription factors SOX9 and RUNX2, and mice 

deficient for these genes lack the formation of cartilage [24] and bone [25], respectively. 

Endochondral ossification is the osteogenic pathway used in the formation of long bones and 

healing of fractures. During endochondral ossification, SOX9 is switched on and converts 

proliferating MSCs into cartilaginous chondrocytes [14]. The cartilaginous precursors provide 

the scaffold for the maturation of cartilage into bone, achieved through the activation of RUNX2 

[14]. RUNX2 recruits osteoblast-specific genes, such as Osteocalcin, osteopontin and collagen 

IIa (Col2a1), which terminally differentiate the cells into mature osteoblasts and lay down a 

mineralized, calcified matrix [26,27]. In intramembranous ossification, bone develops without 

a pre-cartilaginous phase, forming the dermal bones of the head. Migratory multipotent stem 

cells, namely NCCs (forming the facial skeleton) and MSCs from the paraxial mesoderm 

(forming the cranial vault) (Figure 2b,c,d), proliferate into mesenchymal condensations which, 

under the direct influence of RUNX2, immediately differentiate into pre-osteoblast precursors 

before terminally differentiating into osteoblasts [28]. Therefore, RUNX2 is critical in bone 

development and skeletal patterning especially in the bones formed through intramembranous 

ossification. 

Given the different origins of the cranial bones during the development of the skull, craniofacial 

evolution can be described as a highly modular process. Ultimately, changes within the 

migratory neural crest of the FNP or PAs, versus those occurring in mesenchymal stem cells 

within the paraxial, mesoderm may generate different phenotypic outcomes. This modularity 

in skull development is exemplified between breeds of dogs which possess a diverse range of 

craniofacial morphologies due to their domestication and selective breeding. Canine 

craniofacial variability is largely seen in the viscerocranium compared with the neurocranium 

[29], suggesting evolutionary flexibility in NCCs as a distinct developmental module. In 
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contrast, marsupial mammals are subjected to developmental constraints on their facial 

skeletons due to their unique reproductive strategies, discussed in section 4.2. As such, 

marsupials possess greater variability in their neurocranium than their viscerocranium, 

compared with placental mammals [30]. However, despite these differences in evolutionary 

flexibility, the deep evolutionary origins of craniofacial development govern the process 

through a conserved toolkit of morphogens and transcription factors. Therefore, given the 

diverse range of craniofacial morphologies seen within, and between species, the question 

remains as to how this morphological variation arises and is driven at the molecular level?  

 

3. How does phenotypic variation arise? Evolution at two 

levels  

A huge diversity of cranial shapes exist throughout vertebrates. These morphologies range in 

multiple magnitudes of size and shape (e.g. between a whale and mouse). This variation is also 

present within species and can be highly variable between closely related species. To determine 

the molecular basis behind craniofacial variability, several seminal studies have examined this 

phenomenon in model species of birds which possess different beak morphologies. 

Comparative gene expression analysis of NCCs derived from the FNP of chick, duck and quail 

embryos found that while the same toolkit genes and patterning factors are switched on during 

beak outgrowth and development, they possess dramatically different expression profiles, 

especially genes associated with the WNT signalling pathway [31]. As the NCCs directly give 

rise to facial bones, this suggests that NCCs contain their own predetermined, species-specific 

genetic program prior to their proliferation and differentiation. This hypothesis was 

spectacularly confirmed using quail-duck embryonic NCC transplantation experiments. Donor 

NCCs transplanted into the recipient species resulted in the recipient species developing the 

donors beak (development of a beak on a duck and bill on a quail) [32,33]. Together these 

studies strongly suggest that molecular changes in the underlying NCC progenitor population 

early in development control the development of the skull. Skull development is modular and 

specific changes to the progenitor population underlying the viscerocranium (ectodermal 

NCCs) or neurocranium (paraxial mesodermal MSCs) will differentially affect the 

development of the mature structures. Therefore, evolutionary variation in the size and shape 

of the face may be controlled through subtle alterations to the genetic program of NCCs, 

affecting the rate of migration, proliferation or differentiation. While this is a reasonable 
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hypothesis as to how variation may arise, it remains unknown whether this is driven through 

evolutionary changes within protein coding genes, or through regulatory changes which alter 

the activity and expression of these major patterning factors.  

 

3.1 Evolvability of protein coding genes 

Protein coding genes perform various molecular roles in cells during development, and 

therefore provide a substrate on which evolution can act. Despite their deep homology and 

sequence conservation over hundreds of millions of years, small incremental evolutionary 

changes can result in adaptive phenotypic variation. While gene duplication and divergence 

can create novel orthologs with new developmental roles and/or tissue specificity, mutations 

in existing genes may modify their function and/or alter the transactivation of their downstream 

targets. There is a precedent for evolutionary mutations within genes associated with NCC 

proliferation and differentiation driving variation in craniofacial morphology amongst closely 

related taxa. Between species of cichlids, an evolutionary amino acid substitution in the gene 

LBH shifts the migratory rate of NCCs, altering adult craniofacial morphology [34]. 

Evolutionary mutations in the DNA binding domain of transcription factors have also been 

shown to increase the affinity of DNA binding in vitro [35] and may contribute to altered 

downstream gene activation. A similar phenomenon has been identified in the major osteogenic 

regulator RUNX2, where changes to an internal protein repeat have been implicated in driving 

craniofacial length evolution in groups of mammals.   

RUNX2 contains a highly variable poly-glutamine (Q): poly-alanine (A) protein repeat. 

Changes to the respective length and ratio of Q:A in the repeat have been shown to alter protein 

stability [36–38] and transactivation of downstream targets [39]. Protein repeats therefore have 

been described as evolutionary tuning knobs [45] as small slippage mutations can cause subtle 

phenotypic variation [46,47]. As such the variability in the QA repeat ratio has been 

significantly correlated with facial length ratios amongst domestic dogs [40], and naturally 

evolving orders of placental mammals [41], the Carnivora [39], Primates [42], and Chiroptera 

[43]; as well as bill length in shorebirds (Scolopacidae) [44]. While changes within RUNX2 

has been strongly implicated in craniofacial evolution in placental mammals (and birds), its 

role in the sister group of marsupial mammals is unknown. Given the important role of RUNX2 

in the direct intramembranous ossification of the NCCs in the developing face [23], these 
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evolutionary mutations provide a plausible modular mechanism to drive facial length evolution 

and diversity.  

The above examples of evolutionary mutations within protein coding genes provide a simple 

explanation as to how variation may arise, as substitutions within functional protein domains 

may alter protein activity leading to subtle morphological variation. However, many key 

transcription factors and patterning genes are used across multiple processes, known as 

pleiotropy, and any change which causes undesirable effects in other tissues or pathways will 

be deleterious [48]. As such, protein coding genes are generally under strong purifying 

selection, and are both evolutionarily and functionally constrained, illustrated by their deep 

homology. An alternate mechanism to drive differential gene expression instead involves 

changes to the regulation of patterning genes throughout development [49,50]. Controlling 

when, where and which genes are switched on provides a more precise mechanism to alter 

phenotypic variation without disrupting general gene function. This higher level of genetic 

regulation is partially controlled by specific families of genes which remodel the chromatin 

environment and expose key genes and their regulatory elements.  

 

3.2 Chromatin remodellers 

Cells and tissues possess the same genetic information yet exhibit vastly different 

transcriptional profiles. These differences are driven through alterations to the epigenetic 

profile between cell types, maintained via alterations to the chromatin architecture. Within each 

cell type, specific genes and their regulatory elements (section 3.3) are exposed or repressed 

through modifications to the histones bound to them. Chromosomal regions that are active are 

in an open chromatin state, loosely wound around histones allowing exposure and activation 

by transcription factors and other cellular machinery. In contrast, unimportant regions in a 

given cell or developmental process are in a closed chromatin state and are tightly wound 

around histones, silencing their activity. These specific confirmation states are maintained by 

classes of enzymes that remodel the chromatin environment to alter the accessibility of target 

genes and their regulatory elements in different tissues during different stages of development 

[51,52]. Four families of chromatin remodelling enzymes exist (SWI/SNF, ISWI, CHD, and 

INO80) which each utilize ATP hydrolysis, through a conserved ATPase domain, to alter 

histone-DNA dependant interactions [51]. While each family possesses their own unique 

domains and play their own distinct roles in maintaining and remodelling chromatin structure, 
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here I focus on the CHD family of chromatin remodellers, as they have been shown to play 

important roles during embryogenesis and craniofacial development [53]. 

The CHD (chromodomain helicase DNA binding) gene family contains 9 chromatin 

remodelling enzymes (CHD1-CHD9), characterized by two chromodomains and a helicase C 

domain, that bind and unwind chromatin to reshape the local histone architecture [53]. CHD 

proteins have duplicated and diverged into several orthologs which have evolved specific 

functional domains, classifying them into smaller subfamilies (class I-III) and are active in 

different tissue types (reviewed in [53]). Class III CHD proteins (CHD5-CHD9) possess their 

own unique functional domains, including a specific A/T hook-like DNA binding domain, and 

are active in different biological processes. CHD5 and CHD8 are neuronal-specific regulators 

[54,55] and CHD6 acts as transcriptional coactivator [56]. CHD7 is active in migratory neural 

crest and mutations cause craniofacial defects [57], while CHD9 is active in osteoprogenitor 

stem cells [58] and promotes osteogenesis and skeletal development [59,60]. CHD9 binds to 

A/T rich DNA within the promoters of osteogenic regulators such as RUNX2 and other 

downstream genes, such as osteocalcin (BGLAP) [61,62]. However, it is unknown whether 

CHD9 directly affects the transcription of these genes, or if instead it promotes gene activation 

by the recruitment of other transcriptional machinery. Nevertheless, changes within tissue-

specific chromatin remodellers provide a plausible mechanism to promote phenotypic 

variation. Chromatin remodellers reshape the histone architecture to expose critical gene 

regulatory elements enabling gene expression in a specific developmental context [63–65].  

 

3.3 Cis-regulatory evolution 

The regulatory control of gene expression in a tissue and time dependant manner is crucial in 

the morphogenesis of diverse structures. This is largely achieved through cis-interactions 

between short stretches of non-coding DNA and their neighbouring genes. These regulatory 

DNA sequences, known as cis-regulatory elements (CREs), contain various recognition sites 

for transcription factors (transcription factor binding sites, TFBS) which modulate gene activity 

in a tissue dependent context [66–69]. CREs are mainly categorized into promoters and 

enhancers, depending on their proximity to the genes they target. Promoters typically sit 

immediately upstream of the transcriptional start site (TSS) of a gene and contain core 

recognition motifs (TFBSs) such as the TATA box which recruits cellular machinery to initiate 

transcription. Promoters exist as immediate upstream proximal elements, but may also be 
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present in longer-range distal elements containing additional TFBS for tissue specific [70] or 

differential isoform expression [71].  

Enhancers are additional non-coding elements which further control tissue-specific gene 

expression. Enhancers are enigmatic sequences with unpredictable locations in the genome. 

They can be in close proximity, or up to tens or hundreds of kilobases away [72], upstream or 

downstream of their target genes, or within gene introns. Individual enhancers bind 

transcription factors and co-activators which loop the DNA over to activate a gene-specific 

promoter [73] providing an extremely precise way to regulate target gene expression. As such, 

each gene likely possess multiple individual enhancer elements [74] which can regulate how 

much of a gene product is expressed in a specific tissue at a particular time during development 

[73]. Therefore, enhancers play an important role in the evolution of novel morphological and 

phenotypic adaptations. 

The role of enhancers in specific developmental processes is being uncovered through 

experimental studies. A large number of unique, tissue-specific enhancers have been identified 

in developing tissues, including the limbs [75–77] brain [77] and face [65]. Comparative 

studies have also found that functional enhancer elements conserved between different species 

drive different levels of gene expression, resulting in altered morphological development (I.e 

limbs, pelvis and armour plating, see [78–80]). In lineages of snakes, a small deletion within 

an Shh enhancer has been attributed to the evolutionary loss of limbs, with its endogenous 

deletion causing limblessness in mice [81]. This is a highly significant finding given the 

importance of SHH in several developmental processes. An enhancer that specifically controls 

SHH activation in the developing limb allows for a precise way to alter its function without 

causing unwanted pleiotropic effects. However while this example produces clear phenotypic 

outcomes, other studies have shown that individual enhancers can also possess high levels of 

functional redundancy [76,78] and instead multiple elements may act in concert to maintain 

physiological gene expression levels [74,82]. As such, the precise role of enhancers during 

development is still under investigation.  

Craniofacial morphology and evolution is also likely driven by changes to the timing and 

expression of key genes during NCC proliferation, migration, and facial outgrowth. A 

comprehensive study identified 4399 enhancers active within the developing mouse facial 

complex [65]. Using lacZ reporter assays, 105 examined elements drove reproducible 

craniofacial activity. These enhancers fell near major patterning genes, including an element 
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upstream of Runx2 which directed expression of a lacZ reporter in the developing nasal 

prominence, further implicating it in facial length development. The study also performed 

enhancer-deletions for elements upstream of Snai1, Msx1 and Isl1, genes important in 

craniofacial morphogenesis, with each deletion resulting in measurable craniofacial 

phenotypes [65]. Finally, four craniofacial enhancers were identified in a 640kb cleft palate 

susceptibility locus on human chromosome 15. Despite the absence of protein coding genes 

within the locus, individuals with genetic mutations and variants in the region develop cleft 

palate [83]. LacZ reporter mice showed that all four enhancers drove expression down the facial 

midline [65], suggesting they are critical in facial midline closure. These data emphasize the 

importance of multiple elements each driving incremental changes to the expression of major 

developmental genes during craniofacial outgrowth and patterning. Therefore, craniofacial 

CRE evolution provides a likely candidate mechanism by which craniofacial variation may be 

controlled.  

 

3.4 Summary – How do genomic changes contribute to morphology? 

The orchestration of the large number of transcription factors and patterning genes which drive 

the development of craniofacial structures make it difficult to identify where evolutionary 

changes may affect morphological development. Proteins drive the various molecular functions 

during development, and non-deleterious mutations within these provide an evolutionary 

substrate to alter their activity and phenotypic outcomes. However, given their diverse roles 

during morphogenesis, changes to their activation or regulation in a specific developmental 

context more likely underpins their functional significance. Changes to the chromatin 

landscape via tissue-specific remodelling enzymes can increase accessibility of a gene-specific 

promoter or expose important CREs in a specific developmental context; and evolution in 

tissue-specific CREs can alter the expression of major patterning factors, without causing 

unwanted pleiotropic effects, providing an alternate mechanism to regulate gene expression. 

While evolution may target any one of these individual loci, is it likely that phenotypic novelty 

arises through a combination of these, affecting specific gene regulatory networks. 

Understanding and identifying the contribution of these complex pathways to the development 

of morphological structures remains the holy grail of evo-devo.    

Determining the precise mechanisms driving craniofacial evolution is challenging since the 

face is a complex system comprised of multiple bones, muscles, nerves and other small 
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structures. However, the deeply conserved evolutionary program controlling facial 

development is predominantly derived from the neural crest [13,31]. Given the deep homology 

of the program, craniofacial variability is likely achieved through a combination of changes to 

the protein-coding and non-coding mechanisms underlying the genetic programming of the 

NCCs [32]. Although while the same genes and patterning factors are utilized [33], it remains 

unclear as to how the differences in their expression profiles are maintained to drive 

morphological variation between species. This is especially complicated between closely 

related species which share a large degree of genetic sequence conservation, confounding the 

identification of specific mechanisms from general conserved elements. One way we can 

circumvent this is by examining cases of convergent craniofacial morphologies between 

distinctly related species. Large evolutionary distances dilute sequence conservation, with non-

functional regions lost while functional regions are maintained. Here we can ask the question, 

are convergent similarities in morphology driven by similar changes in the conserved regions 

of genome? Several cases of convergence exist between unrelated groups of mammals, which 

have evolved similar phenotypic adaptations in response to shared environmental pressures. 

Using these comparisons, we can begin to determine whether phenotypic convergence is driven 

by similar underlying molecular changes, or through novel lineage specific mechanisms.  
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4. Mammalian convergence and development  

One of the most intriguing yet puzzling aspects of evolution is how unrelated species can 

evolve highly similar structures or body forms. For example, the wing has evolved 

independently three times during vertebrate evolution with different variations seen in non-

avian pterosaurs, birds and mammals (bats) (Figure 3a). Within eutherian mammals, whales 

and dolphins (infraorder Cetacea, Laurasiatheria), seals and walruses (order Carnivora, 

Laurasiatheria) and dugongs and manatees (order Sirenia, Afrotheria) have independently 

converged on adaptive morphologies suited to a marine environment [84] (Figure 3b). Likewise 

between marsupial (Metatheria) and placental (Eutheria) mammals, sugar gliders (order 

Diprotodontia) and flying squirrels (order Rodentia) have evolved similar patagium 

membranes to allow arboreal gliding (Figure 3c); marsupial moles (order Notoryctemorphia) 

and placental moles (orders Afrosoricida, Soricomorpha) have reduced eyes and large adapted 

forelimbs for burrowing [85]; and one of the best known examples (and the major focus of this 

thesis) exists between the marsupial thylacine (order Dasyuromorphia) and placental canids 

(order Carnivora) which have evolved striking similarities in their body form (Figure 3d), 

predatory behaviour [86–88] and craniofacial morphology [89,90]. 

 

4.1 A remarkable case of convergence – the thylacine and canids 

The thylacine, or Tasmanian tiger (Thylacinus cynocephalus), was a large carnivorous 

marsupial that displayed several similarities with the placental canids, namely wolves (Canis 

lupus), dingos (C. l. dingo), large domestic dogs (C. l. familiaris) and to a lesser extent foxes 

(Vulpes sp.) [90]. Despite the extraordinary derived similarities between these two lineages, 

both shared a small shrew-like common ancestor ~160 million years ago [91]. Along with other 

large extinct marsupial carnivores (e.g. Thylacoleo and Thylacosmilus) the thylacine most 

likely adapted to an apex-predatory lifestyle due to a lack of competition on mainland Australia 

and New Guinea. The potential ecological overlap between the ancestors of the thylacine and 

wolves are thought to have driven similarities in their body plan [92–94] and skull morphology, 

including similar bite force mechanics [86,87]. As such, the remarkable resemblances between 

these two lineages have prompted investigations into convergent evolution of marsupial and 

placental carnivores. For example, convergent patterns of cranial shape have been previously 

illustrated through 2D and 3D geometric morphometrics [89,90,95], however, studies have yet 

to directly examine the extent of convergence between the thylacine and canids. Also,  
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Figure 2 – Convergent evolution of vertebrate body plans. a) Comparisons of different 

wing structures evolved in non-avian reptile pterosaurs (top), avian eagles (middle), and 

mammalian bats (bottom). Note the different arrangements of limb bones. b) Comparisons 

of mammalian body plans independently adapted to a marine environment in dolphins (top), 

walruses (middle) and manatees (bottom). Bodies have become streamlined and limbs have 

adapted into flippers. c) Convergent evolution of patagium membranes in marsupial sugar 

gliders (top) and placental flying squirrels (bottom) to allow arboreal gliding. d) Convergent 

similarities in overall body plan and head morphology between the marsupial thylacine 

(top) and placental dingo (bottom) as an adaptation to predation and carnivory.  
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fortunately new distance-based statistical methods have been developed which directly 

quantify the degree of similarity evolved between two given lineages in a phylogenetic 

framework [96]. This provides a powerful tool to directly quantify the extent of convergent 

craniofacial evolution between these distantly related carnivores, compared with their extant 

relatives.  

 

4.2 Constraints on marsupial development 

One of the more remarkable features about the morphological similarities seen between the 

thylacine and canids is how they have developed to appear so similar, despite possessing 

entirely different developmental and reproductive strategies. A defining feature of marsupial 

and placental mammals is that they give birth to live young. While placental mammals carry 

their young for an extended period in the uterus, marsupial young are born after a short 

gestation period in a highly altricial state [97]. At birth, the highly underdeveloped young crawl 

from the birth canal into the mothers’ pouch to complete their development. Due to these 

functional constraints, marsupials are born with accelerated development of their facial 

skeleton, allowing the newborn to attach to the teat and suckle [98,99], and shoulder girdle and 

forelimbs to physically crawl or climb into the pouch [100,101]. Owing to this mode of 

development, marsupials possess accelerated altered timing of osteogenesis in the facial bones, 

neurocranium and limbs compared to placentals [98,102]. In particular, marsupials undergo 

early migration of the neural crest and advanced timing of the general patterning factors [103], 

leading to accelerated development of craniofacial structures [104]. The ex utero development 

and early functional demands (climb to the pouch and suckling) on the growth of the skeleton 

is thought to limit their evolutionary flexibility, with marsupials possessing a reduced range of 

limb morphologies and lower overall craniofacial diversity compared with placentals [30,100–

102]. This poses an interesting question as to how craniofacial convergence arises between 

marsupials and placentals, given their altered timing of key developmental events. This is 

especially true for the thylacine and canids which, despite their morphological similarities, 

likely possess different developmental trajectories. However, the unfortunate extinction of the 

thylacine has previously limited details on its biology, and the exact developmental sequence 

of the thylacine during development in the pouch was previously unknown. Such comparisons 

are important to understand the onset of their similarities, which will help inform investigations 

towards the molecular basis of their convergence.  
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4.3 How is convergence driven at the molecular level? 

Convergent evolution between mammals provides a robust system to examine whether 

adaptive features are reflected by similar changes in the genome. The emerging field of 

comparative genomics is providing the tools to precisely identify the loci that contribute to 

these specific phenotypic adaptations. For example, studies comparing convergent traits and 

behaviour in birds, and echolocation in bats and dolphins, have uncovered convergent and 

parallel amino acid substitutions (homoplasy) in both genes [105–107], and CREs [108,109] 

within plausible molecular pathways underlying these traits. Additionally, comparisons 

between the genomes of marine mammals (walrus, dolphin, killer whale and manatee) 

identified several positively selected genes with convergent amino acid substitutions 

implicated in marine adaptation [84]. However, it is also worth noting that the authors detected 

similar levels of homoplasy between non-convergent control taxa [84]. While marine mammals 

have independently acquired their aquatic adaptations, the extent of these morphological 

similarities vary extensively, and may hinder our ability to accurately detect genomic regions 

driving convergent adaptations. As such, studies examining the molecular basis of convergent 

traits should use robust examples of morphological convergence between mammals. 

 

5. Thesis scope and aims 

The thylacine and canids are a textbook example of convergent evolution and provide an 

excellent system to investigate the molecular mechanisms behind craniofacial convergence. 

Marsupials and placentals diverged from a common ancestor approximately 160 million years 

ago [91] and each lineage has evolved its own unique genetic background [110]. Yet, despite 

this large evolutionary distance, strong conservation remains between functional genetic 

elements such as genes and CREs. The ‘goldilocks’ zone of evolutionary divergence between 

the thylacine canids provides an ideal approach as genes and functional elements should remain 

conserved while background non-specific DNA conservation is lost. Using this approach, I 

hypothesize that the convergent craniofacial similarities seen between the thylacine and canids 

will be driven by similar changes in the genome, likely occurring in the genes and CREs driving 

their expression. This developmental comparison will allow us start to address how trait 

evolution is maintained at the genetic level, and to identify the major molecular drivers of 

convergent phenotypes.  
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In this thesis I investigate the loci contributing to convergent craniofacial evolution between 

the thylacine and canids. I use a combination of morphological data to determine the extent of 

convergence, and when the onset of these similarities during development occurs; as well as 

molecular analyses to investigate some of the potential mechanisms that may drive these 

similarities. First, I quantify the degree craniofacial convergence between the thylacine and 

canids using 3D landmark based geometric morphometrics. I expand upon a dataset and 

analysis performed by Goswami et al. [89], increasing marsupial sampling and applying new 

statistical convergence tests [96] (Chapter 2). Using non-invasive X-ray computed tomography 

(CT), I digitally reconstruct and examine the entire window of thylacine development in the 

pouch using preserved museum specimens to identify when during development the major 

onset of convergence occurs (Chapter 3). Based on this established model, I first use a 

candidate approach to examine whether changes within the QA repeat of master osteogenic 

transcription factor RUNX2 are correlated with facial length in marsupials, and, whether 

similarities in QA length or ratio can explain craniofacial convergence between the thylacine 

and canids (Chapter 4). Next, using a protein-coding genome-wide investigative approach, I 

examined whether a homoplasious amino acid substitution detected within the DNA binding 

domain of the osteogenic chromatin remodeller CHD9 can alter RUNX2 activation and 

expression (Chapter 5). Finally, using a recently established comparative dataset of thylacine 

and wolf CREs under convergently accelerated evolution, I examined the role of an ACVR2A 

enhancer in craniofacial development and its potential contribution behind craniofacial 

convergence (Chapter 6). Using this remarkable model of mammalian craniofacial 

convergence, I found evidence to suggest that while protein coding evolution plays tangible 

roles in the evolution of morphological similarities, evolution instead likely favours non-coding 

loci to generate convergent phenotypes.   

  



 

20 
 

References 
 
1. Darwin C, Huxley J. 2003 The Origin Of Species: 150th Anniversary Edition. Penguin 

Publishing Group.  

2. Allin EF. 1975 Evolution of the Mammalian Middle Ear. J Morphol. 147, 403–436. 

(doi:10.1002/jmor.1051470404) 

3. Anthwal N, Joshi L, Tucker AS. 2013 Evolution of the mammalian middle ear and 

jaw: Adaptations and novel structures. J. Anat. 222https:/, 147–160. 

(doi:10.1111/j.1469-7580.2012.01526.x) 

4. Warren WC et al. 2008 Genome analysis of the platypus reveals unique signatures of 

evolution. Nature 453, 175–183. (doi:10.1038/nature06936) 

5. Grand TI, Barboza PS. 2001 Anatomy and development of the koala, Phascolarctos 

cinereus: An evolutionary perspective on the superfamily Vombatoidea. Anat. 

Embryol. (Berl). 203, 211–223. (doi:10.1007/s004290000153) 

6. Sulak M, Fong L, Mika K, Chigurupati S, Yon L, Mongan NP, Emes RD, Lynch VJ. 

2016 TP53 copy number expansion is associated with the evolution of increased body 

size and an enhanced DNA damage response in elephants. Elife 5, e11994. 

(doi:10.7554/eLife.11994) 

7. Mikkelsen TS et al. 2007 Genome of the marsupial Monodelphis domestica reveals 

innovation in non-coding sequences. Nature 447, 167–177. (doi:10.1038/nature05805) 

8. Kaucka M, Adameyko I. 2017 Evolution and development of the cartilaginous skull: 

From a lancelet towards a human face. Semin. Cell Dev. Biol. 

(doi:10.1016/j.semcdb.2017.12.007) 

9. Northcutt RG. 2005 The new head hypothesis revisited. J. Exp. Zool. Part B Mol. Dev. 

Evol. 304, 274–297. (doi:10.1002/jez.b.21063) 

10. Chai Y, Maxson RE. 2006 Recent advances in craniofacial morphogenesis. Dev. Dyn. 

235, 2353–2375. (doi:10.1002/dvdy.20833) 

11. Jandzik D, Garnett AT, Square TA, Cattell M V., Yu JK, Medeiros DM. 2015 

Evolution of the new vertebrate head by co-option of an ancient chordate skeletal 

tissue. Nature 518, 534–537. (doi:10.1038/nature14000) 



 

21 
 

12. Fish JL. 2017 Evolvability of the vertebrate craniofacial skeleton. Semin. Cell Dev. 

Biol. (doi:10.1016/j.semcdb.2017.12.004) 

13. Cordero DR, Brugmann S, Chu Y, Bajpai R, Jame M, Helms JA. 2011 Cranial neural 

crest cells on the move: Their roles in craniofacial development. Am. J. Med. Genet. 

Part A 155, 270–279. (doi:10.1002/ajmg.a.33702) 

14. Lefebvre V, Bhattaram P. 2010 Vertebrate skeletogenesis. Curr. Top. Dev. Biol. 90, 

291–317. (doi:10.1016/S0070-2153(10)90008-2) 

15. Creuzet S, Couly G, Douarin NM. 2005 Patterning the neural crest derivatives during 

development of the vertebrate head: insights from avian studies. J. Anat. 207, 447–

459. (doi:10.1111/j.1469-7580.2005.00485.x) 

16. Carroll SB, Grenier JK, Weatherbee SD. 2004 From DNA to Diversity. Massachusetts: 

Blackwell Science. See papers3://publication/uuid/35335DAF-2D4E-4EBD-AEF9-

34FBFA264E34. 

17. Stuhlmiller TJ, Garcia-Castro MI. 2012 Current perspectives of the signaling pathways 

directing neural crest induction. Cell. Mol. Life Sci. 69, 3715–3737. 

(doi:10.1007/s00018-012-0991-8) 

18. Dworkin S, Boglev Y, Owens H, Goldie S. 2016 The Role of Sonic Hedgehog in 

Craniofacial Patterning, Morphogenesis and Cranial Neural Crest Survival. J. Dev. 

Biol. 4, 24. (doi:10.3390/jdb4030024) 

19. Trokovic N, Trokovic R, Mai P, Partanen J. 2003 Fgfr1 regulates patterning of the 

pharyngeal region. Genes Dev. 17, 141–153. (doi:10.1101/gad.250703) 

20. Haworth KE, Wilson JM, Grevellec A, Cobourne MT, Healy C, Helms JA, Sharpe PT, 

Tucker AS. 2007 Sonic hedgehog in the pharyngeal endoderm controls arch pattern via 

regulation of Fgf8 in head ectoderm. Dev. Biol. 303, 244–258. 

(doi:10.1016/j.ydbio.2006.11.009) 

21. Chen G, Deng C, Li YP. 2012 TGF-β and BMP signaling in osteoblast differentiation 

and bone formation. Int. J. Biol. Sci. 8, 272–288. (doi:10.7150/ijbs.2929) 

22. Coricor G, Serra R. 2016 TGF-β regulates phosphorylation and stabilization of Sox9 

protein in chondrocytes through p38 and Smad dependent mechanisms. Sci. Rep. 6, 1–

11. (doi:10.1038/srep38616) 



 

22 
 

23. James MJ, Järvinen E, Wang XP, Thesleff I. 2006 Different roles of Runx2 during 

early neural crest-derived bone and tooth development. J. Bone Miner. Res. 21, 1034–

1044. (doi:10.1359/jbmr.060413) 

24. Akiyama H, Chaboissier MC, Martin JF, Schedl A, De Crombrugghe B. 2002 The 

transcription factor Sox9 has essential roles in successive steps of the chondrocyte 

differentiation pathway and is required for expression of Sox5 and Sox6. Genes Dev. 

16, 2813–2828. (doi:10.1101/gad.1017802) 

25. Komori T et al. 1997 Targeted disruption of Cbfa1 results in a complete lack of bone 

formation owing to maturational arrest of osteoblasts. Cell 89, 755–764. 

(doi:10.1016/S0092-8674(00)80258-5) 

26. Komori T. 2003 Requisite roles of Runx2 and Cbfb in skeletal development. J. Bone 

Miner. Metab. 21, 193–197. (doi:10.1007/s00774-002-0408-0) 

27. Komori T. 2010 Regulation of bone development and extracellular matrix protein 

genes by RUNX2. Cell Tissue Res. 339, 189–195. (doi:10.1007/s00441-009-0832-8) 

28. Abzhanov A, Rodda SJ, McMahon AP, Tabin CJ. 2007 Regulation of skeletogenic 

differentiation in cranial dermal bone. Development 134, 3133–3144. 

(doi:10.1242/dev.002709) 

29. Drake AGG, Klingenberg CPP. 2010 Large‐Scale Diversification of Skull Shape in 

Domestic Dogs: Disparity and Modularity. Am. Nat. 175, 289–301. 

(doi:10.1086/650372) 

30. Bennett CV, Goswami A. 2013 Statistical support for the hypothesis of developmental 

constraint in marsupial skull evolution. BMC Biol. 11. (doi:10.1186/1741-7007-11-52) 

31. Brugmann SA, Powder KE, Young NM, Goodnough LH, Hahn SM, James AW, 

Helms JA, Lovett M. 2010 Comparative gene expression analysis of avian embryonic 

facial structures reveals new candidates for human craniofacial disorders. Hum. Mol. 

Genet. 19, 920–930. (doi:10.1093/hmg/ddp559) 

32. Schneider RA, Helms JA. 2003 The cellular and molecular origins of beak 

morphology. Science (80-. ). 299, 565–568. (doi:10.1126/science.1077827) 

33. Hall J, Jheon AH, Ealba EL, Eames BF, Butcher KD, Mak SS, Ladher R, Alliston T, 

Schneider RA. 2014 Evolution of a developmental mechanism: Species-specific 



 

23 
 

regulation of the cell cycle and the timing of events during craniofacial osteogenesis. 

Dev. Biol. 385, 380–395. (doi:10.1016/j.ydbio.2013.11.011) 

34. Powder KE, Cousin H, McLinden GP, Craig Albertson R. 2014 A nonsynonymous 

mutation in the transcriptional regulator lbh is associated with cichlid craniofacial 

adaptation and neural crest cell development. Mol. Biol. Evol. 31, 3113–3124. 

(doi:10.1093/molbev/msu267) 

35. Morris G, Fanucchi S. 2016 A Key Evolutionary Mutation Enhances DNA Binding of 

the FOXP2 Forkhead Domain. Biochemistry 55, 1959–1967. 

(doi:10.1021/acs.biochem.5b01271) 

36. Thirunavukkarasu K, Mahajan M, McLarren KW, Stifani S, Karsenty G. 1998 Two 

domains unique to osteoblast-specific transcription factor Osf2/Cbfa1 contribute to its 

transactivation function and its inability to heterodimerize with Cbfbeta. Mol. Cell. 

Biol. 18, 4197–4208.  

37. Morrison NA et al. 2012 Glutamine repeat variants in human RUNX2 associated with 

decreased femoral neck BMD, broadband ultrasound attenuation and target gene 

transactivation. PLoS One 7. (doi:10.1371/journal.pone.0042617) 

38. Pelassa I, Corà D, Cesano F, Monje FJ, Montarolo PG, Fiumara F. 2014 Association 

of polyalanine and polyglutamine coiled coils mediates expansion disease-related 

protein aggregation and dysfunction. Hum. Mol. Genet. 23, 3402–3420. 

(doi:10.1093/hmg/ddu049) 

39. Sears KE, Goswami A, Flynn JJ, Niswander LA. 2007 The correlated evolution of 

Runx2 tandem repeats, transcriptional activity, and facial length in Carnivora. Evol. 

Dev. 9, 555–565. (doi:10.1111/j.1525-142X.2007.00196.x) 

40. Fondon JW, Garner HR. 2004 Molecular origins of rapid and continuous 

morphological evolution. Proc. Natl. Acad. Sci. 101, 18058–18063. 

(doi:10.1073/pnas.0408118101) 

41. Pointer MA, Kamilar JM, Warmuth V, Chester SGBB, Delsuc F, Mundy NI, Asher 

RJ, Bradley BJ. 2012 RUNX2 tandem repeats and the evolution of facial length in 

placental mammals. BMC Evol. Biol. 12. (doi:10.1186/1471-2148-12-103) 

42. Ritzman TB, Banovich N, Buss KP, Guida J, Rubel MA, Pinney J, Khang B, Ravosa 



 

24 
 

MJ, Stone AC. 2017 Facing the facts: The Runx2 gene is associated with variation in 

facial morphology in primates. J. Hum. Evol. 111, 139–151. 

(doi:10.1016/j.jhevol.2017.06.014) 

43. Ferraz T, Rossoni DM, Althoff SL, Pissinatti A, Paixão- VR. 2018 Contrasting 

patterns of RUNX2 repeat variations are associated with palate shape in phyllostomid 

bats and New World primates . Press 5511.  

44. Green RM, Kimball RT. 2012 Analysis of RUNX2 genes influence on bill morphology 

within shore birds. Thesis 3737, 1–22.  

45. King DG, Soller M, Kashi Y. 1997 Evolutionary tuning knobs. Endeavour 21, 36–40. 

(doi:10.1016/S0160-9327(97)01005-3) 

46. Caburet S, Cocquet J, Vaiman D, Veitia RA. 2005 Coding repeats and evolutionary 

‘agility’. BioEssays 27, 581–587. (doi:10.1002/bies.20248) 

47. Gemayel R, Vinces MD, Legendre M, Verstrepen KJ. 2010 Variable Tandem Repeats 

Accelerate Evolution of Coding and Regulatory Sequences. Annu. Rev. Genet. 44, 

445–477. (doi:10.1146/annurev-genet-072610-155046) 

48. Carroll SB. 2008 Evo-Devo and an Expanding Evolutionary Synthesis: A Genetic 

Theory of Morphological Evolution. Cell 134, 25–36. (doi:10.1016/j.cell.2008.06.030) 

49. Carroll SB. 2005 Evolution at two levels: On genes and form. PLoS Biol. 3, 1159–

1166. (doi:10.1371/journal.pbio.0030245) 

50. Carroll SB. 2000 Endless forms: the evolution of gene regulation and morphological 

diversity. Cell 101, 577–580. (doi:10.1016/S0092-8674(00)80868-5) 

51. Clapier CR, Cairns BR. 2009 The Biology of Chromatin Remodeling Complexes. 

Annu. Rev. Biochem. 78, 273–304. (doi:10.1146/annurev.biochem.77.062706.153223) 

52. Lee HJ, Lowdon RF, Maricque B, Zhang B, Stevens M, Li D, Johnson SL, Wang T. 

2015 Developmental enhancers revealed by extensive DNA methylome maps of 

zebrafish early embryos. Nat. Commun. 6, 1–13. (doi:10.1038/ncomms7315) 

53. Marfella CGA, Imbalzano AN. 2007 The Chd family of chromatin remodelers. Mutat. 

Res. - Fundam. Mol. Mech. Mutagen. 618, 30–40. 

(doi:10.1016/j.mrfmmm.2006.07.012) 



 

25 
 

54. Thompson PM, Gotoh T, Kok M, White PS, Brodeur GM. 2003 CHD5, a new member 

of the chromodomain gene family, is preferentially expressed in the nervous system. 

Oncogene 22, 1002–1011. (doi:10.1038/sj.onc.1206211) 

55. Gompers AL et al. 2017 Germline Chd8 haploinsufficiency alters brain development 

in mouse. Nat. Neurosci. 20, 1062–1073. (doi:10.1038/nn.4592) 

56. Lutz T, Stöger R, Nieto A. 2006 CHD6 is a DNA-dependent ATPase and localizes at 

nuclear sites of mRNA synthesis. FEBS Lett. 580, 5851–5857. 

(doi:10.1016/j.febslet.2006.09.049) 

57. Schulz Y et al. 2014 CHD7, the gene mutated in CHARGE syndrome, regulates genes 

involved in neural crest cell guidance. Hum. Genet. 133, 997–1009. 

(doi:10.1007/s00439-014-1444-2) 

58. Shur I, Benayahu D. 2005 Characterization and functional analysis of CReMM, a 

novel chromodomain helicase DNA-binding protein. J. Mol. Biol. 352, 646–655. 

(doi:10.1016/j.jmb.2005.06.049) 

59. Marom R, Shur I, Hager GL, Benayahu D. 2006 Expression and regulation of 

CReMM, a chromodomain helicase-DNA-binding (CHD), in marrow stroma derived 

osteoprogenitors. J. Cell. Physiol. 207, 628–635. (doi:10.1002/jcp.20611) 

60. Salomon-Kent R, Marom R, John S, Dundr M, Schiltz LR, Gutierrez J, Workman J, 

Benayahu D, Hager GL. 2015 New Face for Chromatin-Related Mesenchymal 

Modulator: n-CHD9 Localizes to Nucleoli and Interacts With Ribosomal Genes. J. 

Cell. Physiol. 230, 2270–2280. (doi:10.1002/jcp.24960) 

61. Shur I, Solomon R, Benayahu D. 2006 Dynamic Interactions of Chromatin-Related 

Mesenchymal Modulator, a Chromodomain Helicase-DNA-Binding Protein, with 

Promoters in Osteoprogenitors. Stem Cells 24, 1288–1293. 

(doi:10.1634/stemcells.2005-0300) 

62. Shur I, Socher R, Benayahu D. 2006 In vivo association of CReMM/CHD9 with 

promoters in osteogenic cells. J. Cell. Physiol. 207, 374–378. (doi:10.1002/jcp.20586) 

63. Hassan MQ et al. 2007 HOXA10 Controls Osteoblastogenesis by Directly Activating 

Bone Regulatory and Phenotypic Genes. Mol. Cell. Biol. 27, 3337–3352. 

(doi:10.1128/MCB.01544-06) 



 

26 
 

64. Cotney J, Leng J, Oh S, DeMare LE, Reilly SK, Gerstein MB, Noonan JP. 2012 

Chromatin state signatures associated with tissue-specific gene expression and 

enhancer activity in the embryonic limb. Genome Res. 22, 1069–1080. 

(doi:10.1101/gr.129817.111) 

65. Attanasio C et al. 2013 Fine tuning of craniofacial morphology by distant-acting 

enhancers. Science (80-. ). 342, 1–20. (doi:10.1126/science.1241006) 

66. Wittkopp PJ, Kalay G. 2012 Cis-regulatory elements: Molecular mechanisms and 

evolutionary processes underlying divergence. Nat. Rev. Genet. 13, 59–69. 

(doi:10.1038/nrg3095) 

67. Shlyueva D, Stampfel G, Stark A. 2014 Transcriptional enhancers: From properties to 

genome-wide predictions. Nat. Rev. Genet. 15, 272–286. (doi:10.1038/nrg3682) 

68. Visel A, Rubin EM, Pennacchio LA. 2009 Genomic views of distant-acting enhancers. 

Nature 461, 199–205. (doi:10.1038/nature08451) 

69. Levine M. 2010 Transcriptional enhancers in animal development and evolution. Curr. 

Biol. 20, R754--R763. (doi:10.1016/j.cub.2010.06.070) 

70. Tai PWLL, Wu H, Gordon JARR, Whitfield TW, Barutcu AR, van Wijnen AJ, Lian 

JB, Stein GS, Stein JL. 2014 Epigenetic landscape during osteoblastogenesis defines a 

differentiation-dependent Runx2 promoter region. Gene 550, 1–9. 

(doi:10.1016/j.gene.2014.05.044) 

71. Li YL, Xiao ZS. 2006 Runx2 regulation and its isoforms. Chinese Pharmacol. Bull. 

22, 1153–1157. (doi:10.1016/j.mehy.2006.06.006) 

72. Kleinjan DA, van Heyningen V. 2005 Long-Range Control of Gene Expression: 

Emerging Mechanisms and Disruption in Disease. Am. J. Hum. Genet. 76, 8–32. 

(doi:10.1086/426833) 

73. Ong C-T, Corces VG. 2011 Enhancer function: new insights into the regulation of 

tissue-specific gene expression. Nat. Rev. Genet. 12, 283–293. (doi:10.1038/nrg2957) 

74. Osterwalder M et al. 2018 Enhancer redundancy provides phenotypic robustness in 

mammalian development. Nature 554, 239–243. (doi:10.1038/nature25461) 

75. Cotney J, Leng J, Yin J, Reilly SK, Demare LE, Emera D, Ayoub AE, Rakic P, 



 

27 
 

Noonan JP. 2013 The evolution of lineage-specific regulatory activities in the human 

embryonic limb. Cell 154, 185–196. (doi:10.1016/j.cell.2013.05.056) 

76. Nolte MJ, Wang Y, Deng JM, Swinton PG, Wei C, Guindani M, Schwartz RJ, 

Behringer RR. 2014 Functional analysis of limb transcriptional enhancers in the 

mouse. Evol. Dev. 16, 207–223. (doi:10.1111/ede.12084) 

77. Visel A et al. 2009 ChIP-seq accurately predicts tissue-specific activity of enhancers. 

Nature 457, 854–858. (doi:10.1038/nature07730) 

78. Cretekos CJ, Wang Y, Green ED, Martin JF, Rasweiler IV JJ, Behringer RR. 2008 

Regulatory divergence modifies limb length between mammals. Genes Dev. 22, 141–

151. (doi:10.1101/gad.1620408) 

79. Indjeian VB, Kingman GA, Jones FC, Guenther CA, Grimwood J, Schmutz J, Myers 

RM, Kingsley DM. 2016 Evolving New Skeletal Traits by cis-Regulatory Changes in 

Bone Morphogenetic Proteins. Cell 164, 45–56. (doi:10.1016/j.cell.2015.12.007) 

80. Chan YF et al. 2010 Adaptive evolution of pelvic reduction of a Pitx1 enhancer. 

Science (80-. ). 327, 302–305.  

81. Kvon EZ et al. 2016 Progressive Loss of Function in a Limb Enhancer during Snake 

Evolution. Cell 167, 633–642.e11. (doi:10.1016/j.cell.2016.09.028) 

82. Dickel DE et al. 2018 Ultraconserved Enhancers Are Required for Normal 

Development. Cell 172, 491–499.e15. (doi:10.1016/j.cell.2017.12.017) 

83. Birnbaum S et al. 2009 Key susceptibility locus for nonsyndromic cleft lip with or 

without cleft palate on chromosome 8q24. Nat. Genet. 41, 473–477. 

(doi:10.1038/ng.333) 

84. Foote AD et al. 2015 Convergent evolution of the genomes of marine mammals. Nat. 

Genet. 47, 272–275. (doi:10.1038/ng.3198) 

85. Archer M, Beck R, Gott M, Hand S, Godthelp H, Black K. 2011 Australia’s first fossil 

marsupial mole (Notoryctemorphia) resolves controversies about their evolution and 

palaeoenvironmental origins. Proc. R. Soc. B Biol. Sci. 278, 1498–1506. 

(doi:10.1098/rspb.2010.1943) 

86. Wroe S, McHenry C, Thomason J. 2005 Bite club: comparative bite force in big biting 



 

28 
 

mammals and the prediction of predatory behaviour in fossil taxa. Proc. R. Soc. B Biol. 

Sci. 272, 619–625. (doi:10.1098/rspb.2004.2986) 

87. Wroe S, Clausen P, McHenry C, Moreno K, Cunningham E. 2007 Computer 

simulation of feeding behaviour in the thylacine and dingo as a novel test for 

convergence and niche overlap. Proc. R. Soc. B Biol. Sci. 274, 2819–2828. 

(doi:10.1098/rspb.2007.0906) 

88. Attard MRGG, Chamoli U, Ferrara TL, Rogers TL, Wroe S. 2011 Skull mechanics and 

implications for feeding behaviour in a large marsupial carnivore guild: The thylacine, 

Tasmanian devil and spotted-tailed quoll. J. Zool. 285, 292–300. (doi:10.1111/j.1469-

7998.2011.00844.x) 

89. Goswami A, Milne N, Wroe S. 2011 Biting through constraints: cranial morphology, 

disparity and convergence across living and fossil carnivorous mammals. Proc. R. Soc. 

B Biol. Sci. 278, 1831–1839. (doi:10.1098/rspb.2010.2031) 

90. Werdelin L. 1986 Comparison of skull shape in marsupial and placental carnivores. 

Aust. J. Zool. 34, 109–117. (doi:10.1071/ZO9860109) 

91. May-Collado LJ, Kilpatrick CW, Agnarsson I. 2015 Mammals from ‘down under’’: a 

multi-gene species-level phylogeny of marsupial mammals (Mammalia, Metatheria)’. 

PeerJ 3, e805. (doi:10.7717/peerj.805) 

92. Jones ME, Stoddart MD. 1998 Reconstruction of the predatory behaviour of the extinct 

marsupial thylacine (Thylacinus cynocephalus). J. Zool. 246, 239–246. 

(doi:10.1111/j.1469-7998.1998.tb00152.x) 

93. Figueirido B, Janis CM. 2011 The predatory behaviour of the thylacine: Tasmanian 

tiger or marsupial wolf? Biol. Lett. 7, 937–940. (doi:10.1098/rsbl.2011.0364) 

94. Janis CM, Figueirido B. 2014 Forelimb anatomy and the discrimination of the 

predatory behavior of carnivorous mammals: The thylacine as a case study. J. 

Morphol. 275, 1321–1338. (doi:10.1002/jmor.20303) 

95. Wroe S, Milne N. 2007 Convergence and remarkably consistent constraint in the 

evolution of carnivore skull shape. Evolution (N. Y). 61, 1251–1260. 

(doi:10.1111/j.1558-5646.2007.00101.x) 

96. Stayton CT. 2015 The definition, recognition, and interpretation of convergent 



 

29 
 

evolution, and two new measures for quantifying and assessing the significance of 

convergence. Evolution (N. Y). 69, 2140–2153. (doi:10.1111/evo.12729) 

97. Tyndale-Biscoe H, Renfree M, Renfree MB. 1987 Reproductive Physiology of 

Marsupials. Cambridge University Press. (doi:10.1126/science.167.3922.1221) 

98. Smith KK. 2006 Craniofacial development in marsupial mammals: Developmental 

origins of evolutionary change. Dev. Dyn. 235, 1181–1193. (doi:10.1002/dvdy.20676) 

99. Goswami A, Randau M, Polly PD, Weisbecker V, Bennett CV, Hautier L, Sánchez-

Villagra MR. 2016 Do developmental constraints and high integration limit the 

evolution of the marsupial oral apparatus? Integr. Comp. Biol. 56, 404–415. 

(doi:10.1093/icb/icw039) 

100. Cooper WJ, Steppan SJ. 2010 Developmental constraint on the evolution of marsupial 

forelimb morphology. Aust. J. Zool. 58, 1–15. (doi:10.1071/ZO09102) 

101. Sears KE. 2004 Constraints on the Morphological Evolution of Marsupial shoulder 

Girdles. Evolution (N. Y). 58, 2353–2370. (doi:10.1111/j.0014-3820.2004.tb01609.x) 

102. Smith KK. 1997 Comparative Patterns of Craniofacial Development in Eutherian and 

Metatherian Mammals. Evolution (N. Y). 51, 1663. (doi:10.2307/2411218) 

103. Wakamatsu Y, Nomura T, Osumi N, Suzuki K. 2014 Comparative gene expression 

analyses reveal heterochrony for Sox9 expression in the cranial neural crest during 

marsupial development. Evol. Dev. 16, 197–206. (doi:10.1111/ede.12083) 

104. Smith KK. 2001 Early development of the neural plate, neural crest and facial region 

of marsupials. J. Anat. 199, 121–131. (doi:10.1017/S0021878201008202) 

105. Zhang G et al. 2014 Comparative genomics reveals insights into avian genome 

evolution and adaptation. Science (80-. ). 346, 1311–1321. 

(doi:10.1126/science.1251385) 

106. Parker J, Tsagkogeorga G, Cotton JA, Liu Y, Provero P, Stupka E, Rossiter SJ. 2013 

Genome-wide signatures of convergent evolution in echolocating mammals. Nature 

502, 228–231. (doi:10.1038/nature12511) 

107. Li Y, Liu Z, Shi P, Zhang J. 2010 The hearing gene Prestin unites echolocating bats 

and whales. Curr. Biol. 20, 55–56. (doi:10.1016/j.cub.2009.11.042) 



 

30 
 

108. Davies KTJJ, Tsagkogeorga G, Rossiter SJ. 2014 Divergent evolutionary rates in 

vertebrate and mammalian specific conserved non-coding elements (CNEs) in 

echolocating mammals. BMC Evol. Biol. 14, 1–19. (doi:10.1186/s12862-014-0261-5) 

109. Sackton TB et al. 2018 Convergent regulatory evolution and the origin of 

flightlessness in palaeognathous birds. bioRxiv Prepr. , 262584. (doi:10.1101/262584) 

110. Renfree MB et al. 2011 Genome sequence of an Australian kangaroo, Macropus 

eugenii, provides insight into the evolution of mammalian reproduction and 

development. Genome Biol. 12, R81. (doi:10.1186/gb-2011-12-8-r81) 

 

 

  



 

31 
 

 

 

 

Chapter 2 

Quantifying craniofacial convergence between the 

marsupial thylacine and placental canids 

  



 

32 
 

Expanded material from the publication:  

 

Genome of the Tasmanian tiger provides insights into the evolution and 

demography of an extinct marsupial carnivore 

 

Charles Y. Feigin1, Axel H. Newton1,3, Liliya Doronina2, Jürgen Schmitz2, Christy A. 

Hipsley1,3, Kieren J. Mitchell4, Graham Gower4, Bastien Llamas4, Julien Soubrier4, Thomas 

N. Heider5, Brandon R. Menzies1, Alan Cooper4, Rachel J. O’Neill5 & Andrew J. Pask1,3* 

 

1 School of BioSciences, The University of Melbourne, Parkville, Victoria 3010, Australia.  

2 Institute of Experimental Pathology (ZMBE), University of Münster, Von-Esmarch-Str. 56, 

D48149, Münster, Germany.  

3 Museum Victoria, Melbourne, Victoria 3053, Australia.  

4 Australian Centre for Ancient DNA, University of Adelaide, South Australia, 5005, 

Australia.  

5 Institute for Systems Genomics and Department of Molecular and Cell Biology, University 

of Connecticut, Storrs, Connecticut 06269, USA.  

* Corresponding Author 

 

Authors for correspondence: Andrew J. Pask 

e-mail: ajpask@unimelb.edu.au 

 

Published in Nature Ecology and Evolution 2017 

Received:  7 February 2017 

Accepted: 16 November 2017 

 

DOI 10.1038/s41559-017-0417-y 



 

33 
 

Abstract 

The Tasmanian tiger or thylacine (Thylacinus cynocephalus) was the largest carnivorous 

Australian marsupial to survive into the modern era. Despite last sharing a common ancestor 

with the eutherian canids ~160 million years ago, their phenotypic resemblance is considered 

the most striking example of convergent evolution in mammals. While their morphological 

similarities have been widely discussed in the literature, the extent of their convergence has 

never been directly quantified. Here we expand upon previous geometric morphometric studies 

examining convergence within groups of placental and marsupial mammals to directly 

determine the extent of convergence seen between the thylacine and canids. We increased 

taxon sampling to a comparable level between both groups, incorporated a phylogenetic 

framework, and applied newly established distance-based measures of convergence to 

determine the extent of their craniofacial similarities that have been closed by convergent 

evolution. We show that the thylacine and canids not only display superficial similarities in 

their skull morphology, but also show strong signatures of quantifiable craniofacial 

convergence. Given their deep evolutionary divergence, the thylacine and canids represent one 

of the most striking cases of convergence known in mammals. This comparison provides a 

robust model to examine the mechanisms that have contributed to their remarkable similarities.      
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Introduction 

One of the most fundamental questions in evolutionary and developmental biology is how the 

process of evolution occurs at the molecular level. Despite major advances in genomics we still 

have limited understanding of how changes in morphology are mediated in the genome, due to 

its size, complexity and large sequence conservation between closely related species. One way 

we can begin to identify the mechanisms that contribute to morphological adaptation is by 

examining cases of phenotypic convergence between distantly related species [1]. While 

several examples of convergent morphological evolution are seen between mammals, these 

cases vary extensively in their degree of similarity. For example, distantly related lineages of 

placental mammals, namely seals, whales and manatees, have independently evolved 

convergent phenotypic adaptations to a marine environment. However, while these adaptations 

have evolved to fill similar ecological roles, their degree of similarity varies significantly and 

can confound our ability to identify similar underlying mechanisms [2]. Therefore, to provide 

accurate assessments of the mechanisms underlying convergent trait evolution, it is crucial to 

establish a strong example of morphological convergence. One of the most widely recognized 

examples of convergent evolution exists between the marsupial thylacine and placental canids, 

which have evolving striking morphological similarities.  

The Tasmanian tiger or thylacine (Thylacinus cynocephalus) was a large, carnivorous 

marsupial and the only species within the family Thylacinidae to survive into the modern era. 

Apart from having a pouch where its young developed and a striped pattern on its hindquarters 

from which it derived its common name, the thylacine was phenotypically almost 

indistinguishable from placental canids, including wolves and dingos (Canis lupus, C. l. dingo) 

(Figure 1), and foxes (Vulpes sp.) [3]. These similarities were first identified with the official 

description of the thylacine by Harris in 1808, observing that the thylacine had a very large 

head bearing resemblance to a wolf or hyaena [4]. These features initially led to the 

characterization of the species as Didelphis cynocephala, or “dog-headed opossum”, before 

being later reclassified as Thylacinus cynocephalus, “dog-headed pouched-dog” [5]. Yet 

despite these similarities, the thylacine and canids have been independently evolving for ~160 

million years [6] and represent distinct, established lineages between sister groups of mammals. 

Their phenotypic resemblance are strongly associated with a carnivorous feeding ecology [7] 

and as a result, both lineages exhibit similarities in their skull shape and overall body plan. 
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Figure 1 – Thylacine and canid morphology. Comparison of the thylacine, Thylacinus 

cynocephalus a), and the Australian dingo, Canis lupus dingo b), showing convergent 

similarities in their adult body plan and craniofacial morphologies. 
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The similarities between the thylacine and canids have prompted several studies to examine 

various aspects of their morphology and behavioural adaptations [8–10]. While differences 

exist in their skeletal and limb morphology [9,10], finite element analysis examining 

simulations of feeding behaviour have shown that the while the thylacine preferred smaller 

prey than canids, there were considerable similarities in bite force mechanics suggesting 

ecological overlap [11,12]. The ecological similarities between the thylacine and canids are 

reflected in their overall craniofacial morphology, where both lineages have evolved specific 

features suited to predation and carnivory, such as large jaws and sagittal crest for muscle attachment 

[11]. These similarities have been illustrated through studies examining convergence of cranial 

shape across mammalian carnivores using both 2D [13] and 3D [7,14] geometric 

morphometrics. Werdelin [13] examined linear measurements of carnivorous marsupial and 

placental crania and showed that the thylacine skull appeared more similar to the red fox 

(Vulpes vulpes) than larger wolves (Canis sp.). Likewise, Wroe and Milne [7] and Goswami et 

al. [14] used 3D landmark based comparisons of skull morphology between extinct and extant 

mammalian carnivores, illustrating that the thylacine sat near the clustering of canids in  

morphospace. Although despite observing these similarities, these studies did not directly 

quantify the extent of convergence between the thylacine and canids. Since these publications, 

new statistical methods have been established to directly quantify distance-based measures of 

convergence between species within a phylogenetic framework [15]. These new measures 

provide an exciting opportunity to directly examine the similarities between two independently 

evolving species, compared with their relatives.  

In this study we aim to quantify the extent of craniofacial convergence between the thylacine 

and canids across a wide range of mammalian taxa, to establish this comparison as a model of 

craniofacial convergence. We expand upon the dataset of Goswami et al. [14] by increasing 

metatherian sampling to a level comparable to the included eutherian taxa, as well as adding 

additional members of the Canis and Vulpes genus to which the thylacine is most commonly 

compared. Using this expanded dataset, we examine the degree of similarity of cranial shape 

shared between the thylacine and canids through a phylogenetic principal component analysis 

(PCA), and utilize newly established statistical tests of convergence to determine the amount 

of ancestral phylomorphospace closed by convergent evolution [15]. Though the thylacine and 

canids have been previously identified as a model example of convergent evolution in 

mammals, we provide the most robust analysis of craniofacial convergence between these 

species.    
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Methods  

Taxon sampling 

Taxon sampling was largely based on Goswami et al. [14], which itself was an expansion of 

the three-dimensional cranial dataset assembled by Wroe and Milne [7] to examine 

morphological convergence in carnivorous eutherians (order Carnivora) and marsupials, 

including the thylacine (Thylacinus cynocephalus). Their final dataset consisted of 64 eutherian 

and 16 metatherian taxa. Here we further expand the 3D cranial dataset by an additional 33 

species (increasing the sampling by ~45%), including four canids, the foxes Vulpes vulpes, V. 

lagopus, and wolves Canis lupus and C. aureus), and 29 marsupials across all marsupial orders 

excluding Paucitubuculata. These include additional dasyurids, opossums (order 

Didelphimorphia), members from eight families of the order Diprotodontia (the clade 

containing carnivorous thylacoleonids but also kangaroos, possums, wombats and koalas), and 

other insectivorous australidelphidians from the orders Microbiotheria, Notoryctemorphia and 

Peramelemorphia. The majority of newly added taxa are relatively small (0.1–5 kg body mass), 

representing the non-carnivorous marsupials to which the thylacine is most closely related. 

Herbivorous diprotodontids were included to increase metatherian morphospace and to 

improve ancestral state reconstructions of cranial shape for Diprotodontia, which were used in 

convergence tests between the thylacine and other carnivorous marsupials (such as T. carnifex; 

see below). The final dataset consisted of 68 eutherians and 45 metatherians totalling 113 

species (Supplementary table 1). 

 

3D cranial data 

Three-dimensional cranial landmark data for 80 extinct and extant mammals were acquired 

from Goswami et al. [14]. Additional landmarks were generated from 28 newly sampled 

museum specimens and 13 cranial surface models made available through DigiMorph.org 

(Supplementary Table 1). Surface scanning was performed at the School of Engineering, 

University of Melbourne, using a NextEngine 3D laser scanner (NextEngine Inc., Santa 

Monica, California). X-ray computed tomography (CT) scans were made at the School of Earth 

Sciences, University of Melbourne, on a GE Phoenix Nanotom M and reconstructed in datos|x-

reconstruction software (GE Sensing & Inspection Technologies GmbH, Wunstorf, Germany). 

All scanned specimens were adult males unless otherwise noted (Supplementary Table 1). 3D 

models of the surface scans were produced in Meshlab (Visual Computing Lab, ISTI, CNR) 
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and in VGStudio Max 2.1 (Volume Graphics, Heidelberg, Germany) for CT data. Landmarks 

were placed on the newly generated models in Landmark Editor (Institute of Data Analysis and 

Visualization, UC Davis, USA), with landmark locations matching those in Goswami et al. 

[14], so that the data sets could be combined. In total, thirty homologous landmarks were 

digitized on the dorsal and lateral surfaces of the cranium (Figure 2). Species with multiple 

specimens (n=8) in the data set, including two representatives of the thylacine, were averaged 

by their Procrustes shape and centroid size values. The final combined data set consisted of 

171 individuals from 113 species (Supplementary Table 1). 

 

Phylogenetic analysis  

To examine evolutionary trends in cranial shape, we generated a simplified phylogenetic tree 

of mammals using a direct supertree approach [16] (Figure 3). Published phylogenies of 

eutherian and metatherian species (Supplementary table 1) were pruned to match our taxon 

sampling and combined at the root using the bind.tree function in the R package ape v3.558. 

Extinct taxa were placed according to published morphological analyses, and in some cases, 

phylogenetic analyses including ancient DNA. Although phylogenetic positions of many of the 

fossils are based on cranial material and are therefore not strictly independent of the cranial 

shape data, the majority of coded cranial characters are highly detailed and involve qualitative 

descriptions of specific cranial elements not likely to be captured by our landmarks.  

 

Principal component analysis  

Geometric information was extracted from the landmark coordinates by a generalized 

Procrustes fit to account for object symmetry. The resulting Procrustes coordinates 

representing the symmetric component of shape variation after translating, scaling, and rotating 

all individuals to a common average were extracted and used as shape variables in all analyses. 

Dominant patterns of cranial shape variation were identified by principal component analysis 

(PCA) as performed in MorphoJ (v1.06d) [17]. To determine evolutionary patterns of cranial 

shape change, species PC scores were mapped onto the phylogeny and weighted-square change 

parsimony was used to reconstruct the morphological of ancestral nodes [18]. The mapped tree 

was then projected back into morphospace to visualize patterns of phenotypic evolution. 

Inspection of the PCA plots, together with examination of relative changes in landmark 

positions along each axis aided in interpretations of evolutionary changes in cranial shape. 



 

39 
 

  

Figure 2 – Cranial landmark locations used in the study. Thylacine crania showing 

locations of 30 landmarks used in morphometric analyses in dorsal, lateral and ventral 

views. Left (L) and right (R) landmark locations correspond to descriptions below. 

Landmark number  

1 (L) and 19 (R)  Fronto-parietal suture at the intersection of the temporal ridge 

2 and 20  Fronto-lacrimal suture at the medial orbital margin 

3 and 21 Zygomatico-maxillary-lacrimal junction 

4 and 22  Anterior point of the zygomatic process of the temporal bone 

5 and 23  Zygomatico-temporal suture on the upper edge of the 
zygomatic arch 

6 and 24  Superior root of the zygoma (on the temporal bone) 

7 and 25  Posterior end of the zygomatico-temporal suture 

8 and 26  Lowest point on the anterior end of the zygomatic arch 

9 and 27  Infraorbital foramen 

10 and 28  Maxillary-premaxillary suture at the alveolar margin 

11 and 29  Naso-premaxillary suture at the margin of the nasal aperture 

12 and 30  Fronto-naso-maxillary junction 

13  Lambda 

14  Bregma 

15  Naso-frontal suture in the midline 

16  Tip of the nasal bones in the midline 

17  Interpremaxillary suture at the inferior margin of the nasal 
aperture 

18  Interpremaxillary suture at the alveolar margin 
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Figure 3 – Phylogeny of taxa included in geometric morphometric analyses. 

Phylogenetic tree of all mammalian taxa included in geometric morphometric analysis 

showing evolutionary relationships. Incomplete lineage sorting (ILS) is shown between the 

thylacine and numbat branches. 
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Distance-based convergence tests 

To determine the degree of evolutionary convergence among thylacine and extant canids in 

cranial morphospace, we calculated three recently developed distance-based measures (C1, C2 

and C3) [15], which quantify the amount of ancestral phenotypic space between putatively 

convergent taxa that has been ‘closed’ by subsequent evolution. Under this approach, 

convergence is implied when two or more taxa have evolved to be more similar to one another 

than their ancestors were to each other [15]. C1-C3 measure the increase in phenotypic 

similarity between taxa compared to that between the most divergent species in their lineages, 

without assuming an adaptive process. Therefore, the more dissimilar the ancestor and the more 

similar the descendants, the greater the strength of the convergence. C1 is estimated as the 

inverse ratio of the maximum Procrustes distance (D) between lineages since their most recent 

common ancestor to the distance between their extant tips, measured as C1 = 1-Dtip / Dmax. 

Values range from 0 to 1, with 0 indicating that lineages are as dissimilar as they have ever 

been, and 1 meaning complete evolutionary convergence, i.e., descendants are 

indistinguishable. While C1 is a proportion and thus scaled to allow comparisons between taxa, 

C2 represents the absolute amount of evolution that has occurred during convergence, 

indicating the magnitude of change expressed as C2 = Dtip / Dmax. From C2, the proportion 

of convergence relative to the total evolution (the sum of all phenotypic distances form 

ancestors to descendants) along those lineages since their most recent common ancestor can 

also be estimated as C3 = C2 / Ltot.lineage. For all measures, values closer to 1 indicate greater 

morphological similarity. Species scores from the first 31 PC axes, accounting for 99% of the 

total morphological variation in the dataset, were used as phenotypic variables. C1-C3 were 

estimated for all pairwise comparisons between the thylacine and species of Canis and Vulpes, 

the two eutherian lineages which the thylacine most superficially resembles [11–13,19]. We 

also estimated convergence values between the thylacine and its closest carnivorous marsupial 

relatives, the extinct Nimbacinus dicksoni and Barinya wangala, as well as its recovered extant 

insectivorous sister taxon, Myrmecobius fasciatus, and other carnivorous dasyurids and 

diprotodontids (Table 1). Statistical significance of each measure was determined by 

simulation of the parameters derived from the observed data on our phylogeny using a 

Brownian model (BM) of evolution [15].  

Convergence measures C1-C3 were calculated in the R package convevol [15]. For all tests, 

statistical significance (α=0.05) was determined by a random permutation procedure of 1000 

iterations.  
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Results and discussion  

Morphological convergence is a widely recognized phenomenon thought to arise in response 

to similar selective pressures driving species to occupy a similar ecological niche [20]. The 

phenotypic similarity between the thylacine and canine body plan is a derived feature 

associated with similar carnivorous ecologies and as a result, both lineages exhibit 

extraordinary convergence in cranial shape [11,13]. From our PCA, we found that the first two 

components (PC1, PC2: 52% of total variance) of cranial morphospace described shape 

differences between eutherian and metatherian mammals, with both groups displaying distinct 

phylogenetic clustering. In contrast to results by Goswami et al. [14], the inclusion of several 

herbivorous and omnivorous marsupials led to a better separation of eutherians and 

metatherians along these axes, mainly due to the more broad, robust skulls of the 

diprotodontids. Even with the inclusion of a diverse range of marsupial crania, we found that 

the thylacine displayed strong signatures of cranial convergence with the canids compared with 

its extant dasyuromorphian relatives, particularly with the red fox Vulpes vulpes (PC1/2, 

PC1/3), supporting results by Werdelin [13], and the grey wolf Canis lupus (PC2/3, PC2/4, 

PC3/4) (Figure 4,5). Of the other large carnivorous metatherians, only the stem sabre-toothed 

Thylacosmilus atrox entered the canid cranial morphospace in PC1/PC2, however, it occupied 

its own disparate morphospace for all other components (Figure 5). The other large bodied 

diprotodontid hypercarnivore, Thylacoleo carnifex, also failed to consistently cluster with other 

eutherian carnivores (Figure 5), suggesting the thylacine is the strongest example of cranial 

convergence between distantly related terrestrial mammalian carnivores. 

While our PCA plots showed strong signatures of cranial convergence between the thylacine 

and canids, the analysis poses the limitation of only being able to visualize shape similarity 

between a few given axes. As such, we calculated three distance-based measures (C1, C2 and 

C3) to quantify the amount of ancestral phenotypic space ‘closed’ by subsequent evolution [15] 

using the near complete variance of the dataset. We estimated that over one-third of the 

ancestral phylomorphospace between the thylacine and canids has been closed by convergent 

evolution, with the strongest values found between the thylacine and several members of the 

Canis genus (C. lupus, C. adustus, C. latrans) and the red fox (Vulpes vulpes) (Figure 4, Table 

1). This level of convergence is similar to that calculated using the same method for Caribbean 

Anolis lizard ecomorphs, a textbook example of convergent evolution [15]. However, in 

contrast to the ~50 million year diverged anoles, metatherian and eutherian  
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Figure 4 – Convergent evolution of the thylacine cranium. Cranial phylomorphospace of 

113 metatherian and eutherian taxa as estimated by principal component (PC) analysis, with 

the phylogeny in Figure 3 projected into shape space. More than half of the total variance was 

contained in the first two components: PC1 describes shortening or lengthening of the face and 

jaws and relative height of the sagittal crest, while PC2 describes variation in skull width and 

snout shape (tubular vs. blunt). The thylacine (star) displays striking cranial convergence with 

eutherian canids, falling closer in shape space to the red fox (Vulpes vulpes; shown) and grey 

wolf (Canis lupus) than to its own closest relatives. Using the pairwise distance measure C1 

[15] on the full phenotypic dataset (PC1-31: 99% of the total shape variance), we estimate that 

approximately 34% of the ancestral phenotypic space between the thylacine and red fox has 

been closed by convergent evolution, and 40% between the thylacine and grey wolf, expanded 

in Table 1. The inset figure shows locations of the 30 homologous landmarks used to compare 

cranial shapes in black (dorsal, lateral) and grey (ventral; expanded in Figure 2). 
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Figure 5 – Extended principal component (PC) plots illustrating cranial convergence between the thylacine and canids. Cranial 

phylomorphospace plots of 113 eutherian and metatherian taxa illustrating cranial convergence of the thylacine with canids, for example 

between the thylacine and red fox, Vulpes vulpes, (PC1/2, PC1/3), and grey wolf, Canis lupus (PC2/3, PC2/4 and PC3/4). Plots together account 

for 67.3% of the total variance. 
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mammals have been separated for over 160 million years of independent evolution [6]. The 

convergence tests presented here represent the first time that cranial shape similarity between the 

thylacine and placental carnivorans has been quantified using explicit phylogeny-based methods 

[15].  

In this study we use a combination of visualization and statistical approaches to quantify the cranial 

shape similarities between the thylacine and canids, though the accuracy of these results depends 

on the ability of the landmarks to fully capture shape variation. To ensure our landmark analysis 

captured the true distribution of cranial shapes, we generated digital warps of the thylacine crania 

along the positive and negative axes of the first two components (PC1 vs PC2). Thin-plate spine 

deformation warping provides an illustrative means to visualize the shape changes along a given 

axes [21], and can be used to show the distribution of shape data [7]. When applying the positive 

and negative scaled Procrustes distance for the first two components, the warped thylacine crania 

strongly resembled taxa that occupied the extreme ends of the morphospace (Figure 6). When 

negatively scaling PC1 and PC2, the thylacine crania (Figure 6, top right) resembled long, thin 

snouted members of the marsupial Peramelemorphia (e.g. bandicoot, Figure 6, bottom left). In 

contrast, when positively scaled on PC1 the resulting short, blunt snouted crania resembled a 

placental felid (e.g. leopard, Figure 6, bottom right), and positively scaled on PC2 displayed a 

more rounded crania, resemblant of a marsupial diprotodontid (e.g. wombat, Figure 6, top left).  

While several examples of convergent evolution have been observed among mammals, our results 

show that the thylacine and canids are a remarkable and significant case of craniofacial 

convergence. Our phylogenetic PCA of cranial shape across 113 mammalian taxa highlighted the 

large degree of similarity between the thylacine and the red fox or grey wolf when compared with 

its extant relatives. Also, the application of a newly developed statistical test of convergence 

showed that despite 160 million of evolutionary divergence between the two lineages, over 30% 

of the ancestral phylomorphospace between the thylacine, fox and wolf has been closed by 

convergent evolution. The thylacine-canid comparison therefore provides an unparalleled model 

to examine the underlying mechanisms that have contributed to their remarkable craniofacial 

similarities. Furthermore, determining the onset of craniofacial convergence during development 

of the thylacine and canids will provide a refined system to examine the mechanisms active during 

these critical windows of development.    
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Table 1 – Distance-based convergence measures of cranial morphology. Extended 

comparisons between thylacine and eutherian canids (Vulpes, Canis species), as well as 

between thylacine and several other extinct and extant eutherian and metatherian taxa. P-values 

for each estimate are given below. Significant p-values are in bold. Using the pairwise distance 

measure C1 [15] on the full phenotypic dataset (PC1-31: 99% of the total shape variance), we 

estimate that approximately 34% (0.3408, blue) of the ancestral phenotypic space between the 

thylacine and red fox has been closed by convergent evolution and 40% (0.3974,) has been 

closed between the thylacine and grey wolf. These values are significantly greater than would 

be expected by chance (convratsig C1, p<0.05, n=113). In contrast, the thylacine did not exhibit 

cranial convergence with other carnivorous metatherians (marsupials) or eutherian felids. 

Eutheria C1 C2 C3 

Canis lupus 0.3974 0.0857 0.0070 

p 0.0070 0.0350 0.0989 

Canis adustus 0.3849 0.0830 0.0068 

p 0.0060 0.0260 0.0779 

Canis latrans 0.3671 0.0828 0.0068 

p 0.0060 0.0250 0.0869 

Canis mesomelas 0.3662 0.0772 0.0063 

p 0.0070 0.0220 0.0609 

Vulpes vulpes 0.3408 0.0735 0.0060 

p 0.0110 0.0500 0.1109 

Canis dirus 0.3114 0.0698 0.0057 

p 0.0190 0.0519 0.1189 

Vulpes lagopus 0.2814 0.0607 0.0050 

p 0.0340 0.0709 0.1399 

Canis aureus 0.2637 0.0556 0.0046 

p 0.0400 0.0929 0.1778 

Canis lupus familiaris 0.2525 0.0536 0.0044 

p 0.0569 0.1149 0.1878 

Vulpes chama 0.1991 0.0420 0.0034 

p 0.1059 0.1369 0.2128 

Panthera leo 0.1648 0.0463 0.0038 

p 0.1459 0.1359 0.2238 

Metatheria C1 C2 C3 

Nimbacinus dickoni† 1.11 x 10-16 1.39 x 10-17 1.14 x 10-18 

p 0.23676 0.19081 0.19081 

Myrmecobius fasciatus  -2.2 x 10-16 -2.78 x 10-17 -2.28 x 10-18 

p 0.9950 0.9940 0.9131 

Antechinus swainsonii  0 0 0 

p 0.8202 0.8202 0.8202 

Dasyurus maculatus  0.0726 0.0114 0.0009 

p 0.1588 0.1518 0.1898 

Barinya wangala† -2.2 x 10-16 -2.78 x 10-17 -2.28 x 10-18 

p 0.9950 0.9940 0.9251 

Thylacoleo carnifex† 0.0865 0.0231 0.0019 

p 0.2278 0.1518 0.2178 

Thylacosmilus atrox† 0.0786 0.0244 0.0020 

p 0.1898 0.0859 0.1359 
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Supplementary Table 1 – Specimens included in landmark analyses  
Supplementary Table 1 | Specimens included in landmark analyses

Taxon Sex Specimen source Digitization methodDiet Diet source Phylogeny source

EUTHERIA

Creodonta

Hyaenodontidae

Hyaenodon leptocephalus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Rana et al. 2015

Pterodon dasyuroides † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Rana et al. 2015

Caniformia

Amphicyonidae

Daphoenus vetus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Tomiya 2011

Canidae

Canis adustus Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 Lindlad-toh et al. 2005

Canis aureus Male MV R5212.1 Surface scan Omnivore Sillero-Zubiri et al. 2004 Lindlad-toh et al. 2005

Canis dirus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Lindlad-toh et al. 2005

Canis latrans Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Lindlad-toh et al. 2005

Canis lupus Female
Digimorph.org; 

TMM M-1709
CT scan Carnivore Sillero-Zubiri et al. 2004 Lindlad-toh et al. 2005

Canis lupus familaris Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Lindlad-toh et al. 2005

Canis mesomelas Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 Lindlad-toh et al. 2005

Dusicyon avus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Enhydrocyon sp. † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang et al. 1999

Lycaon pictus Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Mesocyon coryphaeus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang et al. 1999

Microtomarctus conferta † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang et al. 1999

Otocyon megalotis Unknown
Goswami et al. 

2011
Digitized Insectivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Protocyon scagliarum † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang et al. 1999

Theriodictis platensis † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang et al. 1999

Vulpes chama Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Vulpes lagopus Unknown MV 120 Surface scan Omnivore Sillero-Zubiri et al. 2004
Nyakatura & Bininda-

Emonds 2012

Vulpes vulpes Male
Digimorph.org; 

UCLA 15267
CT scan Omnivore Sillero-Zubiri et al. 2004

Nyakatura & Bininda-

Emonds 2012

Paraenhydrocyon josephi † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang 1994

Mustelidae

Aonyx capensis Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Gulo gulo Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Meles meles Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Mellivora capensis Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Procyonidae

Amphinasua brevirostris † Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 Baskin 2004

Nasua nasua rufa Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Procyon lotor Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Nasuella olivacea Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Ursidae

Arctodus simus † Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 Krause et al. 2008

Arctotherium sp. † Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 Krause et al. 2008

Hemicyon ursinus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Frick, C 1929

Ursus americanus Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Ursus arctos Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Ursus maritimus Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Ursus spelaeus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Krause et al. 2008

Ursus sp. Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Ursus thibetanus Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Feliformia

Felidae

Acinonyx jubatus Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Caracal caracal Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Dinofelis barlowi † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Dinofelis piveteaui † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Homotherium sp. † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Lynx issiodorensis † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Neofelis nebulosa Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Panthera leo Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Panthera leo atrox † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Panthera onca Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Panthera pardus Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Panthera tigris Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Smilodon fatalis † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Smilodon populator † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Herpestidae

Galerella sp. Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Herpestes ichneumon Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Mungos mungo Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Suricata suricatta Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Hyaenidae

Crocuta crocuta Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Hyaena bellax † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Hyaena brunnea Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Hyaena hyaena makapani † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Proteles cristatus Unknown
Goswami et al. 

2011
Digitized Insectivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Nimravidae

Dinictis felina† Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Bryant 1991

Hoplophoneus sp. † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Bryant 1991

Nimravus debilis † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Bryant 1991

Viverridae

Arctictis binturong Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Paradoxurus hermaphroditus Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Viverricula indica Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

METATHERIA

Dasyuromorphia

Dasyuridae

Antechinus swainsonii Male MV C13725.1 CT scan Carnivore Van Dyck et al. 2008 Westerman et al. 2016

Barinya wangala† Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Westerman et al. 2016, 

but see Archer et al. 2016

Dasycercus blythi Male MV C35891 CT scan Carnivore Van Dyck et al. 2008 Westerman et al. 2016

Dasyurus geoffroii Unknown
Goswami et al. 

2011
Digitized Carnivore Van Dyck et al. 2008 May-Collado et al. 2015

Dasyurus maculatus Male MV C17738 Surface scan Carnivore Goswami et al. 2011 May-Collado et al. 2015

Unknown
Goswami et al. 

2011
Digitized Goswami et al. 2011

Dasyurus viverrinus Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 May-Collado et al. 2015

Male MV C6064.1 Surface scan Goswami et al. 2011

Phascogale tapoatafa Male MV C29808 Surface scan Carnivore May-Collado et al. 2015

Sarcophilus harrisii Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 May-Collado et al. 2015

Male MV C17699 Surface scan Goswami et al. 2011

Myrmecobiidae

Myrmecobius fasciatus Unknown
Digimorph.org; 

AMNH 155328
CT scan Insectivore Goswami et al. 2011 present study

Unknown
Goswami et al. 

2011
Digitized Goswami et al. 2011

Thylacinidae

Nimbacinus dicksoni † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wroe and Musser 2001

Thylacinus cynocephalus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 present study

Male MV C5745.1 Surface scan Goswami et al. 2011

Didelphimorphia

Didelphidae

Didelphis virginiana Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 May-Collado et al. 2015

Unknown
Digimorph.org; 

TMM M-2517
CT scan Goswami et al. 2011

Monodelphis domestica Unknown
Digimorph.org; 

TMM M-7599
CT scan Omnivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Sparassocynidae

Sparassocynus sp. † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Forasiepi et al. 2009, 

Abello et al 2015

Diprotodontia

Acrobatidae

Acrobates pygmaeus Male MV C31679.1 CT scan Omnivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Burramyidae

Cercartetus nanus Male MV C24880.1 CT scan Omnivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Macropodidae

Dendrolagus bennettianus Male MV C7116 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Lagostrophus fasciatus Female MV C6460.1 Surface scan Herbivore Van Dyck et al. 2008 May-Collado et al. 2015

Macropus agilis Male MV DTC174.1 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Macropus giganteus Male MV C24658 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Onychogalea unguifera Male MV C6408.1 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Petrogale penicillata Male MV C6415 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Potorous longipes Male MV C679.1 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Setonix brachyurus Male MV C23029 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Thylogale billardierii Male MV C11579 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Wallabia bicolor Unknown MV C17526 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Petauridae

Petaurus breviceps Male MV C31743.1 CT scan Omnivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Phalangeridae

Phalanger orientalis Unknown
Digimorph.org; 

AMNH 157211
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Trichosurus vulpecula Male MV C10902 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Phascolarctidae

Phascolarctos cinereus Male MV C2412 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Pseudocheiridae

Hemibelideus lemuroides Unknown
Digimorph.org; 

AMNH 154375
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Petauroides volans Unknown
Digimorph.org; 

AMNH 15005
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Petropseudes dahli Unknown
Digimorph.org; 

AMNH 183391
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Pseudochirops cupreus Unknown
Digimorph.org; 

AMNH 151829
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Pseudochirulus forbesi Unknown
Digimorph.org; 

AMNH 104136
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Thylacoleonidae

Thylacoleo carnifex † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Black et al. 2012

Wakaleo vanderleurei † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Black et al. 2012

Vombatidae

Vombatus ursinus Male MV C6655.1 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Microbiotheria

Microbiotheriidae

Dromiciops gliroides Unknown
Digimorph.org; 

FMNH 127463
CT scan Insectivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
Nilsson et al. 2010

Notoryctemorphia

Notoryctidae

Notoryctes typhlops Unknown
Digimorph.org; 

AMNH 202107
Digitized Insectivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Peramelemorphia

Peramelidae

Isoodon obesulus Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 May-Collado et al. 2015

Male MV C7159 Surface scan Goswami et al. 2011

Perameles gunnii Male MV C18611 Surface scan Insectivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Thylacomyidae

Macrotis lagotis Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 May-Collado et al. 2015

Male MV C5876.1 Surface scan Goswami et al. 2011

Sparrasodonta

Borhyaenidae

Arctodictis sp. † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Forasiepi et al. 2009, 2014

Thylacosmilidae

Thylacosmilus atrox † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Forasiepi et al. 2009, 2014
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Supplementary Table 1 | Specimens included in landmark analyses

Taxon Sex Specimen source Digitization methodDiet Diet source Phylogeny source

EUTHERIA

Creodonta

Hyaenodontidae

Hyaenodon leptocephalus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Rana et al. 2015

Pterodon dasyuroides † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Rana et al. 2015

Caniformia

Amphicyonidae

Daphoenus vetus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Tomiya 2011

Canidae

Canis adustus Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 Lindlad-toh et al. 2005

Canis aureus Male MV R5212.1 Surface scan Omnivore Sillero-Zubiri et al. 2004 Lindlad-toh et al. 2005

Canis dirus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Lindlad-toh et al. 2005

Canis latrans Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Lindlad-toh et al. 2005

Canis lupus Female
Digimorph.org; 

TMM M-1709
CT scan Carnivore Sillero-Zubiri et al. 2004 Lindlad-toh et al. 2005

Canis lupus familaris Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Lindlad-toh et al. 2005

Canis mesomelas Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 Lindlad-toh et al. 2005

Dusicyon avus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Enhydrocyon sp. † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang et al. 1999

Lycaon pictus Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Mesocyon coryphaeus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang et al. 1999

Microtomarctus conferta † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang et al. 1999

Otocyon megalotis Unknown
Goswami et al. 

2011
Digitized Insectivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Protocyon scagliarum † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang et al. 1999

Theriodictis platensis † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang et al. 1999

Vulpes chama Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Vulpes lagopus Unknown MV 120 Surface scan Omnivore Sillero-Zubiri et al. 2004
Nyakatura & Bininda-

Emonds 2012

Vulpes vulpes Male
Digimorph.org; 

UCLA 15267
CT scan Omnivore Sillero-Zubiri et al. 2004

Nyakatura & Bininda-

Emonds 2012

Paraenhydrocyon josephi † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang 1994

Mustelidae

Aonyx capensis Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Gulo gulo Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Meles meles Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Mellivora capensis Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Procyonidae

Amphinasua brevirostris † Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 Baskin 2004

Nasua nasua rufa Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Procyon lotor Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Nasuella olivacea Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Ursidae

Arctodus simus † Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 Krause et al. 2008

Arctotherium sp. † Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 Krause et al. 2008

Hemicyon ursinus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Frick, C 1929

Ursus americanus Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Ursus arctos Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Ursus maritimus Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Ursus spelaeus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Krause et al. 2008

Ursus sp. Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Ursus thibetanus Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Feliformia

Felidae

Acinonyx jubatus Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Caracal caracal Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Dinofelis barlowi † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Dinofelis piveteaui † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Homotherium sp. † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Lynx issiodorensis † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Neofelis nebulosa Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Panthera leo Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Panthera leo atrox † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Panthera onca Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Panthera pardus Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Panthera tigris Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Smilodon fatalis † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Smilodon populator † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Herpestidae

Galerella sp. Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Herpestes ichneumon Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Mungos mungo Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Suricata suricatta Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Hyaenidae

Crocuta crocuta Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Hyaena bellax † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Hyaena brunnea Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Hyaena hyaena makapani † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Proteles cristatus Unknown
Goswami et al. 

2011
Digitized Insectivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Nimravidae

Dinictis felina† Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Bryant 1991

Hoplophoneus sp. † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Bryant 1991

Nimravus debilis † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Bryant 1991

Viverridae

Arctictis binturong Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Paradoxurus hermaphroditus Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Viverricula indica Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

METATHERIA

Dasyuromorphia

Dasyuridae

Antechinus swainsonii Male MV C13725.1 CT scan Carnivore Van Dyck et al. 2008 Westerman et al. 2016

Barinya wangala† Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Westerman et al. 2016, 

but see Archer et al. 2016

Dasycercus blythi Male MV C35891 CT scan Carnivore Van Dyck et al. 2008 Westerman et al. 2016

Dasyurus geoffroii Unknown
Goswami et al. 

2011
Digitized Carnivore Van Dyck et al. 2008 May-Collado et al. 2015

Dasyurus maculatus Male MV C17738 Surface scan Carnivore Goswami et al. 2011 May-Collado et al. 2015

Unknown
Goswami et al. 

2011
Digitized Goswami et al. 2011

Dasyurus viverrinus Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 May-Collado et al. 2015

Male MV C6064.1 Surface scan Goswami et al. 2011

Phascogale tapoatafa Male MV C29808 Surface scan Carnivore May-Collado et al. 2015

Sarcophilus harrisii Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 May-Collado et al. 2015

Male MV C17699 Surface scan Goswami et al. 2011

Myrmecobiidae

Myrmecobius fasciatus Unknown
Digimorph.org; 

AMNH 155328
CT scan Insectivore Goswami et al. 2011 present study

Unknown
Goswami et al. 

2011
Digitized Goswami et al. 2011

Thylacinidae

Nimbacinus dicksoni † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wroe and Musser 2001

Thylacinus cynocephalus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 present study

Male MV C5745.1 Surface scan Goswami et al. 2011

Didelphimorphia

Didelphidae

Didelphis virginiana Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 May-Collado et al. 2015

Unknown
Digimorph.org; 

TMM M-2517
CT scan Goswami et al. 2011

Monodelphis domestica Unknown
Digimorph.org; 

TMM M-7599
CT scan Omnivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Sparassocynidae

Sparassocynus sp. † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Forasiepi et al. 2009, 

Abello et al 2015

Diprotodontia

Acrobatidae

Acrobates pygmaeus Male MV C31679.1 CT scan Omnivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Burramyidae

Cercartetus nanus Male MV C24880.1 CT scan Omnivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Macropodidae

Dendrolagus bennettianus Male MV C7116 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Lagostrophus fasciatus Female MV C6460.1 Surface scan Herbivore Van Dyck et al. 2008 May-Collado et al. 2015

Macropus agilis Male MV DTC174.1 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Macropus giganteus Male MV C24658 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Onychogalea unguifera Male MV C6408.1 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Petrogale penicillata Male MV C6415 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Potorous longipes Male MV C679.1 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Setonix brachyurus Male MV C23029 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Thylogale billardierii Male MV C11579 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Wallabia bicolor Unknown MV C17526 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Petauridae

Petaurus breviceps Male MV C31743.1 CT scan Omnivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Phalangeridae

Phalanger orientalis Unknown
Digimorph.org; 

AMNH 157211
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Trichosurus vulpecula Male MV C10902 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Phascolarctidae

Phascolarctos cinereus Male MV C2412 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Pseudocheiridae

Hemibelideus lemuroides Unknown
Digimorph.org; 

AMNH 154375
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Petauroides volans Unknown
Digimorph.org; 

AMNH 15005
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Petropseudes dahli Unknown
Digimorph.org; 

AMNH 183391
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Pseudochirops cupreus Unknown
Digimorph.org; 

AMNH 151829
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Pseudochirulus forbesi Unknown
Digimorph.org; 

AMNH 104136
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Thylacoleonidae

Thylacoleo carnifex † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Black et al. 2012

Wakaleo vanderleurei † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Black et al. 2012

Vombatidae

Vombatus ursinus Male MV C6655.1 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Microbiotheria

Microbiotheriidae

Dromiciops gliroides Unknown
Digimorph.org; 

FMNH 127463
CT scan Insectivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
Nilsson et al. 2010

Notoryctemorphia

Notoryctidae

Notoryctes typhlops Unknown
Digimorph.org; 

AMNH 202107
Digitized Insectivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Peramelemorphia

Peramelidae

Isoodon obesulus Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 May-Collado et al. 2015

Male MV C7159 Surface scan Goswami et al. 2011

Perameles gunnii Male MV C18611 Surface scan Insectivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Thylacomyidae

Macrotis lagotis Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 May-Collado et al. 2015

Male MV C5876.1 Surface scan Goswami et al. 2011

Sparrasodonta

Borhyaenidae

Arctodictis sp. † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Forasiepi et al. 2009, 2014

Thylacosmilidae

Thylacosmilus atrox † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Forasiepi et al. 2009, 2014
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Supplementary Table 1 | Specimens included in landmark analyses

Taxon Sex Specimen source Digitization methodDiet Diet source Phylogeny source

EUTHERIA

Creodonta

Hyaenodontidae

Hyaenodon leptocephalus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Rana et al. 2015

Pterodon dasyuroides † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Rana et al. 2015

Caniformia

Amphicyonidae

Daphoenus vetus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Tomiya 2011

Canidae

Canis adustus Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 Lindlad-toh et al. 2005

Canis aureus Male MV R5212.1 Surface scan Omnivore Sillero-Zubiri et al. 2004 Lindlad-toh et al. 2005

Canis dirus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Lindlad-toh et al. 2005

Canis latrans Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Lindlad-toh et al. 2005

Canis lupus Female
Digimorph.org; 

TMM M-1709
CT scan Carnivore Sillero-Zubiri et al. 2004 Lindlad-toh et al. 2005

Canis lupus familaris Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Lindlad-toh et al. 2005

Canis mesomelas Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 Lindlad-toh et al. 2005

Dusicyon avus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Enhydrocyon sp. † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang et al. 1999

Lycaon pictus Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Mesocyon coryphaeus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang et al. 1999

Microtomarctus conferta † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang et al. 1999

Otocyon megalotis Unknown
Goswami et al. 

2011
Digitized Insectivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Protocyon scagliarum † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang et al. 1999

Theriodictis platensis † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang et al. 1999

Vulpes chama Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Vulpes lagopus Unknown MV 120 Surface scan Omnivore Sillero-Zubiri et al. 2004
Nyakatura & Bininda-

Emonds 2012

Vulpes vulpes Male
Digimorph.org; 

UCLA 15267
CT scan Omnivore Sillero-Zubiri et al. 2004

Nyakatura & Bininda-

Emonds 2012

Paraenhydrocyon josephi † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang 1994

Mustelidae

Aonyx capensis Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Gulo gulo Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Meles meles Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Mellivora capensis Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Procyonidae

Amphinasua brevirostris † Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 Baskin 2004

Nasua nasua rufa Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Procyon lotor Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Nasuella olivacea Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Ursidae

Arctodus simus † Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 Krause et al. 2008

Arctotherium sp. † Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 Krause et al. 2008

Hemicyon ursinus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Frick, C 1929

Ursus americanus Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Ursus arctos Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Ursus maritimus Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Ursus spelaeus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Krause et al. 2008

Ursus sp. Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Ursus thibetanus Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Feliformia

Felidae

Acinonyx jubatus Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Caracal caracal Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Dinofelis barlowi † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Dinofelis piveteaui † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Homotherium sp. † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Lynx issiodorensis † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Neofelis nebulosa Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Panthera leo Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Panthera leo atrox † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Panthera onca Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Panthera pardus Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Panthera tigris Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Smilodon fatalis † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Smilodon populator † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Herpestidae

Galerella sp. Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Herpestes ichneumon Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Mungos mungo Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Suricata suricatta Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Hyaenidae

Crocuta crocuta Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Hyaena bellax † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Hyaena brunnea Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Hyaena hyaena makapani † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Proteles cristatus Unknown
Goswami et al. 

2011
Digitized Insectivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Nimravidae

Dinictis felina† Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Bryant 1991

Hoplophoneus sp. † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Bryant 1991

Nimravus debilis † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Bryant 1991

Viverridae

Arctictis binturong Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Paradoxurus hermaphroditus Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Viverricula indica Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

METATHERIA

Dasyuromorphia

Dasyuridae

Antechinus swainsonii Male MV C13725.1 CT scan Carnivore Van Dyck et al. 2008 Westerman et al. 2016

Barinya wangala† Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Westerman et al. 2016, 

but see Archer et al. 2016

Dasycercus blythi Male MV C35891 CT scan Carnivore Van Dyck et al. 2008 Westerman et al. 2016

Dasyurus geoffroii Unknown
Goswami et al. 

2011
Digitized Carnivore Van Dyck et al. 2008 May-Collado et al. 2015

Dasyurus maculatus Male MV C17738 Surface scan Carnivore Goswami et al. 2011 May-Collado et al. 2015

Unknown
Goswami et al. 

2011
Digitized Goswami et al. 2011

Dasyurus viverrinus Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 May-Collado et al. 2015

Male MV C6064.1 Surface scan Goswami et al. 2011

Phascogale tapoatafa Male MV C29808 Surface scan Carnivore May-Collado et al. 2015

Sarcophilus harrisii Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 May-Collado et al. 2015

Male MV C17699 Surface scan Goswami et al. 2011

Myrmecobiidae

Myrmecobius fasciatus Unknown
Digimorph.org; 

AMNH 155328
CT scan Insectivore Goswami et al. 2011 present study

Unknown
Goswami et al. 

2011
Digitized Goswami et al. 2011

Thylacinidae

Nimbacinus dicksoni † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wroe and Musser 2001

Thylacinus cynocephalus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 present study

Male MV C5745.1 Surface scan Goswami et al. 2011

Didelphimorphia

Didelphidae

Didelphis virginiana Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 May-Collado et al. 2015

Unknown
Digimorph.org; 

TMM M-2517
CT scan Goswami et al. 2011

Monodelphis domestica Unknown
Digimorph.org; 

TMM M-7599
CT scan Omnivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Sparassocynidae

Sparassocynus sp. † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Forasiepi et al. 2009, 

Abello et al 2015

Diprotodontia

Acrobatidae

Acrobates pygmaeus Male MV C31679.1 CT scan Omnivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Burramyidae

Cercartetus nanus Male MV C24880.1 CT scan Omnivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Macropodidae

Dendrolagus bennettianus Male MV C7116 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Lagostrophus fasciatus Female MV C6460.1 Surface scan Herbivore Van Dyck et al. 2008 May-Collado et al. 2015

Macropus agilis Male MV DTC174.1 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Macropus giganteus Male MV C24658 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Onychogalea unguifera Male MV C6408.1 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Petrogale penicillata Male MV C6415 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Potorous longipes Male MV C679.1 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Setonix brachyurus Male MV C23029 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Thylogale billardierii Male MV C11579 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Wallabia bicolor Unknown MV C17526 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Petauridae

Petaurus breviceps Male MV C31743.1 CT scan Omnivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Phalangeridae

Phalanger orientalis Unknown
Digimorph.org; 

AMNH 157211
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Trichosurus vulpecula Male MV C10902 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Phascolarctidae

Phascolarctos cinereus Male MV C2412 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Pseudocheiridae

Hemibelideus lemuroides Unknown
Digimorph.org; 

AMNH 154375
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Petauroides volans Unknown
Digimorph.org; 

AMNH 15005
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Petropseudes dahli Unknown
Digimorph.org; 

AMNH 183391
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Pseudochirops cupreus Unknown
Digimorph.org; 

AMNH 151829
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Pseudochirulus forbesi Unknown
Digimorph.org; 

AMNH 104136
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Thylacoleonidae

Thylacoleo carnifex † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Black et al. 2012

Wakaleo vanderleurei † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Black et al. 2012

Vombatidae

Vombatus ursinus Male MV C6655.1 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Microbiotheria

Microbiotheriidae

Dromiciops gliroides Unknown
Digimorph.org; 

FMNH 127463
CT scan Insectivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
Nilsson et al. 2010

Notoryctemorphia

Notoryctidae

Notoryctes typhlops Unknown
Digimorph.org; 

AMNH 202107
Digitized Insectivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Peramelemorphia

Peramelidae

Isoodon obesulus Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 May-Collado et al. 2015

Male MV C7159 Surface scan Goswami et al. 2011

Perameles gunnii Male MV C18611 Surface scan Insectivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Thylacomyidae

Macrotis lagotis Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 May-Collado et al. 2015

Male MV C5876.1 Surface scan Goswami et al. 2011

Sparrasodonta

Borhyaenidae

Arctodictis sp. † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Forasiepi et al. 2009, 2014

Thylacosmilidae

Thylacosmilus atrox † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Forasiepi et al. 2009, 2014
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Supplementary Table 1 | Specimens included in landmark analyses

Taxon Sex Specimen source Digitization methodDiet Diet source Phylogeny source

EUTHERIA

Creodonta

Hyaenodontidae

Hyaenodon leptocephalus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Rana et al. 2015

Pterodon dasyuroides † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Rana et al. 2015

Caniformia

Amphicyonidae

Daphoenus vetus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Tomiya 2011

Canidae

Canis adustus Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 Lindlad-toh et al. 2005

Canis aureus Male MV R5212.1 Surface scan Omnivore Sillero-Zubiri et al. 2004 Lindlad-toh et al. 2005

Canis dirus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Lindlad-toh et al. 2005

Canis latrans Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Lindlad-toh et al. 2005

Canis lupus Female
Digimorph.org; 

TMM M-1709
CT scan Carnivore Sillero-Zubiri et al. 2004 Lindlad-toh et al. 2005

Canis lupus familaris Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Lindlad-toh et al. 2005

Canis mesomelas Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 Lindlad-toh et al. 2005

Dusicyon avus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Enhydrocyon sp. † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang et al. 1999

Lycaon pictus Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Mesocyon coryphaeus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang et al. 1999

Microtomarctus conferta † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang et al. 1999

Otocyon megalotis Unknown
Goswami et al. 

2011
Digitized Insectivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Protocyon scagliarum † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang et al. 1999

Theriodictis platensis † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang et al. 1999

Vulpes chama Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Vulpes lagopus Unknown MV 120 Surface scan Omnivore Sillero-Zubiri et al. 2004
Nyakatura & Bininda-

Emonds 2012

Vulpes vulpes Male
Digimorph.org; 

UCLA 15267
CT scan Omnivore Sillero-Zubiri et al. 2004

Nyakatura & Bininda-

Emonds 2012

Paraenhydrocyon josephi † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wang 1994

Mustelidae

Aonyx capensis Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Gulo gulo Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Meles meles Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Mellivora capensis Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Procyonidae

Amphinasua brevirostris † Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 Baskin 2004

Nasua nasua rufa Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Procyon lotor Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Nasuella olivacea Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Ursidae

Arctodus simus † Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 Krause et al. 2008

Arctotherium sp. † Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 Krause et al. 2008

Hemicyon ursinus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Frick, C 1929

Ursus americanus Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Ursus arctos Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Ursus maritimus Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Ursus spelaeus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Krause et al. 2008

Ursus sp. Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Ursus thibetanus Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Feliformia

Felidae

Acinonyx jubatus Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Caracal caracal Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Dinofelis barlowi † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Dinofelis piveteaui † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Homotherium sp. † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Lynx issiodorensis † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Neofelis nebulosa Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Panthera leo Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Panthera leo atrox † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Panthera onca Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Panthera pardus Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Panthera tigris Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Smilodon fatalis † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Smilodon populator † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Herpestidae

Galerella sp. Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Herpestes ichneumon Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Mungos mungo Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Suricata suricatta Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Hyaenidae

Crocuta crocuta Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Hyaena bellax † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Turner & Anton 1996

Hyaena brunnea Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Hyaena hyaena makapani † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Proteles cristatus Unknown
Goswami et al. 

2011
Digitized Insectivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Nimravidae

Dinictis felina† Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Bryant 1991

Hoplophoneus sp. † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Bryant 1991

Nimravus debilis † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Bryant 1991

Viverridae

Arctictis binturong Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Paradoxurus hermaphroditus Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

Viverricula indica Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011

Nyakatura & Bininda-

Emonds 2012

METATHERIA

Dasyuromorphia

Dasyuridae

Antechinus swainsonii Male MV C13725.1 CT scan Carnivore Van Dyck et al. 2008 Westerman et al. 2016

Barinya wangala† Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Westerman et al. 2016, 

but see Archer et al. 2016

Dasycercus blythi Male MV C35891 CT scan Carnivore Van Dyck et al. 2008 Westerman et al. 2016

Dasyurus geoffroii Unknown
Goswami et al. 

2011
Digitized Carnivore Van Dyck et al. 2008 May-Collado et al. 2015

Dasyurus maculatus Male MV C17738 Surface scan Carnivore Goswami et al. 2011 May-Collado et al. 2015

Unknown
Goswami et al. 

2011
Digitized Goswami et al. 2011

Dasyurus viverrinus Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 May-Collado et al. 2015

Male MV C6064.1 Surface scan Goswami et al. 2011

Phascogale tapoatafa Male MV C29808 Surface scan Carnivore May-Collado et al. 2015

Sarcophilus harrisii Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 May-Collado et al. 2015

Male MV C17699 Surface scan Goswami et al. 2011

Myrmecobiidae

Myrmecobius fasciatus Unknown
Digimorph.org; 

AMNH 155328
CT scan Insectivore Goswami et al. 2011 present study

Unknown
Goswami et al. 

2011
Digitized Goswami et al. 2011

Thylacinidae

Nimbacinus dicksoni † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Wroe and Musser 2001

Thylacinus cynocephalus † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 present study

Male MV C5745.1 Surface scan Goswami et al. 2011

Didelphimorphia

Didelphidae

Didelphis virginiana Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 May-Collado et al. 2015

Unknown
Digimorph.org; 

TMM M-2517
CT scan Goswami et al. 2011

Monodelphis domestica Unknown
Digimorph.org; 

TMM M-7599
CT scan Omnivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Sparassocynidae

Sparassocynus sp. † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011

Forasiepi et al. 2009, 

Abello et al 2015

Diprotodontia

Acrobatidae

Acrobates pygmaeus Male MV C31679.1 CT scan Omnivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Burramyidae

Cercartetus nanus Male MV C24880.1 CT scan Omnivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Macropodidae

Dendrolagus bennettianus Male MV C7116 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Lagostrophus fasciatus Female MV C6460.1 Surface scan Herbivore Van Dyck et al. 2008 May-Collado et al. 2015

Macropus agilis Male MV DTC174.1 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Macropus giganteus Male MV C24658 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Onychogalea unguifera Male MV C6408.1 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Petrogale penicillata Male MV C6415 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Potorous longipes Male MV C679.1 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Setonix brachyurus Male MV C23029 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Thylogale billardierii Male MV C11579 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Wallabia bicolor Unknown MV C17526 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Petauridae

Petaurus breviceps Male MV C31743.1 CT scan Omnivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Phalangeridae

Phalanger orientalis Unknown
Digimorph.org; 

AMNH 157211
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Trichosurus vulpecula Male MV C10902 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Phascolarctidae

Phascolarctos cinereus Male MV C2412 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Pseudocheiridae

Hemibelideus lemuroides Unknown
Digimorph.org; 

AMNH 154375
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Petauroides volans Unknown
Digimorph.org; 

AMNH 15005
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Petropseudes dahli Unknown
Digimorph.org; 

AMNH 183391
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Pseudochirops cupreus Unknown
Digimorph.org; 

AMNH 151829
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Pseudochirulus forbesi Unknown
Digimorph.org; 

AMNH 104136
CT scan Herbivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Thylacoleonidae

Thylacoleo carnifex † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Black et al. 2012

Wakaleo vanderleurei † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Black et al. 2012

Vombatidae

Vombatus ursinus Male MV C6655.1 Surface scan Herbivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Microbiotheria

Microbiotheriidae

Dromiciops gliroides Unknown
Digimorph.org; 

FMNH 127463
CT scan Insectivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
Nilsson et al. 2010

Notoryctemorphia

Notoryctidae

Notoryctes typhlops Unknown
Digimorph.org; 

AMNH 202107
Digitized Insectivore

Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Peramelemorphia

Peramelidae

Isoodon obesulus Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 May-Collado et al. 2015

Male MV C7159 Surface scan Goswami et al. 2011

Perameles gunnii Male MV C18611 Surface scan Insectivore
Bennett & Goswami 2013, Van 

Dyck et al. 2008
May-Collado et al. 2015

Thylacomyidae

Macrotis lagotis Unknown
Goswami et al. 

2011
Digitized Omnivore Goswami et al. 2011 May-Collado et al. 2015

Male MV C5876.1 Surface scan Goswami et al. 2011

Sparrasodonta

Borhyaenidae

Arctodictis sp. † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Forasiepi et al. 2009, 2014

Thylacosmilidae

Thylacosmilus atrox † Unknown
Goswami et al. 

2011
Digitized Carnivore Goswami et al. 2011 Forasiepi et al. 2009, 2014
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Abstract 

The Tasmanian tiger or thylacine (Thylacinus cynocephalus) was an iconic Australian marsupial 

predator that was hunted to extinction in the early 1900s. Despite sharing striking similarities with 

canids, they failed to evolve many of the specialized anatomical features that characterize 

carnivorous placental mammals. These evolutionary limitations are thought to arise from 

functional constraints associated with the marsupial mode of reproduction, in which otherwise 

highly altricial young use their well-developed forelimbs to climb to the pouch and mouth to suck. 

Here we present the first 3D digital developmental series of the thylacine throughout its pouch life 

using X-ray computed tomography on all known ethanol-preserved specimens. Based on detailed 

skeletal measurements, we refine the species growth curve to improve age estimates for the 

individuals. Comparison of allometric growth trends in the appendicular skeleton (fore- and 

hindlimbs) with that of other placental and marsupial mammals revealed that despite their unique 

adult morphologies, thylacines retained a generalized early marsupial ontogeny. Our approach also 

revealed mislabelled specimens that possessed large epipubic bones (vestigial in thylacine) and 

differing vertebral numbers. Additionally, preliminary investigations of the onset of cranial 

convergence between the thylacine and canids was found to arise later in development than 

expected, occurring during their sub-adult to adult stages. All of our generated CT models are 

publicly available, preserving their developmental morphology and providing a novel digital 

resource for future studies of this unique marsupial.    
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Background 

The thylacine (Thylacinus cynocephalus, Harris 1808) was a large Australian marsupial mammal 

known from the island state of Tasmania, commonly referred to as the Tasmanian tiger or 

marsupial wolf due to its striped lower back and dog-like appearance (figure 1). Once ranging 

throughout Australia and New Guinea [1] (figure 1a), the thylacine disappeared from the mainland 

around 3000 years ago, likely through competition and predation by humans [2,3] and dingos [4,5]. 

A remnant thylacine population became isolated on Tasmania before they were hunted to 

extinction in the early 20th century, with the last known individual dying in captivity in Hobart 

Zoo in 1936 [6]. 

 

The thylacine was a unique marsupial predator  

The thylacine, a member of the order Dasyuromorphia, was the largest marsupial carnivore to 

survive into modern times. Growing up to 35kg and nearly 2m in length, the thylacine was three 

times larger than the Tasmanian devil (Sarcophilus harrisii) [7] and possessed unique 

morphological and behavioural traits associated with a predatory lifestyle. Its overall appearance 

displayed several independently evolved similarities with placental canids (dogs and wolves), 

despite the two groups last sharing a common ancestor ~160 million years ago [8]. These 

homologies were especially evident in the thylacine skull, which exhibited numerous convergent 

adaptions to a carnivorous ecology [9–11], especially when compared to its closest living relative 

the insectivorous numbat (Myrmecobius fasciatus) and other dasyurids, e.g., Tasmanian devil [12]. 

These include an elongated dog-like snout, long canine teeth and shearing premolars, and a 

pronounced sagittal crest for muscle attachment [5]. Recent comparisons of 3D cranial shape 

between the thylacine and other fossil and living mammals (Chapter 2) showed that this degree of 

morphological similarity is similar to that found in other textbook examples of phenotypic 

convergence, making the thylacine-canid comparison an exceptional model of convergent 

evolution among distantly related taxa [12].   

Postcranially, the thylacine also possessed several unique skeletal characteristics distinguishing it 

from other marsupials. Different numbers of sacral (2 instead of the usual 3) and caudal (23-25 

instead of 20-21) vertebrae separate it from its extant dasyurid relatives [13], and many aspects of  
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Figure 1 – The thylacine. (a) Pair of adult thylacines, photograph taken from the U.S. National 

Zoological Park. The scientific name, Thylacinus cynocephalus, translates to ‘dog-headed 

pouched-dog’, indicating the marsupial’s extraordinary resemblance to canids (dogs and wolves), 

while its striped coat earned it the common name Tasmanian tiger. Inset map shows the historic 

range throughout Australia and New Guinea (orange), with the final population isolated in 

Tasmania (red). Map adapted from work by John Tann CC BY 4.0. (b) Adult thylacine skeletal 

morphology (Rodney Start CC BY 4.0). 



 

59 
 

its forelimb anatomy appear unlike other meat-eating mammals. For example, the shape of its 

distal humerus and radius bones indicates supination of the elbow joint and hand – a more 

generalized mammalian condition that is lost in cursorial pounce and pursuit predators [14,15]. It 

also experienced an evolutionary reduction of the epipubic bones and clavicles (both present in 

ancestral mammals), possibly related to its locomotion although this remains speculative 

[13,16,17]. While these attributes may have assisted in the thylacine’s role as a generalist predator, 

it is unclear to what extent the marsupial mode of reproduction constrained its ability to evolve the 

more specialized anatomical features as seen in placental carnivorans.   

 

Marsupial reproduction and pouch young development  

Marsupials give birth to highly altricial young that undertake an extensive crawl from the 

urogenital sinus into the mother’s pouch where they attach to a teat to continue their development 

[18]. A fundamental consequence of this reproductive strategy is that certain skeletal elements 

undergo accelerated development relative to the rest of the body, described as heterochrony. As a 

result of these early constraints, marsupial neonates exhibit advanced ossification of the forelimbs, 

shoulder girdle, and facial skeleton at an earlier stage of development than their placental 

counterparts [19–22]. This is thought to have restricted their evolutionary potential to develop into 

the diverse range of adult morphologies observed in other mammals [9,23,24]. The retention of a 

more flexible (supinated) forelimb, as described above, may reflect this developmental constraint 

[14,15]. 

The thylacine, like many other quadrupedal terrestrial marsupials, had a backwards-facing 

abdominal pouch in which it raised litters of up to four young at a time [7]. After one month of 

gestation in the uterus, the newborn young crawled into the pouch to continue their development 

while attached to the teat. The pouch young are thought to emerge after a 12 week period, before 

permanently leaving the pouch after 16 weeks [6,25–27]. While general changes in thylacine 

skeletal proportions from the juvenile to adult stage have been documented [28], the ontogenetic 

events that underlie their unique skeletal development during life in the pouch remain largely 

unknown.  
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Limited availability of thylacine pouch young specimens 

The spurious reputation of the thylacine as an sheep killer gained notoriety amongst early 

European settlers, leading to its persecution throughout the late 19th and early 20th centuries [6]. 

Although the predatory nature of the thylacine condemned the animals as vermin, their uniqueness 

also made them highly sought-after specimens in private and institutional collections, stimulating 

the trading of whole animals, bones, and pelts worldwide [6,27]. Prior to their demise in the early 

1900s, over 803 wet and dry specimens were collected and stored in 116 museum and university 

collections over 23 countries, catalogued in the International Thylacine Specimen Database [27]. 

In contrast, only 13 registered ethanol-preserved thylacine pouch young are known to date, 

representing six stages of postnatal development (figure 2) [25,27]. As these individuals are the 

only preserved pouch young specimens ever likely to be available, they provide a limited yet 

powerful opportunity to scrutinize the postnatal development of this extraordinary marsupial 

during a critical phase of its life.    

X-ray micro-computed tomography (CT) has become an increasingly popular technique for 

studying the skeletal anatomy of whole specimens, as it permits visualization of internal features 

in high resolution without causing damage to the object. In this study, we apply CT to the thylacine 

pouch young specimens to reconstruct their postnatal ontogeny and generate the first digital 

developmental series of this extinct marsupial predator. Our high-resolution 3D dataset highlights 

the skeleton, soft tissues and organs, while providing an overview of anatomy and developmental 

events that occurred during pouch life. Using precise morphometric measurements of the CT 

models, we infer the age of each specimen, describe skeletal development and ontogenetic 

changes, and investigate allometric growth patterns of the thylacine limbs including the 

identification of limb heterochrony relative to other placental and marsupial mammals. This study 

provides a developmental framework for identifying the ontogenetic factors underlying the 

thylacine’s unique position among mammals, and together with the recently sequenced thylacine 

genome [12], offers exciting new opportunities to study the biology of this unique marsupial apex 

predator.  
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Materials and methods 

Sourcing of material 

We used the International Thylacine Specimen Database [27] to locate all known existing thylacine 

pouch young. Specimens were sourced from Charles University in Prague, Czech Republic 

(DZCU), and from the following Australian institutes: Museums Victoria (NMV), The Tasmanian 

Museum and Art Gallery (TMAG), and the Australian Museum in Sydney, New South Wales 

(AMS) (table 1). As most of the collections contained similarly aged individuals from various 

litters of young, we gave preference to male individuals for sampling due to the slight sexual 

dimorphism in marsupials [13]. The exceptions to this were the single Australian Museum 

specimen, which is female, and the DZCU specimens, where the sex of the young is unknown.   

 

Pouch young specimen details  

The youngest thylacine specimens were recently discovered in the Zoology Department of Charles 

University, Prague, labelled as DZCU8021 (table 1, figure 2a), and represents a complete litter of 

four siblings [25]. Little information is known about the origin of the specimens other than their 

acquisition into the collection in 1897. The specimens have been previously estimated as ≤2 weeks 

old based on crown-rump length (CRL) measurements [25].  

The next complete litter of young is found in the collection of Museums Victoria, Australia, 

labelled C5754-C5757 (table 1). The specimens represent a full litter of four pouch young that 

were received with their mother (C5752) in 1909. All four pouch young were removed from the 

pouch (and likely the nipples) after their mother was killed in the wild. Of the four young, three 

remain intact, as the fourth, C5754, was serially sectioned in 1994 and now exists as a series of 

histological slides. Of the remaining three specimens, C5755 is male (figure 2b) and C5756 and 

C5757 are females. The specimens are estimated to be 4 weeks old based on CRL [25]. 

The most diverse collection of pouch young exists in Tasmanian Museum and Art Gallery 

(TMAG), although the ages of the specimens were not known. This collection contains young 

from three separate litters (table 1): one litter containing one young male and a female sibling 

(A931 and A932, respectively; figure 2c), one litter with two slightly larger pouch young, one  
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Table 1 – Specimen identifiers and CT details. List of all known thylacine pouch young with 

their associated specimen numbers and CT scan parameters. Two specimens marked with an 

asterisk (*) were not scanned for the present study.   
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Figure 2 – Thylacine pouch young specimens scanned in this study. (a) DZCU8021.1 from 

a litter of four specimens from Charles University. (b) NMV C5755 from a litter of three 

specimens from Museums Victoria. (c) A931, one of two similarly aged specimens, and (d) 

A930, a single individual from the Tasmanian Museum and Art Gallery (TMAG). (e) P762, the 

largest known thylacine pup from the Australia Museum. (f) TMAG A934, one of two 

documented specimens determined to be another species in this study*. Scale bars=10mm.  

Footnote *See results section 3.3. 
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with undetermined sex and one male (A933 and A934, respectively; figure 2f), and one litter with 

one well-developed male pup (A930, figure 2d). The A930 specimen was brought to TMAG with 

its female sibling (location currently unknown) and mother as a bounty animal (wild caught) from 

Campbell Town in 1902. Finally, a single thylacine pouch young specimen is stored at the 

Australian Museum in Sydney (table 1). The specimen is a female (P762, figure 2e) and is 

estimated to be approximately 12 weeks old based on X-ray analyses of tooth eruption and CRL 

[25]. This is the most developed pouch young specimen in any of the collections, and is thought 

to have started its transition out of the pouch [6]. The specimen was donated to the Australian 

Museum by the Royal Society of Tasmania in 1866 during an Australian Museum collecting trip 

led by George Masters. This date of collection makes it the oldest known preserved specimen at 

over 150 years old.  

 

CT scanning and digital reconstruction  

Details of CT parameters are given in table 1. Each specimen was scanned over 360° at varying 

resolutions using different targets and filters to maximize contrast in the soft tissues. The DZCU 

specimens were scanned at the Czech Centre for Phenogenomics (Institute of Molecular Genetics 

ASCR, v.v.i.), Vestec CZ, in a SkyScan 1176 (Bruker microCT, Belgium). The specimens exist 

as a mounted series of four young suspended in a glass cylinder attached by thread [25] which was 

placed inside the scanner. All other specimens were scanned at the TrACEES platform, School of 

Earth Sciences, University of Melbourne, in a phoenix nanotom m (General Electric, USA). Each 

specimen was wrapped in bubble wrap and mounted in a PVC pipe to minimize movement. The 

larger individuals (A930 and P762) required 3 and 4 scans, respectively, to capture the full body. 

These scans were subsequently merged in Avizo (FEI).  

Reconstruction of the DZCU specimens was performed in NRecon 1.6.9.15 (Bruker microCT, 

Belgium) with parameters for smoothing, ring artefact correction, and beam hardening correction 

of 3, 19, and 4% respectively. The reconstructed 3D volume was exported as a tagged image file 

format (tiff) stack for further analysis. Automatic noise reduction, thresholding, fluid shape ROI 

selection, and transposition to 3D matrix were performed with the help of CT analyser 1.16.4.1 

(Bruker microCT, Belgium). To ease data operation, original files were downscaled to 25% of 

their original size in Fiji [29], which also served for converting the data for itk-SNAP 3.6 [30] for 
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3D segmentation of bony elements. Reconstruction of the Australian specimens was performed in 

datos|x reconstruction software (GE Sensing & Inspection Technologies GmbH, Wunstorf, 

Germany). VGStudio Max 3.0 (Volume Graphics GmbH, Germany) and Avizo were used for 

volume rendering of the 3D CT data, segmentation, and creation of surface meshes. Surface 

models were re-meshed and simplified in Meshlab (Visual Computing Lab, ISTI, CNR). For organ 

identification and rendering, subsampled tiff stacks of the specimens were imported into Fiji [29]. 

Organ layers were visualized in individual slices and highlighted. The altered tiff stacks were 

reimported to Avizo, which was used for interpolating the segmentation of the layers to a 3D 

volume. Segmented organs were then visualized by overlaying them in the existing volume using 

various false colour maps.  

CT models of the above specimens are publicly available as stacks of reconstructed tiffs 

(doi:10.5061/dryad.5H8K3), which can be imported into various free and proprietary software for 

visualization and analysis.  

 

Age estimation 

The approximate ages of the Prague [DZCU], Museums Victoria [NMV] and Australian Museum 

[AMS] specimens have been previously estimated based on gross morphology and external length 

measurements [25], however the age of the TMAG specimens remain unknown. We recorded 

crown-rump length (CRL) and head length (HL) measurements for each of the scanned individuals 

(n=10) across all litters directly from the reconstructed 3D volumes using the polyline 

measurement tool in VGStudio Max 3.0 (Volume Graphics GmbH, Germany) to obtain precise 

measurements to the nearest µm (figure 3a). Length measurements for multiple individuals of the 

same litter were averaged and standard error was calculated (figure 3b). CRL and HL of the DZCU 

(n=4) and AMS (n=1) specimens with reported ages [25]  were used to calibrate the series. CRL 

and HL for each of the remaining specimens (n=5) were plotted on the curve. Age estimates were 

calculated and adjusted based on the best fit of the measurements to the regression line (figure 3b).   
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Figure 3 – Specimen measurements and age determination of pouch young. (a) Linear 

measurements used in the present study. (b) Linear regressions of crown-rump length (CRL) 

and head length (HL) vs age in weeks for each litter of specimens (taken as the average 

length) scanned in this study. Ages of the NMV and TMAG (A930, A931) specimens 

(circles) were calculated and adjusted from previously defined ages of DZCU and AMS 

(P762) specimens (squares) [25]. Age estimates of the individuals showed a strong linear 

relationship between age and CRL/HL, as indicated by high R2 values. Error bars for DZCU 

and NMV specimens are not visible due to the small size variation between littermates 

(<2.5mm). Th= thoracic vertebrae, Lu= lumbar vertebrae, TL = trunk length, Sc = scapula, Pv 

= pelvis, SL= stylopod (humerus / femur), ZL = zeugopod (radius / tibia), Al = autopod 

(carpals / tarsals), FL-HL = forelimb, hindlimb length.  
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Allometric scaling  

Changes in the proportions of body parts during growth, known as allometry, are common in 

mammals and are thought to underlie morphological diversification within and among species [31–

34]. The highly altricial birth of marsupial neonates, in which only the musculoskeletal systems of 

the anterior post-cranial skeleton (forelimbs, shoulder girdle) and oral apparatus are well 

developed, implies that the majority of allometric changes occur inside the pouch and are 

potentially limited by functional constraints in early ontogeny (see refs in [35]). However, how 

these regions scale with each other and with body size in general are largely unknown in 

carnivorous marsupials, which may experience different selection pressures related to feeding and 

locomotion than do placentals and other non-carnivorous marsupials. We therefore examined 

allometric growth patterns of the thylacine pouch young during ontogeny, and compared them to 

the observed developmental trajectory in juveniles through to adulthood [28].  We recorded skull 

(condylobasal length), forelimb (sum of the length of the humerus, radius and 3rd metacarpus), 

scapula (anterior to posterior point), hindlimb (sum of the length of the femur, tibia and 3rd 

metatarsus), pelvis (anterior to posterior point), and trunk length (sum of the length of the thoracic 

and lumbar vertebrae) (figure 3a) to match previously published juvenile and adult growth data 

[28]. Body proportions were calculated as the length of each component divided by trunk length, 

given as a percentage of specimen’s total trunk length (% TL), and compared across all 

developmental time points. We also examined allometric scaling of the limb long bones throughout 

the entire ontogeny of the thylacine using methods described by Kilbourne and Makovicky [32]. 

We recorded length (mean of left and right bone) and circumference (the mean of the anterior-

posterior and medial-lateral width of the midshaft *π) of the long bones of the forelimb (humerus 

and radius) and hindlimb (femur and tibia). Pouch young long bone measurements were taken 

from the digital reconstructions using the poly-line tool in VGStudio Max 3.0 (Volume Graphics 

GmbH, Germany) and similar tools in CT analyser 1.16.4.1 (Bruker microCT, Belgium) and 

tpsDig2 [36]. Juvenile and adult long bones were measured from specimens within the collection 

at Museums Victoria using digital callipers and a flexible tape measure.  

 

To test for allometric scaling, length and mid-shaft circumference of each long bone were natural 

log-transformed and used to generate reduced major axis (RMA) regression slopes. Natural log-

transformed data were input into RMA v1.21 [37] and slopes with 95% confidence intervals (C.I.s) 
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were generated using 10,000 bootstraps. Cases in which both the slope and C.I. were greater than 

1.0 were considered as positive allometry (growing more slender), 1.0 as isometry (maintaining a 

constant proportion), and below 1.0 as negative allometry (growing more robust) [32]. Allometric 

scaling of thylacine long bones was compared with other published datasets containing similar 

measurements of placental and marsupial mammals.  
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Results and discussion 

Developmental staging of specimens  

To determine the ages of the unknown specimens, we reclassified the complete series of known 

pouch young using CRL and HL measurements to establish a growth trajectory. CRL is utilized 

as the most accurate means of aging developing marsupial pouch young, as it has been shown to 

be linear with age in dunnarts [38], Tasmanian devils [39], quolls [40], bettongs [41] and tammar 

wallabies [42]. We calibrated the growth series using the previously estimated ages of the youngest 

DZCU specimens (≤2 weeks) and oldest AMS specimen (12 weeks) [25] (figure 3b, squares). 

TMAG specimen A934 was omitted from the series due to its unusual morphology (see section 

3.3). To fit the regression line we interpolated and adjusted the ≤2 week age estimate for the DZCU 

specimens to 1.5 weeks, and retained the AMS specimen’s estimate of 12 weeks based on X-ray 

analysis of skull and dentition [25]. We then adjusted the CRL and HL measurements of the 

specimens with unknown ages (figure 3b, circles) to the regression line until the data showed a 

strong linear fit (R2>0.999). Our newly established growth curve resulted in age estimates for the 

NMV young of approximately 4.5 weeks old, half a week older than previously described [25], 

5.25 weeks for TMAG specimen A931, and 9.5 weeks for TMAG A930 (figure 3b). Despite our 

small sample sizes,  

these ages fall within a half a week of those previously estimated, again supporting the strong 

linear relationship between CRL and age in marsupials.  

 

Descriptions of thylacine pouch young 

DZCU8021: 1.5 weeks old (figures 2a, 4).  

The DZCU specimens represent the earliest stage of thylacine postnatal development and appear 

of a generalized marsupial neonate morphology. They display characteristic precocial 

development of the forelimbs and highly altricial hindlimbs, showing similarities with other 

equally staged dasyurid marsupials [38,43], American opossums [20], Australian brush tail 

possums and bandicoots [19] demonstrating that the thylacine shared a similar early marsupial 

ontogeny and was likely subjected to the same musculoskeletal constraints associated with the 

crawl to the pouch [23,44]. At this early stage of development, the young would have been pulled  
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Figure 4 – Skeletal reconstruction of DZCU 8021. Lateral view of the reconstructed 1.5-

week-old thylacine pouch young. Arrow indicates open sutures of the neurocranium. at = 

atlas, ax = axis, sc = scapula, pv = pelvis.  
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off the teat of their mother, which may have resulted in some disfiguration of the specimens [25]. 

The overall morphology of the specimens suggests they were originally compacted in a small 

vessel before being mounted on thread in their current configurations. We were able to identify 

bony skeletal elements, though soft tissue detail was limited. The 1.5-week-old thylacine pouch 

young had already undergone a significant amount of osteogenesis of the cranial and postcranial 

skeleton. The skull was large compared to the body (74% TL) and all the major bones were visible. 

The facial prominence and mandibles show an elevated level of ossification and suture closure 

compared with the rest of the cranium, likely owing to the constraints of suckling of the altricial 

neonate [35]. Two to three tooth sockets are visible in each of the jaw quadrants. Many of the 

sutures between the major bones remain open, especially between the frontal, parietal, squamosal 

and occipital bones surrounding the neurocranium.  

Ossification of the axial skeleton was present with clear segmentation of the vertebrae, ribs, and 

early ossification centres of the sternum. The atlas and axis were large, likely aiding in support of 

the cranium during the crawl to the pouch and suckling. The young had three sacral vertebrae, 

characteristic of the thylacine [13]. The caudal vertebrae were difficult to identify due to the low 

degree of ossification at this stage of development. The limbs displayed clear heterochrony in their 

state of development, recapitulating the known early development in marsupials, with the 

forelimbs being longer and larger than the hindlimbs. The young showed accelerated development 

of the long bones of the forelimbs (58% TL) and shoulder girdle, compared with the bones of the 

hindlimb (40% TL), assisting in the immediate post birth crawl to the pouch [18]. The bones of 

the hindlimb and two small ossification centres in the developing pelvis could be seen, though the 

specific pelvic bones were difficult to identify. The young displayed early ossification of the 

metacarpals, metatarsals and digits, but no obvious bones of the carpus or tarsus.  

 

TMAG A931: 5 weeks old (figures 2c, 5)  

The TMAG A931 pouch young was similar in size and state of development to the NMV 

specimens (figure 2b, c), however since the former appeared in a better state of preservation we 

limit our description to the single specimen. By 4.5-5.25 weeks the thylacine pouch young 

presented a less generalized morphology and shared similarities with other young dasyurid 

marsupials [38,43]. TMAG A931 displayed some distinct surface features, such as delamination  
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Figure 5 – Skeletal reconstruction of TMAG A931. Lateral view of the reconstructed 5.25-

week-old thylacine pouch young. Arrow indicates open sutures of the neurocranium. Dashed 

circles shows the lack of ossified carpal elements. at = atlas, ax = axis, ca = calcaneus, cl = 

clavicles, il = illium, is = ischium, sc = scapula, st= sternum. 
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of the oral fissures, but lacked characteristic dorsal striping. The young was virtually hairless with 

some vibrissae appearing on the face and head, consistent with previous observations [45]. CT 

reconstructions of both sets of young showed similar skeletal morphologies, though the TMAG 

specimen showed higher resolution of its soft tissues compared with the NMV young. We were 

able to clearly identify the heart, lungs and liver in the reconstructions, however the brain was 

harder to visualize (data not shown). 

At 4.5-5.25 weeks of age the thylacine possessed a largely ossified skeleton. All bones of the facial 

skeleton were present, albeit short, with near-complete closure of sutures and development of 

several deciduous teeth embedded in the upper and lower jaws. The sutures of the neurocranium 

had begun to close, especially between the frontal and parietal (though not complete), but remained 

open between the frontal, parietal and squamosal, and between the parietal, squamosal and 

occipital bones. Despite the advanced level of ossification of the skull, the young still displayed a 

generalized neonatal cranial shape seen in other marsupials [46], and disparate to its adult 

morphology. 

The postcranial skeleton had undertaken a substantial increase in its relative size compared with 

the cranium (59% TL), and had undergone ossification of all the major bones. The various 

vertebrae segments were all present, including the enlarged axis and atlas, though medially unfused 

and disconnected from one another. The young possessed 2 unfused sacral vertebrae and 24 

detectable caudal vertebrae, confirming it was a thylacine [13]. The pouch young displayed an 

ossified sternum and the small vestigial clavicles were apparent. The shoulder girdle (scapula) was 

large and pronounced, the forelimb long bones had elongated and there was ossification of the 

digits. Notably, the forelimb was lacking any ossification of the carpals in the wrist. The hindlimb 

long bones had elongated (56% TL), though were still shorter than the forelimbs (61% TL). The 

digits were present and the first bone of the tarsus (the calcaneus) had ossified. Both limbs showed 

development of the claws. The pelvic girdle contained unfused ilium and ischium bones and two 

small ossification centres for the bones of the pubis. The marsupial-specific epipubic bones were 

absent, a characteristic feature of the thylacine [13,47].  
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TMAG A930: 9.5 weeks old (figures 2d, 6a,b)  

By 9.5 weeks, the pouch young possessed a more recognizable thylacine morphology with a 

covering of fur (though the stripes were not yet visible), numerous facial vibrissae, and sharp claws 

and fleshy footpads on both sets of limbs. The exceptional state of preservation of the young was 

evident in the CT reconstructions, displaying clear contrast of both skeletal elements and soft 

tissues, allowing rendering of many of the key internal organ systems, specifically the brain, heart, 

lungs, liver and kidneys. 

The cranial morphology of the young was at a substantially advanced stage, displaying a highly 

ossified facial skeleton and elongation of the facial bones. The maxillary bones contained two 

large swellings on either side of the upper jaw housing the pre-erupted canines, and several other 

dense, pre-erupted teeth were housed in the upper and lower jaw. The sutures of the neurocranium 

were almost closed, with the remaining open sutures towards the ventral edge of the parietal and 

occipital bones.  

The postcranial morphology of the young displayed many key differences compared with early 

developmental stages. Despite the elongation of the skull, the head was 53% the length of the 

trunk, suggesting a rapid expansion of other bony elements. The axial skeleton was well developed 

with the initial interlocking of the vertebrae and closure of the medial sutures, creating the axial 

spines in the thoracic vertebrae. The pelvic region contained 2 sacral vertebrae, and 24 caudal 

vertebrae in the tail confirming it was a thylacine. The vestigial clavicles were reduced in relation 

to the surrounding bones of the pectoral girdle, and no visible epipubic bones were present in the 

pelvic region. The limbs had undergone a heterochronic shift in their size and state of development, 

with the hindlimbs (68% TL) overtaking the length of the forelimbs (65% TL), and many of the 

bony elements of the carpals and tarsals had ossified.  

 

AMS P762: 12 weeks old (figures 2e, 7)  

By 12 weeks, the thylacine pouch young displayed a distinct juvenile morphology with a marked 

increase in size. Several external features were present and have been previously discussed in detail 

by Boardman [45], including distinct facial features, fur covering, and the presence of a pouch.  
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Figure 6 – Soft tissue and skeletal reconstructions of TMAG A930. (A) Lateral view of the 

9.5-week-old thylacine with semi-transparent skin, internal organs and bony elements. The 

brain (orange), trachea (green), lungs (yellow), heart (red) liver (purple) and kidneys (pink) 

were separately rendered and overlaid. Teeth showed the highest density (white) followed by 

the bones of the cranium and limb bones. Lighter elements, including the skin, appear 

translucent. (B) Lateral view of the reconstructed pouch young. as = axial spines, at = atlas, ax 

= axis, bc = bronchioles, br = brain, ca = calcaneus, cl = clavicles, ht = heart, il = illium, is = 

ischium, ki = kidney, lu = lung, lvr = liver, ms = maxillary swellings, sc = scapula, st= sternum, 

tr = trachea. 
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Figure 7 – Skeletal reconstruction of AMS P762. Lateral view of the reconstructed 12-week-

old thylacine pouch young. as = axial spines, at = atlas, ax = axis, ca = calcaneus, cl = clavicles, 

il = illium, is = ischium, ms = maxillary swellings, sc = scapula, st= sternum. 
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The young had developed several of its characteristic stripes down its lower back and tail, a feature 

absent in the earlier pouch young specimens. The excellent preservation of the young, similar to 

the 9.5-week-old specimen TMAG A930 (figure 2d), allowed 3D reconstructions of high 

resolution and clarity. The soft tissue and internal organ systems were clearly visible in the young, 

including the brain, heart and lungs, though as the organs from the abdominal cavity had previously 

been removed we did not render the organs.  

The skeleton of the 12-week-old pouch young was well developed and highly ossified. The overall 

morphology of the pouch young was similar in appearance to the 9.5-week-old specimen (TMAG 

A930; figure 6) though showed an increase in its state of development and size. The bones of the 

cranium were all present and most of the sutures were closed, with the only remaining open sutures 

surrounding the posterior bones of the skull. The facial prominence had elongated, overall 

increasing the length of the skull (55% TL), the canines remained within the maxillary swellings, 

and several small teeth were present in the upper and lower jaws (not shown).  

The postcranial skeleton had fused, interlocking vertebrae creating several axial spines down the 

specimen’s back. The clavicles were small and reduced and the epipubic bones were absent. The 

limbs had increased in their overall length in relation to the trunk, and the hindlimbs (80% TL) 

were longer than the forelimbs (74% TL). Most of the smaller bones of the carpus and tarsus were 

ossified and the metatarsals and digits were elongated in the hindlimb compared with the 

metacarpals and digits of the forelimb. The fortification of the skeletal elements were likely due 

to the musculoskeletal requirements of imminent exit from the pouch, and the gain of semi 

independence.   

 

Misidentified specimen TMAG A934 (figures 2f, 8) 

External observations of the TMAG A934 specimen showed a similar morphology to the other 

thylacine pouch young and displayed a fine dark fur over its body with numerous vibrissae on the 

head. However, skeletal reconstructions revealed several key differences compared with the other 

thylacine specimens. Within the pelvic girdle was the presence of two large epipubic bones, a 

marsupial-specific feature that has become vestigial in the thylacine, remaining only as two small 

cartilaginous protrusions [47]. The specimen also possessed 3 sacral vertebrae and 20 detectable  
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Figure 8 – Skeletal reconstruction of TMAG A934. Lateral view of the reconstructed 

specimens (left). Interestingly, the reconstructions displayed several anomalies compared with 

the other pouch young specimens, including two large ossified epipubic bones (ep), and 3 sacral 

and 20 caudal vertebrae (right), both features known to be absent in the thylacine.  
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caudal vertebrae, a characteristic feature of other dasyurid species [13]. These distinctive features 

suggest that the pouch young were incorrectly labelled as thylacine and instead are more likely a 

quoll (Dasyurus sp.) or Tasmanian devil (Sarcophilus harrisii). Based on these observations, this 

specimen was excluded from our analyses and is pending genetic sequencing for species 

identification.  

 

Allometric growth patterns during thylacine ontogeny 

Using measurements of the thylacine pouch young, we explored allometric changes in the skull 

and appendicular skeleton throughout its entire ontogeny. At 1.5 weeks old, the DZCU specimens 

represent the earliest documented stage of postnatal thylacine development, and display 

acceleration of the anterior skeleton (skull, scapula and forelimb bones) compared with the 

posterior elements (hindlimbs and pelvis) (figure 9). The skull was relatively large in the neonate 

(76% TL), likely in aid of support during suckling, before rapidly reducing in its overall size to 

roughly half its total trunk length in the following weeks of development (figure 9).  

Heterochrony of the thylacine limbs was also distinct in the early neonate (forelimb 58% TL vs 

hindlimb 40% TL), including a larger scapula compared with the pelvis (26% TL and 20% TL, 

respectively). After 5 weeks the forelimb was still slightly larger than the hindlimb (60% TL vs 

55% TL), although the scapula was now proportionally smaller than the pelvis (24% TL and 26% 

TL, respectively) and maintained this state throughout ontogeny. The developmental lag of the 

hindlimb was overcome after ~8 weeks of pouch development, with the hindlimbs distinctly longer 

than the forelimbs by 9.5 weeks (68% TL vs 65% TL) (figure 9). In the 2.5 weeks prior to 

emergence from the pouch, the limbs (especially hindlimbs) had grown rapidly in length (forelimb 

74% TL, hindlimb 80% TL), presumably to support the weight and independent locomotion of the 

pup. The hindlimbs continued to grow longer than the forelimbs throughout the juvenile and adult 

stages (figure 9,10). Therefore, despite its unique adult morphology, the thylacine was subject to 

the same conserved ontogenetic growth trajectories to that observed in other marsupials [31,48–

50].  

Individual bones of the thylacine limbs also displayed marked differences in allometric scaling 

during growth (figure 10). Following birth, the stylopodial (humerus, femur) and zeugopodial  
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Figure 9 – Growth dependent changes in the skeletal proportions of the thylacine. Changes 

in the ratios of skeletal components throughout the entire developmental tragectory of the 

thylacine, as a proportion of total trunk length. Juvenile, sub-adult and adult measurements 

taken from Moeller 1980 [28].  
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Figure 10 – Limb heterochrony in the thylacine.  Relative lengths of thylacine forelimb and 

hindlimb elements throughout development, shown as shaded grey bars. The thylacine 

forelimbs begin larger and longer than the hindlimbs, before being overtaken within the first 

half of pouch development. Limbs are divided into proximal and distal segments: the stylopod 

(humerus and femur), zeugopod (Ulna/radius and tibia/fibula) and autopod (carpals, 

metacarpals, tarsals, metatarsals and digits). 
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(radius, tibia) elements of the fore- and hindlimbs were roughly equal in length, but the autopod 

of the forelimb (carpus) was longer than that of the hindlimb (tarsus). These proportions were 

maintained until ~5.25 weeks, when the length of the tarsus overtook that of the carpus. By 9.5 

weeks the stylopodia were longer than the zeugopodia, persisting until emergence from the pouch 

at 12 weeks. During the transition of semi-independence (returning to suckle) to an independent 

juvenile, the length of the zeugopodial elements of the hindlimb surpassed that of the stylopodia. 

These limb bone ratios were maintained through to adulthood with the hindlimbs ultimately 

reaching ~1.2 times the length of the forelimbs [51].  

Despite observed differences in development of the fore- and hindlimbs, growth of the long bones 

in both sets of limbs scaled with positive allometry from 1.5 weeks through to adulthood 

(Supplementary table 1). For all measured elements, slopes ranged from 1.2 to 1.4 (95% CI [1.15, 

1.51]). Scaling of length with circumference was similar for all bones except the radius, which had 

a steeper slope meaning that as it grew longer, it became proportionately more slender. For all long 

bones R2 was close to 1 (>0.99), indicating a tight relationship between these variables throughout 

ontogeny (Supplementary table 1). While the early pouch young had yet to develop ossified long 

bone epiphyses, the exclusion of these specimens from the analyses yielded similar overall positive 

allometric growth trends (data not shown).  

Large bodied (>20kg) mammals are generally associated with isometric or negative growth rates, 

as increased body mass imposes greater mechanical stress on the long bones during ontogeny (e.g., 

black bear and elephant (isometric), wildebeest and bison (negative) [32]; Supplementary table 1). 

In contrast, limb bones of large placental carnivorans such as canids and felids tend to scale with 

positive allometry [32]. This divergence in allometric scaling is likely facilitated by locomotor 

specializations such as limb posturing, muscle mechanics, and behaviour, that mitigate mass-

specific forces on the skeleton [52,53]. Although the adult thylacine had relatively short legs for 

its large body size [15], we found patterns of positive allometric scaling consistent with canids and 

felids (e.g., coyote, tiger; Supplementary table 1), suggesting it may have evolved similar adaptive 

strategies to overcome size-related constraints [32,52].  

Locomotor behaviour of the thylacine is still under debate [14,15,54], however our results support 

reconstructions of the animal as a cursorial predator despite its constrained marsupial ontogeny. 

Although comparable studies on marsupial allometry are limited, measurements of long bone 
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length versus midshaft diameter in smaller taxa like tammar wallaby (Macropus eugenii), brush-

tail possum (Trichosurus vulpecula) and short-tailed opossum (Monodelphis domestica) reveal 

isometric or negative allometric growth rates (Supplementary table 1) [31,55]. Further sampling 

of other larger bodied and predatory marsupials may help to distinguish the relative influences of 

ecology and phylogeny on thylacine development, determine its uniqueness among marsupials, 

and uncover the developmental processes leading to extraordinary phenotypic convergence 

between mammals.  
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Conclusions 

The limited availability of thylacine pouch young specimens and the lack of non-invasive 

techniques to interact with them has so far restricted studies of its ontogenetic development. Using 

key morphometric parameters based on CT data, our growth series has refined the staging of these 

specimens into five unique postnatal time points covering approximately 1.5, 4.5, 5.25, 9.5 and 12 

weeks of age. As the thylacine started its journey from the pouch after 12 weeks [6], this growth 

series represents the entire critical window of development in the pouch. Furthermore, our study 

also revealed the incorrect classification of one thylacine specimen (TMAG A934) and its 

littermate, reducing the number of known intact thylacine pouch young to 11 individuals 

worldwide. This finding clearly demonstrates the power of CT technology for taxonomic 

identification of rare specimens. 

Using comparative measurements of skeletal elements, we illustrate how the thylacine matured 

from a generalized marsupial neonate into an adult with allometric patterns resembling a cursorial 

placental carnivore. Although our analyses mostly focused on morphology of the postcranial 

skeleton, our future work will describe cranial ontogeny of the thylacine pouch young specimens 

and its role in adult convergence with placental canids.  

This publicly available series, together with the recent publication of the thylacine genome [12], 

provides a linked genetic and morphological dataset allowing further investigations into the 

development of this unique species. The approaches used here, taking advantage of recently 

developed techniques in X-ray computed tomography and 3D visualization, have allowed us to 

preserve the virtual morphology of this extinct animal and provide a valuable resource for future 

studies.  
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Taxon n= Y-int Slope 95% C.I. limits R
2 Allometry n= Y-int Slope 95% C.I. limits R

2 Allometry Ref

Marsupials

    Thylacinus cynocephalus (Tasmanian tiger) 13 0.648 1.198 1.154, 1.242 0.997 + 13 0.757 1.403 1.321, 1.486 0.992 + this study

    Trichosurus Vulpecula (brushtail possum) * 51 nd 0.887 nd 0.950 - 51 nd 0.780 nd 0.931 - [31]

    Macropus eugenii (tammar wallaby)  * 25 nd 0.917 nd 0.957 - 24 nd 0.620 nd 0.945 - [31]

    Monodelphis domestica (short-tailed opossum) * nd 0.710 nd nd - nd 0.850 nd nd iso [55]

Placentals

  Carnivora

    Canis latrans (coyote) 13 -1.183 1.720 1.601, 1.884 0.974 + nd nd nd nd [32]

    Panthera tigris (tiger) 13 -0.517 1.360 1.283, 1.473 0.983 + 12 -0.002 1.330 1.245, 1.440 0.986 + [32]

    Ursus americanus (black bear) 19 0.095 1.240 0.974, 1.347 0.966 iso 16 1.372 1.370 0.843, 1.161 0.939 iso [32]

 Certiodactyla

    Connochaetes taurinus (blue wildebeest) 15 1.714 0.800 0.738, 0.875 0.976 - 13 1.844 0.860 0.805, 0.924 0.988 - [32]

    Bison bison (bison) 16 1.785 0.790 0.707, 0.908 0.958 - 12 1.560 0.870 0.805, 0.995 0.971 - [32]

Proboscidea

    Loxodonta africana (African elephant) 11 1.632 0.900 0.618, 1.038 0.946 iso 7 1.849 0.860 0.632, 0.946 0.984 iso [32]

Taxon n= Y-int Slope 95% C.I. limits R
2 Allometry n= Y-int Slope 95% C.I. limits R

2 Allometry Ref

Marsupials

    Thylacinus cynocephalus (Tasmanian tiger) 13 0.660 1.241 1.179, 1.303 0.994 + 13 0.690 1.277 1.211, 1.344 0.994 + this study

    Trichosurus Vulpecula (brushtail possum) * 51 nd 0.922 nd 0.867 + 51 nd 0.876 nd 0.944 - [31]

    Macropus eugenii (tammar wallaby) * 25 nd 0.854 nd 0.965 - 22 nd 0.402 nd 0.716 - [31]

    Monodelphis domestica (short-tailed opossum) * nd 0.890 nd nd iso nd 0.890 nd nd iso [55]

Placentals

  Carnivora

    Canis latrans (coyote) 13 -0.788 1.640 1.457, 2.087 0.949 + 9 -1.883 1.98 0.567, 2.263 0.905 iso [32]

    Panthera tigris (tiger) 15 -0.721 1.460 1.389, 1.581 0.985 + 12 -0.736 1.45 1.319, 1.651 0.98 + [32]

    Ursus americanus (black bear) 19 0.266 1.270 0.965, 1.395 0.959 iso 16 1.091 1.04 0.863, 1.138 0.95 iso [32]

 Certiodactyla

    Connochaetes taurinus (blue wildebeest) 15 1.261 0.960 0.920, 1.017 0.989 - 15 1.851 0.88 0.8268, 0.9357 0.989 - [32]

    Bison bison (bison) 16 1.427 0.920 0.8634, 0.9969 0.975 - 17 2.232 0.75 0.6370, 0.8947 0.932 iso [32]

Proboscidea

    Loxodonta africana (African elephant) 11 1.565 0.950 0.700, 1.069 0.972 iso 10 1.201 0.97 0.597, 1.096 0.94 iso [32]

Tibia

RadiusHumerus

Femur

Supplementary table 1 – Ontogenetic allometry of thylacine long bones. Reduced major 

axis (RMA) analysis of allometric growth patterns of thylacine forelimb (humerus and radius) 

and hindlimb (femur and tibia) bones with comparisons to published marsupial [31,55] and 

placental [32] data. All four thylacine long bones scaled with positive allometry throughout 

ontogeny, similar to that seen in placental carnivores (i.e. Panthera tigris, Canis latrans), but 

dissimiar to growth rates observed in other marsupials and placental herbivores 

(Certiodactlya). + = positive allometry, - = negative allometry, iso = isometry. 
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Chapter 3 Addendum 

Ontogenetic onset of craniofacial convergence between 

the thylacine and canids 

 
 

 

Preliminary data 
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Introduction / Aims 

Combining our established model of adult craniofacial convergence between the thylacine and 

canids (Chapter 2) [12], with our newly generated thylacine development series (contained herein) 

[56], we next investigated the onset of craniofacial convergence between the two species. 

Marsupials and placentals have been separated for ~160 million years [8,57] and each lineage has 

evolved unique reproductive strategies [18], including differences in the timing of ossification of 

their skeletal elements pre- and post-birth [21,22,58,59]. As such, the thylacine and canids are 

expected to vary in their early developmental trajectories [56,60,61]. However, given the strong 

craniofacial similarities of the adult thylacine with canids [12], it remains unclear as to when during 

development these convergent features arise. Specifically, it is unknown whether these similarities 

arise early or late in development, and how these convergent growth patterns compare to those 

observed in the thylacine’s closest relatives.   

Using our newly established 3D digital thylacine developmental series [56], we examined 

craniofacial development between the thylacine, canids and other dasyurid and diprotodont 

marsupials, to determine ontogenetic growth patterns between convergent and non-convergent 

taxa. While we predict the thylacine and its close relatives will show patterns of parallel and 

divergent ontogenetic development (Figure 1a), it is unclear when the thylacine and canids 

converge on their striking similarities (Figure 1b). Using 3D landmark based geometric 

morphometrics we generated an ontogenetic principal component analysis (PCA) to investigate 

patterns of cranial convergence. For the first time, this preliminary data examines when during the 

thylacines craniofacial development the major transition from a generic marsupial to a canid-like 

predator occurs.   
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Figure 1 – Hypothetical patterns of morphological evolution. a) Ontogenetic development in 

closely related species. Closely related species share a similar early developmental program before 

maturing in different adult forms (diverge) or develop similar forms under similar developmental 

trajectories. b) Ontogenetic pathways taken to converge on a similar adult morphology. Unrelated 

species may independently converge on a similar adult form, or similar intermediate form.  
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Methods 

The methods used in this addendum have been described in detail in Chapters 2 and 3.  

Crania from the 4.5, 5.25, 9.5 and 12 week old thylacine pouch young were digitally isolated from 

the previously described scans [56]. To compare ontogenetic craniofacial development, we 

obtained previously generated cranial CT models for four extant marsupials and three canids. 

Marsupials possess a developmentally constrained early ontogeny, thought to arise from the 

functional constraints associated with the crawl to the pouch [22,44]. As such, we sampled crania 

for the thylacine’s close dasyuromorphian relatives, the dunnart (Sminthopsis sp.) [62] and Eastern 

quoll (Dasyurus viverrinus) [22], which possess relatively similar adult cranial morphologies with 

adaptive features suited to carnivory, to serve as a parallel control group. We also sampled crania 

from the more distantly related diprotodontian koala (Phascolarctos cinereus) and brushtail 

possum (Trichosurus vulpecula) [62]. While these taxa should possess a similar conserved early 

ontogeny, they also possess highly specialized craniofacial morphologies suited to herbivory and 

were included as a divergent control group. Finally, we obtained [61] and generated new crania 

CT models (see Chapter 2 methods) for the grey wolf (Canis lupus) and red fox (Vulpes vulpes) 

previously shown to be the most convergent species with the thylacine. We also included 2 juvenile 

specimens of domestic dog (Canis lupus familiaris) due to reduced canid sample availability, 

though the exact breed was unknown. All specimens are listed in Supplementary table 1.  

All digital cranial models were landmarked, along with representative adult taxa, using the 30 

homologous points previously described in Chapter 2 [12]. All landmarking was performed in 

Landmark Editor (Institute of Data Analysis and Visualization, UC Davis, USA) and imported into 

MorphoJ (v1.06d) [63] for Procrustes superimposition and principal component analysis (PCA).    
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Results and discussion 

The ontogenetic principal component analysis showed the that first two components of the PCA 

contained 68.5% of the total variance (Figure 2), with ~52% held within PC1. PC1 was an accurate 

proxy for developmental age/stage, with neonatal and early juvenile taxa with large rounded 

neurocrania and short snouts clustering towards the positive end of the axis, and late juvenile and 

adult taxa with well-developed craniofacial morphologies shifting towards the negative end. PC2 

contained ~17% of the total variance and described width of the temporal ridge and nasal bones, 

and blunting and elongation of the snout. The hypercarnivorous, long thin snouted thylacine and 

canids were distributed towards the negative axis of PC2, omnivorous taxa were in the centre, and 

herbivorous snub-nosed taxa shifted towards the positive end. The distribution of shape variance 

in this analysis is similar to other ontogenetic studies of cranial morphology in canids [61,64] and 

didelphids [65], where PC1 contained >50% of the variance, confirming it as a suitable proxy for 

developmental age.  

When examining growth trends between the marsupials included in this study, the more closely 

related species (koala vs brushtail possum; and thylacine vs quoll and dunnart) showed similar 

patterns of parallel morphological development, while the more distantly related diprotodont vs 

dasyuromorph taxa displayed patterns of divergent development, as predicted (Figure 2). 

Interestingly, when comparing the thylacine and canids, we found that the two groups did not show 

signatures of convergence until the later stages of development in the sub-adult to adult stages, 

occurring around the time of the thylacines sexual maturity (≥2 years). It is worth noting that the 

canids developmental trajectory appeared to shift and converge on the thylacine (Figure 2), 

however this observation may be a result of an over-represented sampling of marsupials and under-

representation of other extant carnivoran species.  

Given the strong similarities of adult cranial shape between the thylacine and canids (Chapter 2) 

[12] we might have expected to see an early onset of craniofacial convergence leading to their 

adult similarities. Instead, we found the convergence was the result of independent developmental 

patterns converging on the adult form. While these independent patterns of development would be 

generally assumed due to their 160Mya evolutionary divergence [12] and lineage-specific 

ontogenies [56,60], the selective pressures associated with the development into a large 

carnivorous predator may have promoted similar early developmental sequences. For example, the  
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Figure 2 – Principal component analysis showing ontogenetic cranial shape variation 

between the thylacine and canids, with a comparison to extant marsupials. Over 50% of 

the total shape variance was contained in the first component which was a strong proxy for 

developmental age. Each species possessed a rounded cranium and short face in the early stages 

of development (positive PC1) before diversifying into their adult morphology 

(positive/negative PC2, negative PC1). The onset of craniofacial convergence between the 

thylacine and canids was not evident until the late stages of development. 
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functional demands of a hypercarnivorous feeding ecology, such as the early development of major 

cranial bones and their associated muscle attachment sites, may have assisted in the 

accommodation of the biomechanical stresses placed on skull when taking large/ struggling prey 

[5]. Similarly, early development and eruption of the canines, pre-molars and molars, as well as 

the elongation of the snout to facilitate their placement, may have converged early to assist in the 

transition to independent predation. However, instead of an early convergence (post-pouch 

juvenile to sub-adult), the observed similarities appeared to develop towards adulthood, either as 

a late stage, or ongoing developmental mechanism. This lag in the onset of convergence may be 

partially explained by the early developmental constraints placed on the oral apparatus (later 

making up most of the facial skeleton) in marsupial pouch young [22,35]. The early constraints 

associated with the altricial marsupial newborn crawling to the pouch and suckling have been 

hypothesized to limit the flexibility of the evolution of craniofacial diversity [35,44], and 

contribute to the heterochrony between marsupials and placentals [58,66,67]. Therefore, the 

thylacine may have needed to first outgrow these constraints during weaning and independent 

feeding before being able to develop its canid-like morphology.  

These findings pose interesting questions as to how these independently evolving species have 

arrived at a similar adult morphology. Specifically, are their convergent resemblances the result of 

a similar underlying genetic program, or are the similarities driven by different mechanisms which 

have subsequently resulted in similar phenotypes? The development of the facial skeleton is a 

deeply conserved developmental program derived from a multipotent population of progenitor 

neural crest cells (NCCs) [68,69]. The NCCs which precede the development of the skull contain 

a pre-determined epigenetic program that specifically patterns the facial morphology later in 

development. These critical underlying programs have been demonstrated through NCC 

transplantation experiments in ducks and quails, where recipient species receiving donor NCCs, 

develop the donors beak morphology [70]. Therefore, it is possible that the acquisition of similar 

convergent changes in the NCC progenitors underlie the striking similarities in the adult 

craniofacial morphology between the thylacine and canids [12], particularly through latent changes 

which succeed the early constraints placed on the pouch young. One such mechanism associated 

with driving facial length evolution in groups of placental mammals involves the master osteogenic 

transcription factor RUNX2 [71–74], which is essential in driving NCC-derived ossification of the 

facial skeleton. While evolutionary changes within RUNX2 may contribute to craniofacial 
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convergence between the thylacine and canids, its role in marsupial evolution is still unknown and 

warrants investigation. As such, the examination of the molecular basis of morphological 

convergence between the thylacine and canids should focus on skeletal patterning factors and 

mechanisms active in the underlying neural crest progenitors. 
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Conclusions 

Throughout Chapter 2 and 3, I used morphological and statistical supporting techniques to generate 

one of the most robust frameworks investigating convergent craniofacial evolution amongst 

mammals. We have shown that the thylacine is one of best examples of convergent evolution in 

mammals, displaying striking craniofacial similarities with placental wolves and foxes. Our digital 

thylacine developmental growth series has provided insights into the constraints and development 

of an extinct marsupial carnivore and allowed investigations on the ontogenetic onset of 

craniofacial convergence. While the observable similarities appear to arise towards adulthood, 

these comparisons will begin to answer questions about how and when morphological convergence 

may arise. Importantly, this system allows us to target the underlying tissues and identify the loci 

that contribute to craniofacial convergence. 
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Supplementary table 1 – List of specimens used in study  

Species name Specimen Id Source 

Canis lupus NMV C26577 This study 

Canis lupus ZMZH 20201 This study 

Canis lupus CLL4_3d This study 

Canis lupus CLL5_3d This study 

Canis lupus CLL2_3d This study 

Canis lupus N/A Feigin et al. 2018 

Canis lupus familiaris  NMV C2398.1 This study 

Canis lupus familiaris  NMV C32185 This study 

Canis lupus familiaris  NMV R548 This study 

Dasyurus viverrinus  N/A Goswami et al. 2011 

Dasyurus viverrinus  N/A Feigin et al. 2018 

Dasyurus viverrinus  MA 758B Spiekman & Werneburg 2017  

Dasyurus viverrinus  MA 735 Spiekman & Werneburg 2017  

Dasyurus viverrinus  MA 752B Spiekman & Werneburg 2017  

Dasyurus viverrinus  MA 712 Spiekman & Werneburg 2017  

Dasyurus viverrinus  MA 712B Spiekman & Werneburg 2017  

Dasyurus viverrinus  ZMB 72258 Spiekman & Werneburg 2017  

Phascolarctos cinereus Kolge03 Ramírez-Chaves et al. 2016  

Phascolarctos cinereus KoLge02 Ramírez-Chaves et al. 2016  

Phascolarctos cinereus KoLge01 Ramírez-Chaves et al. 2016  

Phascolarctos cinereus N/A Feigin et al. 2018 

Sminthopsis crassicaudata Scrassd31 Ramírez-Chaves et al. 2016  

Sminthopsis crassicaudata Scrass_adult This study 

Sminthopsis macroura Smacd64d_9_09 Ramírez-Chaves et al. 2016  

Sminthopsis macroura SmacPYE74d_No14_08 Ramírez-Chaves et al. 2016  

Sminthopsis macroura Smac54dPYA_No44_08 Ramírez-Chaves et al. 2016  

Thylacinus cynocephalus NMV C5756 This study 

Thylacinus cynocephalus TMAG A931 This study 

Thylacinus cynocephalus TMAG A930 This study 

Thylacinus cynocephalus AMS P762 This study 

Thylacinus cynocephalus ZMB 82165 This study 

Thylacinus cynocephalus NMV C5744 This study 

Thylacinus cynocephalus NMV C5745 Feigin et al. 2018 

Thylacinus cynocephalus N/A Goswami et al. 2011 

Trichosurus vulpecula TV8 Ramírez-Chaves et al. 2016  

Trichosurus vulpecula TV3 Ramírez-Chaves et al. 2016  

Trichosurus vulpecula TV1 Ramírez-Chaves et al. 2016  

Trichosurus vulpecula TV2 Ramírez-Chaves et al. 2016  

Trichosurus vulpecula N/A Feigin et al. 2018 

Vulpes vulpes NMV C35717 This study 

Vulpes vulpes NMV C29778.1 This study 

Vulpes vulpes NMV C25798 This study 

Vulpes vulpes N/A Feigin et al. 2018 
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Abstract  
 

Background: Runt-related transcription factor 2 (RUNX2) is a transcription factor essential for 

skeletal development. Variation within the RUNX2 polyglutamine / polyalanine (QA) repeat is 

correlated with facial length within orders of placental mammals and is suggested to be a major 

driver of craniofacial diversity. However, it is not known if this correlation exists outside of the 

placental mammals.  

Results: Here we examined the correlation between the RUNX2 QA repeat ratio and facial length 

in the naturally evolving sister group to the placental mammals, the marsupials. Marsupials have 

a diverse range of facial lengths similar to that seen in placental mammals. Despite their diversity 

there was almost no variation seen in the RUNX2 QA repeat across individuals spanning the entire 

marsupial infraclass. The extreme conservation of the marsupial RUNX2 QA repeat indicates it is 

under strong purifying selection. Despite this, we observed an unexpectedly high level of repeat 

purity.  

Conclusions: Unlike within orders of placental mammals, RUNX2 repeat variation cannot drive 

craniofacial diversity in marsupials. We propose conservation of the marsupial RUNX2 QA repeat 

is driven by the constraint of accelerated ossification of the anterior skeleton to facilitate life in the 

pouch. Thus, marsupials must utilize alternate pathways to placental mammals to drive 

craniofacial evolution.  
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Background 

 

Mammals have evolved a diverse array of craniofacial morphologies in response to their specialist 

diets. Examples of carnivores, omnivores and herbivores have evolved independently in both the 

placental (eutherian) and marsupial (metatherian) lineages [1–3] with diet placing substantial 

selective pressures on craniofacial evolution. While there are many key developmental genes 

responsible for patterning the facial skeleton, the precise mechanisms driving these morphological 

adaptations are not well defined [4]. One of the most remarkable examples of craniofacial diversity 

is between breeds of domestic dogs which have been subjected to strong artificial selection [5]. A 

comparative analysis of repeat variation in developmental genes associated with skeletal and 

craniofacial development was performed across dog breeds with diverse craniofacial phenotypes 

[6]. A strong positive correlation was observed between craniofacial length and the ratio of 

polyglutamines (Q) to polyalanines (A) in the QA repeat domain of the Runt-related transcription 

factor 2 (RUNX2) gene [6].  

RUNX2 is a transcription factor and master regulator of osteogenesis in the development of the 

mammalian skeleton [7,8]. RUNX2 binds the osteoblast-specific cis-acting element (OSE-2) 

within the promoter of several key skeletal genes [9]. Mice deficient for Runx2 are unable to 

develop a bony skeleton [7]. In humans, mutations in RUNX2 cause cleidocranial dysplasia (CCD), 

with individuals possessing craniofacial abnormalities with delayed closure of cranial sutures and 

dental anomalies [10]. Interestingly, several of the skeletal abnormalities associated with CCD 

patients are characteristic of the Neanderthal skeleton, and it has been hypothesized that 

evolutionary changes to RUNX2 played a fundamental role in the phenotypic divergence of modern 

humans [11].  

RUNX2 contains several functional domains, including a highly conserved RUNT DNA binding 

domain and, central to this study, a repetitive glutamine (Q), alanine (A) domain [12]. Changes to 

the length, or ratio, of sequential glutamines to alanines within RUNX2 alter its transactivational 

activity [13–17] providing a direct link between variation within this domain and craniofacial 

length in dogs. Amino acid coding repeats are thought to provide a fast-acting mechanism for 

generating evolvability. Repeats promote replication slippage, resulting in expansions and 

contractions which can generate new alleles in rapid succession and promote variation [18,19]. 

The QA repeat in RUNX2 provides a mechanism by which rapid morphological variation can 
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arise. Such protein coding repeats have been described as “evolutionary tuning knobs” where 

small, incremental changes can be associated with rapid morphological evolution [20,21].  

Selective pressures over short evolutionary timeframes may favour changes in repeat length as a 

mechanism to generate rapid morphological change [20,21]. This may be especially true in the 

domestic dogs as they represent a single species that has been subjected to intense selective 

breeding over the past century [6]. The RUNX2 QA repeat and facial length was investigated 

across distinct placental orders to determine if repeat evolution correlates with facial morphology 

in naturally evolving taxa over larger evolutionary timeframes. The QA-repeat and facial-length 

was recorded across the carnivorans, the order in which the dogs and other canids are 

phylogenetically distributed [14]. As seen in the domestic dogs (a single species), there was a 

positive correlation between the RUNX2 QA repeat length and facial length within this order, 

despite over 40 million years of evolution [14]. It was also noted that this correlation was stronger 

in members of the Caniformia who exhibit allometric craniofacial development and higher overall 

craniofacial diversity. In addition, the RUNX2 repeat to facial length ratio was also examined 

across another placental order, the Primates, who have been evolving for 55 million years [22]. 

Primates, like the Carnivora, display a similar positive correlation between the RUNX2 repeat and 

facial length [23]. An analysis of the RUNX2 repeat to facial length was conducted across the 

three extant lineages of placental mammals including the Afrotheria, Boreoeutheria including 

Euarchontoglires (Primates, Rodents) and Laurasiatherians (Ungulates, Carnivora), and the 

Xenartha. While a correlation could be observed between the RUNX2 repeat and facial length 

within specific orders, this relationship did not hold true when comparing across orders spanning 

the entire placental infraclass [24].  

Together these studies show a correlation between the RUNX2 QA repeat and facial length within 

defined placental lineages. The modern orders of placental mammals arose ~65 million years ago 

[25] and radiated into a diverse range of terrestrial, aquatic and aerial species (for example, rodents, 

cetaceans and bats) with each group displaying highly variable facial morphologies acquired along 

their own evolutionary trajectories. Although the RUNX2 repeat may drive facial evolution within 

orders, other compensatory epistatic changes may act across larger evolutionary distances such 

that correlations cannot be detected.  
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All studies on RUNX2 repeat length and facial diversity have been conducted in placental 

mammals. However, it is unknown whether a correlation between RUNX2 repeat length and facial 

length exists in their sister group, the marsupials. The marsupials are a naturally evolving infraclass 

that split from the placental lineage ~160 million years ago [26] and radiated into 7 orders 

distributed through two superorders (the Australidelphia and Ameridelphia). Like their placental 

relatives, marsupials have evolved their own distinct range of adaptive craniofacial morphologies 

suited to their various specialized feeding ecologies (Figure 1a-j, [1–3]). Marsupials occupy a 

diverse range of facial lengths but show a reduced range of overall craniofacial diversity when 

compared to placental mammals (Figure 1m; [1]). Within marsupials there are also several cases 

of convergent craniofacial phenotypes with the placentals (Figure 1i-l). The extinct thylacine and 

the canids represent one of the most extraordinary examples of convergence in mammals 

especially in their craniofacial morphology [27]. Here we test whether variation to the RUNX2 

repeat can explain facial length variation between individuals throughout the various orders and 

families of marsupials, and across the marsupial infraclass.  

Surprisingly, in contrast to the placental mammals, marsupials possess almost no variability in the 

RUNX2 repeat length or composition across individuals at the genus, family and order level. 

Despite their diverse array of facial morphologies, marsupials have not utilized evolutionary 

changes to the RUNX2 repeat to control their facial length development.  
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  Figure 1 – Craniofacial diversity of marsupials 

and convergence. Marsupials possess a diverse 

range of morphologies and craniofacial diversity. 

(A) Fat-tailed dunnart (Sminthopsis 

crassicaudata) and (B) Tasmanian devil 

(Sarcophilus harrisii) from the order 

Dasyuromorphia. (C) Eastern grey kangaroo 

(Macropus giganteus), (D) koala (Phascolarctos 

cinereus) and (E) brushtail possum (Trichosurus 

vulpecula) from the order Diprotodontia (F). 

Eastern barred bandicoot (Perameles gunnii) 

from the order Peramelemorphia. (G) Monito del 

monte (Dromiciops gliroides) from the order 

Microbiotheria, and (H) Virginian opossum 

(Didelphis virginiana) from the order 

Didelphimorphia. Panels I-L marsupials and 

placentals that display striking craniofacial 

convergence. Thylacine (Thylacinus 

cynocephalus) (I) order Dasyuromorphia, and 

placental dingo (Canis lupus dingo) (K); and the 

marsupial mole (Notoryctes typhlops) (J), order 

Notoryctemorphia and placental golden mole 

(Chrysochloris sp.) (L). All images have been 

reproduced with permission (Supplementary 

Table 1). (M) Box plot showing the range of 

marsupial facial length ratios compared with 

placentals [24] and Carnivora [14]. Boxes 

indicate the upper and lower quartiles, horizontal 

line inside indicates the median value. The 

horizontal lines indicate the extremes of the 

distribution with outliers shown as points. 
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Methods 

Species sampling 

We sampled marsupial species occupying a range of ecological niches and specialised diets with 

a diverse array of craniofacial morphologies (Figure 1, 2). The taxa included representatives 

from each of the marsupial orders, with the exception of the South American Paucituberculata 

due to sample availability. Marsupial tissues were collected from various sources 

(Supplementary Table 1) and genomic DNA was extracted using the DNeasy Blood & Tissue kit 

(QIAGEN). For each species included in the study, we sourced representative skulls to record 

facial length measurements (Supplementary Table 2). Skulls were obtained from the Museum 

Victoria Mammalogy collection. For rarer samples, we further acquired 3D CT cranial data from 

DigiMorph (University of Texas; http://www.digimorph.org) online skull depository.   

 

Facial length measurements 

Facial length measurement parameters were adapted from previous studies [6,14,24]. We 

measured facial length and total skull length, as a proxy of size, on the right and left side of the 

skull in male and female specimens, unless otherwise noted (Supplementary Table 2). Facial length 

was measured as the distance between the juncture of the jugal, lacrimal and maxillary bones, and 

the anterior juncture of the nasal and premaxilla. The skull size proxy was the measurement of the 

anterior juncture of the premaxilla and maxilla to the lateral edge of the occipital condyle (Figure 

3). Facial length was divided by the skull proxy and averaged for both sides, then averaged between 

the sexes to gain a sex-adjusted, facial length ratio (Supplementary Table 2). The range of 

marsupial facial length ratios were compared with previously published placental [24] and 

carnivoran [14] datasets by observing the distribution of ratios through the generation of a box and 

whisker plot (Figure 1m). 

  

http://www.digimorph.org/
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Figure 2 – Phylogeny of sampled marsupials and craniofacial morphology. Phylogeny of 

marsupials used this study with selected taxa displaying a wide range of craniofacial diversity. 

Taxa included represent 6 of the 7 marsupial orders and 14 families. All skull images were 

taken from the Museum Victoria mammalogy collection with permission, with the exception 

of the Dropiciops gliroides (Adapted from [38]; Supplementary Table 2). Different colour 

lineage shading indicates different marsupial orders.  
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Figure 3 – Facial length measurements. Eastern Grey Kangaroo (Macropus giganteus) skull 

showing facial length measurements taken in the study. Size proxy was taken as skull length 

recorded from the lateral edge of the occipital condyle to the anterior juncture of the premaxilla 

and maxilla (top panel). Facial length was recorded as the distance between the junction of the 

lacrimal, jugal and maxillary bones to the junction of the nasal and premaxilla (bottom panel).  
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RUNX2 repeat amplification and analysis 

The RUNX2 repeat was amplified in triplicate from genomic DNA from each of our specimens 

using marsupial-specific RUNX2 QA repeat flanking primers [5’-

ATCCGAGCACCAGTCGGCGGTTCAG-3’, 5’-GTGGTCAGCGATGATTTCCAC-3’] based 

on previous studies [6,14,24]. To minimize PCR error, the RUNX2 repeat was amplified using 

Phusion Hot Start II High Fidelity Polymerase (Thermo Scientific). The resulting PCR products 

were purified (QIAquick Gel Extraction Kit, QIAGEN), and sequenced on a Capillary 

electrophoresis sequencer (Applied Biosystems) (Centre for Translational Pathology, University 

of Melbourne). As a positive control for accuracy, we amplified the human and mouse RUNX2 

repeat and compared against publicly available sequence data (not shown). For the convergent 

repeat analysis, we retrieved the sequence for the Golden Mole (Chrysochloris asiatica) from 

GenBank, [XM_006860524.1.]  

 

Sequence alignment 

The obtained PCR sequence trace files (~200bp) were imported into ChromasPro2.0.1 

(Technelysium Pty Ltd.) for quality trimming and nucleotide base calling. Triplicate traces were 

obtained for each species and used to generate a consensus sequence.   

 

Thylacine repeat reconstruction 

Thylacine RUNX2 orthologous sequences were obtained from raw whole genome shotgun Illumina 

and Proton reads and assembled using ChromasPro2.0.1. Additional RUNX2 sequence was PCR 

amplified using Dasyuromorphia specific primers immediately flanking the repeat to amplify a 

180bp repeat-containing fragment [5’-GACGTGAGCCCGGTAGTG-3’, 5’-

CATGGTGCGATTGTCGTG-3’]. The resulting PCR products were Sanger sequenced in both 

directions, and aligned against the NGS reads. The thylacine RUNX2 repeat consensus sequence 

was then generated from the aligned sequence data.  
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Statistical analysis  

We compared marsupial RUNX2 repeat ratios with facial length ratios across the sampled 

marsupial taxa and generated a linear regression line and calculated the coefficient of 

determination (R2) using excel [6,14,23]. 

 

Repeat length determination and purity 

To determine the RUNX2 repeat length and QA ratio, the resulting 28 marsupial nucleotide 

sequences were aligned and translated in MEGA7 [37]. The RUNX2 QA repeat ratio was then 

calculated by dividing the number of consecutive glutamines by consecutive alanines. Glutamine 

and alanine tandem repeat purity was calculated from each species’ nucleotide consensus based 

on previously described methods [6,29]. The resulting marsupial repeat purity values were 

compared to those reported for domestic dogs and other carnivorans [6,29], and to purity values 

calculated from publicly available sequence data for the Primates [23] and other placental 

mammals [24] (Supplemental Table 3).   
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Results 

Marsupials display a wide range of craniofacial diversity 

The marsupials display a wide range of adaptive craniofacial morphologies (Figures 1 and 2), 

corresponding to their various diets. As expected, the marsupials display a diverse range of facial 

lengths, which are consistent with the range of facial length ratios observed within members of the 

placentals (Figure 1m, [6,14,23,24]). The majority of the marsupials displayed facial length ratios, 

measured as the length of the face divided by skull length (Figure 3), between 0.32 and 0.54, 

including all of the Dasyuromorphia, Diprotodontia, Microbiotheria, and the Didelphimorphia. 

The koala, being a strict folivore, displayed the shortest facial length ratio of 0.293 while the 

omnivorous short-nosed Southern brown bandicoot and insectivorous marsupial mole displayed 

longer facial length ratios between 0.55-0.6. The major exception was seen in the long-nosed 

Eastern barred bandicoot, which possesses the longest face in this study with a facial length ratio 

of 0.69.  

There are several cases of morphological convergence reported between marsupials and placental 

mammals with the most striking examples seen between the thylacine and canids [27], and the 

marsupial and placental moles [28]. We compared the facial length data from the thylacine to that 

reported for the canids [14], as well as between the marsupial mole (Notoryctes typhlops) and the 

African Cape Golden Mole (Chrysochloris asiatica, DigiMorph.org). As expected the thylacine 

and red fox displayed extremely similar facial length ratios (0.36 and 0.38 respectively). The 

marsupial mole and golden mole also showed similar ratios (0.58 and 0.51 respectively). 

 

Marsupials have a highly conserved RUNX2 repeat 

We determined RUNX2 repeat ratios across a broad range of marsupials (Figure 2) and found that 

remarkably there was little-to-no variation between individuals at the genus, family and order level 

(Figures 4 and 5). The majority of marsupials, specifically australidelphians within the orders 

Peramelemorphia, Dasyuromorphia and Diprotodontia, show a highly-conserved repeat length 

consisting of 17Q:22A (ratio 0.77). Slight variation was seen in some members of the order 

Diprotodontia with one less glutamine (16Q, ratio 0.73) and in the Thylacine (order 

Dasyuromorphia) with one less alanine (21A, ratio 0.81). The only South American residing 
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australidelphian, the monito del monte (order Microbiotheria), had a slightly shortened 16Q:19A 

repeat (ratio 0.76), whilst the true South American marsupials, the ameridelphian opossums (order 

Didelphimorphia) displayed the shortest marsupial repeat with 16Q:18A (ratio 0.84). The largest 

variation in repeat length was seen in the phenotypically unique marsupial mole (order 

Notoryctemorphia) with an extended glutamine tract (25Q) making it the only marsupial with a 

QA ratio above 1 (1.09).  

 

The RUNX2 repeat is not correlated with facial length in marsupials 

We found that the RUNX2 repeat is not correlated with facial length variation within orders or 

across the marsupials (r2 = 0.09; Figure 4) due to its high conservation. In addition, we found no 

similarities in repeat length or composition between the thylacine (0.81) and the red fox (5.0, [14], 

nor between the marsupial mole (1.09) and golden mole (0.88) despite their remarkable similarities 

in skull morphology. These results suggest that the large degree of conservation of the RUNX2 

repeat in the marsupials cannot explain their facial length diversity. 

 

Marsupials display high repeat purity  

Given the high level of conservation of the length of the marsupial RUNX2 repeat, we next 

explored the codon heterogeneity of the repeat to determine whether marsupials have evolved 

interruptions to their codon purity as a potential mechanism repressing repeat length variation. We 

found that members of the various marsupial orders possess high homology in both the repeat and 

flanking nucleotide sequence of RUNX2, yet display specific polymorphisms increasing with 

phylogenetic distance (Figure 5). Not only this, but marsupials have maintained a high level of 

codon purity, despite displaying almost no repeat length variability. We calculated repeat purity 

using a previously described metric of the number of perfect nucleotide matches in the canonical 

repeat unit divided by the total length of the repeat [6,29]. We found that marsupials possess a high 

purity glutamine repeat (2 possible codons) ranging from 0.93-0.96, whilst the alanine repeat (4 

possible codons) ranged from 0.86-0.91, with the exception of the thylacine (0.79) (Figure 5). Both 

repeat purities were well above the theoretical minima [29] and were in line with those recorded 

in the placentals. 
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Figure 4 – RUNX2 repeat length vs facial length ratio in marsupials. Table (left panel) 

showing the number of Q and A repeats, QA ratio and facial length ratio across the species 

examined, grouped into specific orders. The RUNX2 repeat ratio shows little to no 

correlation with facial length ratio across marsupials at multiple taxonomic levels. 

Marsupials possess a highly-conserved repeat length of 17Q:22A, especially within the 

australidelphians. The American marsupials displayed a slightly shorter repeat and the 

marsupial mole possesses a greatly extended glutamine repeat. Graph (right panel) showing 

facial length ratios plotted against QA ratio for all species shown in the table. Coloured dots 

indicate specific orders as shown in the table on left. When compared to the various spectra 

of facial length ratios there was no clear correlation (R2=0.09). Skulls from the Eastern 

barred bandicoot (top), Virginian opossum (middle) and koala (bottom) are shown to 

demonstrate variation in craniofacial morphology.  
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Figure 5 – Nucleotide alignment and purity of the RUNX2 repeat. Alignment of the 

RUNX2 repeat with flanking sequence of the 28 marsupials included in this study. Taxa 

have been colored based on their phylogenetic order. Marsupials display high conservation 

of the RUNX2 QA repeat and possess little to no diversity in length except for the marsupial 

mole (Notoryctes typhlops). Marsupials also display a high repeat purity in their glutamine 

(Q) and alanine (A) codons.   
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Discussion 

RUNX2 repeat length variation has been repeatedly correlated with craniofacial length within 

placental orders [6,14,23]. Here we show that this relationship does not hold true in marsupials. 

Surprisingly, we observed almost no variation in the RUNX2 QA repeat across the entire 

infraclass, preventing it from acting as a major driver of craniofacial diversity in metatherian 

marsupials. 

Marsupials display a wide range of facial length ratios, similar to that recorded in the placentals 

(Figure 1m) [6,14,23,24]. Remarkably, after sequencing the RUNX2 repeat from 28 marsupial 

species, it was found that repeat length and composition was extremely conserved, with 20 of the 

28 species examined having an invariant RUNX2 repeat of 17Q:22A (ratio 0.77) (Figure 4). The 

two sampled opossums (Monodelphis domestica and Didelphis virginiana, order 

Didelphimorphia), showed a slightly shortened repeat consisting of 16Q:19A (ratio 0.84). The 

Didelphimorphia are derived from one of the most basal marsupial and South American residing 

lineages [26] and are perhaps representative of the ancestral marsupial repeat before the divergence 

of the australidelphian marsupials. The monito del monte (Dromiciops gliroides, order 

Microbiotheria), the only South American residing australidelphian marsupial [30], has a repeat 

length that is intermediate to the South American and Australian marsupials, comprised of 

16Q:21A (ratio 0.76). Species from the three orders that make up the majority of Australian 

marsupials (order Dasyuromorphia, Peramelemorphia and Diprotodontia) predominantly showed 

a conserved 17Q:22A allele (with 3 members showing 16Q:22A and the thylacine reconstruction 

showing 17Q:21A). It is worth noting that the koala (Phascolarctos cinereus, order Diprotodontia) 

and the Eastern barred bandicoot (Perameles gunnii, order Peramelemorphia) showed no 

difference in their RUNX2 repeat length, despite occupying opposite ends of the facial length 

spectrum in marsupials (Figure 4). The one outlier with respect to RUNX2 repeat ratio was the 

marsupial mole (Notoryctes typhlops, order Notoryctemorphia) which has an extended glutamine 

tract (24Q:22A, ratio 1.09). Whilst the Notoryctemorphia is classed within the Australidelphia, its 

true phylogenetic position is still disputed [31]. Marsupial moles are highly specialized burrowers 

and perhaps have been under their own unique and extreme selective pressures to arrive at their 

highly unusual morphology and marsupial RUNX2 repeat composition. Even when the marsupial 

mole RUNX2 repeat ratio is considered, the range of variation seen in marsupials (0.76 – 1.09) is 
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minimal compared to that seen in the Primates (1.1 – 1.7 [23]), the Carnivora (1.2 – 5.33 [6,14]) 

and across placentals as a whole (0.82 – 5.33 [24]). As expected, despite their extraordinary 

morphological convergence and similarities in craniofacial morphology, the repeat lengths of the 

thylacine and red fox and the marsupial and placental moles were vastly different, likely owing to 

their distant divergence and genomic background. 

The extreme conservation in RUNX2 QA repeat length seen across marsupials was unexpected 

due to the typical volatility of such sequences [18,20] and the large amount of inter-specific and 

intra-specific variability seen across the placentals [6,14,23,24]. While each of the RUNX2 repeats 

sequenced in this study were from a single individual, the extremely low levels of variation 

between individuals at the genus, family and order level suggests it is highly unlikely that 

marsupials would possess any intra-species variability. Therefore, we hypothesised that marsupials 

must have evolved variation in the codon usage of the QA repeat as a repressive mechanism to 

control replication slippage. The longer and purer the repeat, the more unstable and prone to 

replication error [18,19]. However, our results show that the marsupial polyglutamine, polyalanine 

repeat tract is of a high repeat purity (0.95 & 0.89) despite showing almost no length variation. 

The average marsupial RUNX2 glutamine repeat purity (0.95) was observed to be consistent with 

that observed in dogs (0.96) [6], Primates (0.94) [23]) and throughout other linages of placental 

mammals (0.94) (calculated from [22]). The marsupial alanine repeat purity (0.89) is also similar 

to that found in humans (0.88), Primates (0.90) and other placental mammals (0.90), but lower 

than that observed in domestic dogs (0.95) [6,23,24]. Whilst these values only represent purity at 

a single locus, they are also in line with observed genomic repeat purity in the various families of 

the Carnivora [29]. Given that both the marsupials and placentals show highly similar RUNX2 

repeat purities, yet the marsupials possess little to no length variation, our data suggests that 

marsupials must have evolved other mechanisms to repress RUNX2 repeat mutation and slippage 

events as a means to maintain repeat length integrity.  

The conservation of the RUNX2 repeat length in marsupials suggests that there is strong 

evolutionary constraint on its function. Marsupial development is unique in that the young are born 

in a highly altricial state, yet display accelerated anterior skeletal development [1,32,33]. 

Marsupial neonates display accelerated development and ossification of the shoulder girdle and 

forelimbs for climbing into the pouch [32,33]. In addition, they require accelerated development 
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of the facial skeleton, particularly ossification of the upper and lower jaw, to enable attachment to 

the teat and sucking [34,35]. Owing to this mode of development it has been hypothesized that 

marsupials are subjected to strong developmental constraints, resulting in limitations to their 

ontogenetic flexibility in skeletal development and a severe reduction to their adult craniofacial 

morphological diversity [1,32,33,36]. Given that RUNX2 is a major regulator of osteogenesis and 

skeletal development, any major alterations of the repeat leading to changes in its expression and 

transactivation [15–17] or timing of ossification of the core skeletal elements may be pleiotropic 

and negatively selected against. We suggest that purifying selection has maintained the RUNX2 

repeat throughout marsupial evolution as a mechanism to maintain their constrained skeletal 

development.  

 

Conclusions 

Together our data have shown that RUNX2 repeat length is highly conserved across the marsupials 

both in repeat length and sequence composition. These data discount RUNX2 QA repeat length 

variation as a driver of craniofacial diversity in marsupials unlike in placental mammals. 

Furthermore, RUNX2 repeat length is not correlated with convergent phenotypes between 

placental and marsupial species. Therefore, marsupials must have evolved other mechanisms to 

drive facial length diversity. The unprecedented degree of repeat conservation across the 

marsupials implies strong purifying selection to maintain a stable allele. We propose that the 

extreme conservation in repeat length is constrained by the early ossification of the anterior 

skeleton to enable climbing and suckling of the altricial marsupial young.  
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Supplementary files 

Supplementary Table 1 – List of marsupial tissues and DNA samples used 

Order / Family Species Source Acknowledgment 

Dasyuromorphia 
   

Dasyuridae Sminthopsis 

crassicaudata 

School of BioSciences, 

University of Melbourne 

 

 
Antechinus swainsonii School of BioSciences, 

University of Melbourne 

 

 
Dasycercus blythi School of BioSciences, 

University of Melbourne 

 

 
Dasyurus geoffroii School of BioSciences, 

University of Melbourne 

 

 
Dasyurus maculatus School of BioSciences, 

University of Melbourne 

 

 
Dasyurus viverrinus School of BioSciences, 

University of Melbourne 

 

 
Phascogale tapoatafa School of BioSciences, 

University of Melbourne 

 

 
Sarcophilus harrisii School of BioSciences, 

University of Melbourne 

 

Thylacinidae Thylacinus cynocephalus Museum Victoria Kevin Rowe 

Peramelemorphia 
   

Peramelidae Perameles gunnii School of BioSciences, 

University of Melbourne 

Elizabeth Pharo 

 
Isoodon obesulus Museum Victoria Joanna Sumner 

Notoryctemorphia 
   

Notoryctidae Notoryctes typhlops South Australian Museum, 

Adelaide, SA 

Prof. Stephen 

Donnellan 

Diprotodontia 
   

Phascolarctidae Phascolarctos cinereus School of BioSciences, 

University of Melbourne 
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Vombatidae Vombatus ursinus School of BioSciences, 

University of Melbourne 

 

Acrobatidae Acrobates pygmaeus School of BioSciences, 

University of Melbourne 

 

Phlangeridae Trichosurus vulpecula School of BioSciences, 

University of Melbourne 

 

Burramyidae Cercartetus nanus School of BioSciences, 

University of Melbourne 

 

Tarsipedidae Tarsipes rostratus School of BioSciences, 

University of Melbourne 

 

Pseudocheiridae Pseudocheirus peregrinus ARCUE, University of 

Melbourne 

Lee Harrison 

Petauridae Petaurus breviceps ARCUE, University of 

Melbourne 

Lee Harrison 

Macropodidae Macropus giganteus School of BioSciences, 

University of Melbourne 

 

 
Macropus agilis School of BioSciences, 

University of Melbourne 

 

 
Macropus parma School of BioSciences, 

University of Melbourne 

 

 
Wallabia bicolor School of BioSciences, 

University of Melbourne 

 

Potoroidae Potorous longipes Museum Victoria Joanna Sumner 

Microbiotheria 
   

Microbiotheriidae Dromiciops gliroides School of BioSciences, 

University of Melbourne 

Marilyn Renfree 

Didelphimorphia 
   

Didelphidae Monodelphis domestica School of BioSciences, 

University of Melbourne 

 

 
Didelphis virginiana School of BioSciences, 

University of Melbourne 

 

Placental Controls 
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Homo sapiens School of BioSciences, 

University of Melbourne 

 

 
Mus musculus School of BioSciences, 

University of Melbourne 
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Supplementary Table 2 – Facial length measurement data  

 

 

Species name Sex Reg. number
Right Face 

(mm)

Right Proxy 

(mm)

Left Face 

(mm)

Left Proxy 

(mm)

Avg Face 

(mm)

Avg Proxy 

(mm)

Adjusted 

Face

Sex Avg Adj 

Face

Dasyuromorphia

Antechinus swainsonii F C13620 12.73 28.71 12.95 27.07 12.84 27.89 0.4603801 0.464

? C38114.1 12.94 27.42 12.65 27.29 12.795 27.355 0.467739

Sminthopsis crassicaudata F  C.13989 8.79 21.35 8.62 21.81 8.705 21.58 0.4033828 0.404

M  C.9491 9.76 24.37 9.78 24.04 9.77 24.205 0.4036356

Phascogale tapoatafa F  C.29693 16.06 41.17 15.56 40.87 15.81 41.02 0.3854217 0.382

M  C.29694 16.25 43.84 16.86 43.68 16.555 43.76 0.3783135

Sarcophilus harrisii F  C.6257 43.44 110.71 46.64 110.53 45.04 110.62 0.4071596 0.403

M  C.6250 45.42 114.16 45.65 114 45.535 114.08 0.3991497

Thylacinus cynocephalus F C5741.1 60.27 178.56 62.65 176.47 61.46 177.515 0.3462243 0.356

M C5745 72.76 202 75.16 202 73.96 202 0.3661386

Dasyurus geoffroii F  C.31515 24.23 64.55 24.77 65.08 24.5 64.815 0.3779989 0.369

M  C.11075 26.8 75.65 27.72 75.76 27.26 75.705 0.3600819

Dasyurus maculatus F  C.5778 26.94 79.84 27.37 79.41 27.155 79.625 0.3410361 0.337

M  C.25985 31 91.2 29.83 91.35 30.415 91.275 0.3332238

Dasyurus viverrinus F  C.6066 21.26 59.29 21.94 58.36 21.6 58.825 0.3671908 0.367

M  C.6064 23.56 64.13 23.3 63.57 23.43 63.85 0.3669538

Dasycerus blythi F  C.234 11.28 32.02 11.65 32.25 11.465 32.135 0.3567761 0.357

M  C.35891 11.68 33.41 12.08 33.15 11.88 33.28 0.3569712

Peramelemorphia

Perameles gunnii F C 18621 39.44 57.42 39.7 57.3 39.57 57.36 0.6898536 0.687

M C 24069 39.51 57.49 39.11 57.48 39.31 57.485 0.6838306

Isoodon obesulus F C 6528 29.5 53.09 29.53 53.91 29.515 53.5 0.5516822 0.554

M C 26668 30.86 55.27 30.78 55.69 30.82 55.48 0.5555155

Notoryctemorphia

Notoryctes typhlops F C2902 11.18 19.54 11.11 19.75 11.145 19.645 0.5673199 0.586

? C10269 11.96 20.09 12.41 20.21 12.185 20.15 0.6047146

Vombatiforms

Phascolarctos cinereus F C 2446 36.19 124.17 35.67 125.62 35.93 124.895 0.2876817 0.293

M C 2413 39.14 132.51 39.4 130.69 39.27 131.6 0.2984043

Vombatus ursinus F C 9477 57.85 133 55 132.18 56.425 132.59 0.42556 0.418

M C 6655 65.65 162.26 67.22 161.82 66.435 162.04 0.4099914

Phlangeriformes

Acrobates pygmaeus F C 22511 6.26 18.1 6.97 18 6.615 18.05 0.366482 0.373

M C 31679 7.03 17.59 6.66 18.41 6.845 18 0.3802778

Cercartetus nanus F C 673.1 7.48 19.96 8.04 19.67 7.76 19.815 0.3916225 0.401

M C 24880.1 8.44 20.35 8.21 20.23 8.325 20.29 0.4103006

Tarsipes rostratus F C 226 11.43 22.86 11.21 21.54 11.32 22.2 0.5099099 0.510

Pseudocheirus peregrinus F C 18980 16.64 55.69 16.96 55.74 16.8 55.715 0.3015346 0.319

M C 18999 19.63 56.22 18.18 56.48 18.905 56.35 0.3354925

Trichosurus vulpecula F C 37853 25.76 65.52 26.53 65.53 26.145 65.525 0.399008 0.391

M C 26483 26.68 69.42 25.82 67.56 26.25 68.49 0.3832676

Petaurus breviceps F C 26479 10.03 30.43 10.23 30.39 10.13 30.41 0.3331141 0.321

M C 22671 9.99 32.57 10.19 32.67 10.09 32.62 0.3093194

Macropodiforms

Macropus giganteus F C 24211 68.5 140.32 71.41 140.12 69.955 140.22 0.4988946 0.502

M C 24658 78.59 153.47 75.67 151.44 77.13 152.455 0.5059198

Macropus agilis F C 6532 45.15 99.92 44.84 100.13 44.995 100.025 0.4498375 0.473

M DTC 174 50.94 99.37 47.93 99.72 49.435 99.545 0.4966096

Macropus parma F C 17610 30.79 69.83 31.24 69.92 31.015 69.875 0.443864 0.437

M C 9968 30.18 70.46 30.25 70.21 30.215 70.335 0.429587

Wallabia bicolor F C 3540 41.6 101.58 41.24 98.99 41.42 100.285 0.4130229 0.415

M C 17562 42.55 102.57 42.96 102.46 42.755 102.515 0.4170609

Potorous longipes F C 31710 31.01 55.63 30.02 55.59 30.515 55.61 0.5487322 0.543

M C 31194 37.25 68.68 36.55 68.88 36.9 68.78 0.5364932

Microbiotheria

Dromiciops gliroides ? DigiMorph 9.5 22.96 9.28 23.02 9.39 22.99 0.4084385 0.408

Didelpimorphia

Monodelphis domestica ? DigiMorph 12.63 35.55 12.563 35.309 12.5965 35.4295 0.3555371 0.356

Didelphis virginiana F C 11130 42.84 97.33 42.09 96.36 42.465 96.845 0.4384842 0.441

M C 2201 46.19 103.9 45.73 103.15 45.96 103.525 0.4439507

Eutherian convergent taxa

Chrysochloris asiatica ? DigiMorph 9.41 18.5 9.66 18.87 9.535 18.685 0.5103024 0.510

Vulpes vulpes ? Sears et al. 2007 - - - - - - - 0.380
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Supplementary Table 3 – Repeat purity data 

Order / Family Scientific Name Common Name CAG CAA Purity GCT GCC GCA GCG Purity Q A Ratio

Dasyuromorphia
Dasyuridae Antechinus swainsonii Dusky Antechinus 14 3 0.941 5 0 3 14 0.879 17 22 0.77

Dasycecus blythi Mulgara 14 3 0.941 5 0 1 16 0.909 17 22 0.77

Dasyurus geoffroii Western Quoll 14 3 0.941 5 0 1 16 0.909 17 22 0.77

Dasyurus maculatus Tiger Quoll 14 3 0.941 5 0 1 16 0.909 17 22 0.77

Dasyurus viverrinus Eastern Quoll 14 3 0.941 5 0 1 16 0.909 17 22 0.77

Phascogale tapoatafa Brush-tailed phascogale 14 3 0.941 4 0 3 15 0.894 17 22 0.77

Sarcophilus harrisii Tasmanian Devil 14 3 0.941 5 0 1 16 0.909 17 22 0.77

Sminthopsis crassicaudata Fat-Tailed Dunnart 15 2 0.961 7 0 0 15 0.894 17 22 0.77

Thylacinidae Thylacinus cynocephalus Tasmanian Tiger 15 2 0.961 6 2 5 8 0.794 17 21 0.81

Peramelemorphia
Peremelidae Perameles gunni Long-nosed Bandicoot 15 2 0.961 7 0 0 15 0.894 17 22 0.77

Isoodon obesulus Short-nosed Bandicoot 14 3 0.941 5 0 1 16 0.909 17 22 0.77

Notoryctemorphia
Notoryctidae Notoryctes typhlops Marsupial Mole 21 3 0.958 0 2 5 15 0.894 24 22 1.09

Diprotodontia 
Phascolarctidae Phascolarctos cinereus Koala 15 2 0.961 7 0 0 15 0.894 17 22 0.77

Vombatidae Vombatus ursinus Wombat 15 2 0.961 7 0 0 15 0.894 17 22 0.77

Acrobatidae Acrobates pygmaeus Feathertail Glider 15 2 0.961 7 0 0 15 0.894 17 22 0.77

Phlangeridae Trichosurus vulpecula Brush Tail 14 2 0.958 1 2 5 14 0.879 16 22 0.73

Burramyidae Cercartetus nanus Eastern pigmy possum 15 2 0.961 7 0 0 15 0.894 17 22 0.77

Tarsipedidae Tarsipes rostratus Honey possum 15 2 0.961 8 0 0 14 0.879 17 22 0.77

Pseudocheiridae Pseudocheirus peregrinus Ringtail Possum 13 3 0.938 0 2 6 14 0.879 16 22 0.73

Petauridae Petaurus breviceps Sugar glider 15 2 0.961 7 0 0 15 0.894 17 22 0.77

Macropodidae Macropus giganteus Eastern Grey Kangaroo 14 3 0.941 7 1 1 13 0.864 17 22 0.77

Macropus agilis Agile Wallaby 14 2 0.958 2 2 2 16 0.909 16 22 0.73

Macropus parma Parma Wallaby 15 2 0.961 7 0 0 16 0.894 17 23 0.74

Wallabia bicolor Swamp Wallaby 15 2 0.961 7 0 0 15 0.894 17 22 0.77

Potoroidae Potorous longipes Long footed Potoroo 15 2 0.961 7 0 0 15 0.894 17 22 0.77

Microbiotheria
Microbiotheriidae Dromiciops gliroides Monito del Monte 13 3 0.938 3 2 3 13 0.873 16 21 0.76

Didelphimorphia
Didelphidae Monodelphis domestica Short-tailed Opossom 13 3 0.813 2 3 1 13 0.684 16 19 0.84

Didelphis virginiana Virginia Opossom 13 3 0.813 1 2 4 12 0.632 16 19 0.84

0.942 0.873Average Average
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Supplementary Table 4 – Copywrite information for images used in the study 

Skull images Reg no. Photographer/s Copyright licence 

Wallabia 
bicolour 

C 23021 
Marnie Rawlinson, Cathy 
Accurso and Ken Walker 

Copyright Museum Victoria / CC BY (Licensed as Attribution 4.0 
International)  

Macropus 
giganteus  

C 23033 
Marnie Rawlinson, Cathy 
Accurso and Ken Walker 

Copyright Museum Victoria / CC BY (Licensed as Attribution 4.0 
International)  

Pseudocheirus 
peregrinus  

C 28713 
Marnie Rawlinson, Cathy 
Accurso and Ken Walker 

Copyright Museum Victoria / CC BY (Licensed as Attribution 4.0 
International)  

Trichosurus 
vulpecula  

C 3564 
Marnie Rawlinson, Cathy 
Accurso and Ken Walker 

Copyright Museum Victoria / CC BY (Licensed as Attribution 4.0 
International)  

Phascolarctos 
cinereus  

C 28633 
Marnie Rawlinson, Cathy 
Accurso and Ken Walker 

Copyright Museum Victoria / CC BY (Licensed as Attribution 4.0 
International)  

Vombatus 
ursinus  

C 9499 
Marnie Rawlinson, Cathy 
Accurso and Ken Walker 

Copyright Museum Victoria / CC BY (Licensed as Attribution 4.0 
International)  

Antechinus 
swainsonii  

C 7498 
Marnie Rawlinson, Cathy 
Accurso and Ken Walker 

Copyright Museum Victoria / CC BY (Licensed as Attribution 4.0 
International)  

Dasyurus 
viverrinus  

C 6073 
Marnie Rawlinson, Cathy 
Accurso and Ken Walker 

Copyright Museum Victoria / CC BY (Licensed as Attribution 4.0 
International)  

Perameles 
gunnii  

C 24061 
Marnie Rawlinson, Cathy 
Accurso and Ken Walker 

Copyright Museum Victoria / CC BY (Licensed as Attribution 4.0 
International)  

Marsupial images     

Didelphis 
virginiana 

Virginian 
Opossum 

By PiccoloNamek at the 
English language Wikipedia,  

Wikimedia Commons / CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=1103751 

Dromiciops 
gliroides 

Monito del 
monte 

By José Luis Bartheld from 
Valdivia, Chile - Monito del 
Monte,  

Wikimedia Commons / CC BY 2.0, 
https://commons.wikimedia.org/w/index.php?curid=7198520 

Perameles 
gunnii 

Eastern barred 
bandicoot 

By JJ Harrison 
(jjharrison89@facebook.com) 
- Own work,  

Wikimedia Commons / CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=11051942 

Phascolarctos 
cinerus 

Koala By Diliff - Own work,  
Wikimedia Commons / CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=361837 

Macropus 
giganteus 

Eastern grey 
Kangaroo 

By Sklmsta - Own work, 
Wikimedia Commons / CC0, 
https://commons.wikimedia.org/w/index.php?curid=9887321 

Trichosurus 
vulpecula 

Brushtail 
possum 

By JJ Harrison 
(jjharrison89@facebook.com) 
- Own work,  

Wikimedia Commons / CC BY-SA 2.5, 
https://commons.wikimedia.org/w/index.php?curid=5992634 

Cercartetus 
nanus 

Eastern pygmy 
possum 

By Photo by Phil Spark - flickr: 
Pilliga Forest: Threatened 
Eastern Pygmy Possum,  

Wikimedia Commons / CC BY 2.0, 
https://commons.wikimedia.org/w/index.php?curid=23944993 

Sminthopsis 
crassicaudata 

Fat tailed 
dunnart 

By Alan - Fat-Tailed 
DunnartUploaded by 
berichard,  

Wikimedia Commons / CC BY 2.0, 
https://commons.wikimedia.org/w/index.php?curid=8795189 

Vombatus 
ursinus 

Wombat 
By JJ Harrison 
(jjharrison89@facebook.com) 
- Own work,  

Wikimedia Commons / CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=8661812 

Sarcophilus 
harrisii 

Tasmanian 
devil 

By JJ Harrison 
(jjharrison89@facebook.com) 
- Own work,  

Wikimedia Commons / CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=12262604 

Thylacinus 
cynocephalus 

Tasmanian 
tiger 

Credit Tasmanian Museum 
and Art Gallary (TMAG) 

Reproduced by permission  

Canis lupus 
dingo 

Dingo 
Purchased Adobe Stock 
images 

Standard license  

Notoryctes 
typhlops 

Marsupial 
Mole 

Purchased Aus Scape stock 
images 

Non-exclusive editorial use of the following image. No other rights 
are assigned. 

Chrysochloris 
asiatica 

Cape golden 
mole 

By I, Killer18, 
 Wikimedia Commons / CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=2322055 
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Chapter 5 

Convergent evolution of CHD9 between the marsupial 

thylacine and eutherian canids provides insights in to 

molecular targets of evolution 
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Abstract 

The molecular basis of phenotypic evolution is still under scrutiny. Specifically, it remains unclear 

whether adaptations are primarily driven by changes to the coding portion of protein coding genes, 

or rather mediated by changes to the non-coding regulatory regions of the genome. We interrogated 

the genome of the thylacine and canids to determine whether the remarkable similarities in their 

craniofacial morphology may be driven by adaptive homoplasy in protein coding genes. While 

coding homoplasy was rare between the thylacine and canids, we identified multiple homoplasious 

changes in the chromatin remodeller, CHD9, a potential upstream regulator of RUNX2. This was 

further investigated as RUNX2 is a known master regulator of cranial shape in the canids and other 

placental mammals. One of the homoplasious amino acids was located within the DNA-binding 

domain of CHD9 and provides a tractable system to examine whether this evolutionary homoplasy 

possesses functional consequences. We show that CHD9 was able to upregulate RUNX2 in vitro, 

and the homoplasious substitution in CHD9 altered subsequent RUNX2 expression levels. 

Additionally, the substitution drove differential transactivation of the RUNX2 promoter, 

suggesting CHD9 directly regulates RUNX2 expression and that the homoplasious change in 

thylacines and canids results in differences to RUNX2 regulation. While previous studies have 

identified protein homoplasy between convergent species, they lack the functional validation of 

these evolutionary candidates. Therefore, this study provides essential steps towards determining 

the functional consequences of adaptive evolutionary mutations. While the precise role of CHD9 

in morphological development is still unknown, this study implicates it as potential driver of 

convergent craniofacial evolution between the thylacine and canids. 
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Introduction 

Selection targets traits in response to specific environmental pressures, though the molecular basis 

of these traits is often complex and driven by networks of patterning genes, morphogens [1], and 

regulatory pathways [2,3]. Because of this complexity, the underlying mechanisms that drive trait 

evolution between species remains largely unknown. Occasionally however, unrelated species are 

subjected to similar environmental pressures and develop similar phenotypic adaptations in a 

process known as convergent evolution. While the extent of these convergent traits can vary from 

small individual structures to overall similarities in form, their presence provokes questions as to 

how these similar adaptive features are driven at the molecular level? Specifically do extreme 

examples of convergence utilize the same molecular pathways to arrive at similar phenotypes? As 

such, models of convergent evolution provide a novel opportunity to identify how evolutionary 

adaptations are produced at the molecular level.  

Studies comparing convergent traits and behaviour in birds, and echolocation in bats and dolphins, 

have uncovered homoplasious substitutions in genes [4–6], and gene regulatory elements [7,8] 

with plausible molecular pathways underlying these traits. Adaptive amino acid homoplasy has 

also been investigated in lineages of marine mammals that have each independently evolved 

adaptations to a marine environment [9]. This study identified homoplasious amino acid 

substitutions in a small number of positively selected genes with plausible links to the 

physiological phenotypes shared between these lineages. While these changes may possess 

adaptive consequences, the significance of these homoplasious substitutions remains unknown 

without functional validation. Furthermore, a similar level of homoplasy was also identified in 

genes between non-convergent sister control taxa [9] suggesting these are not overly enriched 

between these cases of mammalian convergence. While these studies found homoplasy with minor 

evidence supporting underlying physiological traits (such as genes involved in echolocation or 

deep diving), the authors didn’t find evidence supporting their morphological adaptations 

(modified limbs and fins). However, these structures are highly divergent and differ extensively 

between these lineages, perhaps confounding the identification of the underlying molecular 

mechanisms. In contrast, one of the best known examples of morphological convergence exists 

between the marsupial thylacine (Tasmanian tiger) and the placental canids (dogs, wolves and 

foxes) [10,11], which, despite being separated by 160 million years of divergent evolution [12], 
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have evolved remarkable similarities in their craniofacial morphology [13] and body form [14] 

(Chapter 2 and 3). The thylacine-canid comparison therefore provides an excellent system to 

examine genomic convergence due to their striking morphological similarities and deep 

evolutionary divergence.  

We recently interrogated the genomes of the thylacine and canids, compared with their close 

relatives, to determine if their extraordinary phenotypic similarities were reflected by adaptive 

homoplasy in protein coding genes [13]. Interestingly, adaptive amino acid homoplasy was not 

enriched above levels observed between similarly related non-convergent species, though a 

handful of genes were identified to be under positive selection or possessed homoplasious amino 

acid substitutions with potential roles in craniofacial development. While we found that protein 

homoplasy was unlikely to explain their extraordinary convergence, the results, along with those 

identified in the marine mammals [9], suggests that while adaptive homoplasy is rare, it can be 

identified between taxa with convergent phenotypes and may play important roles in their 

evolution. It’s also worth noting that unlike the more closely related marine mammals, the 

thylacine and canids possess a much deeper evolutionary divergence and the recovery of 

homoplasy from this stringent analysis suggests that these substitutions may still be important in 

evolutionary processes.  

RUNX2 is a master osteogenic transcription factor essential in skeletal development [15]. RUNX2 

has been proposed to be a major driver of craniofacial length evolution [16] as it contains a highly 

variable poly-glutamine, poly-alanine repeat that has been correlated with variable facial length 

ratios in groups of placental mammals [16–20]. The RUNX2 repeat has been described as an 

evolutionary tuning knob [18,21] as changes to repeat length and ratio have also been shown to 

drive differential transactivation of downstream RUNX2 targets [19]. Given its role in facial length 

evolution across placental mammals, we previously hypothesized that the RUNX2 repeat may 

contribute to craniofacial convergence between the thylacine and canids (Chapter 4) [22]. 

However, we determined that the RUNX2 repeat cannot drive craniofacial convergence between 

marsupials and placentals as marsupials possess an invariant repeat length and ratio, which is 

highly conserved throughout the entire infraclass (Chapter 4) [22]. Instead, the convergent 

craniofacial phenotypes seen between marsupial and placental mammals could instead be partially 

driven through alterations to the regulation and timing of RUNX2 expression. 



 

138 
 

We hypothesized that we might find homoplasy in regulators of RUNX2 in our genome wide 

comparisons of the thylacine and canids. We initially performed several less stringent screens to 

examine homoplasy between nodes of two independently evolved orders of carnivorous mammals, 

the marsupial Dasyuromorphia (including the thylacine) and placental Carnivora (including the 

canids). This resulted in an expanded dataset of homoplasious amino acid substitutions across a 

larger number of orthologous genes. While these genes still failed to show an enrichment of terms 

associated with craniofacial development, several key craniofacial genes were identified including, 

remarkably, multiple homoplasious amino acid substitutions within a single gene, the osteogenic 

chromatin remodeller, CHD9. Further supporting a role for this gene in convergence, CHD9 was 

identified to be under positive selection in the thylacine [13]. CHD9 is active in osteoprogenitor 

and mesenchymal stem cells [23] has been shown to interact with the promoters of genes involved 

in osteogenesis, importantly including RUNX2 [24]. In particular, one of these substitutions 

occurred within the DNA-binding domain of CHD9, the functional domain known to interact with 

the promoters of its downstream target genes [24]. This amino acid substitution presents a tangible 

system to examine whether such changes could lead to the differential expression of RUNX2. 

Convergent amino substitutions within genes with known roles in morphological development 

provides an interesting mechanism by which convergent phenotypes may arise.  

CHD proteins (chromodomain helicase DNA-binding proteins, CHD1-CHD9) are ATP-dependent 

chromatin remodellers characterized by the presence of two tandem chromodomains and a helicase 

C domain. CHD proteins also possess several other functional domains, such as an A/T-like hook 

motif that binds A/T rich DNA, which classify them into several smaller subfamilies (reviewed in 

[25]). CHD proteins bind and unwind chromatin to reshape the local histone architecture [25], with 

different CHD paralogs acting in a cell and tissue-specific manner. Specifically, CHD9 is active 

in osteoprogenitor and mesenchymal stem cells [23], and is thought to promote osteogenesis and 

skeletal development [26,27]. CHD9 has been shown to directly bind to A/T rich DNA within the 

promoters of the osteogenic genes osteocalcin (BGLAP) and RUNX2 [24,28] and adversely affect 

alkaline phosphatase (ALP) [26]. While a role for CHD9 in osteogenesis has been proposed, the 

exact mechanisms by which it controls the expression or activation of RUNX2 and osteocalcin are 

still unknown.  
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The identification of multiple homoplasious amino acid substitutions within CHD9, along with its 

positive selection in the thylacine [13] and interactions with the RUNX2 promoter [24], suggests 

that it is a target of craniofacial evolution. However, the functional consequences of these 

homoplasies remain unknown. While CHD9 has been show to interact with the promoter of 

RUNX2 [24] and is implicated in osteogenesis [26,28], its role in the activation of osteogenic genes 

is still unknown. We investigated whether CHD9 was able to alter the regulation of osteogenic 

genes and examine whether the homoplasious amino acid substitution in the CHD9 DNA-binding 

was able to alter functional molecular outcomes. First, we examined whether exogenous CHD9 

was able to alter the endogenous expression of its downstream targets, RUNX2, osteocalcin and 

ALP in vitro. Using a simple promoter-reporter assay, we also determined whether CHD9 was able 

to transactive the RUNX2 promoter in vitro. Finally, we examined whether the homoplasious 

amino acid substitution was able to alter endogenous expression levels of RUNX2, osteocalcin and 

ALP and whether the substitution affects transactivation of the core thylacine and canid RUNX2 

promoter. While homoplasy has been previously reported between taxa with convergent 

phenotypes [5,9,13] the lack of functional validation of these evolutionary changes has limited our 

understanding of how they drive evolution. Here we directly examine whether evolutionary 

homoplasy can drive functional outcomes in vitro.  
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Methods  

Identification of gene homoplasy  

Homoplasy in thylacine and canid protein coding genes between vertebrates has been previously 

described [13]. Additionally, we examined homoplasy using less stringent, reduced species 

sampling of high confidence one-to-one CDS orthologs (containing a greatly expanded gene list 

across species in the reduced sampling tree) from 4 marsupials [thylacine, Tasmanian devil, 

wallaby and opossum] and 12 eutherians [elephant, human, bat, sheep, horse, ferret and dog, 

including reconstructed wolf, golden jackal, coyote, arctic fox and red fox] from Ensembl 84 

Biomart. We constructed a fixed tree topology using published phylogenies of all species, and 

generated ancestral state reconstructions of all orthologous CDS sequences [13]. Overall, we 

identified 163 substitutions in the Dasyuromorphia (shared between thylacine and Tasmanian 

devil) and Carnivora, family Canidae and Vulpes and Canis genus nodes. While the majority of 

homoplasious substitutions fell within genes without obvious roles in the development of 

morphological characteristics, we found multiple cases of homoplasy in the osteogenic chromatin 

remodeller CHD9. Given that we only identified 163 homoplasious amino acids substitutions 

across the >10,000 orthologous genes examined, finding 4 within a single gene was exceptionally 

unlikely. While three of these fell outside of an annotated functional domain, one substitution 

(Ala2384Thr) fell within the AT-rich DNA-binding domain.  

 

Phylogenetic distribution and structural properties of the substitution 

Due to the small mammalian species sampling (n=16) of our homoplasious amino acid screens, 

we investigated the phylogenetic distribution of the substitution throughout a simplified vertebrate 

phylogeny. Multispecies CHD9 alignments from selected vertebrate GenBank sequences were 

extracted and compared to examine their phylogenetic distribution (Supplementary figure 1). 

Additionally, for the homoplasious substitution in the DNA-binding domain, we constructed a 

simplified vertebrate phylogenetic tree using PhyloT (biobyte solutions, GmbH) based on NCBI 

taxonomy, to visualize the specific amino acid for each linage throughout the branches.  

To determine whether the evolutionary amino acid substitution altered the physical properties of 

CHD9, we investigated its effects on protein folding and secondary structure. The 120 amino acid 
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DNA binding domain, containing the A/T-hook-like motif was input to the PSIPRED secondary 

structure tool (v3.3) [http://bioinf.cs.ucl.ac.uk/psipred/] to determine protein secondary structure. 

In parallel, the DNA-binding containing the Thr2384Ala was input to determine the predicted effect 

of the single amino acid substitution. Finally, both full length CHD9 amino acid sequence variants 

were input into PolyPhen-2 [29] to predict the impact of the substitutions on CHD9 structure and 

function. 

 

CHD9 cloning 

All functional experiments were performed using the mouse Chd9 CDS, isolated from MC3T3-E1 

cells. To obtain the full length Chd9 CDS, two separate PCR reactions using Phusion HSII High 

Fidelity polymerase (Invitrogen) were performed on the 5’ (4.5kb) and 3’ (4.7kb) ends of the 

transcript to obtain two amplicons overlapping by 600bp. A second round of PCR was performed 

to obtain a full length open reading frame (8.65kb) product. For primer sequences see 

Supplementary table 1. Correct sequence identify was confirmed by capillary electrophoresis 

sequencing (Centre for Translational Pathology, University of Melbourne) using tiled primers. The 

full-length mouse Chd9 CDS was subcloned into the pGEM-T easy vector (Promega) for further 

manipulation. 

To determine the effect of the Ala2384Thr substitution, we generated the parallel Ala2384 amino 

acid alleles from the mouse MC3T3-E1 Chd9 background containing the Thr2384 amino acid. The 

Thr2384 mouse Chd9 allele was designated Thr2384. We designed and synthesized a 490bp 

gBlock (IDT), containing the Ala2384 DNA codon, and with two unique flanking restriction 

enzyme sites - BbeI (5’) and SfoI (3’) (NEB). The circularized plasmid was linearized with BbeI 

and SfoI and gel extracted and purified (QIAQuick Gel Extraction kit - QIAGEN). The gBlock 

containing the Ala2384 residue was ligated into the linearized pGEM-Chd9 to obtain the full 

length CDS with Ala2384 amino acid. The mouse Chd9 containing the homoplasious Ala2384 

amino acid was designated Ala2384. The full length Ala2384 product was sequence verified before 

transfections. 

The final Thr2384 and homoplasious Ala2384 allele Chd9-pGEM plasmids were digested with 

NotI (NEB) to excise the full-length CDS from pGEM. The resulting full-length products were 
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ligated and subcloned into the pcDNA3.1(+) Mammalian Expression Vector (ThermoFisher) for 

downstream experimental analyses.  

 

RUNX2 promoter-reporter construct design 

To determine the effect of the homoplasious amino acid on the transactivation of RUNX2, we 

generated RUNX2 promoter-reporter constructs from the thylacine (Thylacinus cynocephalus) and 

a canid, red fox (Vulpes vulpes) [13]. The core RUNX2 promoter has been previously characterised 

as a ~960bp element in mouse and ≤800bp element in other placental mammals, including human 

[30]. Sequence reads were extracted from the thylacine referenced genome assembly [13] and 

aligned against multiple placental and marsupial mammals to determine the core marsupial / 

placental RUNX2 promoter. We determined the promoter as a ~780bp element in the thylacine and 

~800bp element in the red fox, which despite their large evolutionary divergence, still showed high 

sequence homology across multiple mammalian species (Supplementary figure 2). The thylacine 

element was artificially synthesized (Integrated DNA Technologies, Iowa, USA), while the canid 

element was PCR amplified from red fox gDNA with canid specific primers (Supplementary Table 

1). Both elements were synthesized with flanking NheI and HindIII restriction sites for subcloning. 

Thylacine and canid constructs were digested and ligated into the luciferase reporter 

pGL4.10[luc2] (Promega).      

 

Cell culture and transfection  

Human embryonic kidney (HEK293T) cells, and mouse fibroblast (NIH3T3) cells were 

maintained in DMEM (ThermoFisher) media containing 10% FBS. Mouse pre-osteoblasts 

(MC3T3-E1 subclone 4) cells were grown in α-MEM media (ThermoFisher) containing 10% FBS. 

The media was replaced every 2-3 days. Cells were passaged at 90% confluency.    

HEK293T, NIH3T3 and MC3T3-E1 cells were seeded in 6 well plates and transfected using 

lipofectamine 3000 (Thermo Fischer) according to the manufacturer’s instructions. Cells were 

either transfected with 2.5ug of empty vector (pcDNA), or plasmids containing the Thr2384 or 

Ala2384 alleles and incubated for 24 hours. Each transfection experiment was repeated 3 or more 

times for downstream analyses.    
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RNA extraction, gene expression and quantification 

Transfected cells were harvested with Versene (Thermo Fischer) and the RNA was extracted using 

the GenElute Mammalian Total RNA Miniprep Kit (Sigma Aldrich). RNA was treated with Turbo 

DNA-free DNase (Ambion) to remove all traces of gDNA. The resulting RNA was stored at -

80°C. For gene expression analyses. 1ug of total RNA was converted to cDNA using the 

SuperScript™ III First-Strand Synthesis System (ThermoFisher). Expression levels of the 

transfected Thr2384 and Ala2384 alleles were quantified relative to the empty vector control using 

human (HEK293T) and mouse (NIH3T3, MC3T3) specific primers and normalized against the 

housekeeping gene HPRT. To determine the effect of the Thr2384 vs the Ala2384 allele on 

downstream gene expression, the known osteogenic target genes RUNX2, osteocalcin and ALP 

were quantified. Each gene was run in triplicate wells per sample. Individual CT values were then 

averaged and relative gene expression calculated using the ΔΔCT method [31]. Primer sequences 

are listed in Supplementary table 1. 

 

Luciferase promoter-reporter assays 

To observe the role for Chd9 in the transactivation of the RUNX2 promoter, we performed 

luciferase promoter-reporter assays. HEK293T cells were seeded in white flat bottom 96 well 

plates and allowed to recover for 24 hours. The following day cells were transfected using 

Lipofectamine 3000, according to manufacturer instructions, with either empty pcDNA, Thr2384 

or the Ala2384 allele, as well as the empty pGL4.10, thylacine or canid RUNX2 promoter. RUNX2 

promoter driven firefly luciferase and Renilla luciferase activity were analysed 48 hours later using 

the Dual-Luciferase Reporter Assay System (Promega) on a FLUOstar OPTIMA dual plate reader 

(BMG Labtech Ortenberg, Germany). Firefly luciferase values were normalized against Renilla 

luciferase to obtain relative promoter activity, measured as relative light units (RLU).   
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Results 

Phylogenetic distribution of homoplasious amino acids 

The screen of gene homoplasy identified 4 convergent amino acid substitutions throughout CHD9, 

though the analysis was constrained to using reduced taxon sampling. As such, we examined the 

distribution of the amino acid substitutions across a more complete vertebrate phylogeny, 

including more distantly related taxonomic groups. The resulting sequence alignments revealed 

that all 4 homoplasious amino acid substitutions were not exclusively shared between the 

Dasyuromorphia and canids, but were also present in the basal vertebrate lineages, including fish, 

birds and reptiles (Supplementary figure 1). The Ala2384 amino acid in the CHD9 DNA-binding 

domain was distributed throughout the mammalian monotreme (Prototheria) and marsupial 

(Metatheria) clades, but not in the placentals (Eutheria) (Figure 1). The ancestral eutherian evolved 

a Thr2384 amino acid substitution which became widely distributed throughout the Xenartha, 

Afrotheria, Euarchontoglires, and Laurasiatheria. However, the ancestor of laurasiatherian 

Carnivora evolved a parallel Ala2384 reversion which then subsequently spread throughout the 

Caniformia and Feliformia suborders (Figure 1).   

 

The evolutionary amino acid substitution alters protein structure 

While the Thr2384Ala substitution was more broadly dispersed throughout the vertebrates, we 

also investigated whether the change resulted in predicted alterations to the CHD9 protein 

secondary structure. Interestingly, we found that the threonine to alanine (hydrophobic to polar) 

substitution [M.m Thr2384Ala] slightly alters the protein secondary structure of the DNA-binding 

domain, causing a benign but detectable shift in the helix-turn-helix structure by a single amino 

acid (Figure 2b). Importantly, as this substitution occurred in a functional domain and altered 

protein conformation, we chose to focus all experimental validation on this amino acid as it 

provides a tractable system to test whether evolutionary substitutions can exhibit functional 

consequences.  
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Figure 1 – Simplified mammalian phylogeny showing the distribution of parallel CHD9 

alleles. The Ala2384 amino acid residue (A) is the ancestral amino acid present in many basal 

vertebrate lineages (grey box), and throughout the mammalian monotremes and marsupials. 

Placental mammals evolved the Thr2384 amino acid (T) prior to their radiation into the 

Xenartha, Afrotheria, Euarchontoglires and Laurasiatheria superorders. The ancestor of the 

laurasiatherian Carnivoran evolved a parallel Ala2384 reversion (A) before their radiation into 

the Caniformia (including the canids) and Feliformia orders. 
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Figure 2 - CHD9 protein structure and alignment. 

Structure of the CHD9 protein (a), showing its tandem chromodomains (orange), helicase C 

domians (blue), A/T rich DNA-binding domain (red) and locations of the 4 homoplasious 

amino acid substitutions (stars). (b) Analysis of the effect of the homoplasious amino acid DNA 

binding domain secondary structure. Purple cylinders represent helix-turn-helix domains, 

while yellow arrows represent β-sheets. The homoplasious amino acid (blue shading) produces 

a benign, minor shift to the helix structure (asterisk) but doesn’t affect the core A/T-hook-like 

DNA-binding motif (green shading). (c) Schematic of the A/T-hook DNA-binding motif and 

its interaction with the minor groove of the DNA double helix. Protein structure was generated 

with the PSIPRED secondary structure tool. 
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Exogenous Chd9 upregulates endogenous RUNX2 

Despite their non-exclusive dasyurmorphian/canid distribution, we investigated whether the 

Ala2384 and Thr2384 amino acid substitution possess functional evolutionary consequences. We 

utilized an in vitro approach using three cell models, the widely utilized human kidney HEK293T 

cells, and two mouse pre-osteoblast-like cell lines NIH3T3 and MC3T3-E1. Firstly, we examined 

whether exogenous overexpression of Chd9 was able to upregulate the endogenous expression of 

osteogenic genes RUNX2, osteocalcin and ALP. CHD9 has been shown to bind to the promoter of 

osteogenic genes [24], but how it regulates their expression was still unknown. We found that 

mouse Chd9 was able to be highly overexpressed in human HEK293T cells. Compared to the 

empty pcDNA vehicle transfected cells, there was a highly significant ~50 fold induction of both 

the mouse Thr2384 wildtype Chd9 and homoplasious Ala2384 Chd9 allele (Figure 3a). The 

overexpression of the Thr2384 and Ala2384 allele resulted in a significant ~1.5 fold increase in 

the endogenous human RUNX2 gene expression (Figure 3b). However, it was unable to alter the 

expression levels of either osteocalcin or ALP (Figure 3b). Interestingly, we found that when 

normalizing endogenous RUNX2 expression to the exogenous expression levels of Chd9, there 

was a significant ~0.5 fold increase in expression of RUNX2 by the Ala2384 allele over that seen 

with the Thr2384 allele (Figure 3c). While human HEK293T cells showed high levels of 

exogenous Chd9 overexpression, they do not represent a biologically relevant cell background. To 

overcome this, we also looked at Chd9 overexpression in the mouse osteoblast-like NIH3T3 and 

MC3T3 cell lines. Despite the high levels of expression in the HEK293T kidney cells, we were 

unable to drive significant exogenous expression of Chd9 in either cell line (Supplementary figure 

3). Subsequently, we were also unable to detect any significant changes to the endogenous 

expression profiles of RUNX2 (Supplementary figure 3). 

 

Chd9 differentially transactivates the core RUNX2 promoter 

With the newly observed ability of Chd9 to upregulate the expression of RUNX2, as well as its 

previously determined association with the promoter of RUNX2 [24], we next explored whether 

Chd9 expression directly altered the transactivation of the core RUNX2 promoter [30]. 

Additionally, we determined whether the differences in RUNX2 expression between Ala2384Thr 

substitution corresponded with changes in promoter transactivation. As the thylacine and canids  
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Figure 3 – Chd9 upregulates RUNX2 expression in HEK293T cells. Expression profiles 

using double delta CT analysis [31] of exogenous Chd9 and endogenous downstream 

osteogenic genes, normalized against HPRT gene expression (HK). (a) Exogenous Thr2384 

and Ala2384 were highly expressed in HEK293T cells. (b) Overexpression of Thr2384 and 

Ala2384 resulted in a significant increase in endogenous human RUNX2 expression in 

HEK293T cells, and when directly normalized to exogenous Chd9 expression levels, the 

Ala2384 allele resulted in a ~0.5 fold increase in endogenous RUNX2 expression over that 

observed with the Thr2384 allele (c). Osteocalcin and ALP were unaffected by exogenous 

Chd9. 
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have been independently evolving for 160Mya, each species have evolved differences in the 

regulatory landscape of the RUNX2 promoter. To examine the effects of the Ala2384Thr 

substitution, we generated RUNX2 promoter-reporter constructs for both the thylacine (Thylacinus 

cynocephalus) and a representative canid, the red fox, and compared transactivation levels between 

both Chd9 variants. Within human HEK293T cells, we found that both the thylacine (T.cyn) and 

red fox (V.vul) RUNX2 promoter was able to be activated by the endogenous transcriptional 

machinery in the absence of exogenous Chd9 (-Chd9 vehicle), with slighter higher transactivation 

of the fox construct (Figure 4, left). Unexpectedly, we found that when introducing the exogenous 

Thr2384 allele, there was a significant decrease in the transactivation of the both the thylacine and 

fox promoter (Figure 4, middle). However, when introducing the Ala2384 allele, we found the 

transactivation of both the fox and thylacine promoter was significantly restored back to similar 

levels seen in no Chd9 control.  
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Figure 4 – Exogenous Thr2384 and Ala2384 differentially activates the core RUNX2 

promoter. Transactivation of the core RUNX2 promoter as measured by a dual Luciferase 

reporter assay in HEK293T cells. Exogenous expression of the CHD9 Thr2384 and Ala2384 

allele drove differential transactivation of the thylacine (T.cyn) and red fox (V.vul) RUNX2 core 

promoter. The Thr2384 allele drove significantly decreased transactivation of both the thylacine 

and red fox RUNX2 promoter compared with the -Chd9 control. In contrast, the Ala2384 allele 

drove a significant increase in both thylacine and red fox RUNX2 promoter transactivation 

compared with Thr2384, towards similar levels observed in the -Chd9 control. RLA = relative 

light units. * denotes significant differences (P ≤ 0.05), ** denotes highly significant differences 

(P ≤ 0.01).  

 

Figure 4 – Exogenous Thr2384 and Ala2384 differentially activates the core RUNX2 

promoter. Transactivation of the core RUNX2 promoter as measured by a dual Luciferase 

reporter assay in HEK293T cells. Exogenous expression of Thr2384 and Ala2384 drove 

differential transactivation of the thylacine (T.cyn) and red fox (V.vul) RUNX2 core promoter. 

The Thr2384 allele drove significantly decreased transactivation of both the thylacine and red 

fox RUNX2 promoter compared with the -Chd9 control. In contrast, the Ala2384 allele drove a 

significant increase in both thylacine and red fox RUNX2 promoter transactivation compared 

with Thr2384, back to similar levels observed in the -Chd9 control.  

RLA = relative light units. * denotes significant differences (P ≤ 0.05), ** denotes highly 

significant differences (P ≤ 0.01).  
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Discussion 

Craniofacial development is a complex process driven by many interconnected gene regulatory 

networks [2,32]. One of the major key candidate genes implicated in craniofacial variation and 

evolution is the master osteogenic transcription factor RUNX2. While the length and ratio of the 

RUNX2 QA repeat has been correlated with craniofacial length in groups of placental mammals 

[18–20], we previously determined that RUNX2 repeat was invariant across marsupials, despite 

possessing a diverse range of facial morphologies. As such, the RUNX2 repeat was unable to 

contribute to marsupial craniofacial evolution [22], nor able to drive craniofacial convergence 

between marsupials and placental mammals. However, given the important role of RUNX2 in 

skeletal development [15] and intramembranous ossification of the facial skeleton [33], it remains 

likely that craniofacial evolution and convergence is mediated through changes to RUNX2 

expression and regulation.  

In this study we identified that the osteogenic chromatin remodeller CHD9, a known upstream 

interactor of RUNX2 [24] which is under positive selection in the thylacine [13], contained multiple 

homoplasious amino acid substitutions shared between the Dasyuromorphia (Tasmanian devil and 

thylacine) and the canids (wolves, coyotes and foxes). Of the total 163 homoplasious amino acid 

substitutions identified across the >10,000 genes investigated, 4 occurred within CHD9, 

suggesting it as a key target of evolution in the thylacine. While three of the changes fell outside 

of annotated domains, a single alanine to threonine amino acid substitution [Ala2384Thr] was 

identified in the annotated DNA-binding domain of CHD9. Interesting, despite being 50 amino 

acids upstream of the core A/T hook-like DNA-binding motif [23,34], we found the hydrophobic 

to polar substitution altered the protein secondary structure of the DNA-binding domain (Figure 

2). As the A/T hook-like domain of CHD9 binds to minor groove of A/T rich promoters of 

osteogenic genes, such as osteocalcin and RUNX2 [24], changes to affinity of the DNA-binding 

domain provides a tangible system to examine the functional consequence of this change. While 

the screen identified that the Ala2384 substitution is convergently shared between the thylacine 

and canids, we found that this amino acid substitutions was not unique to just these species.  The 

Ala2384 amino acid represents the vertebrate ancestral allele, and is distributed throughout most 

major vertebrate clades, except the non-carnivoran placental mammals (Figure 1, Supplementary 

figure 1). Nevertheless, given that CHD9 acts a potential regulator of RUNX2 [24], is under 
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positive selection in the thylacine [13], possesses multiple homoplasious substitutions, and the 

Ala2384Thr substitution causes a predicted conformational changes to the DNA-binding domain, 

this system provides a tractable means to examine whether subtle molecular changes generate 

measurable functional outcomes.  

CHD9 has been implicated in skeletal development, actively repositions nucleosomes in 

osteoprogenitor cells [26,27,35] and interacts with the promoters of the osteogenic genes 

osteocalcin and RUNX2 [24]. However, the precise mechanism by which CHD9 regulates and 

alters the expression of its downstream target genes was unknown. Specifically, whether it directly 

promotes transcription of osteogenic target genes and/or alters the accessibility of the promoter, 

allowing access by specific transcriptional machinery. We addressed this by examining the 

exogenous expression of Chd9 in NIH3T3 mesenchymal fibroblasts and MC3T3-E1 pre-

osteoblasts, as each possesses the ability to differentiate into osteoblasts in vitro [36,37]. While 

these cell lines provide an ideal system, we were unable to drive exogenous CMV Chd9 

expression, and as a result, investigate changes to downstream gene expression (Supplementary 

figure 3). This was unexpected as NIH3T3 and MC3T3 cells have been used for CMV driven gene 

expression experiments [38,39], and Chd9 was cloned directly from MC3T3 cells. Instead, we 

resorted to the non-osteogenic human embryonic kidney cell line, HEK293T, as they are robust 

and routinely used in CMV driven exogenous gene expression assays. We found that the 

exogenous overexpression of Chd9 in HEK293T cells was able to drive a significant increase in 

the endogenous expression of RUNX2 (Figure 3b). This suggests that not only does CHD9 

associate with the RUNX2 promoter [24], but is also able to activate its expression, even in a non-

osteogenic cell type. However, exogenous CHD9 expression was unable to alter endogenous 

expression levels of the other osteogenic genes osteocalcin or ALP, potentially due to the non-

osteogenic cell lineage. While CHD9 has been shown to interact with the promoter of osteocalcin 

[24], HEK293T cells may contain closed chromatin conformation around the promoters of 

osteoblast-specific genes.  

Next, we explored whether the Thr2384Ala homoplasious substitution in CHD9 DNA-binding 

domain possesses functional consequences. We found that exogenous expression of the Ala2384 

allele resulted in an increased upregulation of RUNX2, compared with the Thr2384 allele on its 

own genetic background (Figure 3c). This confirmed that the amino acid substitution alters the 



 

153 
 

transcriptional activity of CHD9 through differential RUNX2 expression in vitro. We next 

examined whether CHD9 was able to directly transactivate the RUNX2 promoter, and, whether the 

Ala2384Thr amino acid could also alter its transactivation. To examine this, we designed a RUNX2 

promoter-reporter assay using the mammalian conserved ~750bp core RUNX2 promoter [40] 

(Supplementary figure 2). While the Dasyuromorphia and canids each possess the Ala2384 allele, 

they have been independently evolving for 160Mya [13] and will have evolved unique differences 

in their genetic backgrounds. Therefore, to investigate the direct effect of the Thr2384Ala 

substitution specifically in these distinct lineages, we examined the transactivational potential of 

the two CHD9 alleles on the RUNX2 promoter from the thylacine and canids (red fox). While the 

previous experiments showed a direct upregulation of RUNX2 by exogenous CHD9 (Figure 3), 

interestingly we found that overexpression of the Ala2384 allele did not cause a measurable 

transactivation of the thylacine or canid RUNX2 core promoter, when compared with the empty 

vehicle controls (Figure 4). While at first this might suggest that CHD9 does not directly interact 

with the RUNX2 promoter, surprisingly we found that overexpression of the Thr2384 allele 

resulted in a significant decrease in transactivation of both the thylacine and canid core RUNX2 

promoter below levels seen by both the Ala2384 allele or empty control (Figure 4). While we were 

unable to directly observe an increase in transactivation by CHD9 compared to the controls, we 

found that the Thr2384 allele resulted in an overall suppression in promoter transactivation. 

However, while these results conflict with our initial observations of the CHD9 driven increase in 

RUNX2 expression, taken together the Ala2384 substitution resulted in higher activation and 

expression of RUNX2 over the Thr2384 allele. While the effects were subtle, these data highlight 

a functional role of the single Thr2384Ala substitution. Given CHD9 is natively active in 

osteoblasts, the detectable, albeit small, effects may be contributed to the non-osteogenic lineage 

of the cells used for all transfection experiments.  

HEK293T cells are routinely used to investigate gene expression and molecular pathways, 

however they may not be an ideal model to examine CHD9 function given their non-osteogenic 

cell fate. HEK293T cells are thought to possess an adrenal/neuronal fate [41] and may lacks the 

full complement of transcriptional cofactors and chromatin accessibility required for osteogenic 

progression. While we were able to upregulate RUNX2 expression, we were unable to drive the 

expression of osteocalcin or ALP (Figure 3). Osteocalcin is an osteoblast-specific gene [42] and 

may not be active in HEK293T cells, while ALP is inversely expressed compared with CHD9 [26] 
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and may not be detectable in this system. Interestingly, as CHD9 functions as an osteogenic 

chromatin remodeller [23,24,26,27], its overexpression may not be sufficient to remodel the 

chromatin to expose the promoters of osteogenic genes in non-osteogenic cell lines. Also,  

HEK293T cells appeared to be insufficient in activating the RUNX2 core promoter. The ~750bp 

core RUNX2 promoter has been described as the osteoblastogenesis dependent element [30], and 

may require specific core osteogenic transcription factors that are inactive in HEK293T cells. Out 

of its typical genomic context, the core RUNX2 promoter may not be able to sufficiently complex 

with CHD9 explaining its minimal response in our assay. The full length proximal RUNX2 

promoter has been described as a 3-kb element [30] and may instead contain adequate binding 

sites to be active in these cells. Smaller sub-promoter constructs drive different levels of expression 

[30] and a 1.4kb element is specifically active in osteogenic cell lines (NIH3T3, MC3T3, 

C3H10T1/2), but inactive in Cos-7 kidney cells [43], a similar lineage to HEK293T cells. 

However, while substituting HEK293T cells with a specific osteogenic cell line may have provided 

more robust results, we were still able to observe a functional difference between the two CHD9 

alleles in altering RUNX2 expression and promoter transactivation. Additionally, in this study we 

only examined the effect of the single homoplasious amino acid substitution identified in the 

CHD9 binding domain. Investigations of function with all 4 substitutions may result in increased 

transcriptional outcomes.   

Our findings demonstrate that CHD9 upregulates the expression of RUNX2 in vitro, and the 

homoplasious Thr2384Ala amino acid substitution in the CHD9 DNA-binding domain directly 

alters RUNX2 expression. Also, we show that the Ala2384 and Thr2384 alleles differentially alter 

the transactivation of the core RUNX2 promoter. Together, these data demonstrate a direct 

interaction between CHD9 and the activation of RUNX2. Additionally, we show that while 

homoplasious amino acid substitutions in genes may be rare and not enriched between convergent 

taxa [9,13], their presence can drive significant functional differences [44]. Although the 4 

homoplasious CHD9 substitutions were not exclusively within the Dasyuromorphia, but rather 

shared between marsupials and more distantly related vertebrates (Supplementary figure 1), CHD9 

still appears to be a target of evolution. However, while we show that a single Thr2384Ala 

substitution clearly possesses distinct downstream functional consequences on the regulation of 

RUNX2, its exact evolutionary role and contribution to morphological development remains 

unknown. Additionally, the identification of 3 other amino acid substitutions raises questions as to 



 

155 
 

how each of the changes may affect expression and function in concert. The precise morphological 

role of the substitutions may be examined through the generation of transgenic mice, as these 

amino acid residues do not naturally occur on their genetic background. However, alone these 

findings have important implications to the role of protein coding genes in morphological 

evolution. While we showed that RUNX2 alone cannot drive craniofacial convergence between 

marsupials and placentals [22], CHD9 mediated changes to RUNX2 regulation provides an 

attractive mechanism by which adaptive phenotypic evolution may be partially controlled at the 

molecular level.  
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Supplementary table 1 – Primer sequences used in the study 

Primer F primer (5’ – 3’) R Primer (5’ – 3’) 

CHD9 5’ 

fragment 
ATGACAGACCCAATGATGGACTTTTTTGAT CGATGGCGAGAGATCCTGTC 

CHD9 3’ 

fragment 
TTGACCGAGCCAGCTTGAAA 

GAGGACTCAGACTCGAGCAATGAAGACT

GA 

H.s CHD9 

qPCR 
ACCAAATCTGTTGGGCATGG GAGTTTTCTCCACCATTCTC 

M.m CHD9 

qPCR 
ATGCGAGAAAGGTTGGAGGC CACAACGGGACCAGTGAGAA 

H.s RUNX2 ATGTGTGTTTGTTTCAGCAGCA TCCCTAAAGTCACTCGGTATGTGTA 

M.m RUNX2 CCCAGCCACCTTTACCTACA TATGGAGTGCTGCTGGTCTG 

H.s BGLAP CGCCTGGGTCTCTTCACTAC CTCACACTCCTCGCCCTATT 

M.m BGLAP AAGCAGGAGGGCAATAAGGT TAGGCGGTCTTCAAGCCATA 

H.s ALP ATGGGATGGGTGTCTCCACA CCACGAAGGGGAACTTGTC 

M.m ALP AACCCAGACACAAGCATTCC GAGAGCGAAGGGTCAGTCAG 

H.s HPRT TATGGCGACCCGCAGCCCT CATCTCGAGCAAGACGTTCAG 

V.vul RUNX2 

promoter 

GAGCTCGCTAGCAGATCCTCAAACTGGTCA

TGAGATAAAC 

ATTGGCAAGCTTAGCTTTAAAACTCCTTTT

TTTTGCAAGCAC 
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Supplementary figure 1 – Phylogenetic distribution of four identified homoplasious amino 

acid substitutions. CHD9 protein and simplified amino acid alignment showing all 4 

homoplasious amino acid substitutions. Alignments are shown for placental, marsupial and 

monotreme mammalian taxa and non-mammalian vertebrates (chicken, anole lizard and 

zebrafish). Each amino acid was found to be homoplasious between either the canids (represented 

as dog) or Carnivora (dog and cat) and the Dasyuromorphia (Tasmanian devil and thylacine), but 

was found to be also shared between marsupials and other non-mammalian species. 
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Supplementary figure 2 – Multispecies sequence alignment of the core RUNX2 promoter. The core RUNX2 promoter has highly 

conserved sequence homology between eutherian and marsupial mammals, despite 160 million years of divergent evolution. 

Alignment showing marsupials: Tasmanian devil, thylacine, opossum and tammar wallaby, and placentals: human, dog, fox, panda, 

ferret and cat. Thylacine and fox sequence used in the study are indicated by (>), perfect sequence alignment between all species is 

illustrated by (*) and similar bases by (.), and TATA recognition sequence is shown with a blue box.  
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Supplementary figure 3 – Exogenous CHD9 was not significantly expressed in NIH3T3 

or MC3T3-E1 cells. CHD9 mRNA was unable to be overexpressed in NIH3T3 (top) or 

MC3T3 (bottom) cells after transient expression of CMV driven Thr2384 or Ala2384, 

compared to the empty vector control. RUNX2 levels remained constant after transfection.   
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Chapter 6 

Convergent accelerated evolution of an ACVR2A 

enhancer in the thylacine and canids reveals a novel 

candidate driver of craniofacial evolution 
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Abstract 

Evolution drives a wide range of adaptive morphologies, however the molecular basis of these 

is still under scrutiny. Several new lines of evidence suggest that adaptations are driven by cis-

regulatory elements (CRE) in the non-coding region of the genome. As such, we interrogated 

the genomes of the thylacine and canids to determine whether the remarkable similarities in 

their craniofacial morphology may be driven by convergent evolution in non-coding putative 

CREs. We identified 283 overlapping putative craniofacial enhancers in the thylacine and wolf 

genomes under accelerated evolution. Remarkably, these regions were highly enriched around 

genes associated with craniofacial development and the TGF-b signaling pathway. However, 

while these are strong candidates for driving morphological evolution, their exact functional 

role is unknown. Here we investigated the in vivo role of a putative thylacine ACVR2A 

enhancer, a TGF-b signaling receptor with known roles in craniofacial development. We found 

that the putative element has several active marks of enhancer activity during osteogenesis. 

Also, we found that despite 160 million years of genetic divergence, the marsupial thylacine 

enhancer was able drive reproducible patterns of reporter activity in the developing facial 

structures of embryonic mice. These highly significant findings illustrate the potential 

importance of CRE evolution in adaptive morphologies. Specifically, the identification and 

functional validation of convergently accelerated craniofacial CREs provide a strong candidate 

mechanism driving convergent evolution.  
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Introduction 

The origins of morphological novelty are suggested to occur in two ways [1]: through changes 

within the protein coding genes and their products, and/or through altered regulation of those 

genes during development [2]. While there is a precedence for changes within protein coding 

genes as a contributor to phenotypic evolution [3,4] (Chapter 5), the deleterious pleiotropic 

consequences of mutations in genes with multiple functions limits their evolvability [5,6]. 

Thus, it is becoming widely accepted that evolutionary flexibility more likely occurs through 

alterations to the temporospatial (relating to developmental time and space) expression of 

protein coding genes during development [7,8]. However, our ability to conclusively identify 

and validate these evolutionary relevant non-coding regions have been hindered by their 

unpredictable functions and a lack of sophisticated discovery pipelines. One way we begin to 

identify the underlying mechanisms that drive adaptive trait evolution is by looking towards 

examples of phenotypic convergence. Specifically, comparative genomics between vertebrates 

displaying various convergent traits are beginning to answer questions about the contribution 

of protein coding, and non-coding mechanisms underlying phenotypic adaptations [5,6,9,10].   

Analyses investigating the molecular basis of adaptive traits have focused on homoplasy within 

protein coding genes that possess known morphological and physiological outcomes. 

Specifically, studies investigating protein coding convergence in independently derived 

lineages of marine [6] and echolocating mammals [11] have shown that while some genes with 

plausible links to their convergent phenotypes contained homoplasious amino acid 

substitutions, these didn’t occur more frequently than between non-convergent species. Though 

while these groups possess convergent adaptations, they do not display extensive levels of 

physiological or morphological convergence. Instead, one of the most striking cases of 

phenotypic convergence exists between the marsupial thylacine and placental canids, which 

have been independently evolving for 160 million years [12] and have developed remarkable 

similarities in their craniofacial morphology (Chapter 2,3). The strong craniofacial similarities 

coupled with their deep evolutionary divergence presents an unparalleled model to examine 

the molecular basis of cranial morphology. As such, we interrogated homoplasy and positive 

selection in protein coding genes that may contribute to the similarities [5]. Surprisingly, while 

we identified some homoplasy in genes with plausible morphological outcomes, homoplasy 

was consistent with rates of neutral evolution [5], similar to that observed between echolocating 

and marine mammals [6,11], even between these remarkably convergent species. While 

selective mutations in protein coding genes may be partially responsible for phenotypic 
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adaptation, it is more likely that cis-regulatory evolution is the major contributor to convergent 

phenotypes.  

Cis-regulatory elements (CREs) are non-coding elements which control the expression of genes 

during development. While several new lines of evidence suggest cis-regulatory enhancers are 

the major drivers of morphological novelty [13–17], their unpredictable genomic locations and 

lack of defined features make them difficult to detect. Several studies have begun to 

experimentally identify tissue specific CREs and clarify their roles during key developmental 

processes [18,19]. A comprehensive study assessed putative CREs active during mouse 

craniofacial development [20], specifically identifying enhancers upstream of several key 

craniofacial genes which drove reproduceable reporter expression in the developing face. 

However while these experiments have begun to characterize the regulatory landscapes of these 

complex developmental processes, these limited studies are mostly confined to the laboratory 

mouse [20,21].    

Comparative genomics are reveling clues as to how CREs are maintained throughout evolution, 

and how these critical elements evolve to drive differential phenotypic adaptation. Multispecies 

genome alignments have begun uncovering the presence of ultra conserved non-coding 

elements (UCEs) which are preserved over deep evolutionary distances. Interestingly, many 

UCEs possess functional activity and act as key developmental enhancers [14,22–25]. 

Therefore, the identification of UCEs serves as a reasonable proxy for CRE discovery within 

non-model species. UCE discovery across broad phylogenetic sampling can be adapted to 

identify the molecular basis of adaptive traits by detecting patterns of accelerated evolution in 

specific lineages [26]. Such accelerated evolution may involve enrichment or depletion of 

transcription factor binding motifs within enhancers, which are known to drive phenotypic 

outcomes between different lineages [14]. Accelerated UCEs can also be intersected with 

experimental tissue-specific epigenetic modifications to identify developmental enhancers 

associated with specific phenotypic processes. Such analyses have identified an accelerated 

forelimb enhancer in bats [27], potential neurological enhancers in humans [28] and trait 

evolution in non-model species, such as DNA damage response in elephants [26]. Additionally, 

these comparisons can be adapted to identify developmental enhancers associated with 

convergent traits between distantly related species. Specifically, the identification of 

accelerated craniofacial enhancers in the thylacine and wolf lineages provides an alternative 

method for identifying the underlying loci that have driven their similarities in craniofacial 

morphology.  
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Recently, we identified thylacine and wolf putative UCEs under accelerated evolution (TARs 

and WARs, respectively) which overlapped with previously defined mouse craniofacial 

enhancers [29] (Feigin, Newton and Pask, manuscript under consideration). From these lists, 

we identified several overlapping thylacine and wolf accelerated regions (TWARs), which sat 

upstream of genes that were enriched in biological processes and molecular pathways 

associated with craniofacial development and TGF-β signaling. While these regions may be 

involved in driving convergent similarities between the two species, their specific functional 

roles remain unknown. Previously the extinction of the thylacine has limited detailed molecular 

analysis. However, the restoration of genetic function from the thylacine genome has 

previously been demonstrated, with the thylacine Col2a1 promoter driving expression in the 

mouse [30], despite 160 million years of genetic divergence [12]. While previous analyses were 

reliant on the destructive sampling of rare preserved material, the recent publication of the 

thylacine genome [5], combined with advancements in artificial DNA synthesis, allows an 

improved system to examine thylacine DNA function in vivo.  

Interestingly, we identified 3 candidates surrounding TGF-β membrane receptor ACVR2A, a 

key regulator of craniofacial development in vertebrates [31–33]. Two of these elements sat 

immediately downstream of the TSS in the first intron, and overlapped an Ensembl regulatory 

label of function, suggesting they specifically regulate ACVR2A. Interesting, we also identified 

a putative distal craniofacial enhancer element ~80kb upstream of ACVR2A, however its role 

in development is currently unknown. As such, we investigated the functional role of the 

putative distal thylacine enhancer to determine whether it may act as a potential contributor to 

craniofacial convergence. We examined whether the accelerated thylacine element shows 

osteogenic activity, and whether it is able to drive reproducible patterns of craniofacial 

expression in the developing mouse. The identification of craniofacial regions under 

accelerated evolution in the thylacine and wolf linages provide an attractive system to examine 

whether these genetic targets are responsible for their remarkable craniofacial convergence.  
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Methods 

Identification of vertebrate-conserved craniofacial elements 

Evolutionary conserved regions were identified using 61-way vertebrate alignments. These 

UCEs were then intersected with publicly available mouse craniofacial ChIP data for histone 

modifications H3K9ac and H3K27ac, marking active promoters and enhancers, respectively, 

to obtain vertebrate conserved putative craniofacial CREs. We then tested these regions for 

signatures of accelerated evolution in the thylacine and wolf. We determined 9633 accelerated 

regions in the thylacine (TARs) and 1900 elements in the wolf (WARs). To identify 

convergently accelerated regions we intersected the TARs and WARs to produce a subset of 

283 elements termed (TWARs). While these elements are potential drivers of convergent 

craniofacial development, they lack functional validation and as such, their role in 

morphological evolution is unknown (Feigin; unpublished results) [34].  

 

Candidate element and features 

Given the current low throughput of experimental validation of CREs, for this study we 

selected a single TWAR located upstream of the TGF-β family receptor ACVR2A, a key 

regulator of craniofacial development in vertebrates [31–33]. The TWAR, which was 

designated chr2_TWAR3, is a ~200bp element, 83kb upstream of the Acvr2a TSS on mouse 

chromosome 2. While its direct association with ACVR2A is unknown, it is the closest 

neighboring 3’ gene. To the 5’ of the element is a 3.5mb gene desert. We also interrogated 

UCSC to determine whether the TWAR possessed any experimentally verified regulatory 

function. We used custom tracks to search for histone marks, transcription factor binding peaks 

or regulatory labelling for the element in the human hg38 and hg19 genome, as well as the 

mouse mm9 and mm10 genomes, which each contain different annotated information. All 

experimental evidence was compiled and visualized in UCSC genome browser.  

 

Identification of TFBSs  

We next examined the presence of TFBSs in the TWAR, as well as in additional flanking 

sequence. We used TFBS predictions from the 2018 JASPAR CORE vertebrates collection on 

the mouse mm10 and human hg38 genome track in UCSC using the default predicted binding 

scores of 400 (p≤10-4). The distribution of TFBSs across the mouse and human sequences were 
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compiled, and multispecies ClustalX alignments between mouse, human, wolf, thylacine and 

Tasmanian devil were generated to visualize and compare the predicted binding sites with their 

corresponding sequence and locations. 

 

Thylacine TWAR isolation 

We extracted the ~200bp thylacine TWAR sequence, including extra flanking sequence, from 

the thylacine genome [5]. The resulting ~400bp element was artificially synthesized (Integrated 

DNA Technologies) with the inclusion of two flanking unique 5’ XhoI and 3’ AflII restriction 

enzyme sites for cloning into the Hsp68-LacZ-Gateway reporter plasmid (Addgene plasmid # 

37843) [23]. The plasmid and thylacine element was linearized with AflII and XhoI and gel 

purified (QIAgen Gel Extraction kit). The element was ligated into the linearized vector to 

generate the TcynAcvr2a_HspLacZ construct. The construct was screened by restriction 

enzyme digestion and sequencing. TcynAcvr2a_HspLacZ was purified using the Endo-Free 

Plasmid Maxi Kit (Qiagen). 40ug of the purified constructs were digested with XhoI and 

BamHI to remove flanking vector DNA sequence and separated by gel electrophoresis. The 

thylacine-LacZ ligation products were excised and purified using the QIAEX II gel extraction 

kit and eluted in low EDTA microinjection buffer.  

 

Generation of transgenic mice embryos 

The purified TWAR lacZ reporter construct was injected into fertilized mouse zygotes via 

pronuclear injection. The resulting offspring were genotyped for positive transgene integration 

and allowed to mature for breeding. Positive founder males were mated with females to 

generate positive F1 offspring. F1 generation embryos were collected and stained with β-gal at 

E14.5.  All mouse work was performed at the Genetically Engineered Mouse Facility (GEMF) 

at the MD Anderson Cancer Centre in Houston, Texas, USA. 
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Results 

Epigenetic features of the element 

The putative enhancer (chr2_TWAR3) is located on chromosome 2, ~80kb upstream from the 

transcriptional start site of Acvr2A. The element shows strong conservation with marsupial and 

placental mammals, but not with the more distantly related birds, squamates or fish. Further 

investigation of the element highlighted many previously annotated features of the TWAR 

(Figure 1). Firstly, the region completely overlapped with an annotated H3K4me2 peak derived 

from the immortalized C2C12 myoblast precursor cell line. These cells possess the ability to 

be differentiated into osteoblasts in the presence of BMP2 [35], and given the H3K4me2 mark 

targets active enhancers, this may suggest the region is involved in osteodifferentiation. The 

TWAR also overlapped with different histone and transcription factor binding peaks in 

mesenchymal stem cells (MSCs), and MSCs differentiated into osteoblasts [36]. Specifically, 

the region overlapped with a retinoid X receptor alpha (RXRA) ChIP peak, with a larger peak 

in osteoblasts compared with untreated MSCs, and a H3K4me1 active enhancer peak active in 

both treated and untreated MSCs. Additionally, there was a subtle H4K5ac peak which has 

implicated in epigenetic bookmarking and carrying chromatin conformation to daughter cells 

[37], and a large H3K4me3 promoter-associated peak at the transcriptional start site of the 

regions closest gene, Acvr2a. Finally, the region contained a 50bp overlap with the an Ensembl 

regulatory label of regional function (proximal_47105). While no osteoblast specific features 

existed for the region, it was found to be inactive in other non-specific tissues, such as heart, 

liver, spleen, thymus etc.     

 

Transcription factor landscape 

Given the TWARs potential role as a mammalian osteogenic enhancer, we next investigated 

transcription factor binding sites within the element. Using the 2018 JASPAR core vertebrate 

collection track in UCSC we identified predicted TFBSs within the mouse and human ~400bp 

element. These were then compared across multispecies alignments of the TWAR using 

human, mouse, wolf, Tasmanian devil and thylacine to look at the distribution of sites 

throughout the element. While the element contained small stretches of sequence conservation 

(≤6 nucleotides), there were some highly conserved domains within the element (grey shaded 

box, Figure 2), such as the hematopoietic regulators PRDM1 and GFI1, and a complex of  
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Figure 1 – Genomic landscape of mouse ACVR2A locus and putative enhancer 

(chr2_TWAR3) showing annotated epigenetic modifications. a) ~90kb genomic region 

of mouse chromosome 2 (mm9) showing putative enhancer (yellow) and Acvr2a promoter 

/ transcriptional start site (TSS, orange), annotated epigenetic markers, and species 

conservation. Chr2_TWAR is a mammalian conserved element which overlaps annotated 

osteoblast-like cell specific epigenetic modifications suggesting a role in osteogenesis. 

These include an Ensembl annotated region of function (proximal_47105), C2C12 pre-

myoblast active enhancer peak (H3K4me2) and small mesenchymal (MSC) plus MSC-

differentiated osteoblast retinoic acid receptor (RXR) and active enhancer (H3K4me1) 

peak. Enlarged in panel b). 
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Figure 2 – TWAR multispecies comparison. Multispecies alignment of mouse, human, 

wolf, thylacine and Tasmanian devil core putative ACVR2A TWAR (grey box), plus 

additional flanking sequence. Predicted JASPAR TFBSs were identified for mouse and 

human and are shown by black boxes. While we found a small number of conserved binding 

sites within the core TWAR element between species, other than a RARA::RXRA binding 

site which has a role in osteogenesis, the TFBS don’t possess any major roles.   
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MEF2C, BCL6 and STAT1/3/4/5. BCL6 is also involved in hematopoiesis, while STATs are 

signal transducer proteins, and MEF2C is involved in myogenesis. Additionally, on the 5’ end 

outside the core TWAR was conservation of a NR4A2 motif, a dopaminergic neurological 

transcription factor, and HMBOX1 suggested to bind to repeats in telomeres (Figure 2). Overall 

however, there were no obvious convergent enrichment or depletion of thylacine wolf specific 

TFBS in the putative enhancer element. 

 

Reporter expression in mice embryos 

To investigate whether the putative element was functional and able to drive expression in a 

developing embryo, we generated a lacZ reporter coupled to the thylacine TWAR construct 

and performed pronuclear injection to generate random integration transgenic mice. Initially, 

we established founders, bred to females and then screened e14.5 F1 embryos. By e14.5 the 

nasal prominences and maxillary swellings have begun to fuse, establishing the nasal, 

maxillary and palatal midline, forming the nose, upper jaw and palate, respectively. As such, 

many genes critical in craniofacial patterning will be active during this stage. Between founder 

lines we detected consistent LacZ staining in the craniofacial complex. Specifically, we 

detected consistent reporter expression in the nasal midline and nasal process, later forming the 

nasal bones of the nose; in the maxillary midline under the nasal pits, contributing to the upper 

jaws and facial outgrowth; and in the supraorbital margin of the frontal bone, and infraorbital 

margins of the maxilla (Figure 3). We also detected occasional reporter expression in the limbs 

and in the digits.   
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Figure 3 – TWAR reporter expression in E14.5 mouse embryos. LacZ reporter 

expression profiles in embryonic day 14.5 embryos from three founder lines of transgenic 

mice. We found reproducible patterns of expression, with the embryos from founder 3 

showing distinct reporter activity in the nasal midline and process, in the midline of the 

premaxilla, and the superior (frontal) and inferior (maxillary) margins of the orbits; embryos 

from founder 7 showing similar patterns without expression in the midline; and embryos 

from founder 4 showing subtle, but similar reporter activity in the nasal process and midline, 

premaxilla and orbits. Each of these regions of expression show homology to regions which 

later develop into the bones of the facial skeleton.   
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Discussion 

In this study we used a functional approach to determine the in vivo role of a putative thylacine 

CRE during craniofacial development. The element, predicted to regulate the craniofacial 

patterning gene ACVR2A, was found to be under accelerated evolution in the thylacine and 

canids, and may act as an evolutionary target contributing to their craniofacial convergence. 

We scrutinized the epigenetic profile and TFBS landscape of the TWAR to further clarify its 

role in specific developmental processes. Despite its overlap with embryonic mouse 

craniofacial histone modifications, little is known about the function or regulatory role of the 

element during development.  

Our investigations of previously annotated experimental data revealed the element overlapped 

with several histone modifications indicative of active enhancers, as well as an Ensembl 

annotated region of regulatory function (Figure 1). ChIP-seq experiments examining C2C12 

myoblast precursor cells (ENCODE), and mesenchymal stem cells (MSC) and MSC 

differentiated osteoblasts [36] each showed overlap with active histone modifications, 

suggesting the enhancer element is responsive during osteogenesis and skeletal development. 

The role of the element in osteogenesis was further suggested by the presence of a small 

retinoid X receptor (RXR) experimental ChIP peak [36]. Retinoid signaling is important in the 

transcriptional regulation of embryogenesis and neural crest migration and progression [38]. 

Specifically, RXR is known to heterodimerize with the vitamin D receptor (VDR) to regulate 

osteogenesis and skeletal development [39]. We also found that the element failed to overlap 

H3K4me3 or H3K9ac modifications in C2C12 cells, MSCs or osteoblasts. These two 

modifications are generally associated with gene promoters, with peaks identified near the 

ACVR2A TSS, further suggesting the CRE is a developmental enhancer.  

We also examined the TFBS landscape of the thylacine, wolf, Tasmanian devil, human and 

mouse TWAR element, to examine whether there were any patterns of conserved, enriched or 

depleted binding motifs between the thylacine and wolf. However, these investigations didn’t 

reveal any majorly suggestive findings. The most compelling was the detection of a conserved 

retinoid X / retinoic acid receptor heterodimer (RARA::RXRA) binding motif. Given the 

epigenetic profiles showed a RXR binding peak overlapping the element, this suggests that the 

putative enhancer is active and is used during osteogenesis [36,38]. We were also able to detect 

several conserved motifs within the element, however these transcription factors weren’t 

known to play any major roles in osteogenesis, skeletal patterning or craniofacial development. 
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BCL6, PRDM1 and GFI1, all have suggested roles in hematopoiesis, and MEF2C plays a role 

in myogenesis (Figure 2). Finally, despite the accelerated evolution of the element in both the 

thylacine and wolf, we were unable to detect any specifically enriched or depleted binding sites 

between thylacine and wolf element. While we found evidence suggesting the element is an 

osteogenic enhancer, its exact role in thylacine and wolf convergence was unknown. As such, 

we examined the functional role of the enhancer in vivo, providing insights to the underlying 

craniofacial structures it targets during development.    

While methods utilizing the transgenic manipulation of marsupials are still under investigation, 

resurrection of thylacine CRE function has been previously demonstrated in mouse [30], 

suggesting marsupial DNA is still able to produce functional expression patterns, even across 

large evolutionary distances [30]. In agreement with this, we found that the putative thylacine 

TWAR element was able to drive reproducible reporter gene expression in mice embryos. 

Specifically, we observed reproducible reporter expression in the developing facial region of 

e14.5 mouse embryos within the nasal process and midline, the maxillary midline under the 

nasal pits and in the supra- and infraorbital margins of the orbits (Figure 3). Interestingly, these 

expression patterns fell within structures which give rise to the specific bones of the facial 

skeleton, namely the nasal, premaxilla, maxilla and frontal bones. As these skeletal expression 

patterns correspond with the osteogenic profile of the element, together these data suggest the 

TWAR functions as a craniofacial enhancer active during embryonic development. This is 

especially interesting as the thylacine and canids mature into their striking adult craniofacial 

similarities, especially in the bones of the face and jaws, over the course of their development 

(Chapter 2 and 3) [5,40]. Therefore, it is possible that accelerated evolution of this craniofacial 

enhancer has promoted similarities in craniofacial development between the thylacine and 

canids, but not their extant relatives.      

While the TWAR examined in this study was found to be osteo-responsive and active in the 

developing mouse facial complex, the exact gene which the TWAR directly regulates it is still 

unknown. Given the evidence and its nearest proximity, we predict the element interacts with 

the TGF-β signaling receptor ACVR2A. TGF-β signaling is critical in normal craniofacial 

development [41,42] and ACVR2A has been directly observed in the developing facial complex 

of chick [33] and zebrafish embryos [31]. While no obvious expression patterns have been 

observed in mouse, Acvr2a deficiency results in multiple mouse craniofacial abnormalities [32] 

which overlap with the observed reporter gene expression. These include cleft palate resulting 

from a failure of maxillary and palatal midline closure, and abnormal development of the facial 
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bones, such as the maxilla, premaxilla or nasals which show reporter expression. While 

together these findings suggest the element is a likely enhancer of ACVR2A, the other potential 

candidates are the genes ORC4 and MBD5, which are located an additional 45kb downstream 

and share a bidirectional promoter. ORC4 has no known roles in morphogenesis but is an 

essential subunit of the ORC complex involved in DNA replication, while MBD5 (methyl-

CPG-binding domain protein 5) haploinsufficiency causes several neurological and intellectual 

disorders [43]. Given the potential key role of the TWAR in osteogenesis and craniofacial 

development, future work such as chromatin capture should be performed to identify its 

specific target gene.    

In this study, we have defined and functionally examined the role of a candidate distal ACVR2A 

enhancer that is under convergent accelerated evolution in the thylacine and canids.  While we 

did not find any obviously patterns of convergence of TFBS with the TWAR landscape, we 

determined that the element possessed several osteogenic epigenetic modifications, implicating 

it in skeletal development. Importantly, we showed that the element was able to drive distinct 

craniofacial expression in developing mice embryos. The resulting craniofacial expression 

profile was consistent with predicted patterns of ACVR2A expression; and present in 

craniofacial structures which display the highest degree of morphological convergence 

between the thylacine and canids. Together, our results validate the methodology for 

identifying UCEs in the non-coding regions of the genome as a driver of adaptive evolution 

and suggest that CRE evolution is a major candidate underlying morphological convergence. 

While we provide a compelling case that a distal ACVR2A enhancer may promote craniofacial 

convergence between the thylacine and canids, future functional studies are needed to 

determine the exact role of TWARs in morphological evolution.   
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Introduction 

Evolution has produced a diverse range of adaptive morphological structures, however how 

these traits are driven at the molecular levels is still under debate [1,2]. To address this question, 

we can look towards naturally occurring examples of convergent evolution between distantly 

related species to scrutinize the underlying loci that produce similar traits. One of the most 

remarkable cases of convergent evolution in mammals is seen between the marsupial thylacine 

and placental canids which are known to display similarities in their overall appearance and 

skull morphology [3,4], despite 160 million years (Mya) of independent evolution. Using this 

example, we can ask the simple question of whether similarities in their morphology are driven 

by similar underlying changes in the genome? Particularly, are these similarities driven by 

evolution in the protein-coding and/or non-coding regions of the genome? In order to 

rigorously assess these underlying loci, we must first possess a firm understanding of the extent 

of these morphological similarities, and how they arise during development. In this thesis I 

used morphological data to establish the thylacine and canids as an extraordinary model of 

convergent evolution in mammals, then used this information to define and target potential 

underlying loci contributing towards these phenotypic similarities.   

 

Establishing the thylacine and canids as a developmental 

model of convergence  

To establish a system to investigate underlying mechanisms that contribute to craniofacial 

evolution between the thylacine and canids, first an accurate quantification of the degree of 

similarity was required. While previous studies have eluded to resemblances in cranial shape 

[3–5], none of these have directly quantified the degree of their similarity. As such, we 

developed a mammalian cranial morphospace, expanding upon a previous analysis by 

Goswami et al. [3], consisting of 45 metatherian and 68 eutherian species to examine shape 

similarities between the thylacine and canids (Chapter 2). We showed that the thylacine crania 

displayed remarkable similarities with the canids compared to its extant Dasyuromorph 

relatives, confirming it as one of the best cases of convergent evolution between mammals [6]. 

This observable level of similarity was then directly quantified using newly established 

phylogenetic distance-based measures of convergence that take the complete variance of the 

dataset into consideration [7]. We found that almost 40% of their phenotypic similarity can be 
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explained by morphological convergence, a value almost identical to that calculated between 

convergent ecotypes of anole lizards [7]. However, these ecotypes exists between members of 

the Anolis genus, representing ~50Mya of evolution. Instead, the thylacine and canids are from 

sister clades of mammals separated by over 160Mya of evolutionary independence. This 

demonstrates that the thylacine canid comparison is a truly exceptional model of convergence.   

One of the more puzzling aspects of the extraordinary thylacine/canid model of convergence 

is how the two species have evolved to look so similar while being subjected to vastly different 

developmental pressures resulting from their different reproductive strategies. Marsupials in 

general are born in a highly altricial state and are required to crawl into the pouch and attach 

to the teat to complete their development. As such, the marsupial forelimbs, shoulder girdle 

and oral apparatus (facial bones) are subjected to accelerated development in order to fulfil 

these functional demands [8,9]. This mode of reproduction is thought to constrain the 

development of these structures, and has been hypothesized to limit the evolutionary flexibility 

of novel craniofacial and limb morphologies, compared with their placental relatives [8–12]. 

This makes it even more remarkable that the thylacine and canids have independently evolved 

highly similar adult morphologies, and incites the question of how and when these similarities 

are established during their unique developmental trajectories? While this question is 

fundamental to understanding the basis of their morphological convergence, the extinction of 

the thylacine had previously limited in depth analyses of its development and biology.   

The human driven extinction of the thylacine is a tragic story, where an enforced bounty system 

resulted in their demise. Occasionally though, when female bounty animals were collected they 

were found to be carrying joeys in their pouches. These pouch young were preserved in ethanol 

and distributed to various institutions around the world, unbeknownst at the time that such 

specimens would provide a second chance to learn more about the thylacines biology. The 

landscape of these specimens covered 5 unique developmental timepoints (spanning 1.5, 4.5, 

5.25, 9.5 and 12 weeks of pouch development) and provided a remarkable opportunity to 

examine the developmental trajectory of the thylacine during its growth in the pouch. As such, 

we sourced the preserved pouch young and applied X-ray computed tomography (CT) to 

digitally reconstruct the complete developmental series of the thylacine for the very first time 

(Chapter 3). As expected, the skeletal reconstructions confirmed that the thylacine was 

subjected to the same conserved marsupial neonatal constraints, with accelerated development 

of the facial bones and forelimbs to accommodate the immediate functional demands at birth 

to crawl into the pouch to suckle. Interestingly however, we found that the thylacine overcame 
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these constraints approximately midway through pouch development and started to develop 

into a large carnivore, showing similar patterns of limb growth compared with other large 

cursorial predators [13].  

This ontogenetic dataset also allowed preliminary examinations of the thylacines craniofacial 

development, providing insights into the onset of its convergence with the canids. I found that 

the thylacines craniofacial morphology did not begin to achieve its canid-like appearance until 

the end stages of pouch development, and more so after it left the pouch coinciding with the 

eruption of its canines. My preliminary results also showed that the thylacine and canids didn’t 

appear to converge in cranial shape until quite late in their development, with the onset 

occurring at the sub-adult to adult stage. Even though the thylacine and canids are clearly 

subjected to different developmental patterns, this finding was unexpected given their strong 

similarities in adult cranial shape and adaptations to a hypercarnivorous feeding ecology. I 

predicted that such similarities would begin to manifest earlier in development, coinciding with 

the period of development where the thylacine began to leave the pouch and establish its own 

independent hunting behaviours and consumption of prey (i.e. functional demands on bones 

and muscle attachment sites to accommodate changes in diet, see Chapter 3 addendum). Instead 

the onset appeared to be accumulative over the course of its life. However, it’s worth noting 

that this analysis contains several gaps in the ontogenetic sampling of both the thylacine and 

the canids and filling these specific stages will assist in more precise determination of the exact 

onset of their convergence. Nevertheless, together the thylacine-canid model of convergence 

provides unique insights as to how these physical similarities may be controlled at the 

molecular level, and, allows us to predict which tissues are being targeted underlying their 

convergent similarities.    

While craniofacial development is complex system driven by the interplay of patterning 

factors, signalling pathways, morphogens and gene regulatory networks, the developmental 

origins of each of the bones of the face are solely derived from neural crest cells (NCCs) 

[14,15]. Craniofacial development is a deeply conserved program amongst vertebrates and is 

achieved through migratory NCCs and conserved patterning factors and signalling pathways  

[16,17]. While these are similar across mammals, the accelerated development of the marsupial 

facial skeleton (compared with placentals) is due to early and accelerated migration and 

accumulation of NCCs in the frontonasal prominence (FNP) and first pharyngeal arch (PA) 

[18]. Therefore, despite the marsupial/placental dichotomy and heterochrony in the timing of 

NCC migration, proliferation and differentiation, the same underlying multipotent stem cells 
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drive the diverse development of mammalian craniofacial structures. NCCs contain a 

predetermined genetic program which specifically controls the development of adult structures. 

This has been explicitly shown through duck-quail transplantation experiments [19], which 

highlighted that remarkably different structures are preprogramed [20] and specifically derived 

from the multipotent NCCs. Therefore, it seems likely that, despite the dichotomy in marsupial 

and placental craniofacial development, the underlying program controlling these convergent 

similarities will occur within the neural crest. Also, the heterochrony in timing of migration 

and proliferation may explain the delayed onset of craniofacial convergence between the 

thylacine and canids, potentially as a result of altered timing of the ossification of major cranial 

bones. Nevertheless, I hypothesize that the NCCs are likely to be the prime target of convergent 

evolution, and convergently accrued molecular changes affecting key craniofacial patterning 

genes, signalling pathways and gene regulatory networks of the NCCs (and to a lesser extent 

the paraxial mesoderm) will underlie morphological similarities. Specifically, convergent 

molecular changes which affect osteogenesis and patterning of the skeleton will set the 

underlying NCC-derived foundations, only to manifest later in development. 

 

Investigating the loci that contribute to convergent 

craniofacial development 

Candidate approach – The RUNX2 QA repeat 

Given the importance of the cranial NCCs in patterning the facial skeleton via the process of 

intramembranous ossification, a strong candidate approach involves the direct observation of 

the key genes and transcription factors involved in this process. Arguably the most important 

gene involved in the process is RUNX2, which is an essential transcription factor responsible 

for osteogenesis and bone development [21,22]. During intramembranous ossification, RUNX2 

is directly responsible for converting multipotent mesenchymal stem cells (e.g. NCCs) into 

osteogenic progenitors [23,24]. Specifically, migratory NCCs arrive in the FNP, and maxillary 

(MxP) and mandibular (MdP) prominences of the first PA, begin to proliferate and then 

differentiate via RUNX2. As such, the critical influence of RUNX2 during this core phase of 

bone development has labelled it as a major candidate for craniofacial evolution, as changes to 

the timing or onset of ossification may result in extended or truncated bone development. It has 

been proposed that these changes are achieved through a highly variable polyglutamine (Q)/ 

polyalanine (A) amino acid repeat within the mature protein. Coding repeats are highly 
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evolvable as they are subjected to slippage mutations where changes to repeat length can alter 

downstream gene transactivation [25,26]. Therefore, protein repeats have been labelled as 

evolutionary tuning knobs [27], providing a simple mechanism to generate phenotypic 

variation within a population [27,28]. As such, the large degree of variation in the RUNX2 

repeat has labelled it as a major candidate driving craniofacial evolution. This has been shown 

within orders of placental mammals [26,29–32], and within a family of shorebirds [33] where 

RUNX2 repeat length variation and ratio is highly correlated with facial length, width and 

angle. I.e. the longer the facial length/width value, the higher the QA ratio. However, the 

complete role of RUNX2 in mammalian craniofacial evolution was previously unknown as no 

data existed for the sister group of placental mammals, the marsupials.  

In Chapter 4 we examined whether the RUNX2 QA repeat was able to drive craniofacial 

evolution in marsupials, and additionally determine whether similar repeat lengths and ratios 

could explain, in part, convergent craniofacial lengths between the marsupial thylacine and 

placental canids, and marsupial and placental golden moles. We found that the QA repeat was 

highly conserved in marsupials, not only within orders, but also across the entire infraclass 

(except the marsupial mole, for reasons unknown) [34], and therefore was clearly unable to 

drive craniofacial evolution in this group. This was a truly unexpected finding as not only is 

there a large degree of QA length variation across placentals, but also intraspecific variability 

within individual species [26,30,31]. Additionally, we found that despite their conserved repeat 

length, marsupials also possessed high repeat purity. High repeat purity especially drives 

variation, as uninterrupted stretches of canonical nucleotides are more likely to generate 

slippage mutations, resulting in expansions and contractions [35]. As such, the conserved 

repeat length despite high repeat purity suggests that the RUNX2 repeat is under strong 

purifying selection and has been conserved throughout marsupial evolution. We propose this 

is due to the developmental constraints placed on the marsupial skeleton at birth, where 

alterations to the timing of ossification of the facial bones and forelimbs may have deleterious 

consequences. Therefore, the strong marsupial constraint rejected our hypothesis that 

convergent evolution of similar repeat lengths can potentially explain similar facial lengths / 

morphologies between unrelated species.  

While initially RUNX2 repeat evolution appeared a strong candidate behind craniofacial 

evolution and convergence, its conservation and constraint in marsupials suggests it may not 

be as critical as previously thought. However, given its necessity in intramembranous 

ossification of migratory NCCs in the facial mesenchyme, it is likely that craniofacial 
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evolvability still targets pathways associated with RUNX2. Instead, changes in craniofacial 

morphology may be driven either through changes to RUNX2 regulation, or through changes 

in the molecular pathways associated with NCC proliferation and differentiation, providing a 

template for RUNX2 to act upon. While several other candidate genes and transcription factors 

are active in osteogenesis and NCC proliferation which would provide sound targets for 

investigation, we instead decided to apply a genome-wide investigative approach utilizing 

comparative genomics between the thylacine, canids and other mammals. Specifically, we 

sought to identify genes known to associate with RUNX2 that display signatures of positive 

selection and/or those which contained homoplasious amino acid changes. I next hypothesised 

that convergent changes in critical molecular pathways associated with RUNX2 will produce 

functional molecular outcomes, and these subtle changes can drive convergent craniofacial 

evolution between the thylacine and canids.     

 

Genome-wide investigations for targets of evolution 

It is still debated as to whether adaptive phenotypic evolution is controlled by changes within 

protein coding genes, or through non-coding evolution in key gene regulatory elements 

[1,2,36]. Protein coding genes have played important roles throughout the evolution of life, 

particularly through duplication and divergence of novel gene orthologs [37] and co-option of 

genes into new molecular pathways, cell types and tissues [38,39]. However, the pleiotropic 

roles genes play in development are thought to limit their evolvability. While there is evidence 

to support beneficial mutations in protein coding genes as a mechanism of evolutionary change 

[40,41], instead a large body of evidence suggests that non-coding regulatory evolution 

provides a more evolutionarily stable means to generate phenotypic diversity [42–47]. 

Comparative genomics is allowing us to answer these questions by looking at the basis of 

adaptive traits between closely related species [48–50], and convergently derived traits in 

distantly related species [51–54]. Therefore, we investigated convergent evolution in the 

genomes of the thylacine and canids to determine the contribution of protein coding vs non-

coding mechanisms underlying their striking craniofacial similarities.  
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Protein-coding convergence: CHD9, an upstream regulator of RUNX2 

We first investigated gene homoplasy and positive selection in the genomes of the thylacine 

and canids to determine whether there was enrichment of genes with known roles in 

craniofacial or morphological development. We found that selection targeted different genes 

and pathways between the thylacine and canids and was rare even between these highly 

convergent species [6]. Also, similar to other studies of convergence between mammals 

[51,53], we found that protein coding homoplasy was rare and not enriched above neutral 

evolutionary expectations, occurring at equal frequencies between non-convergent control taxa 

[6]. However, we had also initially performed other less stringent screens (inclusion of less 

taxa but covering more orthologous genes) to examine homoplasy between nodes of two 

independently evolved orders of carnivorous mammals, the marsupial Dasyuromorphia 

(including the thylacine) and placental Carnivora (including the canids). These examinations 

still only identified 163 substitutions across each of the nodes and larger sampling of 

orthologous protein coding genes, with no enrichment of molecular functions or biological 

processes. However, interestingly we identified 4 amino acid substitutions in the chromatin 

remodeller CHD9, with one occurring in the DNA binding domain (Chapter 5). We also found 

CHD9 was under positive selection in the thylacine, but not in the canids [6]. This was 

intriguing as despite the overall lack of enrichment of morphological genes, 4 of the 163 

changes occurred within the positively selected CHD9, suggesting it may be a hot spot of 

evolution. Also, CHD9 is a chromatin remodelling protein expressed in mesenchymal and 

osteoprogenitor cells and active during osteogenesis [55–57]. More importantly, CHD9 

interacts with the promoter of RUNX2 [55] through its DNA binding domain, providing a 

compelling upstream candidate by which RUNX2-mediated craniofacial convergence may 

occur. Given one of the substitutions occurred in the DNA binding domain, this provided a 

tractable system to examine whether an evolutionary substitution was able to drive differential 

RUNX2 expression, providing insights to the molecular basis of convergence.     

I found that not only did CHD9 upregulate the expression of RUNX2 in vitro, confirming its 

role as an activator of RUNX2, but the homoplasious Ala2384Thr amino acid substitution in 

the DNA binding domain of CHD9 resulted in differential RUNX2 expression and 

transactivation of the RUNX2 core promoter. Strangely, while the initial screen revealed the 

Ala2384 amino acid was homoplasious between the Dasyuromorphia and Canidae, which 

could be argued that it has been advantageous in the evolution of carnivorous ecology, the 

Ala2384 amino acid was instead the ancestral residue found in most lineages of vertebrates, 
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including fish, reptiles and birds. Placental mammals evolved the Ala2384Thr residue, before 

the last common ancestor of the Carnivora re-evolved the Thr2384Ala residue in parallel. This 

finding renders the interpretation of the evolutionary significance of the substitution difficult, 

as though it produces a clear functional outcome in vitro, how this translates to physiological 

or morphological outcomes is unclear. Specifically, it is unknown when the Ala2384-mediated 

upregulation of RUNX2 occurs during development, whether it permanently affects 

osteogenesis, or whether its affects are diluted by lineage-specific epistasis. Additionally, the 

presence of the other 3 amino acids, which each display unique signatures of conservation 

between groups, may further alter protein function, and the accumulative effects of the multiple 

substitutions in concert may generate larger, more significant outcomes. However, we did not 

examine whether these changes had functional outcomes and is subject to further investigation. 

CHD9 also has been shown to interact with other osteogenic genes, such as osteocalcin [55], 

so how the substitution affects these in a developmental context are also unclear. While we 

determined that CHD9 is a clear target of evolution with functional consequences, particularly 

in the thylacine, additional work is required to determine the adaptive basis and significance of 

the evolutionary pressures acting on CHD9.     

  

Non-coding convergence: An enhancer upstream of ACVR2A  

We next examined the functional consequences of evolution in the non-coding regulatory 

regions of the genome as a driver of adaptive evolution. In this analysis we first utilized 

comparative genomics to identify non-coding regions of the genome that were conserved 

across 60 vertebrates spanning from fish, amphibians, reptiles, birds and mammals. These 

ultra-conserved elements (UCEs) serve as a proxy for functional DNA, as they have been 

maintained over large evolutionary distances [58]. To determine conserved putative 

craniofacial regulatory elements, the UCEs were intersected with ChIP data from published 

embryonic mouse craniofacial histone modification profiles, resulting in ~57,000 putative 

regions. While these regions may act as vertebrate conserved craniofacial enhancers, we next 

wanted to identify regions specifically under positive selection in both the thylacine and canids 

to determine elements potentially contributing to craniofacial convergence. As such, tests of 

accelerated evolution [59,60] were run, yielding 9633 thylacine accelerated regions (TARs) 

and 1900 wolf accelerated regions (WARs). Finally, to examine putative regions driving 

convergent craniofacial similarities between the thylacine and canids, the TARs and WARs 

were overlapped to generate a final dataset of 283 thylacine/wolf accelerated regions (TWARs) 
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[61] (Feigin, Newton and Park, manuscript under consideration). While overall these 

convergent regions were relatively rare (283 elements genome-wide), the multiple levels of 

filtering (UCEs, overlapping ChIP data, accelerated evolution etc.) suggest that these elements 

are strong candidate craniofacial enhancers.  

The resulting TWARs contain candidate loci that may be responsible for driving phenotypic 

similarities. To determine whether the regions sat upstream of genes implicated in processes or 

pathways involved in craniofacial development, the TWARs were run through the Genomic 

Regions Enrichment of Annotations Tool (GREAT) ontology. Unlike the analyses of protein 

coding homoplasy, the non-coding TWARs showed a highly significant enrichment of terms 

associated with molecular functions such as DNA binding, signalling pathways including 

NOTCH, Hedgehog (HH) and TGF-β, biological processes such as stem cell development, 

mesenchymal cell development, and stem cell differentiation, and phenotypes such as head and 

facial morphology, neural fold and tube morphology and skeletal phenotypes. This further 

implicates these as the likely target loci behind convergent evolution. Interestingly each of 

these process are strongly implicated or associated with neural crest migration, differentiation 

and craniofacial patterning [62]. However, given the list was prefiltered with craniofacial ChIP 

data, this may have biased the results. Nevertheless, as these elements are ultra conserved 

across vertebrates, they likely possess conserved developmental functions. As such, we 

identified a strong body of evidence to suggest that selection targets non-coding cis-regulatory 

elements associated with processes involved in underlying neural crest cells and craniofacial 

development.  

The list of candidate elements showed high promise for driving convergent evolution, 

especially given some of the detected elements have already been shown to possess enhancer 

activity [63] and in some cases, multiple elements existed for a single gene. However, the 

specific functions of the majority of the identified elements are unknown. As such, this 

candidate list provides an opportunity to examine whether putative TWAR enhancers are able 

to drive reproducible craniofacial expression in the developing mouse and act as a potential 

driver of convergent craniofacial evolution (Chapter 6). Interestingly, we identified 3 putative 

enhancers surrounding the TGF-β signalling receptor, ACVR2A. TGF-β signalling is important 

in NCCs [64], osteogenesis [65] and craniofacial development [62], and ACVR2A plays 

critical roles in craniofacial development in mice, chick and zebrafish [66–69]. Importantly, 

ACVR2A activates SMAD signalling cascades, which directly activate RUNX2 during 

osteogenesis [70], providing another alternate pathway behind RUNX2 regulation. As such, I 
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examined in greater detail whether a putative distal enhancer ~80kb upstream of ACVR2A 

showed evidence of epigenetic modifications associated with osteogenesis, on top of its already 

determined modifications in embryonic craniofacial mouse tissue. I also investigated the 

functional role of the element by examining whether it was able to drive distinct patterns of 

craniofacial expression in vivo. Specifically, we wanted to determine whether the thylacine 

TWAR element could drive expression in the developing mouse, despite 160 million years of 

evolutionary divergence [71].  

I found that the putative ACVR2A enhancer overlapped with several active epigenetic marks in 

myoblast precursors, MSCs and MSC-differentiated osteoblasts, confirming it is active during 

osteogenesis. Also, remarkably I found that the element was able to drive reproducible reporter 

expression in craniofacial structures of e14.5 mice. Specifically, I detected expression in the 

orbits, nasal midline, and maxillary midline, which later form the nasal, premaxilla and maxilla 

bones of the facial skeleton. This was a staggering finding as not only did it confirm the validity 

of our computational methods, but also confirmed that this candidate, under accelerated 

evolution in both the thylacine and canids, was clearly capable of driving craniofacial 

expression. While further studies are needed to confirm that this element directly regulates 

ACVR2A, the expression profile and epigenetic marks during osteogenesis strongly implicate 

it is involved in its regulation. The identification of a multiple candidate elements surrounding 

genes enriched in specific molecular and biological processes suggests that craniofacial 

convergence may be mediated through evolutionary changes within CREs. This is supported 

by the fact that, despite the functional evidence for evolution in CHD9, overall protein coding 

homoplasy was rare and not enriched in biological processes. However, as we did find evidence 

in both portions of the genome, the question remains as to how these coding and non-coding 

loci may work in concert to drive the convergent craniofacial similarities?   

 

Proposed mechanisms of action – How do these loci 

regulate craniofacial convergence? 

This thesis used combination of morphological and molecular data to define the target tissues 

and identify the underlying loci that drive convergent craniofacial evolution between the 

thylacine and canids. From these analyses, various lines of evidence suggest that molecular 

changes occur within the underlying genetic programming of NCCs, especially given their 
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importance in the development of the skull. This hypothesis is supported by the fact that 

RUNX2, CHD9 and ACVR2A are each active, or implicated in NCCs, osteogenesis and 

consequently, craniofacial development. While changes within the RUNX2 QA repeat length 

may subtly alter transcription through protein stability [25,26,72,73] it is clearly not entirely 

responsible for facial evolution in mammals, especially marsupials, nor convergent craniofacial 

evolution between the thylacine and canids. However, the importance of RUNX2 in the 

differentiation of multipotent NCC progenitors towards an osteoblast fate [21–24] as well as 

its role as a transcriptional activator and cofactor for several bone specific genes suggests it 

still plays a pivotal role in facilitating craniofacial evolution. Interestingly, the fact that CHD9, 

a targeted gene in thylacine evolution, alters RUNX2 expression and activation suggests an 

alternative RUNX2 regulatory mechanism. As well, the importance of ACVR2A in activation 

of RUNX2 expression via SMAD signalling [70] further suggests an additional upstream 

RUNX2 regulatory pathway. Therefore, together these two discrete molecular mechanisms may 

work in concert to promote changes to downstream gene expression in NCCs during 

craniofacial patterning, mediated through differential RUNX2 regulation.  

While CHD9 is active in osteoprogenitors [57], its role in craniofacial development is still 

unclear. However, several experimental studies have implicated it in the process. Tissue-

specific transcriptomes show that CHD9 is active in the FNP, MdP, MxP and PA1 [74] of the 

embryo, and increases in expression throughout the developmental progression of these 

structures [75]. Therefore, it is likely that CHD9 is active in NCCs. CHD9 is also highly 

expressed in pre-osteoblasts and osteoblasts [76] suggesting that as the facial skeleton begins 

to form, CHD9 plays a large role in regulating the process. Chromatin remodellers are 

important in regulating the dynamic interactions of CREs during development [77]. CHD 

remodellers slide and eject nucleosomes to expose CREs, and form transcriptional complexes 

to promote gene transcription [38,78]. Therefore, given that the Thr2384Ala substitution 

increases RUNX2 expression and promoter transactivation, the increased availability of 

RUNX2 may directly promote an increase in downstream gene expression (Figure 1). 

Additionally, it is plausible that the Thr2384Ala homoplasious amino acid substitution alters 

nucleosome remodelling properties. This may be controlled through CHD9-mediated 

alterations to the chromatin architecture in NCCs and osteoprogenitors, allowing the exposure 

of key RUNX2 binding motifs such as osteocalcin-specific element 2 (OSE2) [79,80], 

increasing downstream gene expression (Figure 1). While it is difficult to ascertain the exact 
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role of CHD9 during thylacine and canid evolution, it is possible that CHD9 provides an 

additional level of regulation in NCC craniofacial patterning and osteogenesis.   

The other potential mechanism involves changes to RUNX2 regulation through altered 

regulation of ACVR2A. ACVR2A is a membrane receptor subunit involved in both the TGF-B 

and BMP signalling pathways. During osteogenesis, ACVR2A is upregulated in osteoblasts  
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Figure 1 – Hypothetical mechanisms of action in NCCs. Multiple levels of RUNX2 

regulation may drive convergent craniofacial evolution through changes to the underlying 

NCCs (left top) in the developing facial mesenchyme (left bottom). a) The TGF-β signalling 

receptors ACVR2A and ACVR2B are activated by extracellular ligands which 

phosphorylates (yellow circle, P) and initiates SMAD1,5,8 signalling cascades. These, 

along with CHD9, activate the expression of RUNX2, which further promotes downstream 

gene expression through binding of the osteoblast specific element (OSE2) with SMAD1 

and other co-factors (CO). b) Accelerated evolution (lightning bolt) may alter RUNX2 

associated pathways. The ACVR2A TWAR may promote an increase in ACVR2A 

expression, resulting in increased SMAD signalling (main panel, right). This may promote 

increased RUNX2 expression and in turn, increased downstream osteogenic gene 

expression. Additionally, homoplasy in CHD9 may increase the expression of RUNX2, or, 

alter the chromatin environment to expose core OSE2 binding elements, increasing 

downstream gene expression via RUNX2. Pathway created using BioRender.       
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compared with pre-osteoblasts [76] and mesenchymal stem cell [81] precursors. ACVR2A is 

also active and expressed in NCCs of the FNP and PA1 [74], and mutations cause craniofacial 

defects in null mutants [66,68]. Upon activation, ACVR2A phosphorylates SMAD1,5,8 which 

promotes downstream gene expression, including RUNX2 [82] (Figure 1). In particular, 

ACVR2A is activated by the TGF-β/BMP ligands BMP6 and GDF2 (BMP9). GDF2 (Growth 

differentiation factor 2) is one of the most potent BMPs involved in osteogenesis, as it induces 

MSCs into osteoblasts [83] and has been suggested to directly upregulate RUNX2 during 

osteogenesis [84]. Therefore, an enhancer that regulates expression of ACVR2A may increase 

(or decrease) TGF-β/BMP signalling. Accelerated evolution in the enhancer may increase its 

potency, directly promoting an increase in ACVR2A transcription, and therefore protein 

production of the receptor (Figure 1). Increases to the levels of receptors within the cell 

membrane may increase the availability of membrane receptors to signalling ligands (such as 

BMPs and Activin). This increase may stimulate the phosphorylation and activation of 

SMAD1,5,8 signalling, directly promoting RUNX2 and expression of other osteogenic genes 

(Figure 1). The increased availability of RUNX2 within the nucleus may further promote 

osteogenic gene expression via increased accessibility of osteoblast specific binding motifs 

(OSE2) within key gene promoters (driven via CHD9 remodelling, Figure 1).  

While these pathways are hypothetical, they provide a plausible mechanism to explain 

similarities in NCC-derived craniofacial bone development between the thylacine and canids. 

While it is unlikely that these individual processes solely contribute to craniofacial 

convergence, a combination of each of these underlying mechanisms, as well as other 

additional candidates, may each work in concert to alter NCC migration, proliferation and 

osteogenic differentiation during development. The accumulation of multiple, minor changes 

within key developmental pathways provides a reasonable foundation by which craniofacial 

convergence may occur.  

 

Future directions – Establishing a marsupial model of 

craniofacial development 

The unfortunate extinction of the thylacine has restricted our ability to thoroughly investigate 

key molecular candidates that contributed to its striking craniofacial convergence with the 

canids. While this is a limitation, instead we can look towards comparative models in closely 
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related marsupials to investigate how these evolutionary mechanisms function. Historically, 

studies have examined gene expression profiles and the epigenetic regulatory landscapes of 

NCCs [74,85–87], MSCs [88] and osteoblasts [76] and their contribution to craniofacial 

development [89] in model species such as frog, chick, quail and mouse. While these 

experiments highlight that the same key patterning genes are used throughout development, 

large differences exist in their profiles even between closely related species [90]. As such, 

while these comparative datasets are highly informative and comprehensive, it illustrates that 

little is known about how these pathways differ in marsupials. Additional studies investigating 

NCC, MSC and osteoblast gene expression and regulatory landscapes in marsupial models are 

required to define and characterize marsupial-specific pathways. These datasets will be of large 

benefit, especially given the heterochrony and altered development timing seen between 

marsupial and placental mammals [18,91–94].  

The lack of marsupial resources (genomes, transcriptomes, epigenetic profiles, etc.), compared 

with those of placentals, potentially hinders or limits the confidence of comparative analyses. 

For example, in Chapter 5 and 6, only four marsupial species were used (opossum, wallaby, 

Tasmanian devil and thylacine, which in itself was a referenced assembly from the devil), 

compared with an extensive list of placental mammals. Additionally, in our identification of 

non-coding evolution in the thylacine and canids (Chapter 6) the analysis relied heavily on pre-

filtering with embryonic e11.5 mouse craniofacial histone modifications. These may not 

completely represent the regulatory landscape involved in marsupial craniofacial development, 

specifically as the accelerated timing of NCC migration and differentiation may use a different 

set of enhancers active during other stages of mouse development. Our lab and others have 

begun to utilize the fat-tailed dunnart (Sminthopsis crassicaudata), a close extant relative of 

the thylacine, as a new developmental marsupial model [95], especially relating to craniofacial 

development [96]. Establishment of the dunnart as a comparative marsupial model will further 

assist future analyses, as additional filtering with marsupial specific modifications may produce 

more accurate identification of active elements conserved between mammals. 

Transgenics have shown that both thylacine promoter [97] and enhancer (Chapter 6) elements 

are active in the developing mouse, suggesting conservation of functional domains. However, 

given their 160 million year evolutionary divergence [71], these elements may not be as active 

as they would be on their own marsupial genetic background. While traditional methods for 

generating transgenic animals, such as pronuclear injection or germ line incorporation, are still 

under investigation in marsupials, new studies have begun to utilize electroporation to 
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introduce foreign genetic material during the morphogenesis of specific embryonic structures 

[95]. These novel techniques provide an exciting opportunity to examine the role of key loci 

and genetic candidates active during early marsupial craniofacial development. Specifically, 

the refinement of this system will provide a means to examine the function of thylacine genetic 

information during craniofacial morphogenesis. Together, these exciting prospects will provide 

new insights as to whether thylacine loci under accelerated evolution are able to drive the 

development of novel craniofacial morphologies.   

  

Final conclusions 

Identifying the loci that contribute to phenotypic traits is fundamental to our understanding of 

how evolution occurs at the molecular level. To assist in this process, I have established the 

thylacine and canids as a remarkable example of convergent craniofacial evolution in 

mammals, providing an unparalleled system to examine the loci that contribute to these 

adaptive similarities. I propose that convergent craniofacial evolution is controlled through 

underlying changes to neural crest progenitor cells, where changes in the underlying epigenetic 

program are critical in driving craniofacial similarities. While at first, we proposed that changes 

to RUNX2 may drive craniofacial convergence, we found that RUNX2 is under purifying 

selection in marsupials and cannot explain examples of convergence between marsupials and 

placentals. Instead, craniofacial similarities may arise through altered RUNX2 regulation.  

We found evidence implicating both protein-coding genes and non-coding loci as drivers of 

adaptive evolution. A homoplasious amino acid substitution in CHD9 altered RUNX2 

regulation, however its exact evolutionary role remains unclear; while a putative ACVR2A 

enhancer drove expression in developing mouse craniofacial structures and is known to 

regulate RUNX2 through TGF-β/BMP signalling. Together, these highlight that both protein 

coding and non-coding loci may work in concert to control craniofacial evolution, through 

altered RUNX2 regulation. However, overall protein coding homoplasy was rare and not 

enriched in morphological genes, likely due to the pleiotropic roles proteins play during 

development. Instead, adaptive evolution more likely targets non-coding regulatory loci, 

providing a finessed way to control gene expression in the underlying NCCs during 

development, supported by the small, but rigorously filtered, number of thylacine/wolf 

accelerated enhancers identified. While in this thesis I only examined a single putative 

craniofacial enhancer, its clear expression profile highlights the importance of these candidates. 
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Future work will focus on additional accelerated non-coding candidates to further clarify their 

role in adaptive craniofacial convergence. The combination of comparative genomics and 

molecular biology provides the necessary tools to investigate and functionally examine the 

molecular basis of adaptive evolution.  

  



 

203 
 

References  

1. Hoekstra HE, Coyne JA. 2007 The locus of evolution: Evo devo and the genetics of 

adaptation. Evolution (N. Y). 61, 995–1016. (doi:10.1111/j.1558-5646.2007.00105.x) 

2. Carroll SB. 2008 Evo-Devo and an Expanding Evolutionary Synthesis: A Genetic 

Theory of Morphological Evolution. Cell 134, 25–36. (doi:10.1016/j.cell.2008.06.030) 

3. Goswami A, Milne N, Wroe S. 2011 Biting through constraints: cranial morphology, 

disparity and convergence across living and fossil carnivorous mammals. Proc. R. Soc. 

B Biol. Sci. 278, 1831–1839. (doi:10.1098/rspb.2010.2031) 

4. Werdelin L. 1986 Comparison of skull shape in marsupial and placental carnivores. 

Aust. J. Zool. 34, 109–117. (doi:10.1071/ZO9860109) 

5. Wroe S, Milne N. 2007 Convergence and remarkably consistent constraint in the 

evolution of carnivore skull shape. Evolution (N. Y). 61, 1251–1260. 

(doi:10.1111/j.1558-5646.2007.00101.x) 

6. Feigin CY et al. 2018 Genome of the Tasmanian tiger provides insights into the 

evolution and demography of an extinct marsupial carnivore. Nat. Ecol. Evol. 2, 182–

192. (doi:10.1038/s41559-017-0417-y) 

7. Stayton CT. 2015 The definition, recognition, and interpretation of convergent 

evolution, and two new measures for quantifying and assessing the significance of 

convergence. Evolution (N. Y). 69, 2140–2153. (doi:10.1111/evo.12729) 

8. Sears KE. 2004 Constraints on the Morphological Evolution of Marsupial shoulder 

Girdles. Evolution (N. Y). 58, 2353–2370. (doi:10.1111/j.0014-3820.2004.tb01609.x) 

9. Goswami A, Randau M, Polly PD, Weisbecker V, Bennett CV, Hautier L, Sánchez-

Villagra MR. 2016 Do developmental constraints and high integration limit the 

evolution of the marsupial oral apparatus? Integr. Comp. Biol. 56, 404–415. 

(doi:10.1093/icb/icw039) 

10. Cooper WJ, Steppan SJ. 2010 Developmental constraint on the evolution of marsupial 

forelimb morphology. Aust. J. Zool. 58, 1–15. (doi:10.1071/ZO09102) 

11. Bennett CV, Goswami A. 2013 Statistical support for the hypothesis of developmental 

constraint in marsupial skull evolution. BMC Biol. 11. (doi:10.1186/1741-7007-11-52) 



 

204 
 

12. Kelly EM, Sears KE. 2011 Limb specialization in living marsupial and eutherian 

mammals: constraints on mammalian limb evolution. J. Mammal. 92, 1038–1049. 

(doi:10.1644/10-MAMM-A-425.1) 

13. Newton AH, Spoutil F, Prochazka J, Black JR, Medlock K, Paddle RN, Knitlova M, 

Hipsley CA, Pask AJ. 2018 Letting the ‘cat’ out of the bag: pouch young development 

of the extinct Tasmanian tiger revealed by X-ray computed tomography. R. Soc. Open 

Sci. 5, 171914. (doi:10.1098/rsos.171914) 

14. Cordero DR, Brugmann S, Chu Y, Bajpai R, Jame M, Helms JA. 2011 Cranial neural 

crest cells on the move: Their roles in craniofacial development. Am. J. Med. Genet. 

Part A 155, 270–279. (doi:10.1002/ajmg.a.33702) 

15. Szabo-Rogers HL, Smithers LE, Yakob W, Liu KJ. 2010 New directions in 

craniofacial morphogenesis. Dev. Biol. 341, 84–94. (doi:10.1016/j.ydbio.2009.11.021) 

16. Francis-west P, Crespo-enriquez I. 2016 Vertebrate Embryo : Craniofacial 

Development. , 1–15. (doi:10.1002/9780470015902.a0026602) 

17. Fish JL. 2017 Evolvability of the vertebrate craniofacial skeleton. Semin. Cell Dev. 

Biol. (doi:10.1016/j.semcdb.2017.12.004) 

18. Smith KK. 2001 Early development of the neural plate, neural crest and facial region 

of marsupials. J. Anat. 199, 121–131. (doi:10.1017/S0021878201008202) 

19. Schneider RA, Helms JA. 2003 The cellular and molecular origins of beak 

morphology. Science (80-. ). 299, 565–568. (doi:10.1126/science.1077827) 

20. Hall J, Jheon AH, Ealba EL, Eames BF, Butcher KD, Mak SS, Ladher R, Alliston T, 

Schneider RA. 2014 Evolution of a developmental mechanism: Species-specific 

regulation of the cell cycle and the timing of events during craniofacial osteogenesis. 

Dev. Biol. 385, 380–395. (doi:10.1016/j.ydbio.2013.11.011) 

21. Komori T. 2003 Requisite roles of Runx2 and Cbfb in skeletal development. J. Bone 

Miner. Metab. 21, 193–197. (doi:10.1007/s00774-002-0408-0) 

22. Komori T et al. 1997 Targeted disruption of Cbfa1 results in a complete lack of bone 

formation owing to maturational arrest of osteoblasts. Cell 89, 755–764. 

(doi:10.1016/S0092-8674(00)80258-5) 



 

205 
 

23. James MJ, Järvinen E, Wang XP, Thesleff I. 2006 Different roles of Runx2 during 

early neural crest-derived bone and tooth development. J. Bone Miner. Res. 21, 1034–

1044. (doi:10.1359/jbmr.060413) 

24. Takarada T, Nakazato R, Tsuchikane A, Fujikawa K, Iezaki T, Yoneda Y, Hinoi E. 

2016 Genetic analysis of Runx2 function during intramembranous ossification. 

Development 143, 211–218. (doi:10.1242/dev.128793) 

25. Morrison NA et al. 2012 Glutamine repeat variants in human RUNX2 associated with 

decreased femoral neck BMD, broadband ultrasound attenuation and target gene 

transactivation. PLoS One 7. (doi:10.1371/journal.pone.0042617) 

26. Sears KE, Goswami A, Flynn JJ, Niswander LA. 2007 The correlated evolution of 

Runx2 tandem repeats, transcriptional activity, and facial length in Carnivora. Evol. 

Dev. 9, 555–565. (doi:10.1111/j.1525-142X.2007.00196.x) 

27. King DG, Soller M, Kashi Y. 1997 Evolutionary tuning knobs. Endeavour 21, 36–40. 

(doi:10.1016/S0160-9327(97)01005-3) 

28. Caburet S, Cocquet J, Vaiman D, Veitia RA. 2005 Coding repeats and evolutionary 

‘agility’. BioEssays 27, 581–587. (doi:10.1002/bies.20248) 

29. Ferraz T et al. 2018 Contrasting patterns of RUNX2 repeat variations are associated 

with palate shape in phyllostomid bats and New World primates. Sci. Rep. 8, 7867. 

(doi:10.1038/s41598-018-26225-7) 

30. Pointer MA, Kamilar JM, Warmuth V, Chester SGBB, Delsuc F, Mundy NI, Asher 

RJ, Bradley BJ. 2012 RUNX2 tandem repeats and the evolution of facial length in 

placental mammals. BMC Evol. Biol. 12. (doi:10.1186/1471-2148-12-103) 

31. Ritzman TB, Banovich N, Buss KP, Guida J, Rubel MA, Pinney J, Khang B, Ravosa 

MJ, Stone AC. 2017 Facing the facts: The Runx2 gene is associated with variation in 

facial morphology in primates. J. Hum. Evol. 111, 139–151. 

(doi:10.1016/j.jhevol.2017.06.014) 

32. Fondon JW, Garner HR. 2004 Molecular origins of rapid and continuous 

morphological evolution. Proc. Natl. Acad. Sci. 101, 18058–18063. 

(doi:10.1073/pnas.0408118101) 

33. Green RM, Kimball RT. 2012 Analysis of RUNX2 genes influence on bill morphology 



 

206 
 

within shore birds. Thesis 3737, 1–22.  

34. Newton AH, Feigin CY, Pask AJ. 2017 RUNX2 repeat variation does not drive 

craniofacial diversity in marsupials. BMC Evol. Biol. 17, 1–9. (doi:10.1186/s12862-

017-0955-6) 

35. Gemayel R, Vinces MD, Legendre M, Verstrepen KJ. 2010 Variable Tandem Repeats 

Accelerate Evolution of Coding and Regulatory Sequences. Annu. Rev. Genet. 44, 

445–477. (doi:10.1146/annurev-genet-072610-155046) 

36. Carroll SB. 2005 Evolution at two levels: On genes and form. PLoS Biol. 3, 1159–

1166. (doi:10.1371/journal.pbio.0030245) 

37. Soshnikova N, Dewaele R, Janvier P, Krumlauf R, Duboule D. 2013 Duplications of 

hox gene clusters and the emergence of vertebrates. Dev. Biol. 378, 194–199. 

(doi:10.1016/j.ydbio.2013.03.004) 

38. Marfella CGA, Imbalzano AN. 2007 The Chd family of chromatin remodelers. Mutat. 

Res. - Fundam. Mol. Mech. Mutagen. 618, 30–40. 

(doi:10.1016/j.mrfmmm.2006.07.012) 

39. Warren WC et al. 2008 Genome analysis of the platypus reveals unique signatures of 

evolution. Nature 453, 175–183. (doi:10.1038/nature06936) 

40. Powder KE, Cousin H, McLinden GP, Craig Albertson R. 2014 A nonsynonymous 

mutation in the transcriptional regulator lbh is associated with cichlid craniofacial 

adaptation and neural crest cell development. Mol. Biol. Evol. 31, 3113–3124. 

(doi:10.1093/molbev/msu267) 

41. Morris G, Fanucchi S. 2016 A Key Evolutionary Mutation Enhances DNA Binding of 

the FOXP2 Forkhead Domain. Biochemistry 55, 1959–1967. 

(doi:10.1021/acs.biochem.5b01271) 

42. Cretekos CJ, Wang Y, Green ED, Martin JF, Rasweiler IV JJ, Behringer RR. 2008 

Regulatory divergence modifies limb length between mammals. Genes Dev. 22, 141–

151. (doi:10.1101/gad.1620408) 

43. Kvon EZ et al. 2016 Progressive Loss of Function in a Limb Enhancer during Snake 

Evolution. Cell 167, 633–642.e11. (doi:10.1016/j.cell.2016.09.028) 



 

207 
 

44. Chan YF et al. 2010 Adaptive evolution of pelvic reduction of a Pitx1 enhancer. 

Science (80-. ). 327, 302–305.  

45. Gérard M, Zákány J, Duboule D. 1997 Interspecies exchange of a Hoxd enhancer in 

vivo induces premature transcription and anterior shift of the sacrum. Dev. Biol. 190, 

32–40. (doi:10.1006/dbio.1997.8679) 

46. Malt AL, Cesario JM, Tang Z, Brown S, Jeong J. 2014 Identification of a face 

enhancer reveals direct regulation of LIM homeobox 8 (Lhx8) by wingless-int 

(WNT)/B-catenin signaling. J. Biol. Chem. 289, 30289–30301. 

(doi:10.1074/jbc.M114.592014) 

47. Menke DB, Guenther C, Kingsley DM. 2008 Dual hindlimb control elements in the 

Tbx4 gene and region-specific control of bone size in vertebrate limbs. Development 

135, 2543–2553. (doi:10.1242/dev.017384) 

48. Cho YS et al. 2013 The tiger genome and comparative analysis with lion and snow 

leopard genomes. Nat. Commun. 4. (doi:10.1038/ncomms3433) 

49. Montague MJ et al. 2014 Comparative analysis of the domestic cat genome reveals 

genetic signatures underlying feline biology and domestication. Proc. Natl. Acad. Sci. 

111, 17230–17235. (doi:10.1073/pnas.1410083111) 

50. Zhang G et al. 2014 Comparative genomics reveals insights into avian genome 

evolution and adaptation. Science (80-. ). 346, 1311–1321. 

(doi:10.1126/science.1251385) 

51. Parker J, Tsagkogeorga G, Cotton JA, Liu Y, Provero P, Stupka E, Rossiter SJ. 2013 

Genome-wide signatures of convergent evolution in echolocating mammals. Nature 

502, 228–231. (doi:10.1038/nature12511) 

52. Wang GD et al. 2014 Genetic convergence in the adaptation of dogs and humans to the 

high-altitude environment of the tibetan plateau. Genome Biol. Evol. 6, 2122–2128. 

(doi:10.1093/gbe/evu162) 

53. Foote AD et al. 2015 Convergent evolution of the genomes of marine mammals. Nat. 

Genet. 47, 272–275. (doi:10.1038/ng.3198) 

54. Partha R, Chauhan BK, Ferreira Z, Robinson JD, Lathrop K, Nischal KK, Chikina M, 

Clark NL. 2017 Subterranean mammals show convergent regression in ocular genes 



 

208 
 

and enhancers, along with adaptation to tunneling. Elife 6, 1–26. 

(doi:10.7554/eLife.25884.001) 

55. Shur I, Socher R, Benayahu D. 2006 In vivo association of CReMM/CHD9 with 

promoters in osteogenic cells. J. Cell. Physiol. 207, 374–378. (doi:10.1002/jcp.20586) 

56. Shur I, Solomon R, Benayahu D. 2006 Dynamic Interactions of Chromatin-Related 

Mesenchymal Modulator, a Chromodomain Helicase-DNA-Binding Protein, with 

Promoters in Osteoprogenitors. Stem Cells 24, 1288–1293. 

(doi:10.1634/stemcells.2005-0300) 

57. Marom R, Shur I, Hager GL, Benayahu D. 2006 Expression and regulation of 

CReMM, a chromodomain helicase-DNA-binding (CHD), in marrow stroma derived 

osteoprogenitors. J. Cell. Physiol. 207, 628–635. (doi:10.1002/jcp.20611) 

58. Woolfe A et al. 2005 Highly conserved non-coding sequences are associated with 

vertebrate development. PLoS Biol. 3. (doi:10.1371/journal.pbio.0030007) 

59. Booker BM et al. 2016 Bat Accelerated Regions Identify a Bat Forelimb Specific 

Enhancer in the HoxD Locus. PLoS Genet. 12, 1–21. 

(doi:10.1371/journal.pgen.1005738) 

60. Ferris E, Abegglen LM, Schiffman JD, Gregg C. 2018 Accelerated Evolution in 

Distinctive Species Reveals Candidate Elements for Clinically Relevant Traits, 

Including Mutation and Cancer Resistance. Cell Rep. 22, 2601–2614. 

(doi:10.1016/j.celrep.2018.02.008) 

61. Feigin CY. 2017 Clarifying the Molecular Basis of Adaptive Phenotypic Evolution 

Through Comparative Genomics in Marsupial and Eutherian Mammals.  

62. Neben CL, Merrill AE. 2015 Signaling Pathways in Craniofacial Development. 

Insights from Rare Skeletal Disorders. 1st edn. Elsevier Inc. 

(doi:10.1016/bs.ctdb.2015.09.005) 

63. Visel A, Minovitsky S, Dubchak I, Pennacchio LA. 2007 VISTA Enhancer Browser - 

A database of tissue-specific human enhancers. Nucleic Acids Res. 35, 88–92. 

(doi:10.1093/nar/gkl822) 

64. Oka K, Oka S, Chai Y. 2009 The role of TGF-β signaling in cranial neural crest cells 

during mandibular and tooth development. J. Oral Biosci. 51, 143–150. 



 

209 
 

(doi:10.2330/joralbiosci.51.143) 

65. Chen G, Deng C, Li YP. 2012 TGF-β and BMP signaling in osteoblast differentiation 

and bone formation. Int. J. Biol. Sci. 8, 272–288. (doi:10.7150/ijbs.2929) 

66. Albertson RC, Payne-Ferreira TL, Postlethwait J, Yelick PC. 2005 Zebrafish acvr2a 

and acvr2b exhibit distinct roles in craniofacial development. Dev. Dyn. 233, 1405–

1418. (doi:10.1002/dvdy.20480) 

67. Stern CD, Yu RT, Kakizuka A, Kintner CR, Mathews LS, Vale WW, Evans RM, 

Umesono K. 1995 Activin and its receptors during gastrulation and the later phases of 

mesoderm development in the chick embryo. Dev. Biol. 172, 192–205. 

(doi:10.1006/dbio.1995.0015) 

68. Matzuk MM, Kumar TR, Vassalli A, Bickenbach JR, Roop DR, Jaenisch R, Bradley 

A. 1995 Functional analysis of activins during mammalian development. Nature. 374, 

354–357. (doi:10.1038/374354a0) 

69. Matzuk MM, Kumar TR, Bradley A. 1995 Different phenotypes for mice deficient in 

either activins or activin receptor type II. Nature. 374, 356–360. 

(doi:10.1038/374356a0) 

70. Javed A et al. 2008 Structural Coupling of Smad and Runx2 for Execution of the 

BMP2 Osteogenic Signal *. 283, 8412–8422. (doi:10.1074/jbc.M705578200) 

71. Bininda-Emonds ORP et al. 2007 The delayed rise of present-day mammals. Nature 

446, 507–512. (doi:10.1038/nature05634) 

72. Pelassa I, Corà D, Cesano F, Monje FJ, Montarolo PG, Fiumara F. 2014 Association 

of polyalanine and polyglutamine coiled coils mediates expansion disease-related 

protein aggregation and dysfunction. Hum. Mol. Genet. 23, 3402–3420. 

(doi:10.1093/hmg/ddu049) 

73. Morrison NA, Stephens AS, Osato M, Pasco JA, Fozzard N, Stein GS, Polly P, 

Griffiths LR, Nicholson GC. 2013 Polyalanine Repeat Polymorphism in RUNX2 Is 

Associated with Site-Specific Fracture in Post-Menopausal Females. PLoS One 8. 

(doi:10.1371/journal.pone.0072740) 

74. Lumb R, Buckberry S, Secker G, Lawrence D, Schwarz Q. 2017 Transcriptome 

profiling reveals expression signatures of cranial neural crest cells arising from 



 

210 
 

different axial levels. BMC Dev. Biol. 17, 1–12. (doi:10.1186/s12861-017-0147-z) 

75. Feng W, Leach SM, Tipney H, Phang T, Geraci M, Spritz RA, Hunter LE, Williams T. 

2009 Spatial and temporal analysis of gene expression during growth and fusion of the 

mouse facial prominences. PLoS One 4. (doi:10.1371/journal.pone.0008066) 

76. Meyer MB, Benkusky NA, Lee CH, Pike JW. 2014 Genomic determinants of gene 

regulation by 1,25-dihydroxyvitamin D 3 during osteoblast-lineage cell differentiation. 

J. Biol. Chem. 289, 19539–19554. (doi:10.1074/jbc.M114.578104) 

77. De Dieuleveult M et al. 2016 Genome-wide nucleosome specificity and function of 

chromatin remodellers in ES cells. Nature 530, 113–116. (doi:10.1038/nature16505) 

78. Clapier CR, Cairns BR. 2009 The Biology of Chromatin Remodeling Complexes. 

Annu. Rev. Biochem. 78, 273–304. (doi:10.1146/annurev.biochem.77.062706.153223) 

79. Ziros PG, Basdra EK, Papavassiliou AG. 2008 Runx2: of bone and stretch. Int. J. 

Biochem. Cell Biol. 40, 1659–1663. (doi:10.1016/j.biocel.2007.05.024) 

80. Tai PWLL, Wu H, Gordon JARR, Whitfield TW, Barutcu AR, van Wijnen AJ, Lian 

JB, Stein GS, Stein JL. 2014 Epigenetic landscape during osteoblastogenesis defines a 

differentiation-dependent Runx2 promoter region. Gene 550, 1–9. 

(doi:10.1016/j.gene.2014.05.044) 

81. Håkelien AM, Bryne JC, Harstad KG, Lorenz S, Paulsen J, Sun J, Mikkelsen TS, 

Myklebost O, Meza-Zepeda LA. 2014 The regulatory landscape of osteogenic 

differentiation. Stem Cells 32, 2780–2793. (doi:10.1002/stem.1759) 

82. Olsen OE, Wader KF, Hella H, Mylin AK, Turesson I, Nesthus I, Waage A, Sundan A, 

Holien T. 2015 Activin A inhibits BMP-signaling by binding ACVR2A and ACVR2B. 

Cell Commun. Signal. 13, 1–7. (doi:10.1186/s12964-015-0104-z) 

83. Kang Q et al. 2009 A Comprehensive Analysis of the Dual Roles of BMPs in 

Regulating Adipogenic and Osteogenic Differentiation of Mesenchymal Progenitor 

Cells. Stem Cells Dev. 18, 545–558. (doi:10.1089/scd.2008.0130) 

84. Wang JH et al. 2013 BMP9 and COX-2 form an important regulatory loop in BMP9-

induced osteogenic differentiation of mesenchymal stem cells. Bone 57, 311–321. 

(doi:10.1016/j.bone.2013.08.015) 



 

211 
 

85. Simoes-Costa, MarTan-cabugao J, Antoshechkin I, Sauka-spengler T, Bronner ME. 

2014 Transcriptome analysis reveals novel players in the cranial neural crest gene 

regulatory network. Genome Res. , 281–290. (doi:10.1101/gr.161182.113.) 

86. Simoes-Costa M, Bronner ME. 2015 Establishing neural crest identity: a gene 

regulatory recipe. Development 142, 242–257. (doi:10.1242/dev.105445) 

87. Creuzet S, Couly G, Douarin NM. 2005 Patterning the neural crest derivatives during 

development of the vertebrate head: insights from avian studies. J. Anat. 207, 447–

459. (doi:10.1111/j.1469-7580.2005.00485.x) 

88. Meyer MB, Benkusky NA, Sen B, Rubin J, Pike JW. 2016 Epigenetic plasticity drives 

adipogenic and osteogenic differentiation of marrow-derived mesenchymal stem cells. 

J. Biol. Chem. 291, 17829–17847. (doi:10.1074/jbc.M116.736538) 

89. Ishii M, Sun J, Ting MC, Maxson RE. 2015 The Development of the Calvarial Bones 

and Sutures and the Pathophysiology of Craniosynostosis. 1st edn. Elsevier Inc. 

(doi:10.1016/bs.ctdb.2015.07.004) 

90. Brugmann SA, Powder KE, Young NM, Goodnough LH, Hahn SM, James AW, 

Helms JA, Lovett M. 2010 Comparative gene expression analysis of avian embryonic 

facial structures reveals new candidates for human craniofacial disorders. Hum. Mol. 

Genet. 19, 920–930. (doi:10.1093/hmg/ddp559) 

91. Weisbecker V, Goswami A, Wroe S, Sánchez-Villagra MR. 2008 Ossification 

heterochrony in the therian postcranial skeleton and the marsupial-placental 

dichotomy. Evolution (N. Y). 62, 2027–2041. (doi:10.1111/j.1558-5646.2008.00424.x) 

92. Keyte AL, Smith KK. 2014 Heterochrony and developmental timing mechanisms: 

Changing ontogenies in evolution. Semin. Cell Dev. Biol. 34, 99–107. 

(doi:10.1016/j.semcdb.2014.06.015) 

93. Geiger M, Forasiepi AM, Koyabu D, Sánchez-Villagra MR. 2014 Heterochrony and 

post-natal growth in mammals - an examination of growth plates in limbs. J. Evol. 

Biol. 27, 98–115. (doi:10.1111/jeb.12279) 

94. Smith KK. 1997 Comparative Patterns of Craniofacial Development in Eutherian and 

Metatherian Mammals. Evolution (N. Y). 51, 1663. (doi:10.2307/2411218) 

95. Paolino A, Fenlon LR, Kozulin P, Richards LJ, Suárez R. 2018 Multiple events of 



 

212 
 

gene manipulation via in pouch electroporation in a marsupial model of mammalian 

forebrain development. J. Neurosci. Methods 293, 45–52. 

(doi:10.1016/j.jneumeth.2017.09.004) 

96. Suárez R et al. 2017 Development of body, head and brain features in the Australian 

fat-tailed dunnart (Sminthopsis crassicaudata; Marsupialia: Dasyuridae); A postnatal 

model of forebrain formation. PLoS One 12, 1–18. 

(doi:10.1371/journal.pone.0184450) 

97. Pask AJ, Behringer RR, Renfree MB. 2008 Resurrection of DNA function in vivo 

from an extinct genome. PLoS One 3, 3–7. (doi:10.1371/journal.pone.0002240) 

 

 

  



 

213 
 

 

 

 

 

Appendices 



Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Newton, Axel

Title:
Investigating the loci that contribute to convergent craniofacial evolution between the
thylacine and canids

Date:
2018

Persistent Link:
http://hdl.handle.net/11343/216914

Terms and Conditions:
Terms and Conditions: Copyright in works deposited in Minerva Access is retained by the
copyright owner. The work may not be altered without permission from the copyright owner.
Readers may only download, print and save electronic copies of whole works for their own
personal non-commercial use. Any use that exceeds these limits requires permission from
the copyright owner. Attribution is essential when quoting or paraphrasing from these works.

http://hdl.handle.net/11343/216914

