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ABSTRACT 
 

In the midst of a global sixth mass extinction event, conservation initiatives are 

now more crucial than ever before. Australia houses the largest and most diverse 

range of marsupial species in the world; however, the number that are threatened 

(vulnerable, endangered, or critically endangered) is growing every year. Genetic 

management of threatened populations is vital in species recovery, yet incorporation 

of genetic data in conservation management is currently limited. International and 

national consortia such as the Earth BioGenomes Project, the Genome 10K project 

and the Oz Mammals Genomics initiative are currently producing reference genomes 

for a large variety of species across the phylogenetic tree, though there is currently a 

gap between the creation of these genomic resources and their downstream 

applications, particularly in conservation management of threatened species. One of 

the major drivers of this gap is due to the bioinformatic expertise and resources that 

are required to analyse large next generation sequencing datasets and to translate 

the findings into conservation contexts. This PhD employs a variety of bioinformatic 

and sequencing approaches to develop reference genomes and other genomic 

resources to answer key biological questions and provide direct management 

applications for the conservation of threatened Australian Marsupials. The value of 

genomic data for conservation is demonstrated for a range of species under varying 

scenarios including: i) using existing genomic datasets for the endangered Tasmanian 

devil to answer new conservation questions relating to reproduction, ii) creating a 

reference genome for a common species, the brown antechinus, to act as a model 

species for its threatened congeneric counterparts and iii) generating and uniting a 

suite of genomic resources to assist in the management of the vulnerable greater bilby. 

In addition, I provide ten simple rules for getting started with command-line 

bioinformatics to assist those wanting to utilise genomic data for wildlife conservation. 

Bridging the research-implementation gap is essential for harnessing the power of 

genomic resources for the conservation of threatened species. The findings from this 

PhD provide crucial steps into bridging this gap.   
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THESIS INTRODUCTION AND LITERATURE REVIEW 
 
1.1 INTRODUCTION TO THESIS 

In 2021, we entered the United Nations Decade on Restoration which aims to 

“prevent, halt and reverse the degradation of ecosystems on every continent and in 

every ocean” (United Nations Environment Programme, 2021). With more than 35,500 

species now threatened with extinction and more plant and animal species being listed 

as endangered each year (IUCN, 2020), conservation initiatives are vital in preserving 

our Earth’s biodiversity. Australia is one of seventeen “megadiverse” countries that 

comprises a large proportion of the Earth’s biological diversity (Mittermeier, 1997) and 

houses a multitude of unique and endemic species (Chapman, 2009). Yet, Australia 

is known for having the worst record of mammal extinctions in the world (IUCN, 2020; 

Johnson & Isaac, 2009; Johnson, Isaac & Fisher, 2006; Short & Smith, 1994) and 

currently has more than 1,700 species (comprising both plants and animals) listed as 

threatened under the Australian Environment Protection and Biodiversity 

Conservation Act (EPBC Act) (Commonwealth of Australia, 1999). Effective 

management of threatened populations is imperative to species recovery and the 

conservation of Australia’s unique biodiversity.   

Incorporating genomic data into conservation efforts is key in ensuring 

populations have the best chance of long-term survival (Ballou et al., 2010; Frankham, 

Ballou & Briscoe, 2010; Frankham et al., 2017; Hohenlohe, Funk & Rajora, 2021). 

Recent advances in sequencing technology coupled with significant reductions in 

sequencing costs are facilitating the development of genomic resources for a diverse 

array of threatened species worldwide. In particular, numerous national and 

international consortia have recently been established with the aim to sequence a 

large proportion of the world’s biodiversity (refer to section 1.2 for more detail). 

Conservation managers are eager to use genomic data as a tool to assist in the 

management of threatened species (Taylor, Dussex & van Heezik, 2017); however, 

the application of genomic data in species recovery is presently still lacking. A number 

of reviews have discussed this conservation genomics research-implementation gap 

and explored the potential barriers driving this gap (Britt et al., 2018; Galla et al., 2016; 

Hohenlohe, Funk & Rajora, 2021; Knight et al., 2008; Shafer et al., 2015; Taylor, 

Dussex & van Heezik, 2017). These studies highlighted that a lack of understanding 
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of how genomic data may benefit species conservation, and a lack of clear examples 

showing how genomic data can be incorporated into threatened species management, 

are some of the major barriers.  

Encouraging communication and collaboration between geneticists and 

industry is a crucial step in closing the gap between genomics and conservation (Britt 

et al., 2018; Galla et al., 2016; Knight et al., 2008; Taylor, Dussex & van Heezik, 2017). 

A great example of this is the Devil Tools & Tech program which amalgamates 

conservation research and management practice to help save Australia’s endangered 

Tasmanian devil (Hogg et al., 2017b) (see section 1.2 for further details). However, for 

such projects to be successful, conservation managers must first understand the value 

of genomic data in species conservation, while researchers must identify what 

genomic resources are required to assist conservation efforts, generate the required 

resources, and provide clear explanations of how such resources can be implemented 

into conservation management (Hogg et al., 2017b). A major challenge that many 

researchers are facing with the greater availability of high-throughput sequencing 

technologies and the rise of the genomics era, is the bioinformatic expertise required 

to work with these large datasets (Marx, 2013). Without previous experience in 

bioinformatics or a strong background in IT (information technologies), conservation 

geneticists and other life scientists may not feel confident in tackling the creation and 

analysis of these genomic resources themselves, adding additional barriers that 

further widen the research-implementation gap.  

This thesis aims to take crucial steps towards closing the research-

implementation gap by equipping researchers and conservation managers with the 

knowledge and tools needed to employ genomic resources in species conservation 

efforts. The following literature review provides further context for this thesis and 

addresses one of the major drivers of the research-implementation gap by clearly 

demonstrating the value of reference genomes and associated genomic datasets in 

the conservation of threatened species.  



 7 

1.2 THE VALUE OF REFERENCE GENOMES IN THE 
CONSERVATION OF THREATENED SPECIES 
This section comprises the published review: 

 

Brandies, PA, Peel, E, Hogg, CJ & Belov, K 2019, 'The value of reference genomes 

in the conservation of threatened species', Genes, vol. 10, no. 11, pp. 846. 

 

Abstract 

Conservation initiatives are now more crucial than ever – over a million plant 

and animal species are at risk of extinction over the coming decades. Genetic 

management of threatened species held in insurance programs is recommended, 

however few are taking advantage of the full range of genomic technologies available 

today. Less than 1% of the 13,505 species currently listed as threated by the IUCN 

(International Union for Conservation of Nature) have a published genome. While 

there has been much discussion in the literature about the importance of genomics for 

conservation, there are limited examples of how having a reference genome has 

changed conservation management practice. The Tasmanian devil (Sarcophilus 

harrisii), is an endangered Australian marsupial, threatened by an infectious clonal 

cancer devil facial tumour disease (DFTD). Populations have declined by 80% since 

the disease was first recorded in 1996. A reference genome for this species was 

published in 2012 and has been crucial for understanding DFTD and the management 

of the species in the wild. Here we use the Tasmanian devil as an example of how a 

reference genome has influenced management actions in the conservation of a 

species. 

 

Introduction 

We are currently in the midst of a global sixth mass extinction event with 

biodiversity rapidly declining around the world (Ceballos et al., 2015), and extinction 

rates are accelerating (IUCN, 2019). Australia has the worst mammal extinction rate 

of any country, with 25 mammals declared extinct since European settlement and 

almost 20% of current mammalian species listed as vulnerable (IUCN, 2019; Johnson 

& Isaac, 2009; Johnson, Isaac & Fisher, 2006; Short & Smith, 1994). This significant 

decline is concerning as Australia is one of seventeen “megadiverse” countries that 
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comprises a large proportion of the Earth’s biological diversity (Mittermeier, 1997). 

Megadiverse countries have at least 5,000 endemic plant species and have marine 

ecosystems within their borders (Mittermeier, 1997). In Australia, 87% of mammals, 

93% of Australian reptiles and 94% of Australian frogs are endemic (Chapman, 2009). 

Therefore, conservation initiatives that protect and maintain Australia’s biodiversity are 

now more crucial than ever. 

Only 39% of the 1,890 Australian species (517 animals; 1,373 plants) listed as 

threatened under the Environment Protection and Biodiversity Conservation Act 

(EPBC Act) have a recovery plan in place to improve their threat status (Department 

of the Environment and Energy, 2019). These recovery plans set out management 

and research actions to slow population decline and promote recovery of threatened 

species and/communities. This is achieved by providing a framework for key interest 

groups and government agencies to coordinate their efforts to improve the plight of 

threatened species (Department of the Environment and Energy, 2019). Management 

actions range from mitigating threatening processes such as predation, habitat loss or 

change, in addition to research into basic species biology, ecosystem integration and 

genetics. The main goal of recovery plans is to maintain the long-term viability of a 

chosen population/community. Maintaining genetic diversity is an important 

component of population viability as it assists with mitigating negative effects 

associated with inbreeding and arms populations with the potential to adapt to future 

environmental change (Ballou et al., 2010; Frankham, Ballou & Briscoe, 2010; Lacy, 

1997). As such, understanding a populations’ inherent genetic diversity, in addition to 

their historical diversity and future potential, is of utmost importance in species 

conservation. For this reason, more than 80% of the current 200 Australian national 

vertebrate recovery plans have some form of genetic action listed in the species’ 

recovery plan. Yet, less than 15% of these recovery plans have any form of genetic or 

genomic data available, either in existence or currently in development. Here we refer 

to genetic data as information based on specific, limited regions of the genome (e.g., 

targeted gene sequencing, microsatellite analysis, etc.), whilst genomic data is 

information based on the whole genome (e.g., whole genome 

sequencing/resequencing, whole-genome single nucleotide polymorphism (SNP) 

analysis/reduced representation sequencing etc.). 

Advances in sequencing technologies and reduction in sequencing costs have 

given rise to the era of genomics, whereby holistic genome-wide approaches are 
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rapidly replacing traditional genetic marker approaches in many non-model species 

(Allendorf, 2017; Johnson & Koepfli, 2014; Supple & Shapiro, 2018). Although recent 

reviews have highlighted the importance of implementing genomic data into 

conservation initiatives (Fuentes-Pardo & Ruzzante, 2017; Larsen & Matocq, 2019; 

Supple & Shapiro, 2018), the application of such powerful advances in sequencing 

technologies is lacking in the current literature. This limited use in conservation may 

be due to a number of reasons including: costs, a lack of understanding of the potential 

of new genomics approaches, lack of expertise in developing and utilising the data, 

and the absence of a reference genome for the species of interest (or a closely-related 

species) (Fuentes-Pardo & Ruzzante, 2017; McMahon, Teeling & Höglund, 2014; 

Supple & Shapiro, 2018). The latter is an important concern, as the generation of a 

reference genome requires considerable expertise, funds, computational resources 

and time that are not often accessible by wildlife managers and conservation teams 

(Fuentes-Pardo & Ruzzante, 2017; Khan et al., 2016).  

Of the 13,505 animal species that are listed as threatened (Lower 

Risk/Conservation Dependent or worse) on the IUCN (International Union for 

Conservation of Nature) Red List (IUCN, 2019), 108 (< 1%) have published genomes 

on NCBI (Kitts et al., 2015). This equates to only 6% of the 1,842 animal genomes 

currently available on NCBI (Kitts et al., 2015). Creating high-quality reference 

genomes that can provide insights into species evolution and biology is a costly task 

(~$30,000 for an average eukaryotic genome size of 2.5 Gbp; Lewin et al., 2018), and 

also requires large collaborative groups to provide expertise from varying fields (e.g. 

Groenen et al., 2012; Johnson et al., 2018; Li et al., 2010). Fortunately, in recent years, 

a number of national and international consortia and genome projects have been 

formed with the aim of creating high-quality reference genomes for species spanning 

the phylogenetic tree of life including: the Earth Biogenome Project (EBP) (Lewin et 

al., 2018), the Genome 10K Project (G10K) (Genome 10K Community of Scientists, 

2009; Koepfli et al., 2015), the Vertebrate Genomes Project (VGP) (Genome 10K 

Community of Scientists, 2017), the Bird 10K Project (B10K) (China National 

GeneBank, 2016), the Bat 1K Project (Bat1K) (Teeling et al., 2018), the Global 

Invertebrate Genomics Alliance (GIGA) (GIGA Community of Scientists, 2013; 

Voolstra, Wörheide & Lopez, 2017) and the Oz Mammal Genomics initiative (OMG) 

(Potter & Eldridge, 2017), to name a few. The goal of many of these consortia is to 
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bring together the required expertise to generate reference genomes of sufficient 

quality that are publicly available to the science community, thereby providing the vital 

resources required to better implement genomics into conservation management 

(Fuentes-Pardo & Ruzzante, 2017; Khan et al., 2016; Supple & Shapiro, 2018). 

However, just providing the reference genomes, or genomic data, is not enough to 

improve conservation outcomes. Geneticists need to continually communicate how 

genomic techniques can be utilised in a cost-effective manner to better assist species 

conservation (McMahon, Teeling & Höglund, 2014; Ralls et al., 2018). As highlighted 

by Taylor, Dussex and van Heezik (2017), targeted education and training is also 

required to teach conservation managers how to interpret and utilise genomic data. 

To better assist conservation managers, a number of groups and communities have 

already been established to assist in providing conservation genetics advice for 

threated species management. These include the IUCN/SSC (Species Survival 

Commission) Conservation Genetics Specialist Group (CGSG), the Genetic 

Composition Working Group of GEO BON (Group on Earth Observations Biodiversity 

Observation Network) and the pan-European COST (Cooperation in Science and 

Technology) action ConGRESS (Conservation Genetic Resources for Effective 

Species Survival) (for further information and examples from these groups see 

Holderegger et al. 2019). Conservationists in their respective countries can get in 

touch with these groups to obtain the contact details of geneticists who work in their 

region who may be able to assist them with their management needs.   

While a number of papers have reviewed current genomic techniques and the 

way they can, or have been, applied to assist in conservation decisions across species 

(Fuentes-Pardo & Ruzzante, 2017; McMahon, Teeling & Höglund, 2014), questions 

are still raised as to whether reference genomes are necessary for species 

conservation. Reference genomes hold the key to investigate a number of paradigms 

which are essential for species conservation including: demography, inbreeding, 

hybridisation, disease susceptibility, behavioural ecology and adaptation (Fuentes-
Pardo & Ruzzante, 2017; Johnson & Koepfli, 2014; Khan et al., 2016; Larsen & 

Matocq, 2019; Supple & Shapiro, 2018). Here we demonstrate the value of a reference 

genome to the conservation effort of an endangered species, the Tasmanian devil 

(Sarcophilus harrisii), and how this information has been applied in real-time 

management practice (Hogg et al., 2017b).  
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The Tasmanian devil, an endangered Australian marsupial, is often used in the 

literature as an example for how genetics/genomics approaches can be used in 

conservation (Grueber, 2015; Johnson & Koepfli, 2014; Supple & Shapiro, 2018). 

However, something that is not often discussed is that having a reference genome for 

this species is one of the key factors that contributed to using genomics in 

management practice. Although this species has a unique conservation issue, low 

genetic diversity coupled with an infectious clonal cancer, the methods described 

herein apply to many other threatened species. Here we show how the reference 

genome has allowed a range of conservation questions to be answered in a timely, 

cost-effective manner, and enabled conservation researchers to adapt to the rapid 

advances in genomic technologies. 

 

The Tasmanian devil and its genome  

The Tasmanian devil is the largest extant carnivorous marsupial, native to 

mainland Tasmania, Australia. Emergence of a transmissible cancer, devil facial 

tumour disease (DFTD) in the mid-1990’s has led to a rapid population decline of up 

to 80% across their range (Lazenby et al., 2018). In 2003, the Tasmanian and 

Australian governments responded to the disease threat by establishing the Save the 

Tasmanian Devil Program (STDP). Since then, researchers, wildlife managers and 

the zoo industry have worked closely with the STDP to ensure that Tasmanian devils 

have a sustainable ecological function in the Tasmanian ecosystem and landscape 

(Hogg et al., 2019a; Hogg et al., 2017b). This work has included a range of activities 

such as monitoring of wild populations, developing an insurance population, 

describing and characterising the disease, and developing new genomic tools to 

understand the disease, and the Tasmanian devil (Hogg et al., 2019a).  

Prior to the publication of a reference genome for the Tasmanian devil, 

traditional genetic approaches such as MHC (major histocompatibility complex) typing 

and microsatellite analysis were used to explore genetic diversity at specific genes as 

well as general genetic diversity in the species (Cheng & Belov, 2012; Jones et al., 

2003; Siddle et al., 2010). These techniques showed that the Tasmanian devil had low 

genetic diversity (Andrews et al., 2016; Cheng & Belov, 2012; Jones et al., 2003; 

Siddle et al., 2010). However, the low rates of polymorphism at most of these markers 

did not have high enough resolution to assist in answering crucial conservation 

questions such as determining founder relatedness within the insurance population 
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(Hogg et al., 2015; Hogg et al., 2019b), identifying high-resolution population 

substructure (Miller et al., 2011), or better understanding the origin and evolution of 

DFTD (Murchison et al., 2012). For these questions, further genomic data was 

required to improve resolution. For other threatened species, where there may be 

moderate to high genome-wide diversity, microsatellite markers may be highly 

polymorphic and so these markers have value as a continuing simple and cost-

effective genetic management tool. 

To overcome this knowledge gap in questions that could not be answered with 

previously employed methods, the Tasmanian devil genome was sequenced 

independently by two different research groups in 2011 (Miller et al., 2011; Murchison 

et al., 2012). Miller et al. (2011) sequenced the nuclear genome of two individuals 

(originating from extreme northwest and southeast Tasmania), as well as the tumour 

from one individual, using both Roche and Illumina sequencing platforms. Analysis of 

genome-wide SNPs confirmed low genetic diversity across the Tasmanian devil 

genome, as well as enabling the construction of genotyping arrays which revealed 

new population substructure, and identification of tumour-specific SNPs. However, the 

low contiguity of this reference genome assembly (148,891 scaffolds, scaffold N50 

147 kb) limited the applicability of the data in downstream research. In 2012, a more 

contiguous, annotated nuclear genome (35,974 scaffolds, scaffold N50 1.85 Mb), and 

tumour genome, was published by Murchison et al. (2012), resulting in the primary 

reference genome used today. This higher quality assembly facilitated an enormous 

effort in downstream genetic and genomic research. It should be noted that as of 

August 2019, the 2012 Tasmanian devil reference genome paper (Murchison et al., 

2012) has been cited over 200 times (Google Scholar Citation Search), highlighting 

the value of this reference genome to the research community. It is not possible to 

cover all of the research that has stemmed from the sequencing of the 2012 genome 

here. Rather, here we present key examples of how having a reference genome has 

contributed to conservation decisions and outcomes for the Tasmanian devil. We also 

note that at the time of this publication, an updated Tasmanian devil genome assembly 

has been released (Patton et al., 2019). This assembly utilised an in vitro proximity 

ligation technique to further improve scaffolding of the 2012 assembly (10,010 

scaffolds, N50 7.75 Mb), however chromosome assignment and annotation has not 

been performed at this stage.  
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Conservation applications as a result of a reference genome 

Basic Conservation Management 

Microsatellite Analysis 

Traditionally population genetic measures to answer basic questions regarding 

population structure, population size, population dynamics (migration, bottlenecks), 

kinship, inbreeding etc (Allendorf, 2017; Selkoe & Toonen, 2006) have used 

microsatellites, or short tandem repeats (Selkoe & Toonen, 2006). Where 

microsatellite markers have already been developed for the species of interest, or in 

a closely related species that may carry similar sequences, they provide a cost-

effective, quick conservation management tool (Abdul-Muneer, 2014; Selkoe & 

Toonen, 2006). However, for those species where appropriate microsatellite markers 

are not currently available, or cross-species microsatellite amplification are not 

effective, and a reference genome is also not available, considerable time and 

resources are required to develop species-specific microsatellite markers. For 

example, prior to sequencing the Tasmanian devil genome, 11 putatively neutral 

microsatellite markers were developed to assess genetic diversity in Tasmanian devils 

(Jones et al., 2003). The development of these microsatellites involved creation and 

screening of a genomic library, sequencing of positive clones, primer design, and PCR 

optimisation (Jones et al., 2003). Several years later, MHC-linked microsatellite 

markers were developed in a similar manner as a cheaper and faster method of 

investigating MHC diversity when compared to traditional MHC typing techniques, 

such as cloning and sequencing particular MHC regions (Cheng & Belov, 2012). 

These traditional microsatellite isolation and marker development approaches require 

considerable laboratory expertise, time and funds (Abdul-Muneer, 2014), that today 

may be better spent developing more powerful molecular approaches (see Reduced 

Representation Sequencing section below). 

Contrarily, the availability of the Tasmanian devil reference genome enabled 22 

additional microsatellite markers to be identified and developed in a much faster, cost-

effective manner using bioinformatic methods (Gooley et al., 2017). More importantly 

each of these microsatellites were known to be in non-coding regions across all of the 

autosomes, providing a greater representation of neutral genome-wide diversity in 

comparison to the original 11 putatively neural microsatellites. It has previously been 

estimated that development of just 10 microsatellite markers without prior genetic data 

can cost up to $10,000 (Abdelkrim et al., 2009). The availability of a reference genome 
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mitigates the need for traditional microsatellite isolation procedures and therefore 

significantly reduces costs associated with marker development (<$1000 for primer 

optimisation and testing). The commercial development of microsatellite-based PCR 

kits resulted in further reductions to the time and cost associated with microsatellite 

marker development and use (Gooley et al., 2017). To date, 33 microsatellite markers 

have successfully been applied to Tasmanian devil conservation to investigate 

inbreeding (Gooley et al., 2017), reconstruct the pedigree of offspring born in group 

housing and on Maria Island (Farquharson, Hogg & Grueber, 2019; Gooley et al., 

2017; Gooley et al., 2018; McLennan et al., 2018), and investigate mate choice within 

captivity and the wild (Day et al., 2019) (Table 1.1). These microsatellite markers have 

also successfully been applied to genotype individuals using non-invasive scat 

samples (Grueber et al., 2020) which are notoriously known for producing low 

quantities of low-quality DNA (Taberlet, Waits & Luikart, 1999). Globally, microsatellite 

markers continue to be an effective tool in conservation decision making by answering 

population questions (Armstrong et al., 2019; Faria et al., 2016; Grueber et al., 2019b; 

Shaney et al., 2016; Storfer et al., 2017). They are particularly valuable when using 

non-invasive samples that are often unsuitable for more complex genomic methods 

that require high-quality input DNA, such as reduced representation sequencing and 

other whole-genome sequencing methods (Fuentes-Pardo & Ruzzante, 2017). A 

reference genome allows for fast, easy and inexpensive development of such 

markers, improving their utility in the conservation management space. 

 

Reduced Representation Sequencing 

While microsatellite analysis is one of the most common population genetics 

tools, sometimes more statistical power is needed to address specific conservation 

management questions, particularly in species with low genetic diversity (Fernández 

et al., 2013; Hogg et al., 2015; Tokarska et al., 2009). For instance, in the Tasmanian 

devil, microsatellite analysis was unable to accurately estimate the relatedness of 

founders sourced for the insurance population between 2006 and 2008 (Hogg et al., 

2015). Single nucleotide polymorphisms (SNPs) enable greater resolution for 

addressing some common conservation issues such as resolving parentage and 

population structure, understanding genetic diversity, and identifying regions of the 

genome which may be linked to important phenotypes (Andrews et al., 2016). 
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Table 1.1 Examples of Tasmanian devil conservation questions, actions and outcomes that have been facilitated by the reference 
genome. 
 

Reference Genome Use Conservation Questions 
Addressed Conservation Actions Conservation Outcomes 

• Microsatellite development 
• Genome-wide SNP analysis 

• Were the founders related?  
• Does the metapopulation 

have equal founder 
representation to ensure 
maintenance of gene 
diversity? 

• Is inbreeding accumulating 
in group housing and Maria 
island insurance 
populations? 

• Resolved relatedness of 
founders (Hogg et al., 2015) 

• Resolved parentage in group 
housing within the 
metapopulation (Farquharson, 
Hogg & Grueber, 2019; Gooley 
et al., 2017; Gooley et al., 
2018) 

• Reconstructed pedigree of 
island population (McLennan et 
al., 2018) 

• Informed translocation 
recommendations (Hogg et al., 
2020) 

• Tool for selecting 
individuals for 
translocations based on 
genetic complementation 

• Improved maintenance 
of genetic diversity 
across captive 
populations 

• Increased genetic 
diversity of hybrid 
individuals at wild 
release sites 

• Characterisation of DFTD 
strains 

• How many DFTD strains 
exist? 

• Appropriate management of 
wild populations (Hogg et al., 
2017a; Murchison et al., 2012; 
Pye et al., 2016b) 

• Assisted in managing the 
spread of new DFTD 
strains 

• Characterisation of immune 
genes 

• Primer design and SNP panel 
development 

• Targeted SNP analysis 

• Can we develop a vaccine 
for DFTD? 

• Can we improve Tasmanian 
devil immune diversity? 

• Immunisation development and 
deployment (Pye et al., 2018) 

• Immune gene diversity analysis 
for informed translocation 
recommendations (Cheng & 
Belov, 2014; Cheng et al., 
2017; Cheng et al., 2019; Cui, 
Cheng & Belov, 2015; Grueber 
et al., 2019a; McLennan et al., 

• Improved immune 
responses of devils 
released to the wild  

• Improved immunogenetic 
diversity of released 
Tasmanian devils and 
their resultant offspring 
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2020; Morris et al., 2015a; 
Morris et al., 2015b; Wright et 
al., 2015) 

• Development of blocking 
primer for metagenomics diet 
analysis 

• What constitutes the 
complete diet of Tasmanian 
devils on Maria Island? 

• Investigated the impact of an 
introduced carnivore to island 
wildlife (McLennan, 
unpublished data) 

• Mitigation implemented 
to reduce impact on 
highly consumed species  

• Alignment of resequenced 
genomes 

• SNP Analysis and Annotation 
• GWAS 

• Are devils evolving host-
parasite resistance to 
DFTD? 

• Ongoing monitoring to ensure 
releases do not impact the 
evolution of potential 
resistance alleles (Epstein et 
al., 2016; Hohenlohe et al., 
2019; Margres et al., 2018a; 
Wright et al., 2017) 

• Assisted in 
understanding regions of 
the genome that are 
potentially involved in 
DFTD resistance 
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When compared to a microsatellite approach, only 3-8 biallelic SNPs are required to 

be as informative as one microsatellite marker (Rosenberg et al., 2003; Schopen et 

al., 2008). Reduced representation sequencing (RRS) is a simple, cost-effective 

approach for generating genome-wide SNP data and is gaining popularity in the 

conservation sector (Andrews et al., 2016; Fuentes-Pardo & Ruzzante, 2017; Wright 

et al., 2019). RRS relies on high-throughput sequencing of fragments generated by 

restriction enzyme digestion of the genome and can therefore easily be applied in any 

species. There are a variety of RRS methods currently available, including traditional 

RADseq (Davey & Blaxter, 2010), ddRAD (Peterson et al., 2012), DArTseq (Von Mark, 

Kilian & Dierig, 2013) and others (Andrews et al., 2016).  

Both DArTseq and RADseq have been employed to collect RRS data from over 

1,000 Tasmanian devils from the insurance population, Maria Island and a number of 

wild sites (Epstein et al., 2016; Hendricks et al., 2017; Margres et al., 2018a; 

McLennan et al., 2019; Wright et al., 2019). RRS methods have shown to be superior 

in accurately estimating diversity and inferring genome-wide heterozygosity compared 

with microsatellite analysis and other targeted techniques (McLennan et al., 2019). 

Although RRS does not require a reference genome for development and use, 

coupling RRS data with a reference genome is advantageous in that it: i) improves the 

reliability of genotype calls (Torkamaneh, Laroche & Belzile, 2016); ii) reduces the 

required coverage for accurate genotyping (Davey et al., 2011); iii) provides for a 

greater number of SNPs (Shafer et al., 2017); iv) improves downstream population 

genetic inferences (Shafer et al., 2017); v) allows for SNP annotation with gene 

information (Gurgul et al., 2019); and vi) provides the ability to compare results from 

differing RRS methods which is particularly important when different methods are used 

across time for endangered species.  

Using a reference genome guided approach for the Tasmanian devil enabled 

2060 SNPs to be identified (Wright et al., 2019) much more quickly than a de novo 

approach. Aligning the RRS data to the reference genome provides the ability to 

identify genes that may be targets of future analysis, and to separate functional vs 

non-functional genomic diversity, which can have conservation implications (Hoelzel, 

Bruford & Fleischer, 2019). For example, the reference genome was used to identify 

candidate genes within a genomic region that displayed signatures of selection in RRS 

data (Epstein et al., 2016), and to identify cancer-resistance candidate genes from 

phenotype association tests of RRS data (Margres et al., 2018a) (Table 1.1). A number 
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of non-synonymous SNPs have also been identified within particular genes, which 

have the potential to impact phenotype. Furthermore, reference alignment allows 

SNPs from alternative RRS datasets to be compared and combined, such as the 

DArTseq and RADseq data, which is important for reusing previous investment of 

limited conservation dollars. Recent work investigating New Zealand threatened bird 

species also showed the benefits of calling SNPs against conordinal, confamilial, 

congeneric and conspecific reference genomes (Galla et al., 2019). This highlights 

that not every threatened species requires a reference genome, although the quality 

of the SNP data reduces as species relatedness moves away from the genus and 

family level.  

 

Further Species-specific Applications 

Reference Gene Characterisation 

A valuable advantage of having access to a reference genome is the ability to 

characterise particular genes, or gene families, that are relevant to species-specific 

conservation (Johnson et al., 2018). Gene characterisation is often undertaken in two 

main ways: in-depth, manual characterisation of a specific set of genes of interest, 

and/or automatic, whole-genome annotation. The latter is achieved in two main 

stages: the computational phase and the annotation phase (Ekblom & Wolf, 2014; 

Yandell & Ence, 2012). During the computational phase, initial gene predictions are 

based on several lines of evidence including transcriptome and protein data from the 

species of interest and/or several closely-related, or well-annotated species (Ekblom 

& Wolf, 2014; Yandell & Ence, 2012). During the annotation phase, the most 

representative gene predictions (defined by the annotation pipeline) are synthesised 

into the final gene annotations (Ekblom & Wolf, 2014; Yandell & Ence, 2012). Whole-

genome annotation of the Tasmanian devil reference genome was achieved using the 

Ensembl genome annotation pipeline (Curwen et al., 2004; Murchison et al., 2012; 

Potter et al., 2004). This automatic annotation of 18,775 protein-coding genes was 

critical to the development of targeted SNP panels to explore diversity at important 

immune genes in the Tasmanian devil (Morris et al., 2015a; Morris et al., 2015b; 

Wright et al., 2015) (see SNP Panel section below), and in the identification of genes 

that may be linked to DFTD (Epstein et al., 2016; Margres et al., 2018a; Margres et 

al., 2018b; Murchison et al., 2012; Wright et al., 2017) (Table 1.1). 
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While modern-day tools, such as trainable automated gene prediction 

algorithms, have increased the feasibility of genome annotation of newly sequenced 

species within individual research groups, complete genome annotation still requires 

considerable bioinformatic expertise (Ekblom & Wolf, 2014; Yandell & Ence, 2012). 

Manual annotation of a subset of target genes is often required. This is particularly 

relevant for genes that have undergone duplications and are therefore often unable to 

be automatically annotated (Ekblom & Wolf, 2014; Johnson et al., 2018). In the 

Tasmanian devil, duplication affected a number of gene families including the Major 

Histocompatibility Complex (MHC), toll-like receptors (TLR), natural killer (NK) 

receptors, cathelicidins, behaviour and reproductive genes which were all manually 

annotated (Cheng & Belov, 2014; Cui, Cheng & Belov, 2015; Morris et al., 2015a; Peel 

et al., 2016; van der Kraan et al., 2013). Annotation of these genes was essential in 

facilitating species-specific downstream research and informing conservation 

management decisions in the Tasmanian devil, such as: genetic variation analyses 

(Cheng & Belov, 2014; Cui, Cheng & Belov, 2015; Morris et al., 2015a; Morris et al., 

2015b); selection of individuals for release to the wild (Hogg et al., 2020), individuals 

response to the immunotherapy (Pye et al., 2018); changes of immune function with 

the onset of puberty (Cheng et al., 2017); and the influence of age and DFTD on 

immune function (Cheng et al., 2019) (Table 1.1). This breadth of research highlights 

the potential of a reference genome for exploratory analysis of gene families involved 

in key biological processes of threatened species such as immunity, reproduction and 

behaviour.  

 

Targeted SNP Panels 

Targeted SNP panels enable diversity at particular genes to be investigated 

based on current conservation concerns/questions (van Tienderen et al., 2002). In the 

Tasmanian devil, a SNP panel targeting immune, behavioural and putatively neutral 

loci was developed and used to genotype over 300 individuals in the insurance 

population (Wright et al., 2015). This involved low-coverage resequencing of a number 

of individuals (see Whole-Genome Resequencing section below), alignment of data to 

the reference genome, identification of target SNPs, primer design, pilot sequencing 

and final genotyping. The SNP panel resolved parentage with higher confidence than 

microsatellite markers and provided representative measures of genetic diversity at 

both functional and non-functional loci (Wright et al., 2015). Development of another 



 20 

SNP panel, which targeted a range of immune genes, showed considerably low 

immune diversity in the species (Morris et al., 2015b) which has led to further research 

into ways of breeding Tasmanian devils to improve genome-wide heterozygosity and 

functional diversity (Grueber et al., 2019a; McLennan et al., 2020). The Tasmanian 

devil reference genome was essential for aligning sequencing data and target SNP 

discovery, allowing management decisions to be based on both genome-wide and 

functional diversity (Table 1.1). Although custom SNP panel development can be 

expensive and is not simple, once developed it provides fast, accurate measures of 

diversity at particular genes, or genome regions, across a large number of individuals 

(Russell et al., 2019; Wright et al., 2015; Zhao et al., 2019).  

 

Whole-genome Resequencing 

Whole-genome resequencing (WGR) involves sequencing the genome of 

several individuals to a predetermined level of coverage (usually between 2× and 60×) 

and aligning this data to an available reference genome (for examples in non-model 

species, see Fuentes-Pardo & Ruzzante, 2017). A major application of whole-genome 

resequencing (WGR) is the identification of variation throughout the genome, enabling 

the development of more targeted approaches which can be used to explore diversity 

at key regions in a larger cohort of individuals (Morris et al., 2015b; Wright et al., 2015). 

The Tasmanian devil targeted SNP panels were created using low-coverage WGR 

(10-15×) data from 7-12 individuals aligned against the annotated reference genome 

(Morris et al., 2015b; Wright et al., 2017). A major limitation of using this low-coverage 

resequencing strategy is that genome regions with lower coverage can often contain 

sequencing errors that may not be distinguished from true SNPs (Li et al., 2009). This 

led to a number of the SNPs identified in the Tasmanian devil resequencing data not 

being present in the downstream SNP panel data (Morris et al., 2015b; Wright et al., 

2017). While the best way to overcome this limitation is to increase the sequencing 

coverage of individuals, other methods, such as calling SNPs across individuals, can 

assist in more accurate variant calling in low-coverage WGR datasets (Cheng, Teo & 

Ong, 2014). 

Higher-coverage sequence data enables variants and heterozygosity to be 

called much more accurately than low-coverage sequence data and hence allows for 

SNPs to be called more confidently without additional targeted sequencing (e.g., SNP 

panels) (Kishikawa et al., 2019). High-coverage (~45×) WGR of 25 Tasmanian devils 
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has allowed for reliable estimates of genome-wide heterozygosity, which are being 

used to assess the accuracy of estimates from other techniques including 

microsatellites, SNP panels and RRS data. The higher cost of high-coverage data 

causes a trade-off between investigating the whole genome of a relatively small 

number of individuals versus using a target subset of loci across many individuals (as 

of 2019, WGR routinely costs over $1000 per individual whereas RRS costs less than 

$100 per individual). This trade-off needs to be acknowledged, is dependent on the 

conservation research questions, and requires careful consideration prior to the 

commencement of sequencing (Supple & Shapiro, 2018). Fortunately, a number of 

alternative cost-effective WGR approaches are available and may be suitable when 

high-coverage WGR is not possible. For a review of the different types of WGR and 

their differing applications in conservation, see Fuentes-Pardo & Ruzzante, 2017.  

Whilst targeted sequencing approaches are useful for the exploration of genes 

known to be important to a species biology, sometimes genetic mechanisms driving 

particular phenomena that are vital to species adaptation and survival may not be 

known or detected in other reduced sequencing techniques like RRS (Hoban et al., 

2016). Whole-genome resequencing (WGR) enables conservation researchers to ask 

and answer a wide range of questions that are not possible using other approaches. 

For example, WGR also enables the use of genome-wide association studies to 

determine the genetic basis of particular phenotypic traits that are important to species’ 

conservation (Fuentes-Pardo & Ruzzante, 2017; Supple & Shapiro, 2018). In the case 

of the Tasmanian devil, some individuals have been found to display a resistant 

phenotype to DFTD, enabling spontaneous tumour regression (Pye et al., 2016a). 

Identifying the potential genetic basis of this phenotype is important to understanding 

which individuals may be more resilient to the disease and provide targets for the 

development of potential treatments (Epstein et al., 2016; Margres et al., 2018a; 

Wright et al., 2017) (Table 1.1). Low-coverage WGR of individuals showing tumour 

regression and those that succumbed to the disease enabled a genome-wide 

association study to be undertaken, which identified two genomic regions that may be 

associated with resistance to DFTD including PAX3 and TLL1 loci (Wright et al., 2017). 

A follow up study to Wright et al. (2017) re-sequenced 10 individuals to a higher 

coverage (20-30×) and was able to identify a larger number of genomic regions that 

may underlie tumour regression in the Tasmanian devil (Margres et al., 2018b). This 

work demonstrates the ability of WGR data, along with an annotated reference 
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genome, in exploring the genetic basis of phenotypic traits that can have important 

conservation implications (Fuentes-Pardo & Ruzzante, 2017; Margres et al., 2018b; 

Supple & Shapiro, 2018; Wright et al., 2017) (Table 1.1). It is important to note that 

often larger numbers of individuals are required to identify genes underlying certain 

phenotypes, particularly in species with higher genetic diversity and/or reduced 

selective pressure on the phenotype of interest (Hong & Park, 2012). This requires 

careful consideration of trade-offs between the sequencing approach (targeted vs 

RRS vs WGR), number of samples and sequencing coverage, and will often depend 

upon some prior knowledge (or preliminary testing), budget, and access to samples. 

Overall, WGR data is better able to separate out and compare functional versus non-

functional diversity than RRS methods (see Chapter 5), which is valuable in 

understanding the adaptive potential of species (Hoelzel, Bruford & Fleischer, 2019). 

There are many other advantages of using this high-resolution genomic data, 

compared to RRS, including: i) more robust insights into the evolutionary and 

demographic histories of a species; ii) more accurate measures of diversity, 

inbreeding and population structure; and iii) the ability to identify and investigate 

signatures of selection and adaptive genetic variation (Fuentes-Pardo & Ruzzante, 

2017; Khan et al., 2016; Larsen & Matocq, 2019). WGR data in the Tasmanian devil 

is currently being employed to assess selection and mutation rates within populations 

and in identifying runs of homozygosity (ROH) throughout the genome (for examples 

in other species see Ceballos, Hazelhurst & Ramsay, 2018; Hodgkinson et al., 2013). 

These analyses are useful in the investigation of well-known issues in conservation 

including inbreeding depression (Ceballos, Hazelhurst & Ramsay, 2018) and 

adaptation to captivity (Willoughby et al., 2017).  

Some of the current limitations for using WGR in conservation contexts are the 

cost, the required compute power and respective expertise, and the availability of 

reference genomes (Fuentes-Pardo & Ruzzante, 2017; Supple & Shapiro, 2018). 

Costs vary greatly and depend on the number of individuals or loci you wish to use, 

and the required depth of sequencing (Fuentes-Pardo & Ruzzante, 2017). In addition, 

this approach requires significant expertise and compute power to execute, which 

limits its applicability to many conservation contexts (Fuentes-Pardo & Ruzzante, 

2017). Creating partnerships between academic researchers with the required 

expertise and compute resources and conservation managers is key to overcoming 
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many limitations of using genomics in conservation, and has been successfully 

implemented in conservation of the Tasmanian devil (Hogg et al., 2017b). A reference 

genome is essential for WGR, so the significant lack of published genomes (< 1%) for 

threatened species (or their closely-related counterparts) prevents many conservation 

managers from taking full advantage of high-resolution genomic data. However, in the 

dawn of large genomic consortia such as the Earth Biogenome Project, which aims to 

sequence the genomes of all of Earth’s eukaryotic biodiversity over the next 10 years 

(Lewin et al., 2018), lack of a reference genome will soon become a thing of the past.  

Overall, WGR paired with an annotated reference genome opens up a realm of 

possibilities for downstream conservation research by developing more cost-effective 

approaches when data from a large number of individuals is necessary for making 

informed conservation management decisions. As costs of sequencing continue to 

decrease, and the availability of reference genomes continue to rise, the use of this 

high-resolution genomic data in conservation research will likely become the norm 

(Johnson & Koepfli, 2014) and is already being applied to some bird species (Galla et 

al., 2019). 

 
Reference Genome Quality 

An important factor to consider in the creation of reference genomes is the 

quality of the assembly. Consortia such as the Vertebrate Genomes Project and the 

Earth Biogenome Project have proposed specific standards that reference genomes 

should meet (Genome 10K Community of Scientists, 2017; Lewin et al., 2018) (Table 

S1). However, it is important to understand whether such high standards are 

necessary or achievable for conservation management. A number of statistics are 

used to evaluate the different aspects of genome quality including accuracy (e.g., 

average read coverage and quality), continuity (e.g., N50, N90, number of 

contigs/scaffolds, average length of contigs/scaffolds, gap percentage etc), and 

completeness (e.g., BUSCO (Benchmarking sets of Universal Single-Copy 

Orthologs)/CEGMA (Core Eukaryotic Genes Mapping Approach) scores, number of 

genes etc) (see Wajid & Serpedin, 2014) for a more exhaustive list). While the ideal 

reference genome would consist of a completely annotated, gap free, chromosome-

length assembly, even the some of the best model species genomes, such as the 

human genome, currently do not reach this standard. Furthermore, the ease and ability 

to reach chosen standards depends on many factors including genome size, genome 
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structure (e.g. repetitive content), level of heterozygosity, sample availability/quantity, 

as well as the cost and expertise of the sequencing types and compute resources 

available (Koepfli et al., 2015) (for reviews on reference genome creation including 

available sequencing types and their associated advantages/disadvantages see 

Ekblom & Wolf, 2014; Sedlazeck et al., 2018; Wajid & Serpedin, 2014). It is important 

to note that the current Tasmanian devil reference genome, was sequenced in 2011 

by Murchison et al. (2012), so does not meet the minimum standards set by the EBP 

(Earth Biogenome Project) or VGP (Vertebrate Genomes Project) (Table S1). Despite 

this, the Tasmanian devil genome has still been able to facilitate an enormous amount 

of conservation research. A higher-quality genome which is more complete, correct 

and contiguous, has a number of advantages such as: improved identification and 

characterisation of genes and other genomic regions; more accurate ROH (runs of 

homozygosity) analysis and structural variant analysis; and higher resolution of 

chromosomal organisation allowing for improved comparative genomic and 

evolutionary analyses (Lee et al., 2016).  

Naturally, genome quality is also a factor of input DNA quality. High molecular 

weight DNA, generally greater than 40 kb in length, is required to generate the multiple 

sequencing types used to construct a high-quality genome (Rhoads & Au, 2015). 

Extracting high molecular weight DNA often requires additional consideration during 

the sample collection phase, such as flash-freezing tissues in liquid nitrogen, storage 

at -80˚C or below, and avoiding freeze-thaw. However, for species of high 

conservation concern, or those that inhabit difficult field locations, this can be 

challenging. In these scenarios, researchers may utilise museum specimens. 

However, this can introduce additional problems associated with sample preservation 

and degraded DNA, which may not be suited to long-read sequencing technologies 

(McDonough et al., 2018). As such, the ability to collect, store and extract high-quality 

DNA should not be underestimated, as this is an essential first step towards generating 

a high-quality genome. However, it is important to weigh-up whether the cost, compute 

resources, expertise and time of creating an improved or “Gold standard” assembly is 

necessary to answer the conservation research questions at hand. For example, 

Patton et al. (2019) showed that the improvement of contiguity of the newly released 

2019 Tasmanian devil assembly had minimal impacts on inferred patterns of historical 

effective population size when compared to the current reference assembly. Hence, 

in many cases, a simple short-read genome assembly will be enough to answer many 
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basic conservation management questions and also enable a number of more in-

depth species-specific analyses mentioned in the sections above. Nevertheless, as 

sequencing technologies and computational infrastructure continue to advance and 

become more affordable, high-quality reference genomes will become easier to create 

and will overcome many of the limitations of current fragmented reference assemblies 

such as incomplete gene characterisation, comparative evolutionary limitations, and 

increased computational requirements (Lee et al., 2016). Despite this, without 

advances in sequencing chemistry and library preparation to reduce input DNA quality 

and quantity, the availability of high-quality samples and ensuing high molecular 

weight DNA may continue to limit the creation of high-quality reference genomes in 

some species. 

 

Conclusions 
The Tasmanian devil reference genome has enhanced our capacity to manage 

this species in the face of an infectious, clonal cancer. By having the reference 

genome we have been able to develop a range of genomic tools that have been used 

to investigate DFTD (e.g. Murchison et al., 2012), investigate the interplay between 

the Tasmanian devils and the disease (e.g. Epstein et al., 2016; Hohenlohe et al., 

2019; Margres et al., 2018a; Wright et al., 2017), inform development of 

immunotherapy and vaccine protocols (Pye et al., 2018), inform the management of 

the insurance population (Hogg et al., 2017a; Hogg et al., 2019a) and provide advice 

on the translocation of Tasmanian devils to wild populations to improve both genome-

wide and functional diversity (e.g. Hogg et al., 2020; McLennan et al., 2019). 

Tasmanian devils are not the only species threatened by disease, other examples 

include black-footed ferret and distemper (Thorne & Williams, 1988), bats and white-

nose syndrome (Blehert et al., 2009), and frogs and chytrid (Berger, Speare & Hyatt, 

1999). Here we have presented a strong case study of the benefits of using reference 

genomes for conservation of threatened species. As the threat to global biodiversity 

increases, the management of threatened species will become more pronounced. 

Reference genomes can be used by conservation managers to develop a range of 

genetic tools such as designing species-specific microsatellite markers for population 

data and differentiation; developing targeted SNP panels, or aligning and calling RRS 

data, for higher resolution population information or data on particular genes of 
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interest; and/or conducting exploratory analyses (e.g., genome-wide association 

studies) using variant calling of whole-genome resequencing data.  

Despite the challenges in obtaining high quality samples for genome 

sequencing, and expertise for the creation of reference genomes for threatened 

species, there is value in them. Reduced costs and lower input DNA requirements, as 

well as improved bioinformatic assembly and annotation pipelines based on non-

model non-eutherian species, mean that these technologies are becoming more 

attainable by conservation programs and should be used more routinely where 

budgets allow (Ekblom & Wolf, 2014). Reference genomes enable a wealth of 

genetic/genomic applications and are an important asset in our ongoing fight to 

preserve global biodiversity. We would recommend that conservation managers who 

are seeking to use the types of methods we have described herein collaborate with 

global genome consortia (like the Earth Biogenome Project) or national/local consortia 

(like the Oz Mammal Genome Initiative) to utilise the full potential of genomic 

resources and join the genomics revolution. This allows conservation managers to 

focus on conservation and work with geneticists who can help them make adaptive 

management decisions in real time (Hogg et al., 2017b). 

Although here we have presented a unique case study of a species with 

significantly low levels of genetic diversity and a large threatening disease process, 

the techniques described for the Tasmanian devil can be applied more broadly to 

many species of conservation concern. The applications of reference genomes in 

species conservation that have been described herein for devils are not unique to this 

species, as many of the questions we have answered are posed by those managing 

other threatened species. These include understanding historical demography and 

current population structure, minimising inbreeding, maximising adaptive potential, 

and identifying the basis of important phenotypic traits (whether these be related to 

disease, behaviour or reproduction). Hence, despite variation in threatening processes 

and status of vulnerable species, the nature of their small population sizes will result 

in a number of common conservation concerns that can be informed using genomic 

data (Fuentes-Pardo & Ruzzante, 2017; Khan et al., 2016). In the midst of the sixth 

mass extinction event, we advocate the use of reference genomes and associated 

genetic tools to arm conservation managers with ways to assist the long-term survival 

of species. 
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1.3 THESIS AIMS AND OVERVIEW 
 

The aim of this thesis is to assist researchers in bridging the conservation genomics 

research-implementation gap by providing a cohesive summary of the bioinformatic 

tools and approaches that can be used to assist in the conservation of threatened 

species. With a focus on threatened Australian marsupials, specifically, this thesis 

aims to: 

1. Introduce the importance of reference genomes and genomic data as a tool for 

conservation management of threatened species (Chapter 1) 

2. Provide researchers with a simple guide for getting started with command-line 

bioinformatics to facilitate the analysis of genomic data for species conservation 

(Chapter 2) 

3. Provide clear examples that demonstrate how reference genomes, alongside 

other common genomic datasets, can be used to provide answers to key 

questions and assist in the conservation of threatened species across a range 

of different scenarios including: 

a. Utilising pre-existing reference genomes and genomic datasets for a 

well-studied endangered species to answer novel species-specific 

questions with conservation implications (Chapter 3) 

b. Creating a reference genome for a non-threatened species to act as a 

resource for threatened counterparts, and as a model to explore unique 

biological traits that can provide valuable insights with potentially broad 

conservation implications (Chapter 4) 

c. Generating a reference genome for a threatened species with limited 

pre-existing genetic data to answer a suite of crucial conservation 

questions and provide valuable resources for ongoing national 

population genetic management of the species (Chapter 5) 

4. Employ a range of sequencing technologies and bioinformatic approaches in 

novel contexts to showcase a variety of ways that common genomic data types 

can be utilised to inform species conservation (Chapters 3-5)  
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This thesis addresses the above aims as follows: 

- In Chapter 1, I provide a literature review that introduces the context and 

background of this thesis and demonstrates the importance of reference 

genomes as a tool for conservation management using the endangered 

Tasmanian devil as a model. 

- In Chapter 2, I provide a general guide for getting started with command-line 

bioinformatics using the “Ten Simple Rules” framework. This chapter is 

fundamental to the usefulness of this thesis, as it provides the necessary 

background for other researchers wanting to employ the bioinformatic methods 

described in the following chapters.  

- In Chapter 3, I extend the work presented in Chapter 2 by utilising the 

Tasmanian devil reference genome and pre-existing whole genome 

resequencing datasets to explore reproductive gene diversity using a targeted 

gene approach. I characterise diversity at 219 genes and identify 19 genes with 

variation that may have functional consequences on Tasmanian devil 

reproduction.  

- In Chapter 4, I create a reference genome for the brown antechinus, a common 

Australian marsupial, to act as a resource for population genetic monitoring of 

other threatened antechinus species, and to facilitate its use as a model to 

examine the genetic interplay between stress, immunity and reproduction in 

marsupials. 

- In Chapter 5, I generate a high-quality reference genome for the Greater Bilby 

and utilise the reference genome, along with two other common genomic data 

types, whole genome resequencing and reduced representation sequencing, 

to answer a number of key conservation questions and generate a suite of tools 

that will assist in long term monitoring and management of the national bilby 

metapopulation. 

- In Chapter 6, I present the general discussion and conclusions for the thesis 

where I highlight the implications of this body of work and provide suggestions 

for future directions.  

 

Together, this thesis arms researchers with the necessary background knowledge to 

harness the power of genomics for the conservation of threatened species and help 

close the research-implementation gap.  
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1.5 SUPPLEMENTARY 
Table S1 Comparison of model and non-model mammalian/marsupial reference genomes to the G10K and EBP minimum reference 
genome quality standards. Green: metrics matching the G10K standards, Yellow: metrics matching the EBP Phase I standards, Red: 
metrics matching the EBP Phase II standards, Grey: metrics that fall below all VGP and EBP standards.  
Reference Genome Minimum Quality Standards 

Project Phase Contig 
N50 

Scaffold 
N50 

% Genome 
assembled into 
chromosomes 

Inter-
chromosomal 
rearrangements 
validated by >2 
data sources 

QV 
Cut-off 
Score* 

Genome Quality Metric^ 

G10K (Genome 10K 
Community of Scientists, 
2009; Koepfli et al., 2015) 

- 1 Mb 10 Mb  >90% Yes 40 3.4.2.QV40 

EBP (Lewin et al., 2018) I 0.1 Mb 1 Mb >90% Yes 40 2.3.2QV40 

EBP (Lewin et al., 2018) II 0.01 Mb 0.1 Mb >90% No 40 1.2.1QV40 

Current Mammalian/Marsupial Reference Genome Metrics 

Species Genome Contig 
N50 (Mb) 

Scaffold 
N50 (Mb) 

% Genome 
assembled into 
chromosomes 

Inter-
chromosomal 
rearrangements 
validated by >2 
data sources 

QV 
Cut-off 
Score 

Genome 
Quality 
Metric 

Date 
Published to 
NCBI 

Human GRCh38.p13 57.9 67.8 99.86% Yes ND 4.4.2QV? 28/2/19 

Mouse GRCm38.p6 32.8 54.5 99.97% Yes ND 4.4.2QV? 15/9/17 

Dog CanFam3.1 0.267 45.9 96.54% Yes ND 2.4.2QV? 2/11/11 

Koala phaCin_unsw_v4.1 11.6 - 0.00% No ND 4.4.0QV? 18/4/17 

Tasmanian Devil Devil_ref v7.0 0.0201 1.85 99.96% Yes 30 1.3.2QV30 17/2/11 
* ND = Not Determined.  
^ The genome quality metric summarises all of the minimum standards from the previous columns whereby the first three numbers are the exponents of the N50 
contig, N50 scaffold and level of chromosomal assembly and QV represents the minimum base-call quality error. Question marks represent unknown values. 
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TEN SIMPLE RULES FOR GETTING STARTED WITH 

COMMAND-LINE BIOINFORMATICS 

 
2.1 BACKGROUND 
Chapter 2 comprises the published manuscript: 

 

Brandies, PA & Hogg, CJ 2021, 'Ten simple rules for getting started with command-

line bioinformatics', PLOS Computational Biology, vol. 17, no. 2, pp. e1008645. 
 

As discussed in Chapter 1, one of the major limitations for the use of reference 

genomes and next-generation sequencing data in conservation contexts is the 

bioinformatic expertise and resources that are required to work with such datasets. 

With the advancement of sequencing technologies, reductions in sequencing costs, 

and abundance of sequencing consortia, there is a current influx of genomic data for 

threatened species worldwide. However, without the knowledge of how to manage 

and analyse big data, and an understanding of the computational resources required 

to do so, the downstream applications of these valuable genomic resources are 

limited. Many researchers are eager to harness the power of genomic datasets for 

answering key conservation questions, though the leap into the world of command-

line bioinformatics can be challenging without a starting point. This chapter aims to 

equip researchers with the necessary background knowledge for undertaking and 

applying the bioinformatic methods presented throughout this thesis to their own 

species and genomic datasets. Presented as a “Ten simple rules” editorial, I provide 

a 10-step process encompassing a simple guide of key components to assist 

researchers in unlocking the true potential of genomic data. 

 

I wrote this manuscript towards the end of my PhD, with assistance from Carolyn J. 

Hogg, with the aim to concisely summarise and translate some of the most useful 

bioinformatic tips I had learnt during the course of my doctorate degree to share with 

other researchers starting on the same journey. The published PDF version of this 

manuscript is provided in Appendix 1.  
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2.2 MAIN ARTICLE 

Ten simple rules for getting started with command-line 

bioinformatics 
Parice A. Brandies1 and Carolyn J. Hogg1 * 

1. School of Life and Environmental Sciences, Faculty of Science, University of Sydney, 

Sydney, New South Wales, Australia.  

* Corresponding Author  

Introduction 
Sequencing technologies are becoming more advanced and affordable than 

ever before. In response, growing international consortia such as the Earth 

BioGenomes Project (EBP) (Lewin et al., 2018), the Genome 10K project (G10K) 

(Genome 10K Community of Scientists, 2009; Koepfli et al., 2015), the Global 

Invertebrate Genomics Alliance (GIGA) (GIGA Community of Scientists, 2013; 

Voolstra, Wörheide & Lopez, 2017), the Insect 5K project (i5K) (Consortium, 2013; 

Levine, 2011), the 10,000 plants project (10KP) (Cheng et al., 2018), and many others, 

have big plans to sequence all life on earth. These consortia aim to utilise genomic 

data to uncover the biological secrets of our planet’s biodiversity and apply this 

knowledge to real-world matters, such as improving our understanding of species’ 

evolution, assisting with conservation of threatened species, and identifying new 

targets for medical, agricultural or industrial purposes (Lewin et al., 2018). All of these 

goals rely on someone to analyse and make sense of the tremendous amounts of 

biological data, making bioinformaticians more sought-after than ever. Many 

researchers with a background in biology and genetics are stepping up to the 

challenge of big data analysis, but it can be a little daunting to start down the path of 

bioinformatics, particularly using the command line, without a strong background in 

computing and/or computer science. A recent “Ten simple rules” article highlighted the 

importance of bioinformatics research support (Kumuthini et al., 2020). Here we 

provide ten simple rules for anyone interested in taking the leap into the realm of 

bioinformatics using the command line. We have put together these ten simple rules 

for those starting on their bioinformatics journey, whether you be a student, an 

experienced biologist or geneticist, or anyone else who may be interested in this 

emerging field. The rules are presented in chronological order, together encompassing 

a simple 10-step process for getting started with command-line bioinformatics (Figure 
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2.1). This is by no means an exhaustive introduction to bioinformatics, but rather a 

simple guide to the key components to get you started on your way to unlocking the 

true potential of biological big data. 

 

 
Figure 2.1 Our 10-step process for getting started with command-line bioinformatics.  
Each step corresponds to each of our ten simple rules presented below. 
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Rule 1: Get familiar with computer terminology 
The first step in your command-line bioinformatics journey can be 

overwhelming due to the wealth of new terminology. This is where you need to channel 

your inner computer geek and learn the new language of computer terminology. In 

fact, this very paper is riddled with it, so our first rule addresses this tricky obstacle. 

Having a basic understanding of computing and associated terminology can be really 

useful in determining how to run your bioinformatics pipelines effectively. It can also 

help you troubleshoot many errors along the way. Understanding the terminology 

allows you to talk with your institutional information technology (IT) departments and 

communicate your computational needs to answer your biological questions. This will 

allow you to be able to source the resources you will need. A number of basic 

definitions of the main terms that you will likely come across as you enter the world of 

bioinformatics is presented in Box 1.  

 

Box 1. Some simple definitions of common computer terms 

Algorithm: The set of rules or calculations that are performed by a computer program. 

Certain algorithms may be more suitable for particular datasets and may have 

differences in performance (e.g., in speed or accuracy). 

Central processing unit (CPU): The chip that performs the actual computation on a 

compute node or VM.  

Compute Node: An individual computer that contains a number of CPUs and 

associated RAM. 

Core: Part of a CPU. Single-core processors contain one core per CPU, meaning 

CPUs and cores are often interchangeable terms.  

CPU Time: The time CPUs have spent actually processing data (often CPU time ~= 

Walltime * Number of CPUs). 

Dependency: Software that is required by another tool or pipeline for successful 

execution. 

Executable: The file that contains a tool/program. Some software has a single 

executable while others have multiple executables for different 

commands/steps. 

High Performance Computer (HPC): A collection of connected compute nodes. 
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Operating System (OS): The base software that supports a computer's basic 

functions. Some of the most common Linux-based operating systems include 

those of the Debian distribution (Ubuntu), and those of the RedHat distribution 

(Fedora and CentOS). 

Pipeline: A pipeline is a workflow consisting of a variety of steps (commands) and/or 

tools that process a given set of inputs to create the desired output files. 

Programming languages: Specific syntax and rules for instructing a computer to 

perform specific tasks. Common programming language used in bioinformatics 

include Bash, Python, Perl, R, C and C++.  

Random access memory (RAM): Temporarily stores all the information the CPUs 

require (can be accessed by all of the CPUs on the associated node or VM). 

Scheduler: Manages jobs (scripts) running on shared HPC environments. Some 

common schedulers include SLURM, PBS, Torque and SGE. 

Script: A file which contains code to be executed in a single programming language. 

Thread: Number of computations that a program can perform concurrently – depends 

on the number of cores (usually 1 core = 1 thread). 

Tool: A software program that performs an analysis on an input dataset to extract 

meaningful outputs/information - Tool, software and program are often used 

interchangeably but refer to the core components of bioinformatics pipelines. 

VM: Virtual machine - Similar to a compute node as it behaves as a single computer 

and contains a desired number of CPUs and associated RAM (usually 

associated with Cloud Computing). 

Walltime: The time a program takes to run in our clock-on-the-wall time. 

 
Rule 2: Know your data and needs to determine which tool or pipeline to use  

This can often be one of the most difficult steps as there are usually many 

different tools and pipelines to choose from for each particular bioinformatic analysis. 

While you may think about creating your own tool to perform a particular task, more 

often than not there is already a pre-existing tool that will suit your needs, or perhaps 

only need minor tweaking to achieve the required result. Having a clear understanding 

of your data and the types of questions you are wanting to ask, will go a long way to 

assisting in your tool or pipeline selection. Selecting the most suitable pipeline or tool 

will be dependent on a number of factors including: 
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Your target species and quality of data 

Some bioinformatic pipelines/software may work better for a particular species 

based on their unique features (e.g., genome size, repeat complexity, ploidy, etc.) or 

based on the quality of data (e.g., scaffold length, short reads vs long reads, etc.). 

Reading other published papers on similar species will assist with being able to define 

this. 

 

Your available computing resources and time restrictions 

Certain software may be based of different algorithms, which can result in 

significant reductions or increases of computational resources and walltime. Some 

shared HPC infrastructure may have walltime limitations in place, or the amount of 

RAM or cores may be a limiting factor when using personal computing resources. 

Make enquiries with your institutional IT department regarding limits on personal 

computing or HPC infrastructure before you start. 

 

Which tools are readily available 

Many bioinformatic pipelines and tools are freely available for researchers, 

though some require purchasing of a license. Additionally, some tools/pipelines may 

already be available on your desired computing infrastructure or through your local 

institution. There are a number of “standard” bioinformatic command line tools that 

have broad applicability across a variety of genomic contexts and are therefore likely 

already installed on shared infrastructure. Such examples include tabix, FastQC, 

samtools, vcftools/bcftools, bedtools, GATK, BWA, PLINK and BUSCO. Furthermore, 

collaborators or other researchers may have already tested and optimised a particular 

pipeline on a certain infrastructure and have therefore already overcome the first 

hurdle for you. 

Talking with colleagues who are working on similar projects and reading 

through the literature is often the best way to decide on which software to use for a 

particular analysis. There are many publications that benchmark different tools and 

compare the advantages and disadvantages of similar pipelines. There are also many 

online web forums (e.g., BioStars [Parnell et al., 2011]) that may also assist with your 

decision-making process. Be sure to search through the different web forums to see 

whether another researcher has also asked the same or similar question as you (this 
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is often the case). If you cannot find a solution ensure any questions you post are clear 

and detailed, with examples of code or errors provided to have the best chance of 

helpful replies and answers. Beginning with a pipeline that has previously been tested 

and optimised on a particular platform is helpful in getting a head start, though do not 

be scared to try out a new or different pipeline if it seems better suited to your data or 

desired outcome. 

 
Rule 3: Estimate your computing requirements 

Once you have selected your desired tool or pipeline, the next crucial step 

involves estimating the desired computing requirements for your chosen analysis. 

Estimating your requirements will not only allow you to determine which platforms may 

be most suitable to run your pipeline (e.g., cloud vs HPC; see Rule 4) but will also 

reduce time spent on troubleshooting basic resource errors (e.g., running out of RAM 

or storage space). Furthermore, this step is almost always necessary prior to running 

any tool or pipeline on any given compute infrastructure. For instance, on shared HPC 

environments, your job script will need to include your requested computational 

resources (cores, RAM, walltime), and you will need to make sure you have enough 

disk space available for your account. Similarly, for cloud computing, you will need to 

decide what size machine/s (cores and RAM) and how much attached storage you 

need for your analysis. Estimating incorrectly can be frustrating as you will waste time 

in queues on shared HPC infrastructure, only to have your analysis terminated 

prematurely, or waste money in the cloud specifying more resources than you actually 

need. Many bioinformatics tools can be run on a single core by default, but this can 

result in much greater walltimes (Kawalia et al., 2015) (which are often restricted on 

shared HPC infrastructure). Increasing the number of cores can greatly reduce your 

walltime though there is often a balance between this and other important factors such 

as RAM usage, cost, queueing time etc. (Kawalia et al., 2015). 

It can be a little tricky estimating computing requirements for a pipeline you 

have never run before, or on a species that the pipeline has never been tested with 

before. Never fear though, as there are a number of places you can seek out 

information on computing requirements. First and foremost, read the documentation 

for the pipeline/tool you are running. Some tool documentation will provide an example 

of the compute resources required or provide suggestions. Additionally, many 

programs will provide a test dataset to ensure the pipeline is working correctly before 
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employing your own datasets. These test datasets are a great start for estimating 

minimal computational requirements and to obtain some general benchmarks when 

using different parameters or computing resources. If the tool documentation does not 

provide a guide of computing requirements or an example dataset, you may wish to 

use a smaller subset of your own data for initial testing. The literature may also provide 

a guide for general computing requirements that have been used for a particular tool 

or pipeline for a similar species or sample size. There are many publications where 

common bioinformatics pipelines are compared with one another to assess 

performance and results across a variety of organisms (e.g., Cornish & Guda, 2015; 

Khan et al., 2018; Schilbert, Rempel & Pucker, 2020; Zhang et al., 2017). These can 

be found with a simple citation search. Finally, another great resource for estimating 

your computing requirements is from other researchers. Talking to others in your field, 

who may work with similar data or utilising online forums such as BioStars (Parnell et 

al., 2011), will assist in understanding the resources required. 

In general, 32 cores and 128 Gb of RAM is usually sufficient for most common 

bioinformatics pipelines to run within a reasonable timeframe. With that being said, 

some programs might require much less than this while others may have much higher 

memory requirements or enable greater parallelisation.  

 
Rule 4: Explore different computing options 

After estimating your computing requirements for your chosen pipeline, you will 

then need to determine where such resources are available and which infrastructure 

will best suit your needs. Some tools may easily run on a personal computer, though 

many of the large bioinformatics pipelines (particularly when working on organisms 

with large genomes like mammals and plants) require computational resources that 

will well exceed a standard PC. Many institutions have a local HPC or access to 

national/international HPC infrastructure. However, the unprecedented generation of 

sequencing data has started to push these shared infrastructures to their limits. These 

resources are not always well suited to the requirements of bioinformatic pipelines 

such as their high I/O demands and “bursty” nature (see Rule 7) (O’Driscoll, 

Daugelaite & Sleator, 2013). This is why cloud computing is becoming increasingly 

popular for bioinformaticians (Kwon et al., 2015; O’Driscoll, Daugelaite & Sleator, 

2013; Shanker, 2012; Stein, 2010; Zhao et al., 2017).  
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Cloud computing provides a number of key advantages over traditional shared 

HPC resources including: 

• The ability to tailor your computing resources for each bioinformatic tool or 

pipeline you wish to use 

• Complete control over your computing environment (i.e., operating system, 

software installation, file system structure etc.) 

• Absence of a queuing system resulting in faster time to research 

• Unlimited scalability and ease of reproducibility  

Utilising cloud resources also prevents the need for researchers to purchase 

and maintain their own physical computer hardware (which can be time consuming, 

costly and nowhere near as scalable [Fox, 2011]). However, commercial cloud 

computing does come at a cost, and can be a bit of a steep learning curve. Fortunately, 

services like RONIN (https://ronin.cloud) have simplified the use of cloud computing 

for researchers and allow for simple budgeting and cost monitoring to ensure research 

can be conducted in a simple, cost-effective manner. Researchers at academic 

institutions may also have access to other free cloud compute services such as Galaxy 

(https://usegalaxy.org/), ecocloud (https://ecocloud.org.au/), nectar 

(https://nectar.org.au/cloudpage/) and CyVerse (https://www.cyverse.org). 

Overall, deciding where to run your analysis will be dependent on your 

data/species, what platforms are most easily accessible to you, your prior experience, 

your timeline and your budget. Exploring different compute options will allow you to 

choose which infrastructure best suits your needs and enable you to adapt to the fast-

evolving world of bioinformatics. 

 
Rule 5: Understand the basics of software installation 

When wanting to utilise a personal resource for your bioinformatic pipelines, 

such as a cloud VM or a personal computer, you will need to familiarise yourself with 

the various installation methods for your required tools. While software installation is 

sometimes provided as a service for some shared HPC platforms, understanding the 

basics of software installation is useful in helping you troubleshoot any installation-

based errors, and identify which software you can likely install locally yourself (i.e., 

without requiring root user privileges). There are numerous ways software can be 



 50 

installed but we have provided four main methods that should cover most 

bioinformatics software (Box 2).  

 

Box 2. Common software installation methods for bioinformatics tools 

Package Managers 

APT (Advanced Package Tool) (https://www.debian.org/doc/manuals/apt-

guide/index.en.html) is a package manager that is often already installed by default 

on many Debian distributions and enables very simple installation of available tools. 

APT works with a variety of core libraries to automate the download, configuration and 

installation of software packages and their dependencies. A number of common 

bioinformatics tools are available through APT including NCBI blast+, samtools, 

hmmer, vcftools, bcftools, bedtools among others. If working on a RedHat operating 

system, the package manager YUM (Yellowdog Updater, Modified) 

(https://access.redhat.com/solutions/9934) is the equivalent of APT.  

 

Conda 

Conda (https://docs.conda.io/en/latest/) is also a package management tool, 

though it sits somewhere between package managers like APT and containers (see 

below) due to its ability to also manage environments (i.e., collections of software). 

This feature makes conda extremely useful, particularly for bioinformatics software 

where different pipelines may utilise the same tools but require different versions of a 

particular tool. Conda allows you to easily install and run pipelines in their own 

separate environments so they do not interfere with one another and also enables you 

to easily update software when new versions are made available. Bioconda (Grüning 

et al., 2018) is a channel for conda which specialises in bioinformatics software and 

includes a myriad of the most commonly used bioinformatic tools. Furthermore, conda 

also enables the installation and management of popular programming languages 

such as python or R, along with their respective libraries and packages. It is a great 

resource for bioinformaticians of all levels and is particularly helpful as a stepping-

stone before stepping down a container lane. 
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Containers 

 Containers package up software and all dependencies, as well as all of the 

base system tools and system libraries into a separate environment so that they can 

be reliably run on different computing platforms. Containers are similar to conda 

environments, but they differ in the sense that containers include absolutely everything 

they need within the container itself (even including the base operating system). It is 

sometimes easier to think about containers as installing a whole separate machine 

that just utilises the same computing resources and hardware as the local machine it 

is installed on. The main advantage of a container over a conda environment is the 

ease of reproducibility due to the ability to pull a specific container each time you want 

to run, or re-run, a certain pipeline or use a particular tool, no matter what computing 

platform you are using. Reproducibility can be achieved with conda environments too, 

but this often requires exporting and keeping track of saved environments.  

There are two main options when wanting to use a container: Docker (Merkel, 

2014) or Singularity (Kurtzer, Sochat & Bauer, 2017). Docker is the most standard 

container service available with thousands of containers available from DockerHub 

(https://hub.docker.com) or from other container registries such as quay.io 

(https://quay.io). Bioinformatics software that is available via bioconda also has a 

respective docker container on quay.io through the BioContainers architecture (da 

Veiga Leprevost et al., 2017). This means many common bioinformatics software and 

pipelines are already available in a containerised environment. Otherwise some 

software developers make their own containers available, e.g. Trinity (for RNA-seq 

assembly) (see https://github.com/trinityrnaseq/trinityrnaseq/wiki/Trinity-in-Docker) or 

BUSCO v4 (for assessing assembly completeness) (see 

https://busco.ezlab.org/busco_userguide.html#docker-image). There are also 

thousands of other public docker containers across a range of online container 

registries that may have the software you are looking for, or there is always the option 

to create your own Docker container for reproducible pipelines. Obviously, Docker can 

be used to download and employ Docker containers, but singularity is another program 

that can also be used to download and employ Docker containers (particularly on HPC 

environments). Both have advantages and disadvantages, so it is usually down to user 

preference as to which to choose. If you are new to containers, we suggest starting 

with Singularity. Not only will this allow you to easily be able to scale up your 
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containerised pipelines to HPC environments but also makes reading and writing files 

to and from the container from the local machine a bit more straightforward.  

 

Manual Installation 

 If none of the above methods are available for your chosen software, you may 

need to install it manually. This process is usually explained step-by-step in the 

software documentation but typically involves a number of steps including: 1) 

Downloading a tar package (or zip file) of the source code (or cloning a Git repository) 

from GitHub (https://github.com) (or another website); 2) Unpacking the source code 

to extract its contents; 3) Configuring the software to check your environment and 

ensure all of the required dependencies are available; 4) Building the finished software 

from the source code; and 5) Installing the software i.e. copying the software 

executables, libraries and documentation to the required locations. This process is 

what package managers and containers do automatically for you. There are a number 

of standard dependencies that are usually required for manual installation (e.g., the 

build-essential package, the dh-autoreconf package and the libarchive-dev package) 

so it is often handy to install these using APT before attempting to manually install any 

other software. You will be notified of any other required dependencies you may be 

missing during the installation process. 

 

Once you have your software installed it is good practice to try and run the 

program with the help command-line option (i.e. -h/--help/-help), or with no 

parameters, to ensure it has been installed correctly. If the help option displays some 

information about running the program and the different command-line options, it is 

usually a good sign that your software was installed successfully and is ready to go. If 

your tool does not seem to be working, you may need to ensure the executable for 

your tool (and sometimes its required dependencies) is available in your path. But 

what exactly is your path and why is it important? Well, whenever we call upon a 

particular input file or output directory within a command, we often use an absolute or 

relative path to show the program where that file or directory is sitting within the file 

system hierarchy. We can also call upon tools or executables the same way, though 

it is not efficient to provide a path to a tool every time we need to use it. The path 
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environmental variable overcomes this issue by providing a list of directories that 

contain tools/executables you may wish to execute. 

By default, the path variable is always set to include some standard directories 

that include a variety of system command-line utilities. So, to ensure a new program 

can be called upon anywhere without specifying the path to the program, you can 

either move or copy the tool/executable to a directory that is already listed in your path 

variable, or add a new directory to the path variable that contains the program. New 

directories can be added to your path either temporarily (by simply exporting the path 

variable with the added directory included) or permanently (by editing your 

.bash_profile). Another thing to be aware of is that the order of directories in your path 

is important because if the same program (or executable with the same name) is found 

in two different directories, the one that is found first in your path will be used. Always 

keep this in mind when adding new directories to your path to determine where they 

should sit in the list of paths. [The sheer number of times we mentioned the word “path” 

in this rule alone should emphasize how important paths really are – though we 

promise there are no more mentions of it for the rest of this article].  

 
Rule 6: Carefully curate and test your scripts 

In other words, always double-check (or triple-check) your scripts and perform 

test-runs at each step along the way. Before you run your pipeline, it is important to 

first read through the software documentation to ensure you understand the different 

inputs, outputs, and analysis options. Ensure that the documentation is for the correct 

version of the software as particular command-line options may change version-to-

version. Many bioinformatics programs have extensive documentation online, either 

through their GitHub or another website. The basic documentation for most tools can 

be accessed using the command-line help options (which is also a great way to 

determine whether your required tool is available and installed correctly - see Rule 5). 

Sometimes more detailed information can be found in a README file in the source 

code directory. Most documentation should provide some example commands on how 

to run the program with basic or default options, which should assist you in curating a 

successful script. 

Once you have your final script, it is essential to give it a quick test to determine 

if there are any immediate errors that will prevent your script from running successfully. 

From simple spelling mistakes or syntax errors which result in files or directories not 
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being found or commands being confused with invalid options, to not being able to 

locate the desired software or the software being configured incorrectly with 

problematic dependencies. These are the “face-palm” errors that any bioinformatician 

is aware of as we have all been there, time and time again. The good news is that 

these errors are often quite simple to fix. Yet it is better to catch them early rather than 

waiting in queues only for your script to error as soon as it starts, or leaving your script 

to run in the cloud only to come back and realise the machine has been sitting there 

idle the whole time due to a minor scripting error. Testing your scripts in the cloud is 

usually as simple as running the script or command and watching to see whether any 

errors are immediately thrown on-screen, but to test scripts in a shared HPC 

environment, you may need to utilise an interactive queue. Interactive queues allow 

you to run commands directly from the command line with a small subset of HPC 

resources. These resources are usually not enough to run an entire pipeline but are 

quite useful for testing and debugging purposes. Obviously, your script may still run 

into errors later on in your pipeline but testing your script before you submit it properly 

should alert you to any preliminary errors that would prevent the pipeline from starting 

successfully and prevent any precious time being wasted in queues or precious dollars 

being wasted on idle cloud compute. 

 
Rule 7: Monitor and optimise your pipelines 

Once you have your script running, it is important to monitor your pipelines to 

determine whether it is effectively utilising the computational resources you have 

allocated to it. Understanding what resources your pipeline utilises can help you scale 

up or down your compute so that you are not wasting resources or hitting resource 

limits that may slow down your pipeline. On shared HPC infrastructure, you will usually 

be able to see a summary of the computational resources used from either the job log 

files or scheduler specific commands. Metrics such as maximum RAM and CPU usage 

as well as CPU time and walltime are useful in adjusting future scripts so that they 

request the optimum amount of resources needed. This enables the pipeline to run 

efficiently without any unnecessary queue time. Storage space of output files should 

also be monitored periodically to ensure you are not exceeding your allocated quota.  

More specific monitoring is possible when running pipelines in the cloud as you 

have full control over all computing resources. Simple programs like htop 

(https://hisham.hm/htop/) can be used for fast real-time monitoring of basic metrics 
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like CPU and RAM usage, while more in-depth programs like Netdata 

(https://www.netdata.cloud) can assist with tracking a large variety of metrics both in 

real-time and across an entire pipeline using hundreds of pre-configured interactive 

graphs. Many bioinformatic pipelines are “bursty” in nature, meaning different steps in 

a single pipeline may have vastly different computing requirements. Some steps/tools 

may have high memory requirements but only utilise a small number of cores, while 

others may multi-thread quite well across a large number of cores but require minimal 

memory. Knowing the required computing resources for each step may help you break 

up your pipeline and run each stage on a different machine type for greater cost 

efficiency. Monitoring disk space requirements throughout a pipeline is also important 

as many bioinformatics tools require large amounts of temporary storage that are often 

cleaned upon completion of the pipeline. Attached storage can be quite costly in the 

cloud, so ensuring you only request what is necessary will also reduce pipeline costs. 

Overall, monitoring of bioinformatics pipelines is key to improving pipeline 

efficiency, optimising computing resources, reducing wasted queue time, and reducing 

cloud costs.  

 
Rule 8: Get familiar with basic bash commands 

As a bioinformatician, your main role is to make sense of biological datasets 

and this often means manipulating, sorting and filtering input and output files to and 

from various bioinformatic tools and pipelines. For example, you may want to extract 

information for a certain sample, or a certain gene of interest. Or in a file containing a 

table of data, you may want to sort an output file by a particular column or select rows 

that contain a particular value. You may want to replace a certain ID with a respective 

name from a list or perform a calculation on values within a column. Fortunately, many 

of the input and output files used in bioinformatics are regular text files, so these tasks 

can easily be achieved. One might think about using common spreadsheet 

applications such as Microsoft Excel to perform these tasks, however while this may 

suffice for small files, Excel is not too fond of the sometimes millions of rows of data 

that are characteristic of a number of common bioinformatic files. This is where some 

standard Unix shell command-line utilities come into play, namely the grep, AWK and 

sed utilities. 

Global regular expression print (grep) is a command-line utility that searches a 

text file for a regular expression (i.e., a pattern of text) and returns lines containing the 
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matched expression (Table 2.1). This tool is useful when wanting to filter or subset a 

file based on the presence of a particular word or pattern of text (e.g., a sample name 

or genomic location etc). AWK is much more extensive command-line utility that 

enables more specific file manipulation of column-based files (Table 2.1). For 

example, AWK can return lines where a column contains a particular value or regular 

expression, in addition it can output only particular columns, perform calculations on 

values within the columns and work with multiple files at once. The extensive abilities 

of AWK are too many to cover here, but just know that this clever little tool will likely 

hold a special place in any bioinformaticians heart. Lastly, stream editor (sed) has a 

basic “find and replace” usage allowing you to transform defined patterns in your text. 

In its most basic form, sed can replace a word with another given word (Table 2.1) but 

can also perform more useful functions like removing everything before or after a 

certain pattern or adding text at certain places in a file.  

 

Table 2.1 Basic usage examples of the grep, awk and sed commands. 
 

Command Example Description 

grep grep "chr5" file Print all lines that contain the string 
"chr5" in the named file 

awk awk '$1 == 5 {print $2, $3}' 
file 

For rows in the named file where the 
value in column 1 is equal to 5, print 
columns 2 and 3 

sed sed 's/sample1/ID7037/g’ 
file 

Replace all occurrences of "sample1" 
with "ID7037" in the named file and 
print the result 

 

Of course, grep, AWK and sed all have their limitations and more extensive file 

manipulation may be better suited to a python or perl script (and there is already a 

great “Ten simple rules” article for biologists wanting to learn how to program [Carey 

& Papin, 2018]); but for simple processing, filtering and manipulation of bioinformatics 

files, look no further than these three useful command-line utilities.  

 
Rule 9: Write it down! 

A previous “Ten simple rules” article has highlighted the importance of keeping 

a laboratory notebook for computational biologists (Schnell, 2015), and another 

covered some best practices around the documentation of scientific software (Lee, 
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2018). Many components from these articles apply to our rule of writing it down and 

keeping helpful notes when getting started with command-line bioinformatics. The 

number of pipelines or analyses that can be run on a single set of biological data can 

sometimes be quite extensive, and usually coincides with a lot of trial and error of 

different parameters, computing resources, and/or tools. Even those with a great 

memory will often look back at results at the time of publication and ponder “why did 

we use that tool?”, or “what parameters did we end up deciding on for that analysis?”. 

Keeping detailed notes is crucial to research integrity and can be a real lifesaver. Not 

only is it important to keep track of your different script files, and the required 

computing resources for each script, but also the accompanied notes about why you 

chose a particular tool and any troubleshooting you had to do to run the pipeline 

successfully. An easy-to-access document of all of your favourite commands and nifty 

pieces of code that may come in handy time and time again is also a must! Getting 

familiar with helpful code text editors like Visual Studio Code 

(https://code.visualstudio.com), or Atom (https://atom.io), as well as investing some 

time into learning helpful mark-up languages like Markdown will assist with keeping 

detailed, organised and well-formatted scripts and documentation for the pipelines you 

are using. Exactly how you decide to keep your notes is completely up to you, but just 

ensure to keep everything well-organised, up-to-date, and backed up. Also publishing 

your scripts as markdown files in supplementary material ensures the utility, 

transparency (and citability) of your work. 

 
Rule 10: Patience is key 

The number one key (that we’ve saved until last) to being a successful 

bioinformatician is patience. A large proportion of your time will be spent 

troubleshooting software installation, computing errors, pipeline errors, scripting errors 

or weird results. Some problems are simple to solve while others may take quite some 

time. You will likely feel that with every step forward there is just another hurdle to 

cross. Yet if you are patient and push through every error that is thrown your way, the 

euphoria of conquering a bioinformatics pipeline and turning a big lump of numeric 

data or As, Ts, Cs and Gs into something biologically meaningful is well worth it. Also, 

as many past “Ten simple rules” articles in this field have addressed, do not be afraid 

to raise your hand and ask for help when you get stuck. Most of the time, someone 

before you has been in the exact same situation and encountered the same error or 
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tackled a similar problem. Google will become your best friend and first port of call 

when things are not going as planned. And on the rare occasion where endless 

googling leads you nowhere, talk with your peers and reach out to the bioinformatic 

community, people are often more than happy to share their knowledge and put their 

problem-solving skills to the test.  

 
Conclusion 

In the new era of whole genome sequencing, bioinformaticians are now more 

sought-after than ever before. Stepping into the world of command-line bioinformatics 

can be a steep learning curve but is a challenge well worth undertaking. We hope 

these ten simple rules will give any aspiring bioinformatician a head-start on their 

journey to unlocking the meaningful implications hidden within the depths of their 

biological datasets. 
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CHARACTERISATION OF REPRODUCTIVE GENE 

DIVERSITY IN THE ENDANGERED TASMANIAN DEVIL 

 
3.1 BACKGROUND 
Chapter 3 comprises the published manuscript: 

 

Brandies, PA, Wright, BR, Hogg, CJ, Grueber, CE & Belov, K 2020, 'Characterisation 

of reproductive gene diversity in the endangered Tasmanian devil', Molecular Ecology 

Resources, vol. 00, pp. 1-12. 

 

This Chapter is an extension of the work presented in Chapter 1 on the Tasmanian 

devil. Here I show how previously existing genomic data for well-researched Australian 

marsupial species can be further explored to investigate species-specific questions 

that have implications in downstream conservation management. Specifically, I use 

the Tasmanian devil reference genome and whole genome resequencing data from 

previous studies to explore reproductive gene diversity in the Tasmanian devil. This 

research identifies a number of polymorphic genes across 37 individuals that may 

have functional consequences on reproduction and provides the crucial foundation for 

future work to examine the effects of genetic diversity on reproductive fitness in 

Tasmanian devil populations. This work is important in demonstrating the usefulness 

of pre-existing reference genomes and associated genomic data.  

 

I compiled the list of target genes, performed bioinformatic gene characterisation and 

SNP prediction and wrote the manuscript. Katherine Belov, Catherine E. Grueber and 

Carolyn J. Hogg contributed to the design of the study and sourced funding. Belinda 

Wright performed alignments of resequencing data to the reference genome and 

assisted me with the analysis of SNP genotypes. All authors revised the manuscript. 

Supplementary material is presented at the end of this chapter. The published PDF 

version of this manuscript is provided in Appendix 1.  
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3.2 MAIN ARTICLE 

Characterisation of reproductive gene diversity in the 

endangered Tasmanian devil 
Parice A. Brandies1, Belinda R. Wright1, Carolyn J. Hogg1, Catherine E. 

Grueber1,2 and Katherine Belov1* 
1. School of Life and Environmental Sciences, Faculty of Science, University of Sydney, 

Sydney, New South Wales, Australia.  

2. San Diego Zoo Global, San Diego, CA, USA. 

* Corresponding Author  

 
Abstract 

Inter-individual variation at genes known to play a role in reproduction may 

impact reproductive fitness. The Tasmanian devil is an endangered Australian 

marsupial with low genetic diversity. Recent work has shown concerning declines in 

productivity in both wild and captive populations over time. Understanding whether 

functional diversity exists at reproductive genes in the Tasmanian devil is a key first 

step in identifying genes that may influence productivity. We characterised single 

nucleotide polymorphisms (SNPs) at 214 genes involved in reproduction in 37 

Tasmanian devils. Twenty genes contained non-synonymous substitutions, with 

genes involved in embryogenesis, fertilisation and hormonal regulation of reproduction 

displaying greater numbers of nonsynonymous SNPs than synonymous SNPs. Two 

genes, ADAMTS9 and NANOG, showed putative signatures of balancing selection 

indicating that natural selection is maintaining diversity at these genes despite the 

species exhibiting low overall levels of genetic diversity. We will use this information 

in future to examine the interplay between reproductive gene variation and 

reproductive fitness in Tasmanian devil populations. 

 
Introduction 

Globally the number of species threatened with extinction is increasing as a 

result of human-induced activities including habitat fragmentation, invasive predators, 

and pollution. Genetic diversity at functional gene families can have long-term 

consequences on species adaptation and survival in a changing world (Holderegger, 
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Kamm & Gugerli, 2006; Mimura et al., 2017). Understanding the causes and 

consequences of inter-individual variation sits at the core of evolution and ecology, yet 

despite decades of molecular research, the genetic basis of phenotypic variation, i.e., 

genetic polymorphism, remains poorly quantified for the vast majority of species and 

traits (Forsman & Wennersten, 2016; Mimura et al., 2017). However, recent advances 

in sequencing technology have better enabled researchers to investigate inter-

individual variation at gene families and determine how this variation is linked to 

important phenotypic traits. For example, genetic diversity at immune genes, 

particularly genes of the major histocompatibility complex (MHC), have been 

associated with a range of key biological phenomena such as disease susceptibility 

and mate choice (Brandies et al., 2018; Sommer, 2005). These phenomena have 

significant implications on fitness, and as a result, inter-individual variation at MHC loci 

has been extensively studied across a number of threatened species (Ujvari & Belov, 

2011). Studies of MHC and other immune genes demonstrate how characterising 

genetic variation is crucial to predicting which genes may contribute to variable 

phenotypes, and the resultant implications for species conservation. However, little is 

currently known about diversity at other important gene families in threatened species. 

Variation at reproductive genes may contribute to key productivity traits that 

impact the survival of threatened species. Relationships between gene variants and 

reproductive phenotypes have been extensively studied across a range of model 

organisms, from Drosophila to humans. For example, polymorphisms in male 

reproductive genes have been associated with variation in sperm competitive ability 

in Drosophila (Fiumera, Dumont & Clark, 2005) and a range of gene mutations have 

been linked to infertility in humans (Layman, 2002). Associations between variants of 

key reproductive genes (e.g., those involved in the production or binding of 

reproductive hormones) and reproductive traits have also been reported in livestock 

species where high productivity is important (Kirkpatrick, 2002). Examining diversity 

at genes known to be involved in reproduction is a fundamental first step in 

determining which loci have the potential to underlie important reproductive traits. 

However, little is currently known about the variation at reproductive genes in wildlife 

species, particularly in threatened species that exhibit low levels of genetic diversity 

overall. 

The Tasmanian devil is one such threatened species that is suffering from a 

range of threatening processes, in addition to having low genome-wide diversity. 
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Devils are the largest extant carnivorous marsupial and are native to the island state 

of Tasmania, Australia (Owen & Pemberton, 2005). Populations have declined by up 

to 80% across this species’ range due to a contagious cancer, known as devil facial 

tumour disease (DFTD). Historical population declines and contemporary habitat 

fragmentation have resulted in the erosion of genetic diversity (Jones et al., 2004; 

Miller et al., 2011), particularly at immune gene loci that are highly polymorphic in other 

species (Cheng et al., 2012; Morris et al., 2015). Tasmanian devils exhibit a number 

of interesting life-history strategies such the ability of females to undergo up to three 

oestrous cycles per breeding season (Keeley et al., 2012), the production of up to 30 

embryos, of which only 4 can be supported by the 4 teats (Guiler, 1970; Hughes, 

1982), precocial breeding (Lachish, McCallum & Jones, 2009; Russell et al., 2019), 

and multiple paternity litters (Russell et al., 2019). Despite these unique reproductive 

traits, Tasmanian devils have shown concerning declines in productivity in both 

captivity (Farquharson, Hogg & Grueber, 2017) and the wild (Farquharson et al., 

2018). So, an understanding of whether diversity exists at reproductive genes is a 

fundamental step in identifying genes that may be associated with differential 

reproductive phenotypes, and hence may influence reproductive fitness. Armed with 

this basic knowledge, conservation managers can then use this information in their 

management decisions pertaining to captive breeding and translocations. 

Here, we aimed to identify and characterise reproductive genes, and then 

examine single nucleotide polymorphism (SNP) diversity at these genes using 37 

resequenced Tasmanian devil genomes. We explore signatures of selection to identify 

polymorphic genes with adaptive potential (i.e., genes where specific alleles may 

result in differential phenotypes that are beneficial under particular circumstances). 

The results from this study provide a resource for future research to examine the 

association between reproductive diversity and productivity in the Tasmanian devil.  

 
Materials and Methods 
Gene Identification & Characterisation 

In total, 250 genes that have previously been associated with reproduction in 

mammalian species were selected based on literature searches using the search 

terms “reproduction” and “gene”, as well as mining the human gene database 

GeneCards (www.genecards.org, Stelzer et al., 2016) using the keyword 

“reproduction”. The identified genes are involved in a variety of reproductive stages 
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including: the hormonal regulation of reproduction, sexual/reproductive development, 

gametogenesis, fertilisation, and embryogenesis. Predicted complete and partial gene 

sequences from NCBI’s or Ensembl’s automatic annotation process were identified in 

the Tasmanian devil genome reference assembly on NCBI (Devil_ref v7.0 

[GCA_000189315.1], Murchison et al., 2012).  

Gene predictions in the Tasmanian devil genome were checked using a 

number of methods including: 1. confirming gene synteny against model organisms 

(human and mouse) and the current highest-quality marsupial genome (koala) using 

NCBI’s genome viewer (NCBI Resource Coordinators, 2017); 2. mapping the 

predicted coding sequences (CDS) back to the reference genome using Splign 

(Kapustin et al., 2008) to ensure all exons were correctly identified and confirm that 

coding sequences were complete and did not contain any premature stop codons or 

frameshift mutations; and 3. performing a BLASTP (Altschul et al., 1990) search on 

the predicted translated sequences against the UniProt (Consortium, 2018) database 

to confirm identity and protein lengths. For genes with multiple isoforms, the first-

named isoform (Variant X1) was investigated (usually the longest). All genes were 

utilised in downstream analyses.  

For partial gene predictions, any missing exons were identified by comparison 

to well-annotated model organism orthologs using the NCBI genome viewer (NCBI 

Resource Coordinators, 2017) and TBLASTN (Altschul et al., 1990) searches. Where 

exons were unable to be fully resolved (i.e., due to gaps in the reference sequence or 

genome fragmentation etc.) partial sequences were utilised in downstream analyses. 

For any genes not automatically annotated in the reference genome by NCBI or 

Ensembl, the predicted location of these genes was identified through gene synteny 

and TBLASTN searches with model organisms (human and mouse) and gene 

prediction was performed using FGENESH+ (Solovyev, 2004) with koala orthologs as 

an input. If an orthologous sequence was not available in koala, human or mouse 

orthologs were used as an input instead. 

 

Sample Collection and Genome Resequencing 

Two existing datasets of resequenced genomes were used to explore 

reproductive gene diversity in the Tasmanian devil. The first dataset was comprised 

of twenty-five individuals (including twelve wild-born founders [Figure S1] and 9 

parent-offspring trios [Figure S2]) that were sequenced to a high coverage of ~45× 
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(SRA accessions: SRX6096677- SRX6096696, Wright et al., 2020). The second 

dataset included twelve wild individuals from a separate wild population (Figure S1) 

sequenced to a low coverage of 10-15× (SRA accessions: ERS682204-ERS682210; 

ERS1202857-ERS1202861 Wright et al., 2015; Wright et al., 2017). This low-

coverage dataset was only included following the preliminary SNP identification to 

minimise the risk of this dataset introducing false SNPs. We refer to the twelve low-

coverage genomes as “12L” to differentiate it from the dataset encompassing the 25 

high-coverage resequenced genomes (“25H”).  

 
Preliminary SNP Identification 

To identify an initial high-confidence target SNP set, whole-genome alignment 

and SNP calling was performed on the 25H following the methods in Wright et al. 

(2020). Briefly, reads were aligned to the Tasmanian devil reference genome 

assembly version 7.0 (GenBank: GCA_000189315.1, Murchison et al., 2012) using 

Burrows-Wheeler aligner v 0.7.15 (Li & Durbin, 2009). PCR duplicates were removed 

with picardtools v1.119 (http://broadinstitute.github.io/picard/) and indel realignment 

was performed with GATK v3.6 (McKenna et al., 2010). SNPs were called using 

SAMtools v 1.6 (Li et al., 2009) with minimum base and mapping quality of 30 and a 

coefficient for downgrading mapping quality for reads containing excessive 

mismatches of 50. Annovar v 20180416 (Yang & Wang, 2015) gene-based annotation 

was used to annotate all variants from each of the 25H resequenced genomes aligned 

to the reference genome using the corresponding genome annotation file from NCBI 

(O'Leary et al., 2015). Any genes not included in the NCBI annotation were checked 

for SNPs manually in Geneious (Kearse et al., 2012). SNPs associated with the 

reproductive genes in the 25H Tasmanian devils were identified by filtering the 

Annovar output and the total number of each type of SNP (synonymous, 

nonsynonymous, splicing, UTR5, UTR3, intronic, upstream, downstream) was 

calculated for each gene. Reproductive genes containing nonsynonymous SNPs were 

targeted for further analysis. The 12L dataset was not included in the initial SNP 

identification procedure in order to minimise the risk of false positive SNPs, which may 

have resulted in inaccurate target gene identification, because SNPs from low-

coverage datasets cannot be called as confidently as from higher-coverage data.  
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Nonsynonymous SNP Confirmation and Analysis 

Reproductive genes containing nonsynonymous SNPs were investigated 

further in both the original 25H resequenced genomes as well as the 12L resequenced 

genomes. Variants within the target reproductive genes of the 12L resequenced 

genomes were called together with the 25H resequenced genomes using the same 

parameters, as above. This method was chosen as multi-sample callers result in the 

best accuracy when lower coverage samples are called simultaneously with a larger 

number of higher coverage individuals (Cheng, Teo & Ong, 2014). Individual sample 

VCF files were then subset from the multisample VCF file and filtered to exclude 

variants below a filtered depth threshold using BCFtools v1.3.1 (Li et al., 2009). We 

chose a minimum filtered read depth of 10 for the 25H resequenced genomes and a 

minimum filtered read depth of five for the 12L resequenced genomes to increase 

confidence in the variant calls while preventing excessive data loss. The remaining 

variants were then merged into a multisample VCF file and converted to transposed 

PLINK format (Purcell et al., 2007) using VCFtools v0.1.14 (Danecek et al., 2011). 

PLINK v 1.90 was used to calculate minor allele frequencies (MAFs) and determine 

genotypes for all variants present within the coding regions of the target reproductive 

genes. Any variants with a MAF below 0.05 that were called in only one individual and 

had a low allelic depth (below 10), were removed in Geneious. Any positions that were 

called as variants relative to the reference, but which were monomorphic across the 

37 resequenced genomes (i.e., MAF = 0), were also filtered out using GATK and 

BCFtools. The final variant call files were used to create consensus sequences for 

each individual using GATK. IUPAC ambiguity codes were used to represent 

heterozygous positions in the individual consensus sequences and any positions 

below the specified filtered read depth (as above), or with a missing genotype, were 

masked. Extraction of CDS for the target genes was performed using bedtools v2.25 

(Quinlan & Hall, 2010) with a custom bed file containing the target gene regions and 

exon positions. Alignments of the CDS were mapped to the reference in Geneious to 

confirm all synonymous and nonsynonymous SNPs. Missing data/genotyping rate (by 

locus and individual), MAFs, heterozygosity, and deviations from Hardy-Weinberg 

equilibrium were calculated for the identified nonsynonymous SNPs in PLINK v1.90 

(Purcell et al., 2007). These analyses were performed on all samples and again with 

the nine known offspring removed to ensure the measures were not influenced by 

relatedness. 
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Population Diversity Analysis 

CDS alignments of genes confirmed to contain SNPs were converted to 

PHASE format using SeqPHASE (Flot, 2010). PHASE v2.1 (Stephens & Donnelly, 

2003; Stephens, Smith & Donnelly, 2001) was used to construct haplotypes using the 

original model with default iteration parameters and output probability thresholds (-p 

and -q) set to 0. This was performed to ensure any missing SNPs were imputed (based 

on the distributions of known haplotypes and allele frequencies across the entire 

dataset, see Stephens & Donnelly, 2003; Stephens et al., 2001) prior to performing 

the population diversity analysis. The -x flag was used to run the algorithm five times 

(with random seeds for each run) for each gene and the run with the highest goodness-

of-fit statistic was selected for the output. SeqPHASE was used to convert the PHASE 

output files to FASTA format and CERVUS 3.0.7 (Kalinowski, Taper & Marshall, 2007) 

was used to test whether the phased haplotypes were consistent across the nine trios 

present in the dataset. DnaSP v6 (Rozas et al., 2017) was used to infer the number of 

haplotypes (h), haplotype diversity (hd) and nucleotide diversity per site (π) for each 

gene. Deviations from the neutral model of molecular evolution were tested using 

Tajima’s D (Tajima, 1989) in DnaSP and codon-based Z-tests of selection were 

performed in MEGA7 (Kumar, Stecher & Tamura, 2016) using the Nei-Gojobori 

method (Nei & Gojobori, 1986) with variance estimated from 500 bootstraps. These 

statistics were repeated with the nine known offspring excluded to ensure any 

significant findings were not influenced by relatedness.  

 
Results 
Gene Characterisation 

Of 250 genes examined, 214 had predicted (complete or partial) CDS (Table 

S1). These 214 predicted genes were confirmed through analysis of gene synteny, 

CDS, and BLASTP searches and were investigated in the subsequent SNP analysis. 

The remaining 36 genes were not automatically annotated by NCBI or Ensembl and 

could not be identified in the Tasmanian devil genome (Table S2).  
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SNP identification and Analysis 

Using our 25H resequenced genomes, we identified over 5,000 putative SNPs 

associated with the 214 reproductive genes investigated (Figure 3.1) with an average 

of 28 putative SNPs per gene (range 0–549) (Table S3). Approximately 90% of these 

SNPs were intronic (Table S3). Forty-nine genes (23% of all genes investigated) were 

predicted to contain exonic SNPs, with 34 of these genes predicted to contain at least 

one nonsynonymous SNP (Table S3). Genes involved in embryogenesis, fertilisation 

and hormonal regulation of reproduction displayed greater numbers of 

nonsynonymous SNPs than synonymous SNPs (Figure 3.1). 

Confirmation of putative nonsynonymous SNPs was performed by analysing 

data from the 12L and 25H resequenced genomes together, along with additional 

filtering (see Methods). After filtering, 33 nonsynonymous SNPs across 20 of the 

genes remained (Table S4). These 20 genes represented molecular processes across 

a range of reproductive roles in females, males or both sexes (Table 3.1). For these 

nonsynonymous SNPs, the genotyping rate (percentage of individuals successfully 

genotyped at each SNP) was 82% (77% when excluding the nine known offspring) 

(Table S5). All nonsynonymous SNPs conformed to Hardy-Weinberg expectations 

(Table S5).  

Haplotypes at 18 of the 20 genes were consistent with the known trio 

information. DIAPH2 showed inconsistencies in 5 sire-dam-offspring trios (offspring 

haplotypes were not observed in the parents), possibly due to sequence complexity 

or particular motifs in this gene region resulting in sequencing difficulty (Nakamura et 

al., 2011). This gene was excluded from further analysis due to the high error rate 

(25% of SNPs were inconsistent across the 9 trios). PIP showed two occurrences of 

trio phasing inconsistency but was included in subsequent analysis due to the low 

error rate (2.2% of SNPs were inconsistent across the 9 trios). This resulted in 19 final 

genes (following exclusion of DIAPH2) that were included in subsequent population 

diversity analysis.  

The total number of SNPs (both synonymous and nonsynonymous) in the 

coding regions of each of the 19 final genes across the 37 resequenced genomes 

ranged from 1 to 10; number of haplotypes per gene ranged from 2 to 4 (Table 3.2). 

Mean haplotype diversity was 0.36 (SD 0.20) and mean nucleotide diversity was 4.3 

x 10-4 (SD 5.4 x 10-4) (Table 3.2). 
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Figure 3.1 Total number of SNPs identified in genes known or predicted to be involved 
in a variety of reproductive functions including embryogenesis (N = 13 genes), 
fertilisation (N = 26), hormonal regulation of reproduction (N = 43), gametogenesis (N 
= 74), and general reproductive development and function (N = 58). a) Exonic SNPs 
including synonymous (S) and nonsynonymous (NS). b) Other major SNP types 
including untranslated regions (UTR), flanking regions (F) and intronic regions (I). 
Stripes indicate intronic SNPs are plotted on the secondary axis. Light shading 
indicates SNPs that are 5’ (upstream), dark shading indicates SNPs that are 3’ 
(downstream). See Table S3 for more information.
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Table 3.1 Reproductive roles of genes found to contain nonsynonymous SNPs.   

Gene Role in Reproduction Sex 
affected Ref 

ADAMTS9 Important in uterine remodelling of implantation, placentation 
and parturition Female Russell, Brown, & Dunning, 2015 

ADAMTS10 Important for adhesion between the sperm and egg zona 
pellucida Male Dun et al., 2012 

ADAMTSL1 Involved in embryonic gonadogenesis Female Carré, Couty, Hennequet-Antier, & 
Govoroun, 2011 

AIRE 
Mutations result in autoimmune polyendocrinopathy-
candidiasis-ectodermal dystrophy (APECED) which can lead 
to infertility 

Both Aaltonen et al., 1997 

BMP5 Predicted to play a role in ovarian folliculogenesis Female Pierre, Pisselet, Dupont, Bontoux, & 
Monget, 2005 

CHD7 Mutations result in CHARGE syndrome (pubertal failure and 
infertility) Both Kim et al., 2008 

CLU Increased expression results in reduced sperm quality and 
infertility Male Zalata et al., 2012 

CYP19A1 A key enzyme in oestrogen biosynthesis and influences 
female fertility Female Simpson et al., 1994; Altmäe et al., 

2009 

DIAPH2 Important for normal ovarian development and function Female Bione et al., 1998 

DZIP1 Regulator of hedgehog signalling and may participate in 
spermatogenesis via its interaction with DAZ Male Moore, Jaruzelska, Dorfman, & Reijo-

Pera, 2004; Sekimizu et al., 2004 
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IRS4 Null mutations can lead to defects in reproduction Both Fantin, Wang, Lienhard, & Keller, 2000 

KIT Plays a key role in germ cell development, spermatogenesis 
and oogenesis Both Rossi, 2013; Russell, Brown, & 

Dunning, 2015 

LEP Deficiencies can lead to hypogonadotrophic hypogonadism 
and infertility Both Chehab, Lim, & Lu, 1996 

NANOG Transcription regulator important for embryonic stem cell 
pluripotency Both Pan & Thomson, 2007 

PIP Functions in seminal fluid, important for fertilisation Male Hassan, Waheed, Yadav, Singh, & 
Ahmad, 2009 

PRDM14 
Required for the proper initiation and coordination of the 
primordial germ cell specific gene expression program and 
promotes pluripotency 

Both Hohenauer & Moore, 2012 

PTCH1 Mediates hedgehog signalling in developing and adult 
marsupial gonads Both O'Hara, Azar, Behringer, Renfree, & 

Pask, 2011 

PTCH2 Mediates hedgehog signalling in developing and adult 
marsupial gonads Both O'Hara, Azar, Behringer, Renfree, & 

Pask, 2011 

PTGFRN 
Inhibitor of the Prostaglandin F2 Receptor which has multiple 
roles in reproduction e.g., progesterone synthesis and 
ovulation 

Female Craig, 1975 

SPACA6 Involved in sperm-oocyte fusion - gene knockouts result in 
failed fusion Male Lorenzetti et al., 2014 
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Table 3.2 Diversity statistics and neutrality tests performed on the target 
reproductive genes.  

Gene n CDS 
Length 

SNPs 
(ns:s) h hd π Tajima's 

D Z-test 

ADAMTS9 74 5919 9 (1:8) 4 0.666 7.32 3.52*** -2.63** 

ADAMTS10 74 3342 1 (1:0) 2 0.104 0.31 -0.60 0.98 

ADAMTSL1 74 5298 1 (1:0) 2 0.294 0.55 0.53 1.00 

AIRE 74 1590 10 (4:6) 4 0.451 21.71 1.83 -1.73 

BMP5 74 1368 1 (1:0) 2 0.053 0.39 -0.90 1.04 

CHD7 74 9093 3 (3:0) 3 0.586 1.15 1.34 1.27 

CLU 74 1178 2 (2:0) 3 0.445 4.06 0.27 1.29 

CYP19A1 74 1512 1 (1:0) 2 0.053 0.35 -0.90 1.07 

DZIP1 74 2433 3 (1:2) 3 0.283 3.08 0.41 -1.26 

IRS4 74 2751 1 (1:0) 2 0.053 0.19 -0.90 1.06 

KIT 74 2901 3 (2:1) 4 0.545 3.76 1.47 -0.67 

LEP 74 504 1 (1:0) 2 0.217 4.30 0.07 1.04 

NANOG 74 936 2 (2:0) 2 0.494 10.55 2.30* 1.01 

PIP 74 534 3 (3:0) 4 0.588 12.54 0.17 0.16 

PRDM14 74 1662 2 (1:1) 2 0.217 2.61 0.09 -0.69 

PTCH1 74 3891 1 (1:0) 2 0.344 0.88 0.82 1.01 

PTCH2 74 4524 3 (3:0) 3 0.527 2.34 1.37 1.50 

PTGFRN 74 2892 2 (2:0) 3 0.416 1.54 0.14 1.40 

SPACA6 74 1122 1 (1:0) 2 0.462 4.12 1.53 1.02 
n, number of sequences (2 allele sequences per individual); h, number of inferred haplotypes; hd, haplotype 
diversity; π, nucleotide diversity (x104) 
*p < 0.05. Did not remain significant after Holm-Bonferroni multiple tests correction. 
**p < 0.01. Did not remain significant after Holm-Bonferroni multiple tests correction. 
***p < 0.001. Remained significant after Holm-Bonferroni multiple tests correction. 

 

ADAMTS9 and NANOG showed statistically significant deviation from neutrality 

at the sequence level with positive Tajima’s D values suggesting population decline or 

balancing selection (Table 3.2). ADAMTS9 also showed evidence of purifying 

selection at the codon level with a statistically significant negative Z-test (p < 0.01; 

Table 3.2). There were no qualitative changes to the results when the nine known 

offspring were excluded from the analyses (Table S6).  
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Discussion 
As wildlife populations continue to decline globally, understanding the genetic 

basis of inter-individual variation is crucial for determining which genes may govern 

important phenotypes and contribute to species’ long-term survival and fitness. Here 

we show how genomic data can be used to explore functional genetic diversity in an 

endangered species. This study identified a surprising amount of putatively functional 

variation at reproductive genes in an otherwise genetically depauperate species. 

Tasmanian devils have shown concerning declines in productivity over time in both 

captivity (Farquharson, Hogg & Grueber, 2017) and the wild (Farquharson et al., 

2018). It is predicted that genetic variation may play a role in such changes 

(Farquharson, Hogg & Grueber, 2017; Gooley et al., 2020), although until now there 

was limited knowledge of whether diversity even exists at their reproductive genes.  

We characterised genetic variation at 214 reproductive genes in 37 Tasmanian 

devils and identified 5,933 putative SNPs. Signatures of selection were examined at a 

subset of 19 target genes that contained nonsynonymous variation, and hence may 

have functional consequences for reproduction. To the best of our knowledge, this is 

the first study to examine within-species reproductive gene diversity to this extent in a 

threatened species. 

Tasmanian devils exhibit very low levels of genetic diversity overall (Cheng et 

al., 2012; Jones et al., 2004; Miller et al., 2011; Morris et al., 2015). Most (77%) of the 

reproductive genes we examined had monomorphic coding regions in our sample set 

of 37 resequenced genomes; a low level of diversity that is comparable to that seen 

in a previous study which examined genetic diversity at 167 immune genes in ten 

Tasmanian devils (7 of which were included in the current study) (Morris et al 2015). 

However, within those reproductive genes that showed nonsynonymous variation, we 

found surprisingly high diversity relative to a similar subset of immune genes that also 

contained nonsynonymous SNPs (Morris et al., 2015). For example, despite a much 

larger sample size of up to 196 individuals across multiple captive and wild populations 

(with majority of individuals presumed to be unrelated), Morris et al. (2015) found a 

maximum of 3 SNPs per gene across nine polymorphic immune genes, compared with 

a maximum of 10 SNPs per reproductive gene here (across the final 19 polymorphic 

reproductive genes). Mean haplotype diversity was also higher in the current study. 

Differences in sample origin may contribute to the observed increased levels of 

diversity herein; however, the finding of higher genetic diversity at reproductive genes 
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compared with immune genes is unexpected given the smaller sample size and 

presence of related individuals within the current study. We note that Morris et al. 

(2015) used amplicon sequencing to confirm SNP diversity in the subset of target 

genes, which resulted in fewer SNPs than predicted by genome resequencing data. 

Although we did not employ gene-targeted sequencing methods in this study, we 

believe that the SNPs identified are likely to reflect real diversity, not sequencing 

artefacts, due to the number of resequenced genomes (particularly those with high 

coverage, around 45×) and the strict variant calling and filtering parameters employed.  

Thirty-six reproductive genes (14% of all genes investigated) present in model 

species could not be characterised in the Tasmanian devil genome by the methods 

applied here. For example, there were no TBLASTN hits for a number of genes 

including DPPA3/STELLA, SEMG1, SEMG2, TNP2 and PRM2, which are either too 

divergent from known orthologs to be identified by this method, or do not exist in 

marsupials (Johnson et al., 2018). Additionally, members of the NLRP (Nucleotide-

binding oligomerisation domain, leucine rich repeat and pyrin domain containing 

proteins) gene family have shown extensive duplication and diversification in 

mammalian lineages (Tian, Pascal & Monget, 2009) and were unable to be identified 

in the Tasmanian devil genome. Fragmentation and gaps in the current reference 

genome precluded characterising a number of genes such as KLK3, ZPBP and others 

(Table S2). Genes located on the Y chromosome (e.g., ATRY, DAZ1, USP9Y and 

DDX3Y) were unable to be identified due to the unavailability of Y-chromosome data 

in the female reference genome. Sequencing the Y chromosome will be important in 

the future to focus on male reproduction, as a number of important male reproductive 

genes are found on the Y (Murtagh, Waters & Graves, 2010; Toder, Wakefield & 

Graves, 2000).  

Twenty genes were found to contain nonsynonymous SNPs in the current study 

(with DIAPH2 later excluded due to phasing inconsistencies). Since nonsynonymous 

mutations result in amino acid changes, genes that contain nonsynonymous SNPs 

may influence phenotype (Shastry, 2009). Although other SNPs, such as synonymous 

polymorphisms or variants outside the coding sequence, may contribute to phenotype 

via processes such as mRNA stability (Chamary & Hurst, 2005), these are expected 

to have a weaker effect on gene function compared with mutations that alter the 

protein sequence (Tomoko, 1995). The genes found to contain nonsynonymous SNPs 

in the current study are involved in a variety of reproductive functions in both males 
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and females, and influence fertility-associated phenotypes in humans and other 

species (see Table 3.1 for more information). For example, mutations in the CHD7 

gene cause idiopathic hypogonadotropic hypogonadism and Kallmann syndrome in 

humans, resulting in impaired sexual development in both males and females (Kim et 

al., 2008). Mutations in the AIRE gene cause autoimmune polyendocrinopathy, 

candidiasis and ectodermal dystrophy (APECED) (Aaltonen et al., 1997) which has 

also been linked to infertility in both men and women (Perheentupa, 2006). ADAMTS 

proteases influence a range of reproductive processes in humans and mice (Russell, 

Brown & Dunning, 2015), three of which (ADAMTS9, ADAMTS10 and ADAMTSL1) 

displayed nonsynonymous variation in the current study. 

The majority of the individuals in our sample set are known to have successfully 

reproduced based on breeding records in captive facilities (Figure S2), so most of the 

nonsynonymous SNPs identified in the current study are unlikely to cause the extreme 

infertile phenotypes that have been reported in humans and mice. However, these 

variants may result in more subtle phenotypic effects such as reduced fertilisation 

success or reduced offspring survival etc. We note that a number of non-synonymous 

homozygoyte genotypes were not observed in our dataset (Table S5). They may 

encode more severe phenotypes, which could be associated with pregnancy loss or 

infertility and may exist in a larger sample set or could potentially be lethal and hence 

never appear in homozygous form. Further research is required to explore the 

functional consequences of the identified nonsynonymous variants herein. 

Interestingly, we found that genes involved in embryogenesis, fertilisation and 

hormonal regulation of reproduction displayed greater numbers of nonsynonymous 

SNPs than synonymous SNPs. This suggests that functional diversity may be 

important at genes involved in such processes. Tasmanian devils exhibit a number of 

unique reproductive characteristics including undergoing up to three oestrous cycles 

within their annual breeding season (Keeley et al., 2012); producing a greater number 

of embryos (up to 30) than can be supported by their four teats (Guiler, 1970; Hughes, 

1982); and multiple paternity litters (Russell et al., 2019) even though mate-guarding 

is a behavioural reproductive strategy (Hamilton et al., 2019). We hypothesise that 

these unique reproductive traits may drive functional diversity across genes involved 

in particular reproductive processes through adaptive evolution. For example, multiple 

mating by females is known to drive sperm competition which may result in selective 

pressures on genes involved in fertilisation (Dapper & Wade, 2016; Fiumera, Dumont 
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& Clark, 2005). Similarly, fitness advantages associated with the timing or number of 

oestrous cycles, or the number of viable embryos, could potentially drive natural 

selection at genes involved in the hormonal regulation of reproduction or 

embryogenesis respectively. To explore these ideas further we investigated 

signatures of selection at the reproductive genes containing nonsynonymous SNPs. 

Of the 19 final reproductive genes (following exclusion of DIAPH2 due to 

phasing inconsistencies), two genes (ADAMTS9 and NANOG) showed statistically 

significant signatures of selection, suggesting their variants may be linked to important 

phenotypic traits. After correcting for multiple testing using the Holm-Bonferroni 

method (Holm, 1979), the Tajima’s D for ADAMTS9 remained statistically significant, 

indicating that this gene may be under balancing selection at the sequence level within 

the population. Demographic factors such as population bottlenecks can contribute to 

the value of Tajima’s D (Tajima, 1989), however demographic factors are likely to 

affect loci across the whole genome. Since similar patterns of selection were not 

observed across all of the target loci, we hypothesise that ADAMTS9 may be a 

candidate for long-term balancing selection. Balancing selection actively maintains 

multiple alleles in a population, suggesting that the associated phenotypes may be 

advantageous under certain circumstances (e.g., Gos, Slotte, & Wright, 2012). 

ADAMTS9 is a pleiotropic gene that belongs to a large, diversified family of ADAMTS 

genes and has been implicated in several crucial female reproductive processes, 

namely: ovulation, implantation, placentation and parturition (Russell, Brown & 

Dunning, 2015). ADAMTS9 is also a novel tumour suppressor (Du et al., 2013) and 

has undergone strong selection for increased longevity in a number of small-bodied 

mammal lineages (Lambert & Portfors, 2017). This is particularly interesting in our 

context, as Tasmanian devils have a short lifespan (maximum 5 years in the wild) in 

comparison to other mammals of their size and show unusually high vulnerability to 

tumours (Griner, 1979). Although our data cannot disentangle whether selection on 

the ADAMTS9 gene in Tasmanian devils may be attributed to that gene’s role in 

reproduction and/or its role in tumour suppression and longevity. The attributes of this 

gene, such as its role in a number of key processes, make it a plausible candidate for 

adaptation and warrants further investigation.  

The NANOG gene also showed a putative pattern of balancing selection in the 

Tasmanian devil, though this result did not remain statistically significant after 

correcting for multiple testing. NANOG is a key transcription factor involved in 
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embryonic stem cell pluripotency (Pan & Thomson, 2007). We identified a multi-

nucleotide nonsynonymous polymorphism within the coding sequence of NANOG. It 

is currently unknown whether these variants are associated with differential 

phenotypes. Investigations into whether the identified nonsynonymous SNP is 

correlated with embryonic survival traits and may influence reproductive success 

within the Tasmanian devil are required. 

Although reproductive genes and their variants have been well studied in model 

and livestock species (see Hunt et al., 2018), there is little data on reproductive 

variants in threatened species, many of which typically show low overall levels of 

genome-wide diversity. As a result, it is difficult to ascertain whether Tasmanian devil 

reproductive gene diversity is higher or lower than expected compared to other 

threatened species. Furthermore, our study focused on a relatively small sample set 

from a limited number of locations in Tasmania and may not have captured the true 

extent of genetic diversity across the species’ range. As whole genome sequencing 

technology becomes cheaper with time, sampling Tasmanian devils across their range 

would improve our understanding of their reproductive gene diversity. The full benefit 

of understanding reproductive gene diversity in Tasmanian devils can be realised by 

studying the relationship between genetic variation and reproductive phenotypes. For 

this threatened species, this is possible as the Tasmanian devil insurance population 

is Australia’s largest captive breeding program (Hogg et al., 2019) with a large number 

of individuals across multiple generations with DNA samples and extensive 

reproductive records. This resource will allow us to investigate diversity across a range 

of candidate genes to determine whether variation in reproductive genes influences 

reproductive fitness. For example, the SPACA6 gene has been implicated in 

fertilisation ability of male mice (Lorenzetti et al., 2014) and was found to contain a 

nonsynonymous SNP among the sampled Tasmanian devils in the current study. By 

sequencing the SPACA6 gene across hundreds of male Tasmanian devils using 

specific PCR primers, or a targeted capture approach, we could statistically determine 

whether this variant is correlated with an individual’s siring ability. Candidate gene 

approaches have several advantages over whole-genome approaches, namely the 

higher inherent statistical power and reduced sequencing costs. However, it is 

possible that other genes or genomic regions that influence reproductive phenotypes 

may be missed and so a genome-wide association study (GWAS) may be more 

informative (for a review of candidate gene vs GWAS approaches see Suh & Vijg, 
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2005). A combination of these approaches will likely be the best way forward to 

understanding the interplay between reproductive genotype and phenotype. The rise 

of whole genome sequencing and global consortia developing reference genomes for 

wildlife means that our understanding of functional gene diversity in a range of 

threatened species can only improve with time, particularly in those species where 

range reduction and population contraction has led them to be genetically 

depauperate. The approach used in this study demonstrates how these growing 

genomic resources can be utilised to explore functional diversity in threatened species 

and how this information can assist with their conservation management. 

 

Conclusion 

Our study has bioinformatically characterised diversity at 219 reproductive 

genes in 37 Tasmanian devils. We have identified and examined diversity at 19 

polymorphic genes containing nonsynonymous SNPs that may have functional 

consequences on reproduction. The results from this study provide the foundation for 

future research to explore whether any of these genes are associated with variable 

reproductive phenotypes and hence may be involved in the generational productivity 

declines that have been observed in the Tasmanian devil insurance population 

(Farquharson, Hogg & Grueber, 2017; Hogg et al., 2015). If specific genotypes are 

found to influence productivity, preserving the functional variation described herein 

may be key to minimising these declines and facilitating the success of conservation 

breeding programs. Beyond assisting with conservation decisions for the Tasmanian 

devil the candidate gene approach described here may also be applied to reproductive 

management in other threatened species conservation programs. 
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3.3 SUPPLEMENTARY 
 
SUPPLEMENTAL TABLES 
Supplemental tables are too large for print but are available as a supplementary 

excel file which can be downloaded using the following link: 

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2F1755-

0998.13295&file=men13295-sup-0002-TableS1-S6.xlsx 

Table headers for each supplemental table are provided below.  

Table S1 Reproductive genes characterised in the Tasmanian devil with the 

corresponding annotation information and analysis notes. 

Table S2 Reproductive genes unable to be characterised in the Tasmanian devil. 

Table S3 The total number of putative SNPs identified in each of the characterised 

reproductive genes across the 25 high-coverage Tasmanian devil genomes. 

Table S4 Nonsynonymous SNPs identified in the 37 resequenced Tasmanian devil 

genomes. 

Table S5 Tests of Hardy-Weinberg equilibrium performed on the target SNPs and 

related statistics. 

Table S6 Diversity statistics and neutrality tests performed on the target reproductive 

genes with the 9 known offspring excluded.  
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SUPPLEMENTAL FIGURES 

  
Figure S1 Map showing source locations of the twelve high-coverage wild-born 
founder individuals (circles) and the population where the 12 low-coverage (12L) 
resequenced genomes were sampled (triangle). Labels for the wild-born founders 
correspond to the last three digits of the respective sample name.  
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Figure S2 Pedigree showing the relationships between the twenty-five high-coverage 
resequenced genomes. Asterisks (*) indicate wild founder individuals. 
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THE FIRST ANTECHINUS REFERENCE GENOME 

PROVIDES A RESOURCE FOR INVESTIGATING THE 

GENETIC BASIS OF SEMELPARITY AND AGE-RELATED 

NEUROPATHOLOGIES 

 
4.1 BACKGROUND 
Chapter 4 comprises the published manuscript: 

 

Brandies, PA, Tang, S, Johnson, RSP, Hogg, CJ & Belov, K 2020, 'The first 

Antechinus reference genome provides a resource for investigating the genetic basis 

of semelparity and age-related neuropathologies', Gigabyte, vol. 1, no. 7, pp. 1-22. 
 

Chapter 1 and Chapter 3 focus on the value of genomic resources available for a well-

researched threatened marsupial species. This chapter aims to demonstrate the value 

of generating reference genomes for non-threatened species as a genomic resource 

for closely related threatened counterparts and as a model to explore the genetic basis 

of biological traits with potentially broad implications. I created a reference genome for 

the brown antechinus, a common native Australian marsupial that exhibits a rare 

reproductive strategy that makes it an ideal model species for investigating the genetic 

interplay between stress, reproduction and immunity. The first antechinus reference 

genome and associated findings provides a key resource for future research to better 

understand how genetics modulates the relationship between extreme life history 

trade-offs, which could have crucial implications on threatened marsupial species. 

Additionally, the antechinus reference genome acts as a valuable tool to assist with 

population monitoring and conservation of all species in the Antechinus genus, 

particularly those vulnerable to extinction. 

 

Katherine Belov, Carolyn J. Hogg and I conceived and designed the project. Carolyn 

J. Hogg and I collected the samples with assistance from Robert S.P. Johnson. I 

prepared the samples, created the reference genome, performed downstream 

analysis and drafted the manuscript. Simon Tang assisted with downstream analysis. 
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All authors revised the manuscript. The published PDF version of this manuscript is 

provided in Appendix 1.  
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4.2 MAIN ARTICLE 
 
The first Antechinus reference genome provides a resource for 

investigating the genetic basis of semelparity and age-related 

neuropathologies 
Parice A. Brandies1, Simon Tang1, Robert S.P. Johnson2, Carolyn J. Hogg1 and 

Katherine Belov1* 
1. School of Life and Environmental Sciences, Faculty of Science, University of Sydney, 

Sydney, New South Wales, Australia.  

2. Zoologica: Veterinary and Zoological Consulting, Millthorpe, New South Wales, Australia 

* Corresponding Author  

Abstract 
Antechinus are a genus of mouse-like marsupials that exhibit a rare 

reproductive strategy known as semelparity and also naturally develop age-related 

neuropathologies similar to those in humans. We provide the first annotated 

antechinus reference genome for the brown antechinus (Antechinus stuartii). The 

reference genome is 3.3 Gb in size with a scaffold N50 of 73 Mb and 93.3% complete 

mammalian BUSCOs. Using bioinformatic methods we assign scaffolds to 

chromosomes and identify 0.78 Mb of Y-chromosome scaffolds. Comparative 

genomics revealed interesting expansions in the NMRK2 gene and the protocadherin 

gamma family, which have previously been associated with aging and age-related 

dementias respectively. Transcriptome data displayed expression of common 

Alzheimer’s related genes in the antechinus brain and highlight the potential of utilising 

the antechinus as a future disease model. The valuable genomic resources provided 

herein will enable future research to explore the genetic basis of semelparity and age-

related processes in the antechinus.  

 

Context 
Antechinus are a genus of small, carnivorous, dasyurid marsupials that are 

distributed throughout Australia and New Guinea, and exhibit a rare reproductive 

strategy known as semelparity. Semelparous species reproduce only once in a lifetime 

(Braithwaite & Lee, 1979). Although this reproductive strategy is common among 
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bacteria, plant and invertebrate species (Cole, 1954), it is rarely seen in mammalian 

species and is restricted to didelphid and dasyurid marsupials (Lee & Cockburn, 1985; 

Naylor, Richardson & McAllan, 2008). During the annual breeding season, male 

antechinus undergo an extreme shift in resource allocation from survival to 

reproduction, resulting in a complete die-off of all males in the weeks following mating 

(Bradley, McDonald & Lee, 1980; Braithwaite & Lee, 1979; Promislow & Harvey, 1990; 

Woolley, 1966). Increased levels of plasma corticosteroid assist antechinus males in 

utilising their energy reserves to maximise reproductive potential during the breeding 

season (Lee & Cockburn, 1985). However, elevation of these corticosteroids results 

in total immune system collapse leading to gastrointestinal haemorrhage, 

parasite/pathogen invasion and death (Bradley, McDonald & Lee, 1980; Lee, Bradley 

& Braithwaite, 1977). It is currently unknown how semelparity is controlled at the 

genetic level in the antechinus.  

The antechinus has also been proposed as a model species for the physiology 

of dementias associated with aging such as Alzheimer’s disease (AD) (McAllan, 2006; 

McAllan, Hobbs & Norris, 2006; Naylor, Richardson & McAllan, 2008). Primarily 

characterised by the formation of amyloid-β plaques and neurofibrillary tangles in the 

brain, AD is a progressive neurodegenerative disease that is predicted to affect more 

than 100 million people by 2050 (Ulep, Saraon & McLea, 2018). Traditionally, 

transgenic mouse models have been utilised to study AD (Elder, Gama Sosa & De 

Gasperi, 2010; Götz et al., 2004; Schwab, Hosokawa & McGeer, 2004); however, mice 

do not naturally develop β-amyloid plaques and neurofibrillary tangles (King, 2018; 

Reardon, 2018). Both of these have been found to develop naturally in mature male 

and female antechinus, particularly after the breeding season (McAllan, 2006; 

McAllan, Hobbs & Norris, 2006). Antechinus also possess a number of characteristics 

that could make them an ideal model organism including: a small body size, short 

lifespan, production of large numbers of offspring and the ability to be easily 

maintained in captivity (Bradley, McDonald & Lee, 1980; Holleley et al., 2006; Wood, 

1970). Creating a reference genome for the antechinus and understanding whether 

there is expression of key AD-related genes in the antechinus brain is a key first step 

in determining their suitability as a future disease model for AD in humans.  

Here we present an annotated reference genome for the brown antechinus 

(Antechinus stuartii). We use a bioinformatic approach (Bidon et al., 2015) to provide 

a more complete characterisation of the Y chromosome, which is currently poorly 
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annotated in marsupials, due to its heterochromatic, highly repetitive nature and small 

size (Toder, Wakefield & Graves, 2000). We also call and annotate phased genome-

wide SNVs (single nucleotide variants) and structural variants, and use comparative 

genomics to identify rapidly evolving gene families. Finally, we characterise variation 

in a variety of genes that have previously been associated with AD and evaluate the 

expression of these genes in the brown antechinus transcriptome.  

The annotated genome and other genomic resources provided herein provide 

a powerful foundation for studying semelparity and neurodegeneration as well as 

showcasing the potential hidden within the genomes of Australia’s unique biodiversity.  

 
Methods 
Sample Collection 

Using a standard Elliot trapping procedure (University of Sydney Animal Ethics: 

2018/1438, NSW Scientific License number SL101204) (Tasker & Dickman, 2001), 

one male and one female adult brown antechinus (Antechinus stuartii) were trapped 

in June 2019 at Lane Cove National Park, NSW. Individuals were euthanased using 

pentobarbitone (60mg/mL) and samples were collected immediately after death. Blood 

samples were collected in RNAprotect® Animal Blood Tubes and stored at 4˚C. Tissue 

samples were either flash frozen in liquid nitrogen (genomic DNA extraction) or placed 

in RNAlater (transcriptomic RNA extraction) and stored at 4˚C overnight before long-

term storage at -80˚C. 

 

Genome Assembly 

DNA was extracted from female and male skeletal muscle tissue using the 

Circulomics Nanobind HMW DNA kit and quantified using a Qubit dsDNA BR (Broad 

Range) assay and pulse field gel electrophoresis. 10x Genomics linked-read 

sequencing libraries were prepared at the Ramaciotti Centre for Genomics (Sydney, 

NSW, Australia) and sequenced on a NovaSeq 6000 S1 flowcell using 150 bp PE 

reads. De novo genome assembly was performed for both sexes independently with 

Supernova v2.1.1 (Weisenfeld et al., 2017) using all reads, obtaining approximately 

75× raw coverage and 55× effective (deduplicated) coverage. BBTools v38.73 

(Bushnell, 2014) was used to generate assembly statistics and BUSCO (Simão et al., 

2015) analysis was performed with both v3.0.2 (4,104 mammalian BUSCOs) and v 

4.0.6 (9,226 mammalian BUSCOs). 
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Chromosome Assignment and Y Chromosome Analysis 

Putative chromosome assignment of the male assembly was achieved by 

mapping the male scaffolds to the chromosome-length reference genome of the 

closely-related Tasmanian devil (Sarcophilus harrisii) available on NCBI (RefSeq 

assembly mSarHar1.11) (O'Leary et al., 2015) using nucmer v4.0.0beta2 (Kurtz et al., 

2004) with default parameters and filtering the output using custom bash scripts. Due 

to the lack of complete Y chromosome sequence in the Tasmanian devil reference 

genome, additional Y chromosome scaffolds were identified using an AD-ratio 

(average depth ratio) approach (Bidon et al., 2015) and confirmed through BLAST 

searches of known marsupial Y genes. 

Firstly, both the male and female 10x reads were trimmed to remove the 10x 

Chromium barcode and low-quality sequence using FastQC v0.11.5 (Andrews, 2010) 

and BBTools. Male and female trimmed reads were aligned to the male genome 

assembly separately using BWA (Burrows-Wheeler Aligner) v0.7.17-r1188 (Li & 

Durbin, 2009) with shorter split hits marked as secondary using the -M flag, duplicates 

were removed using samblaster v0.1.24 (Faust & Hall, 2014) with duplicates excluded 

using the -e flag, and alignments with quality scores <20 were removed with samtools 

v1.10 (Li et al., 2009) using the -q flag. The output file was converted to bam format, 

sorted and indexed with samtools and average coverage statistics were generated 

using Mosdepth v0.2.6 (Pedersen & Quinlan, 2017) in fast mode. Following a previous 

study (Bidon et al., 2015), the AD-ratio of each scaffold was calculated for each 

scaffold whereby a normalised ratio of female reads to male reads should result in a 

value of ~1 (0.7 < AD-ratio < 1.3) for autosomal scaffolds (as both the male and female 

should have similar levels of coverage at these regions), a value of ~2 (1.7 < AD-ratio 

< 2.3) for X chromosome scaffolds (as females should have double the coverage at 

these regions due to them possessing two X chromosomes) and a value of ~0 (AD-

ratio ≤ 0.3) for Y chromosomes (as females should have no coverage at these regions 

due to the lack of a Y chromosome). 

In order to improve our confidence in the scaffolds assigned as putatively male 

using the AD-ratio approach, we used BLAST v2.6.0 (Altschul et al., 1990; Camacho 

et al., 2009) to map 20 known marsupial Y genes and their autosomal or X homologs 

(if available) from a previous study (Cortez et al., 2014) against the male brown 

antechinus assembly. Scaffolds with an AD-ratio <0.3 and strong BLAST matches (1e-
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10) to marsupial Y genes (but not the respective X chromosome homologs), were 

deemed as belonging to the Y chromosome.  

 

Transcriptome Assembly, Annotation and Analysis 

Total RNA (excluding miRNA) was extracted from blood using the Qiagen 

RNeasy Protect Animal Blood Kit, and from tissues using the Qiagen RNeasy Mini Kit 

with quantification performed using the Agilent Bioanalyzer RNA 6000 Nano Kit. 

TruSeq Stranded mRNA-seq library preparation was performed on male and female 

spleen, brain, adrenal gland and reproductive tissues (ovary/testis) at the Ramaciotti 

Centre for Genomics (Sydney, NSW, Australia), and sequenced as 150 bp PE reads 

on a NovaSeq 6000 SP flowcell. RNA-seq reads were quality trimmed and assembled 

de novo to create a global transcriptome assembly using Trinity v2.10.0 (Grabherr et 

al., 2011; Haas et al., 2013) with default Trimmomatic (Bolger, Lohse & Usadel, 2014) 

and Trinity parameters. Trinity’s TrinityStats.pl script was used for general assembly 

statistics, representation of full-length reconstructed protein-coding genes was 

examined by Swiss-Prot (Consortium, 2018) BLAST searches, and completeness was 

assessed using BUSCO v3 and v4. Trimmed reads were mapped back to the 

assembly using bowtie2 v2.3.5.1 (Langmead & Salzberg, 2012) with a maximum of 

20 distinct, valid alignments for each read (using the -k flag) to determine read 

representation. Transcript abundance for each tissue type was estimated using Trinity 

and Salmon v1.0.0 (Patro et al., 2017) with default parameters to create a cross-

sample TMM normalised matrix of expression values (Dillies et al., 2013; Robinson & 

Oshlack, 2010). Finally, the ExN50 statistic was calculated using the normalised 

expression data. This statistic calculates the N50 for the most highly expressed genes 

thereby excluding any lowly expressed contigs which are often very short (due to low 

read coverage preventing assembly of complete transcripts) and hence provides a 

more useful indicator of transcriptome quality than the standard N50 metric (Haas et 

al., 2013). 

Functional annotation of the global transcriptome was performed using 

Trinotate v3.2.0 (Bryant et al., 2017). Briefly, TransDECODER v5.5.0 was used to 

identify candidate coding regions within the Trinity transcripts with default parameters. 

Blast searches of the TransDECODER peptides and Trinity transcripts were 

performed against the Swiss-Prot database and the Tasmanian devil reference 

genome annotations from NCBI (RefSeq assembly mSarHar1.11) (O'Leary et al., 
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2015) with an e-value cut-off of 1e-5. HMMER v3.2.0 (Eddy, 2018) was used to identify 

conserved protein domains with the Pfam (El-Gebali et al., 2019) database, SignalP 

v4.1 (Nielsen, 2017) was used to predict signal peptides and RNAmmer v1.2 (Lagesen 

et al., 2007) was used to detect any ribosomal RNA contamination (all programs were 

run with default parameters). The results from the above were loaded into a SQLite3 

database. 

 

Repeat Identification and Genome Annotation 

A custom repeat database was generated with RepeatModeler v2.0.1 (Smit, 

Hubley & Green, 2008-2015) and repeats (excluding low complexity regions and 

simple repeats with the -nolow flag) were masked with RepeatMasker v4.0.6 (Smit, 

Hubley & Green, 2013-2015). Genome annotation was performed using Fgenesh++ 

v7.2.2 (Salamov & Solovyev, 2000; Solovyev et al., 2006; Solovyev, 2002) using 

optimised gene finding parameters of the closely related Tasmanian devil (Sarcophilus 

harrisii) with mammalian general pipeline parameters. Transcripts representing the 

longest protein for each trinity “gene” were extracted from the trinity and trinotate 

output files for mRNA-based predictions with a custom bash script using seqtk v1.3 

and seqkit v0.10.1 (Shen et al., 2016). A high-quality non-redundant metazoan protein 

dataset from NCBI was used for homology-based predictions using the “prot_map” 

method. Ab initio predictions were performed in regions where no genes were 

predicted by other methods (i.e., mRNA mapping or protein homology). The predicted 

protein-coding sequences were used in BLAST searches against the Swiss-Prot 

database with an e-value cut-off of 1e-5 to identify genes with matches to known high 

quality proteins from other species.  

 

Variant Annotation 

The male reference genome was altered following the 10x Genomics Long 

Ranger (Zheng et al., 2016) software recommendations of a maximum 500 fasta 

sequences as follows: scaffolds <50 kb were extracted and concatenated with gaps 

of 500 N’s and then added to the main genome fasta file as a single scaffold and 

scaffolds ≥50 kb (428 scaffolds) were listed in the primary_contigs.txt file. A BED file 

of the assembly gaps was created using faToTwoBit and twoBitinfo (Kent et al., 2002) 

to generate the sv_blacklist.bed file. Male and female 10x reads were aligned to the 

altered male 10x reference genome with whole-genome SNVs, indels and structural 
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variants called and phased using Long Ranger v2.2.2 (Zheng et al., 2016) with the 

FreeBayes option. Male and female VCF files were merged with bcftools v1.10.1 (Li 

et al., 2009) and variants were annotated using ANNOVAR v20180416 (Wang, Li & 

Hakonarson, 2010; Yang & Wang, 2015) gene-based annotation.  

 

Gene Family Analysis 

Gene ontology (GO) annotation (using the generic GO slim subset) was 

performed on brown antechinus proteins based on Swiss-Prot matches using GOnet 

(Pomaznoy, Ha & Peters, 2018) to identify genes associated with key biological 

functions.   

To identify any rapidly evolving gene families in the brown antechinus, 

proteomes from six other target species (Tasmanian devil, koala, opossum, human, 

mouse and platypus) were downloaded from NCBI (O'Leary et al., 2015) and the 

longest isoform for each gene was extracted using custom bash scripts. Protein 

sequences from the brown antechinus Fgenesh++ annotation were also extracted and 

OrthoFinder v2.4.0 (Emms & Kelly, 2015; Emms & Kelly, 2019) was run with default 

parameters to identify orthogroups between the 7 target species. CAFE v5 (De Bie et 

al., 2006; Hahn et al., 2005) was run on the output data from OrthoFinder using an 

error model to account for genome assembly error (-e flag) and estimating multiple 

lambda’s (gene family evolution rates) for monotremes, marsupials and eutherians (-

y flag). Significant expansions and contractions within the brown antechinus branch 

were examined to identify any interesting patterns. 

 

Alzheimer’s Genes Analysis 

Literature searches using the search terms “Alzheimer’s” and “gene”, and 

mining the human gene database GeneCards (Stelzer et al., 2016) using the keyword 

“Alzheimer’s” were used to identify forty common genes that have previously been 

associated with Alzheimer’s disease in humans or mice disease models. Human 

coding sequences (CDS) for the genes of interest were downloaded from Swiss-Prot 

and were used in BLAST searches against the Fgenesh++ genome annotations to 

identify the predicted gene sequences within the male brown antechinus reference 

genome. The predicted protein sequences were matched against the predicted coding 

sequences of the global transcriptome using BLAST to identify candidate transcripts 

and expression of the candidate genes across the sequenced tissues was explored 
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using the TMM-normalised expression matrix. All sequences were used in BLAST 

searches back to the Human Swiss-Prot proteome to confirm orthology through 

reciprocal best hits (RBH) and were aligned to human protein sequences with 

MUSCLE v3.8.425 (Edgar, 2004) in order to determine sequence similarity and 

identity. SNVs associated with the target genes were explored using the ANNOVAR 

output. 

 
Findings 
Genome Assembly 

The male and female brown antechinus genome assemblies were both 3.3 Gb 

in size. Genome contiguity was slightly higher for the male antechinus with a scaffold 

N50 of 72.7 Mb in comparison with the female scaffold N50 of 58.2 Mb (Table 4.1). 

Both male and female genome assemblies showed completeness scores comparable 

to the two best marsupial reference genomes currently available (the koala: RefSeq 

phaCin_unsw_v4.1, and the Tasmanian devil: RefSeq mSarHar1.11), with >90% of 

the 4,104 version 3 mammalian BUSCO’s and >80% of the 9,226 version 4 

mammalian BUSCO’s being complete (Table 4.1). Male and female assemblies had 

90% and 89% of reads mapped as proper pairs and a gap percentage of 2.75% and 

2.29% (which is within the normal gap range for 10x genomics assemblies [Weisenfeld 

et al., 2017]) respectively. The male assembly was chosen to be the reference genome 

as it showed the highest contiguity and includes the Y chromosome. 

 

Chromosome Assignment and Y Chromosome Analysis 

The Dasyuridae family display a high level of karyotypic conservation with all 

species having almost identical 2n = 14 karyotypes (Deakin, 2018). Antechinus 

chromosomes were therefore bioinformatically assigned by alignment of the male 

brown antechinus scaffolds to the chromosome-length Tasmanian devil reference 

assembly (RefSeq mSarHar1.11). This resulted in 94.3% of the genome being 

assigned to chromosomes with the remaining 5.7% of the genome being unassigned 

either due to no matches to the Tasmanian devil genome or due to multiple alignments 

where there was no best match to a single chromosome (Figure 4.1a). The length of 

assigned antechinus chromosomes was similar to that of the Tasmanian devil as 

expected (Figure 4.1b). 
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Table 4.1 Comparison of brown antechinus genome assembly statistics in comparison with the two current highest-quality marsupial 
genomes.  
 

Species Assembly 
Genome 
Size 
(GB) 

No. 
Scaffolds 
↓ 

No. 
Contigs 
↓ 

Scaffold 
N50 
(MB) ↑ 

Contig 
N50 
(MB) ↑ 

% Genome 
in 
Scaffolds > 
50 KB ↑ 

Complete 
Mammalian 
BUSCOs v3 
(%) ↑ 

Complete 
Mammalian 
BUSCOs v4 
(%) ↑ 

Antechinus 
(M) 

antechinusM_pseud
ohap2.1 
(USYD_AStu_M*) 

3.3 30876 106199 72.7 0.08 96.35 93.3 81.3 

Antechinus 
(F) 

antechinusF_pseudo
hap2.1 3.3 31296 107658 58.2 0.08 96.61 92.9 81.6 

Koala phaCin_unsw_v4.1* 3.2 - 1909 - 11.59 99.11 92.3 81.6 
Tasmanian 
devil mSarHar1.11* 3.1 106 445 611.3 62.34 99.97 93.8 80.9 

Arrows indicate whether higher or lower numbers are considered better quality. 
*NCBI Assembly ID  
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Figure 4.1 Assignment of antechinus scaffolds to chromosomes by alignment to the 
Tasmanian devil reference genome. a) Proportion (%) of scaffolds (blue) and genome 
length (red) assigned to chromosomes. b) Comparison of length of sequence 
assigned to each chromosome from the Tasmanian devil reference genome (blue) 
and the antechinus genome (red). Other represents scaffolds assigned to “unplaced” 
Tasmanian devil scaffolds and Unassigned represents scaffolds unable to be 
assigned due to no matches to the Tasmanian devil genome or due to multiple 
matches where a best hit to a single chromosome was not identified.  



 104 

The current Tasmanian devil reference genome (RefSeq mSarHar1.11) 

contains limited Y-chromosome sequence (~130 kb) and so only one antechinus 

scaffold (scaffold 161317, ~73 kb) was assigned as Y chromosome. To identify further 

putative Y chromosome scaffolds, we implemented an AD-ratio approach (see Bidon 

et al., 2015). Using this approach 3.1 Gb (~95%) of the male genome was assigned 

as autosomal, 87 Mb (~2.6%) of the male genome was assigned as X chromosomal 

and 11.4 Mb (0.3%) of the genome was assigned as Y chromosomal (Figure 4.2). The 

results from this approach showed that ~92% of the genome was in agreeance with 

the chromosome assignment results from mapping the brown antechinus genome to 

Tasmanian devil genome with the remaining 8% mainly due to unassigned 

chromosomes from either method rather than chromosome discrepancies between 

the two methods (only 0.2% of genome). 

In order to identify some high-confidence Y chromosome scaffolds from the 

putative Y chromosome scaffolds identified with the AD-ratio approach, we aimed to 

identify scaffolds containing known Y genes and Y-specific transcripts. Out of 20 

known marsupial Y chromosome genes from a previous study (Cortez et al., 2014), 

13 showed hits to scaffolds with AD-ratios ≤0.01 indicating a high probability they are 

putative Y chromosome scaffolds. Furthermore, their autosomal, or X chromosome, 

homologs mapped to different scaffolds providing additional confidence that the 

scaffolds identified likely contain the Y homolog. Seven of these Y genes were found 

to be on scaffold 163451, four were located on scaffold 162475 and one was matched 

to scaffold 161317 (Figure 4.3). These scaffolds were deemed Y-chromosome 

scaffolds and comprise 0.78 Mb of the genome. They represent the largest amount of 

Y-chromosome sequence characterised in any marsupial species. The remaining 

gene (ATRY) displayed multiple partial alignment hits to a number of different 

antechinus scaffolds and could not be reliably annotated to a single scaffold. A number 

of other genes were also annotated to these scaffolds by Fgenesh++ annotation 

including an XK-related protein on scaffold 161317, an AMMECR1-like gene on 

scaffold 163451 and a HMGB3-like protein on scaffold 162475. Identification and 

annotation of Y chromosome scaffolds in the brown antechinus will assist with future 

research wanting to explore male semelparity and key male-specific reproductive 

genes.
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Figure 4.2 AD-Ratio histogram of antechinus scaffolds. Figure shows the total length 
of sequence within each 0.025 AD-ratio bin. Scaffolds clustering around an AD-ratio 
of 0 represent Y-linked sequence (Green), scaffolds clustering around an AD-ratio of 
1 represent Autosomal sequence (Red), scaffolds clustering around an AD-ratio of 2 
represent X-linked sequence (Blue) and scaffolds between these regions represent 
unassigned sequence (Black). 
 

 
 
Figure 4.3 Mapping of known marsupial Y gene homologs on antechinus Y 
chromosome scaffolds. a) Scaffold 161317, b) Scaffold 162475, c) Scaffold 163451. 
Figure 4.3 was created using the AnnotationSketch module from GenomeTools 
(Gremme, Steinbiss & Kurtz, 2013). 
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Transcriptome Assembly and Annotation 

The global brown antechinus transcriptome assembly of 10 tissues (5 male and 

5 female) was composed of 1,296,975 transcripts (1,636,859 including predicted 

splicing isoforms). The average contig length was 773 bp and the contig N50 was 

1,367 bp. Considering only the top 95% most highly expressed transcripts gave an 

ExN50 (a more useful indicator of transcriptome quality) of 3,020 bp which is similar 

to the average mRNA length in humans (3,392 bp) (Piovesan et al., 2016). The 

assembly showed good overall alignment rates of reads from each of the tissues 

(>96%) with a high percentage mapped as proper pairs (≥89%). The transcriptome 

assembly exhibited similar completeness to the genome with BUSCO analysis 

identifying 94% and 84% complete BUSCOs for version 3 and version 4 mammalian 

datasets respectively. TransDecoder predicted 296,706 coding regions within the 

global transcriptome (including predicted splicing isoforms) of which 181,691 (61%) 

were complete (contained both a start and stop codon) and 159,121 (54%) had BLAST 

hits to Swiss-Prot. Taking only the longest complete predicted isoform for each gene 

resulted in 38,829 mRNA transcripts that were used for genome annotation.  

 

Repeat Identification and Genome Annotation 

873 repeat families were identified in the male antechinus genome (Table 4.2), 

with 44.82% of the genome being masked as repetitive; a similar repeat content to 

that of other marsupial and mammalian genomes (Margulies et al., 2005). A total of 

55,827 genes were predicted by Fgenesh++, of which 25,111 had BLAST hits to 

Swiss-Prot. This number is similar to that of the 26,856 protein-coding genes 

annotated in the closely related Tasmanian devil reference genome (RefSeq 

mSarHar1.11). Of these 25,111 gene annotations, 13,189 were predicted based on 

transcriptome evidence, 1,286 were predicted based on protein evidence and the 

remaining were predicted ab initio based on trained gene finding parameters. BUSCO 

v3 and v4 completeness scores for the annotation were 78.2% and 67.3% 

respectively.  
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Table 4.2 Summary of repeat classes identified and masked in the brown antechinus 
reference genome. 

  

Repeat Class Count Masked (bp) Masked (%) 
DNA    

    CMC-EnSpm 267774 30028201 0.91%  
    Ginger-1 13763 1594788 0.05%  
    PIF-Harbinger 763 204495 0.01%  
    TcMar-Tc1 7165 1616661 0.05%  
    TcMar-Tc2 3098 1745523 0.05%  
    TcMar-Tigger 22186 4059186 0.12%  
    hAT 744 142335 0.00%  
    hAT-Ac 2400 291924 0.01%  
    hAT-Charlie 143304 24400026 0.74%  
    hAT-Tip100 36557 6236166 0.19%  
    LINE 6840 2038840 0.06%  
    CR1 301533 59092138 1.79%  
    Dong-R4 12719 4935572 0.15%  
    L1 1117136 608623645 18.40%  
    L2 770053 168785105 5.10%  
    RTE-BovB 98681 30352289 0.92%  
    RTE-RTE 64120 17729186 0.54%  
LTR    

    ERV1 19808 9033177 0.27%  
    ERVK 56462 49884792 1.51%  
    ERVL 2556 1297101 0.04%  
    Gypsy 4842 1375235 0.04%  
SINE    

    5S-Deu-L2 4816 270426 0.01%  
    Alu 6938 1367052 0.04%  
    MIR 1445092 212663300 6.43%  
Other    

    Unknown 1070813 233112108 7.05%  
    Satellite 52562 11605904 0.35%  
    snRNA 382 28484 0.00%  
Total 5533107 1482513659 44.82% 
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Variant Annotation 

The brown antechinus is predicted to be one of the most common and 

widespread mammalian species in Eastern Australia where it ranges from southern 

Queensland to southern New South Wales (Crowther & Braithwaite, 2008; Van Dyck 

& Crowther, 2000). The large population size and range of A. stuartii implies that this 

species would likely exhibit healthy levels of genomic diversity, though there is 

currently a lack of genome-wide variation information for any antechinus species. 

Using the linked-read datasets we identify a total of 9,307,342 SNVs and 2,362,144 

indels in the male and 16,291,736 SNVs and 3,818,750 indels in the female; with 

5,474,811 SNVs (~27%) and 1,079,862 indels (~21%) being genotyped in both 

individuals. >90% of these variants passed all of the 10x Genomics filters and >99% 

were phased. Approximately half of the variants were found to be associated with an 

annotated gene (located within a gene or within 1 kb upstream or downstream of a 

gene) of which 91% were intronic and 2% were exonic (Figure 4.4a). Within the exonic 

variants, 58% were nonsynonymous (result in alteration of the protein sequence) and 

39% were synonymous (Figure 4.4b). These results demonstrate considerable 

genome-wide diversity from just two individuals from the same population. For 

comparison, just 1,624,852 SNPs (single nucleotide polymorphisms) were identified 

across 25 individuals of the closely related and endangered Tasmanian devil (Wright 

et al., 2020). Despite the success of A. stuartii, other antechinus species, such as the 

newly classified and endangered black-tailed dusky antechinus (A. arktos), appear in 

much lower numbers and so may exhibit much lower genome-wide diversity (Gray, 

Baker & Firn, 2017). Most antechinus species diverged in the Pilocene (~5mya) with 

the brown antechinus and its close relatives separating more recently in the 

Pleistocene (~2.5mya) (Mutton et al., 2019). Humans and chimpanzees are predicted 

to have diverged 7-8mya (Langergraber et al., 2012) but still share 99% of their DNA 

(Mikkelsen et al., 2005). The genetic similarity of human and chimpanzees (which 

diverged earlier than the antechinus clades) suggests that the annotated antechinus 

genome and genome-wide variation provided will be a valuable tool to assist with 

population monitoring and conservation of all species in the antechinus genus. 
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Figure 4.4 Functional annotation of brown antechinus variants. a) Total number of 
variants annotated to various gene regions including: Splicing (within a splice site of a 
gene), UTR3 (3’ untranslated region), UTR5 (5’ untranslated region), Downstream 
(within 1 kb downstream of a gene), Upstream (within 1 kb upstream of a gene), Exonic 
(within the coding sequence of a gene) and Intronic (within an intron of a gene). b) 
Total number of exonic variants resulting in specific consequences to the protein 
sequence including: Frameshift Deletion (deletion of one or more nucleotides that 
results in a frameshift of the coding sequence), Frameshift Insertion (insertion of one 
or more nucleotides that results in a frameshift of the coding sequence), Nonframeshift 
Deletion (deletion of one or more nucleotides that does not result in a frameshift of the 
coding sequence), Nonframeshift Insertion (insertion of one or more nucleotides that 
does not result in a frameshift of the coding sequence), Stopgain (variation which 
results in a stop codon being created within the protein sequence), Stoploss (variation 
which results in a stop codon being lost from the protein sequence), Unknown 
(variation with an unknown consequence, perhaps due to complex gene structure), 
Nonsynonymous (a single nucleotide change that does not result in an amino acid 
change) and Synonymous (a single nucleotide change that results in an amino acid 
change). Striped bars indicate variant types that are plotted on the secondary Y-axis.  
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In addition to single nucleotide variants, large structural variants can have a 

pronounced impact on phenotype and account for a significant amount of the diversity 

seen between individuals (Feuk, Carson & Scherer, 2006; Mahmoud et al., 2019). A 

few interchromosomal and intrachromosomal rearrangements have been identified in 

the Dasyuridae family using previous G-banding techniques (Deakin & Kruger-

Andrzejewska, 2016); however, advancements in sequencing technologies, such as 

the linked-read approach utilised in the current study, allow for more fine-scale 

characterisation of structural variants in a cost-effective and reliable manner. 

(Balachandran & Beck, 2020). Using the linked-read datasets, 700 large, high-quality 

structural variants were called in the male and 681 were called in the female of which 

35% and 25% were copy number variants (CNVs) respectively (Figure 4.5). Within the 

intrachromosomal structural variants, 240 in the male, and 191 in the female were 

found to contain genes, together encompassing 2,401 genes in total. These findings 

demonstrate the importance of applying new structural variant identification 

techniques to explore functional diversity and should be applied more broadly to other 

Dasyurid species, particularly endangered species such as the Tasmanian devil. 

 

 
Figure 4.5 Breakdown of high-quality large structural variants (SVs) and copy 
number variants (CNVs) in the brown antechinus. Figure shows both male (M) and 
female (F) deletions (blue), tandem duplications (red), inversions (green) and distal 
structural variants (i.e., across two scaffolds, yellow).  
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Gene Family Analysis 

GO analysis of the brown antechinus genome annotations based on matches 

to Swiss-Prot revealed 2,578 of the genes are involved in response to stress, 1,760 

are involved in immune system processes and 1,035 are involved in reproduction. 

Future studies could use these annotations to design a targeted approach for 

monitoring the expression of key genes across the breeding season to better 

understand the interplay between stress, immunity and reproduction in this 

semelparous species.  

To identify any interesting patterns of gene family evolution in the brown 

antechinus, proteomes across 7 target species (antechinus, Tasmanian devil, koala, 

opossum, human, mouse and platypus) were compared and 80.5% of genes were 

assigned to 19,173 orthogroups of which 12,233 orthogroups had all species present 

and 9,212 were single-copy orthologs. CAFE identified 282 gene families to be 

significantly fast evolving. Of these fast-evolving gene families, a number of significant 

expansions (<1e-15) and contractions were found on the antechinus branch. Many of 

these expansions and contractions were found in large, complex gene families 

including olfactory receptors and immune genes which are notoriously difficult to 

annotate using automated gene annotation methods, particularly in fragmented 

assemblies, and so require further investigation and manual curation for confirmation. 

Two other particularly interesting expansions occurred within the protocadherin 

gamma (Pcdh-γ) gene family (Orthogroup OG0000022) and the NRMK2 gene in the 

brown antechinus (Orthogroup OG0000350).  

Protocadherins (Pcdhs) belong to the cadherin superfamily and are organised 

into 3 main gene clusters: ɑ, β and γ (Hayashi & Takeichi, 2015). Pcdhs, like all 

cadherins, are primarily responsible for mediating cell-cell adhesion (Chen & Maniatis, 

2013). The brown antechinus displayed similar numbers of putative Pcdh-γ genes as 

humans and mouse (20-21 genes) in comparison to the other marsupials which 

showed only 6-9 genes in this family, and the platypus only 2 (Figure 4.6). Pcdh-γ 

genes specifically have been implicated in neuronal processes (Hayashi & Takeichi, 

2015) and have previously been associated with Alzheimer’s disease (Li et al., 2017). 

These genes are most highly expressed in the brain in humans and also showed 

highest levels of expression in the brain and adrenal gland in the brown antechinus. It 

is possible that the expansion of Pcdh-γ genes in the brown antechinus is linked to the 

neuropathological changes that occur in mature antechinus. The ɑ and β Pcdhs were 
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also identified as fast evolving across the 7 target species investigated, with 

marsupials having lower numbers of genes than eutherians, though there were no 

large differences in the antechinus branch for these clusters.  

 

 
 

Figure 4.6 Gene tree showing numbers of Pcdh-γ genes across 7 species. 
 

The brown antechinus was also found to contain a significant expansion of the 

NMRK2 gene which appears to be single copy in each of the other species (Figure 

4.7). The NMRK2 gene (Nicotinamide Riboside Kinase 2) is involved in the production 

of NAD+ (Nicotinamide Adenine Dinucleotide), an essential co-enzyme for various 

metabolic pathways (Johnson & Imai, 2018; Yang & Sauve, 2016). The brown 

antechinus contains 11 full-length copies of this gene in its genome (Figure 4.7). 

Furthermore, genes encoding the subunits of the NADH dehydrogenase enzyme 

which is responsible for conversion of NADH to NAD+, were among the most highly 

expressed genes within the brown antechinus transcriptome across a variety of tissue 

types. Declining levels of NAD+ have been associated with aging, suggesting that 

NAD+ may be a key promoter of longevity (Johnson & Imai, 2018). NAD+ has also 

been associated with Alzheimer’s disease whereby increased levels of the molecule 

may be a protective factor of the disease (Hou et al., 2018). The antechinus used in 

the current study were collected just prior to the annual breeding season and were 

therefore mature adults. However, the observed neuropathologies in antechinus 

species are found to be most prominent in post-breeding individuals and so the data 
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presented here will provide a useful comparison for future studies that explore the 

development of these pathologies and associated genetic changes across the 

breeding season. Further investigations into the unique expansion of NMRK2 genes 

in the brown antechinus may provide crucial insights into aging and age-related 

dementias in humans.  

 

Alzheimer’s Genes Analysis 

To investigate further the potential of antechinus as a disease model for AD 

(McAllan, 2006; Naylor, Richardson & McAllan, 2008), we analysed expression and 

identified variation in genes that have previously been associated with AD. Of the 40 

target Alzheimer’s-associated genes, 39 were annotated in the male brown antechinus 

reference genome and all 40 were expressed in the global transcriptome (Table 4.3). 

The CD2AP gene was not annotated by Fgenesh++ so was not included in 

downstream analysis. All of the annotated brown antechinus proteins except PLD3 

were found to be orthologous to the human proteins using a RBH strategy (Table 4.3). 

Although the human PLD4 gene was the best BLAST hit for the putative antechinus 

PLD3 gene, the percentage identity was higher for the human PLD3 gene and the 

respective antechinus transcript was annotated as PLD3, and therefore this gene was 

included in further analysis as a putative PLD3 gene. 33 proteins showed > 30% 

similarity to humans (Kuzniar et al., 2008) (Table 4.3). Of the seven antechinus gene 

annotations with poor similarity to humans, three (SORL1, CLNK and SLC24A4) were 

found to have homologous protein-coding transcripts in the global transcriptome 

suggesting the genome annotations were poor for these genes (likely due to gaps in 

the reference genome) (Table 4.3). The remaining four genes (CD33, ZCWPW1, 

ABCA7 and CR1) did not have homologous genome annotations nor transcripts in the 

antechinus (large gaps were displayed in all sequences compared to the human 

genes) and were therefore excluded from downstream analysis.   



 114 

 
Figure 4.7 Protein sequence alignment showing expansion of NMRK2 genes in the brown antechinus. Single copy genes in the 
human, mouse, gray short-tailed opossum and Tasmanian devil are shown for comparison.   
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Table 4.3 Summary of Alzheimer’s related genes explored in the brown antechinus.  
 

Gene Gene ID* Evidence^ Trans ID† 
Protein 
Length 
(Tran) (BP) 

Human 
Protein 
Length (bP) 

RBH§ % Ident 
(Tran) 

% Sim 
(Tran) 

APP 76_gene_264 TRINITY_DN49
0_c2_g1_i21.p1  

 716 770 Y 86.4 89.9 

PSEN1 3_gene_296 Ab Initio 
(PSEN1) 

TRINITY_DN960_
c7_g2_i1.p1 192 (471) 467 Y 33.97 

(88.09) 
35.26 
(90.95) 

CLU 310_gene_64
7 

TRINITY_DN13
5507_c1_g1_i1
7.p1  

 474 449 Y 24.49 39.3 

CASS4 3_gene_1296 
TRINITY_DN11
493_c2_g1_i11.
p1  

 835 786 Y 52.01 63.71 

PTK2B 3_gene_1535 Ab Initio 
(PTK2B) 

TRINITY_DN1539
_c3_g1_i7.p1 797 (1010) 1009 Y 73.34 

(92.57) 
76.11 
(96.23) 

FERMT2 3_gene_6 Ab Initio 
(FERMT2) 

TRINITY_DN7191
_c0_g1_i2.p1 691 (449) 680 Y 96.96 

(60.93) 
97.68 
(61.94) 

MEF2C 0_gene_1343 
TRINITY_DN99
999960_c0_g1_
i3.p1 

 473 473 Y 99.15 99.58 

BIN1 2_gene_709 
TRINITY_DN14
25_c0_g1_i26.p
1  

 567 593 Y 83.31 88.31 

PSEN2 120_gene_11
6 

TRINITY_DN40
85_c2_g1_i5.p1  

 456 448 Y 80.83 85.19 

ADAM10 143_gene_14
31 

TRINITY_DN14
82_c5_g1_i3.p1  

 748 748 Y 93.98 96.12 

APH1B 143_gene_16
24 

TRINITY_DN38
091_c0_g1_i11.
p1  

 258 257 Y 84.51 88.68 
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Gene Gene ID* Evidence^ Trans ID† 
Protein 
Length 
(Tran) (BP) 

Human 
Protein 
Length (bP) 

RBH§ % Ident 
(Tran) 

% Sim 
(Tran) 

PICALM 145_gene_55
1 

PROTMAP 
(PICALM) 

TRINITY_DN1843
_c1_g1_i11.p1 686 (582) 652 Y 70.93 

(87.42) 
80.23 
(87.88) 

DSG2 226_gene_14
2 

TRINITY_DN14
3_c0_g1_i3.p1  

 1128 1118 Y 92.59 93.59 

ABI3 266_gene_90
1 

TRINITY_DN87
2_c0_g1_i4.p1  

 281 366 Y 61.61 72.77 

UNC5C 267_gene_14
83 

Ab Initio 
(UNC5C) 

TRINITY_DN2094
9_c0_g1_i25.p1 852 (932) 931 Y 53.01 

(94.41) 
60.38 
(96.56) 

KAT8 96_gene_480 TRINITY_DN61
3_c1_g1_i45.p1  

 313 458 Y 79.75 82.04 

EPHA1 333_gene_13
2 

TRINITY_DN26
10_c0_g2_i6.p1  

 979 976 Y 63.1 64.19 

ECHDC3 333_gene_80
9 

TRINITY_DN23
306_c0_g1_i7.p
1  

 228 303 Y 80.82 86.73 

CNTNAP2 333_gene_95 Ab Initio 
(CNTNAP2) 

TRINITY_DN4057
_c0_g2_i4.p1 329 (1325) 1331 Y 60.73 

(88.73) 
66.01 
(91.66) 

SORL1 334_gene_34
4 

Ab Initio 
(SORL1) 

TRINITY_DN433_
c10_g1_i1.p1 1335 (2158) 2214 Y 19.31 

(85.37) 
20.89 
(91.1) 

ADAMTS4 335_gene_78
7 

TRINITY_DN79
9_c4_g1_i2.p1  

 834 837 Y 37.45 39.57 

SCIMP 336_gene_86
4 

TRINITY_DN63
5_c2_g2_i1.p1  

 126 145 Y 44.52 57.53 

ALPK2 359_gene_11
2 

Ab Initio 
(ALPK2) 

TRINITY_DN1011
81_c0_g1_i5.p1 2237 (1670) 2170 Y 39.21 

(34.39) 
49.52 
(43.65) 

CD33 135589_gene
_1 Ab Initio (CD33) TRINITY_DN1602

_c0_g1_i37.p1 135 (154) 364 Y 19.78 
(20.88) 

24.73 
(26.37) 
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Gene Gene ID* Evidence^ Trans ID† 
Protein 
Length 
(Tran) (BP) 

Human 
Protein 
Length (bP) 

RBH§ % Ident 
(Tran) 

% Sim 
(Tran) 

HESX1 366_gene_56
0 

TRINITY_DN20
272_c0_g1_i1.p
1  

 189 185 Y 65.61 70.37 

APOE 368_gene_21
8 

TRINITY_DN19
355_c0_g1_i12.
p1  

 301 317 Y 42.81 58.41 

CELF1 401_gene_24 
TRINITY_DN26
51_c0_g1_i21.p
1  

 486 486 Y 98.56 98.97 

ZCWPW1 427_gene_26
9 

TRINITY_DN22
66_c1_g1_i50.p
1  

 255 648 Y 23.9 28.59 

MS4A1 432_gene_74
4 

TRINITY_DN34
67_c2_g1_i2.p1  

 287 297 Y 54.85 67.89 

CD2AP NA NA TRINITY_DN1647
_c3_g1_i14.p1 641 (635) 639 Y 73.58 

(74.53) 
82.95 
(84.01) 

AKAP9 499_gene_50 TRINITY_DN25
0_c13_g1_i6.p1  

 3783 3907 Y 66.57 75.06 

CLNK 535_gene_12
2 Ab Initio (CLNK) TRINITY_DN1086

59_c0_g1_i21.p1 677 (342) 428 Y 13.98 
(28.26) 

24.25 
(37.31) 

TREM2 608_gene_42 Ab Initio 
(TREM2) 

TRINITY_DN3303
2_c0_g1_i3.p1 261 (287) 230 Y 43.77 

(40) 
53.96 
(49.66) 

ABCA7 614_gene_16
0 

TRINITY_DN19
43_c1_g1_i15.p
1  

 716 2146 Y 19.83 23.39 

CR1 
561032_gene
_3/560671_g
ene_3 

Ab Initio (CR1) TRINITY_DN3772
_c0_g1_i39.p1 511 (366) 2039 Y 

12.64/1
2.64 
(8.2) 

15.63/15.
63 
(11.96) 



 118 

Gene Gene ID* Evidence^ Trans ID† 
Protein 
Length 
(Tran) (BP) 

Human 
Protein 
Length (bP) 

RBH§ % Ident 
(Tran) 

% Sim 
(Tran) 

SLC24A4 3_gene_564 Ab Initio 
(SLC24A4) 

TRINITY_DN8568
_c0_g1_i2.p1 304 (543) 622 Y 19.35 

(78.69) 
23.77 
(82.85) 

NME8 366_gene_41
3 

TRINITY_DN12
28_c0_g1_i1.p1  

 158 588 Y 65.69 71.64 

INPP5D 336_gene_11
22 

Ab Initio 
(INPP5D) 

TRINITY_DN3238
_c0_g1_i8.p1 1068 (1209) 1189 Y 39.29 

(77.33) 
53.57 
(84.25) 

PLD3 432_gene_62
3 

TRINITY_DN44
11_c0_g1_i31.p
1  

 520 490 
N 
(PLD4
) 

32.96 37.94 

MAPT 266_gene_10
71 Ab Initio (MAPT) TRINITY_DN1333

_c2_g1_i5.p1 754 (418) 758 Y 41.48 
(41.78) 

47.42 
(43.54) 

*ID corresponding to the Fgenesh++ genome annotation 
^Evidence for the genome prediction – Transcriptome evidence = TRINITY ID, Protein evidence = PROTMAP Gene ID, Ab Initio Predictions = Top BLAST hit 
†For genes without transcriptome evidence the annotations were used in BLAST searches against the predicted protein sequences from the global antechinus transcriptome to 
identify candidate transcripts. Values associated with these proteins are provided in brackets in the following tables to distinguish them from the genome annotations. 
§Reciprocal Best Hit of antechinus and human genes was a match 
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Six of the target genes, including APP, PICALM, KAT8, APOE, INPP5D and 

MAPT were within the top 90% most highly expressed genes of the global 

transcriptome and were all found to be expressed in the brain. Of these genes, APP 

(amyloid precursor protein) showed the highest level of expression in brown 

antechinus brain tissue. APP is the precursor for the amyloid beta (Aβ) proteins that 

form amyloid plaques in the brain and is predicted to contribute to early-onset AD in 

humans (O'Brien & Wong, 2011). The MAPT gene was also most highly expressed in 

brown antechinus brain tissue and is responsible for the creation of tau proteins which 

form the neurofibrillary tangles associated with AD (Iqbal et al., 2010). APOE 

(apolipoprotein E) is the most common risk-factor gene associated with late-onset AD 

(Liu et al., 2013) and was highly expressed across a range of brown antechinus tissues 

including the brain. PICALM is another common gene which has been associated with 

an increased risk of developing late-onset AD (Xu, Tan & Yu, 2015). PICALM is 

predicted to help flush Aβ proteins out of the brain and so increased expression of the 

PICALM gene in the brain is predicted to reduce AD risk (Zhao et al., 2015). This gene 

was found to be quite lowly expressed in brown antechinus brain tissue when 

compared to other tissues such as the spleen or in the blood suggesting that it may 

be contributing to the development of Aβ plaques observed in the antechinus. Finally, 

KAT8 and INPP5D have been linked to AD through genome-wide association studies 

(Lambert et al., 2013; Tábuas-Pereira et al., 2020) and may also be candidates for 

downstream research. Our finding of expression of some of the most common AD-

associated genes in the antechinus brain confirm the potential for this species to be 

utilised as an AD disease model.  

A large variety of genetic variants have been associated with AD in humans, 

primarily due to their impact on gene expression (Cuyvers & Sleegers, 2016; Mendez, 

2019; Rosenthal & Kamboh, 2014; Sims, Hill & Williams, 2020; Sun et al., 2017; 

Tábuas-Pereira et al., 2020). We utilised the annotated genome-wide SNV data to 

determine whether antechinus also exhibit variation at Alzheimer’s-associated genes. 

A total of 16,761 high-quality SNVs (which passed all of the 10x Genomics filters) were 

associated with the 40 target genes with majority of these being intronic (Figure 4.8). 

A total of 81 phased nonsynonymous SNVs were identified across 20 of the target 

genes, of which 24 were genotyped in both the male and female (Figure 4.8c). While 

the phenotypic effects of these putatively functional variants are currently unknown, 

mutations in these genes are commonly associated with AD neuropathologies in 
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humans (Cuyvers & Sleegers, 2016; Mendez, 2019; Rosenthal & Kamboh, 2014; 

Sims, Hill & Williams, 2020; Sun et al., 2017; Tábuas-Pereira et al., 2020) and may 

also be associated with the age-related development of neuropathologies observed in 

mature antechinus brains (Naylor, Richardson & McAllan, 2008). 

  
Figure 4.8 Number of each type of SNV associated with the target Alzheimer’s-related 
genes in the antechinus. a) Numbers of SNVs present in the 5’ UTR, 3’ UTR, 1 kb 
upstream region, 1 kb downstream region, exons, and splice sites of each gene. b) 
Numbers of intronic SNVs present in each gene. c) Number of synonymous and 
nonsynonymous SNVs present in each gene.  



 121 

Conclusions and Implications 
Here we present the first annotated reference genome within the Antechinus 

genus for a common species, the brown antechinus. The reference genome assembly 

exhibits completeness comparable to the two current most high-quality marsupial 

assemblies available (Tasmanian devil and koala), and contains the largest amount of 

Y-chromosome sequence identified in a marsupial species. Characterisation and 

annotation of phased, genome-wide variants (including large structural variants) 

demonstrates considerable diversity within the brown antechinus and provides a 

resource of gene regions that may have functional implications both in A. stuartii and 

closely related species. Gene ontology analysis of the annotated brown antechinus 

proteins identified genes involved in a wide range of biological processes such as 

immunity, reproduction and stress demonstrating the value of this reference genome 

in supporting future work investigating the genetic interplay of such processes in this 

semelparous species. A comparative analysis revealed a number of fast-evolving 

gene families in the brown antechinus, most notably within the protocadherin gamma 

family and NMRK2 gene which have previously been associated with aging and/or 

aging-related dementias. Target gene analysis revealed high levels of expression of 

some of the most common genes associated with Alzheimer’s disease in the brain, as 

well as a number of associated variants that may be involved in the Alzheimer’s-like 

neuropathological changes that occur in antechinus species. Future research will be 

able to use the brown antechinus genome as a springboard to study age-related 

neurodegeneration, as well as a model for extreme life history trade-offs like 

semelparity.  
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A REFERENCE GENOME AND USE OF NEXT-

GENERATION SEQUENCING DATA TO INFORM LONG-

TERM CONSERVATION MANAGEMENT OF AUSTRALIA’S 

“EASTER BUNNY”; THE GREATER BILBY (MACROTIS 
LAGOTIS) 

 
5.1 BACKGROUND 
Chapter 5 comprises an unpublished manuscript entitled “A reference genome and 

use of next-generation sequencing data to inform long-term conservation 

management of Australia’s “Easter Bunny”; the greater bilby (Macrotis lagotis)”. This 

chapter focuses on my contribution to the larger bilby genome consortium project 

which is currently developing a chromosome-length assembly which is due for 

completion in late 2021. The work presented in this chapter will form part of a larger 

research publication that brings together a range of other downstream analyses from 

a broad range of researchers to better understand and conserve Australia’s greater 

bilby. Contributions to the body of work presented in this thesis are detailed at the end 

of this section. 

 

Chapters 1 and 3 demonstrated how reference genomes and pre-existing genomic 

datasets add value to the conservation of the endangered Tasmanian devil, while 

Chapter 4 focused on creating reference genomes for non-threatened species as a 

resource for closely related threatened counterparts and as a model to investigate 

biological traits that may provide insights for other species. This chapter aims to 

showcase a complete end-to-end example of how a variety of genomic resources can 

be generated and amalgamated to inform the conservation management of a 

threatened species with limited pre-existing genomic data. Here we create a high-

quality reference genome for the vulnerable greater bilby and employ whole genome 

resequencing (WGR) and reduced representation sequencing (RRS) techniques to 

answer a suite of conservation management questions. Specifically, we i) employ a 

hybrid approach to assemble a high-quality reference genome, ii) provide a summary 

of the current status of the bilby metapopulation using RRS data from all contemporary 
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captive sites and compare this to monitored wild populations from the Pilbara region, 

iii) assess whether sufficient RRS data can be obtained from wild bilby scat samples 

for the monitoring of wild populations, iv) use WGR data to develop a panel of sex-

linked markers for sexing of wild samples and v) determine whether estimates of 

genome-wide diversity from RRS data provide a good proxy for functional diversity 

estimated by WGR data. The results from this study will not only provide a baseline 

for general nation-wide metapopulation management of the greater bilby, but also 

provide crucial genomic resources for this species, which can be used for many 

additional species-specific downstream conservation applications. 

 

The work presented in this thesis chapter would not have been possible without the 

valuable contributions from Katherine A. Farquharson, Emma Peel, Yuanyuan Cheng, 

Martin A. Dziminski, Fiona M. Carpenter, Shelley McArthur, Kym Ottewell, Katherine 

Belov and Carolyn J. Hogg. Katherine Belov and Carolyn J. Hogg conceived the study 

and obtained funding. Carolyn J. Hogg acquired samples and assisted Katherine A. 

Farquharson and Emma Peel with DNA extraction from captive samples. Emma Peel 

performed DNA and RNA extractions for the genome and transcriptome respectively. 

Yuanyuan Cheng performed DNA extraction for HiFi sequencing and assembled the 

global transcriptome. Katherine A. Farquharson and Carolyn J. Hogg assisted with 

WGR and population genetics analyses. Kym Ottewell coordinated analysis of wild 

samples and conceived the idea of the sex-linked markers with Martin A. Dziminski 

sourcing wild samples, Fiona M. Carpenter performing DNA extraction from wild 

samples, and Shelley McArthur performing the downstream testing of sex-linked 

markers. I performed all other work including genome assembly, genome annotation, 

alignment of RRS and WGR data, variant calling, variant annotation, sex-linked 

marker development and all downstream analyses. I wrote the manuscript with 

feedback and revisions from Katherine A. Farquharson, Carolyn J. Hogg, Catherine 

E. Grueber and Katherine Belov. 
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5.2 MAIN MANUSCRIPT 

A reference genome and use of next-generation sequencing 

data to inform long-term conservation management of 

Australia’s “Easter Bunny”; the greater bilby (Macrotis lagotis) 

 

Abstract 
Characterised by their rabbit-like ears, Australia’s own “Easter Bunny”, the 

greater bilby, is an iconic nocturnal marsupial that was once widespread across 

Australia but is now vulnerable to extinction. In 2019, an updated draft National 

Recovery Plan was released with a major goal of maintaining genetic diversity and 

adaptive potential of the greater bilby by managing all bilbies as an interconnected 

metapopulation. To achieve this goal, modern sequencing technologies, such as 

reduced representation sequencing, provides an efficient and cost-effective approach 

for the genetic monitoring of the bilby metapopulation. However, without an annotated 

reference genome, it is currently unknown whether standard management practices 

are truly conserving the adaptive potential of the species. This management 

uncertainty is further exacerbated by the difficulties of obtaining tissue samples from 

wild individuals due to the species’ reticence to enter traps. As a result, there is 

currently limited data on the status of wild bilby populations across their range. Here 

we have generated a high-quality reference genome for the greater bilby. Combining 

this with whole genome resequencing (WGR) and reduced representation sequencing 

(RRS) data, we have developed a toolset that allows for the interpretation of genome-

wide diversity in the species, in addition to developing sex-linked markers. We 

demonstrate the effectiveness of this toolset by characterising bilby genetic diversity 

at all contemporary fenced and captive sites within the national metapopulation, in 

addition to using non-invasive samples for the monitoring of wild bilby populations in 

the Pilbara region (north-western Australia). Here we clearly demonstrate the 

importance of foundational genomic resources and their value in developing 

downstream applications for conservation management of a threatened species.   
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Introduction 
The greater bilby (Macrotis lagotis) is a nocturnal, omnivorous marsupial, native 

to Australia. Following the extinction of the lesser bilby (Macrotis leucura) in the mid-

1900s (Burbidge et al., 1988), the greater bilby represents the only extant species in 

the Thylacomyidae family. They are characterised by their long snout, blue-grey fur 

and long ears. Their resemblance to rabbits encouraged greater bilbies to be dubbed 

as Australia’s own “Easter Bunny” with chocolate bilbies often being sold at Easter in 

Australia to increase awareness for bilby conservation. The common name ‘bilby’ was 

derived from the indigenous Yuwaalayaay language name, ’bilbi’ (Abbott, 2001). 

Bilbies hold a deep cultural significance to indigenous Australians (Commonwealth of 

Australia, 2019) as a totem for some communities and a food source for others. They 

are also known as “ecosystem engineers” (Jones, Lawton & Shachak, 1994; Manning, 

Eldridge & Jones, 2015) due to their burrowing behaviour and their vital role in the 

Australian ecosystem in maintaining soil health and vegetation growth, as well as their 

burrows providing shelter/habitat for other species (Dawson et al., 2019; Hofstede & 

Dziminski, 2017; Read et al., 2008). The greater bilby was once widespread across 

Australia (Johnson, 2002; Watts, 1969); however, competition and predation by 

introduced species following European settlement caused a significant (~80%) decline 

in the distribution of this species (Abbott, 2001; Kennedy, 1992; Southgate & Adams, 

1994). Wild populations of the greater bilby are now restricted to a small region in 

south-west Queensland (Gordon, Hall & Atherton, 1990), and a low-density 

distribution across Western Australia (Dziminski, Carpenter & Morris, 2020b; Friend, 

1990) and the Northern Territory (Johnson & Southgate, 1990). With currently 

decreasing population trends, the greater bilby is vulnerable to extinction (Burbidge & 

Woinarski, 2016). As a result, conservation initiatives are crucial to protecting the long-

term survival of Australia’s “Easter Bunny”. 

A National Recovery Plan for the greater bilby was published in 2006 with the 

overarching goal to improve, or at least maintain, the vulnerable conservation status 

of the bilby through a variety of recovery objectives including: reducing impact of 

predation, maintaining genetic diversity, establishing self-sustaining populations, 

monitoring population trends, assessing the impact of threatening processes and 

informing/involving the community and stakeholders in the recovery process (Pavey, 

2006). In 2019, a new draft National Recovery Plan was released with the major 

objectives of: population growth, habitat maintenance/expansion, maintenance of 
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genetic diversity and a greater role of indigenous people in bilby conservation, by 2029 

(Commonwealth of Australia, 2019). For many years, captive populations of NT and 

WA bilbies were managed separately to QLD bilbies (Jodi Buchecker & Vere Nicolson, 

2016). However, a major goal of the latest National Recovery Plan includes 

management of all captive or fenced bilby populations within Australia to be managed 

as a single, interconnected metapopulation (Commonwealth of Australia, 2019; Moritz 

et al., 1997). The metapopulation encompasses a range of management scenarios 

throughout Australia from intensive zoo facilities, to large predator-free fenced sites 

and island populations (Lott et al., 2020) (see Methods for more details). Ongoing 

genetic monitoring of the metapopulation is needed to ensure maintenance of genetic 

variability within the metapopulation and the long-term conservation of the greater 

bilby.  

In 1997, a panel of nine microsatellites was developed for the greater bilby 

(Moritz et al., 1997) and was employed to monitor genetic diversity and population 

structure of the species nationally (Miller et al., 2015; Moritz et al., 1997; Smith, McRae 

& Hughes, 2009). More recently, reduced representation sequencing (RRS) 

approaches such as DArTSeq (Diversity Arrays Technology; Jaccoud et al., 2001) and 

double digest RADseq (ddRAD; Peterson et al., 2012) have been employed to better 

asses genetic diversity and population structure in captive bilby populations (Lott et 

al., 2020; Wright et al., 2019b). RRS approaches use restriction enzyme digestion to 

generate genome-wide high-throughput sequencing data for many individuals in a 

cost-effective manner and have shown to better reflect genetic diversity than other 

common marker types when monitoring threatened species (McLennan et al., 2019). 

Such techniques are often employed to monitor the genetic diversity of populations 

and assess how diversity can be maximised among populations through events such 

as targeted translocations between populations (e.g. McLennan et al., 2020). Current 

conservation genetics methodology assumes that maximising genome-wide diversity 

of populations will in turn result in maximising of functional diversity (i.e. genetic 

diversity at gene regions which may have functional implications to the organism and 

hence may have adaptive potential), giving populations the best chance of long-term 

survival (Forsman & Wennersten, 2016). Previous studies on the endangered 

Tasmanian devil (Sarcophilus harrisii) have shown that estimates of genome-wide 

diversity from RRS data provides an accurate representation of overall diversity from 

whole genome resequencing (WGR) data (Wright et al., 2020). However, it is currently 
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unknown whether genome-wide diversity using RRS data is an effective proxy for 

functional diversity and whether the management technique of maximising genome-

wide diversity based on RRS is enough to arm populations with future adaptive 

potential.  

Bilbies are a cryptic nocturnal arid species that tend to be trap shy and not 

attracted to bait, making them a difficult species to obtain tissue samples from on a 

regular basis. Non-invasive sampling techniques are commonly used in wildlife 

species to assess a range of biological functions including hormonal analyses, 

microbiome analyses, dietary analyses, and population genetics (for examples see 

Grueber et al., 2020; Kersey & Dehnhard, 2014; Waits & Paetkau, 2005). Scat 

samples have been shown to be a viable option for collecting DNA from cryptic wildlife, 

including red foxes (Vulpes vulpes) (Vine et al., 2009), snow leopards (Panthera uncia) 

(Janečka et al., 2008), and koalas (Phascolarctos cinereus) (Schultz et al., 2018). 

Current surveys of wild bilby populations often rely on species specific microsatellite 

markers using DNA collected from scat samples (Dziminski, Carpenter & Morris, 

2020a) but recent studies have shown the limited value of such marker sets as small 

numbers of loci can result in imprecise measures of genome-wide diversity (McLennan 

et al., 2019). As a result, our current understanding of both captive and wild bilby 

population genetics is limited by the use of a microsatellite marker set. This is further 

exacerbated by the current absence of sex-linked markers for the greater bilby, 

preventing the ability to assign sex of wild samples. Development of sex-linked 

markers and exploring whether sufficient RRS data can be obtained from bilby scat 

samples is crucial to the long-term monitoring of wild bilby populations and for meeting 

the goals of the National Recovery Plan.  

The objective of this study was to develop and use a reference genome for this 

cryptic threatened marsupial and use this genomic resource to develop a suite of new 

tools for use in conservation management. Specifically we aimed to i) sequence and 

annotate a high-quality reference genome, ii) provide a summary of the current status 

of the bilby metapopulation using high-quality RRS data from all contemporary captive 

sites and compare this to monitored wild populations from the Pilbara region, iii) 

assess whether sufficient RRS data can be obtained from wild bilby scat samples, iv) 

develop a panel of sex-linked markers for sexing of wild samples and v) determine 

whether estimates of genome-wide diversity from RRS data provide a good proxy for 

functional diversity in the greater bilby by using whole genome resequencing.  
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Methods 
Reference Genome 

Sample Collection 

Tissue samples from spleen, liver, lymph node, kidney, heart, tongue, ovary, 

uterus, pouch skin, mammary gland and salivary gland were harvested from a single 

female bilby at Perth Zoo that was euthanised due to medical reasons. Tissue samples 

were collected during post-mortem examination and stored both with and without 

RNAlater at -80˚C for DNA and RNA extraction respectively. Additionally, 500uL of 

peripheral blood from a single male bilby housed at Dreamworld QLD was collected 

into RNAprotect animal blood tube (Qiagen) during routine veterinary health checks 

and stored at -80˚C. 

 

Genome Sequencing  

To assemble a high-quality reference genome, a hybrid approach of 10x 

Genomics linked-read sequencing (Weisenfeld et al., 2017) and Pacific Biosciences 

(PacBio) HiFi sequencing (Wenger et al., 2019) was used. For 10x Genomics linked-

read sequencing, high molecular weight (HMW) DNA was extracted from 25 mg of 

spleen tissue using the MagAttract HMW DNA kit (Qiagen). Sample quality control 

(QC) and library preparation was performed by the Ramaciotti Centre for Genomics 

(UNSW) prior to sequencing on a NovaSeq 6000 S1 flowcell using 150 bp PE reads 

and obtaining ~57× coverage. For PacBio HiFi sequencing, HMW DNA was extracted 

from 100mg of kidney tissue using the using the Nanobind tissue big DNA kit 

(Circulomics). Sample QC and HiFi library preparation was performed by the 

Australian Genome Research Facility (AGRF) using the SMRTbellTM Express 

Template Prep Kit 2.0. Sequencing was performed on the Pacific Biosciences Sequel 

II system across two SMRT Cells in circular consensus sequencing (CCS) mode 

obtaining ~10× coverage. 

 

Genome Assembly 

HiFi reads were generated using the CCS algorithm in SMRT Link v9.0.0.92188 

and assembled using PacBio’s Improved Phased Assembler (IPA) v1.1.2 

(https://github.com/PacificBiosciences/pbipa). The Purge_dups v1.2.3 (Guan et al., 

2020) pipeline was used to remove haplotigs and contig overlaps from both the 

primary and alternate assemblies. An interleaved linked reads file was created from 
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the raw 10x Genomics reads by running the Long Ranger v2.2.2 (Zheng et al., 2016) 

basic pipeline and used for alignment to the draft assembly with Burrows–Wheeler 

Aligner (BWA) mem v0.7.17-r1188 (Li & Durbin, 2009). The output was sorted using 

samtools v1.9 (Li et al., 2009) and scaffolding was performed using ARCS v1.1.1 (Yeo 

et al., 2018) and LINKS v1.8.7 (Warren et al., 2015) with the -D option to estimate gap 

sizes. PBJelly v15.8.24 (English et al., 2012) was used for gap filling the scaffolded 

assembly with default parameters and Pilon v1.20 (Walker et al., 2014) was used to 

polish the final assembly using the 10x reverse reads that were quality trimmed 

(trimming parameters: ftl=10 trimq=20 qtrim=rl) using BBDuk v37.98 (Bushnell, 2014). 

BBTools v38.73 (RRID:SCR_016968) (Bushnell, 2014) was used to generate general 

assembly statistics and assembly completeness was assessed using mammalian 

Benchmarking Universal Single-Copy Orthologs (BUSCO) v3.0.2 (4,104 genes) and 

v4.0.6 (9,226 genes). Majority of the genome assembly pipelines were performed on 

a single cloud instance with polishing performed in a HPC environment (Table S1). 

 

Transcriptome Sequencing 

Total RNA was extracted from 25mg of each tissue (excluding blood) using the 

RNeasy Mini Kit (Qiagen) and from blood using the RNAprotect animal blood kit 

(Qiagen). Contaminating genomic DNA was removed through an on-column digestion 

using the RNase-free DNase I set (Qiagen). RNA was quantified using the Bioanalyzer 

RNA 6000 Nano Kit (Agilent Technologies) prior to TruSeq stranded total RNA library 

preparation, with ribosomal RNA depletion using the Illumina Ribo-zero gold kit at the 

Ramaciotti Centre for Genomics (UNSW). Tissue libraries (excluding blood) were 

sequenced as 150 bp PE reads across a single S1 flowcell on the Illumina 

NovaSeq6000. The blood library was sequenced as 75 bp PE reads across four lanes 

of a HO flowcell on the Illumina NextSeq 500.  

 

Transcriptome Assembly 

Raw RNA-seq reads (~100M reads per sample) underwent quality and length 

trimming using Trimmomatic v0.38 (Bolger, Lohse & Usadel, 2014) in paired-end 

mode, with the parameters ILLUMINACLIP:2:30:10, SLIDINGWINDOW:4:5, 

LEADING:5, TRAILING:5 and MINLEN:25. FastQC v 0.11.8 (Andrews, 2014) was 

used to assess sequence quality of both raw and trimmed reads. Trimmed reads from 

each of the 12 tissues were then aligned to the genome using HISAT2 v2.1.0 (Kim et 
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al., 2019) and alignments were converted and sorted using samtools. Transcripts were 

assembled using StringTie v2.1.3 (Pertea et al., 2015) and the resulting transcript 

models across the tissues were merged into a single global transcriptome using TAMA 

merge v0.0 (Kuo et al., 2020) with a splice junction threshold of 3, a 3-prime threshold 

of 500 and the option to merge duplicate transcript groups. The resultant transcripts 

were then filtered by removing transcripts with weak evidence (only found in one tissue 

and FPKM < 0.1) or single-exon transcripts with either low read support or low coding 

potential. Coding potentials of transcripts were determined using CPC2 v2.0 (Kang et 

al., 2017). Transcriptome completeness was assessed using BUSCO as above. All 

transcriptome analyses were performed in a HPC environment (Table S1). 

 

Genome Annotation 

RepeatModeler v2.0.1 (Smit, Hubley & Green, 2008-2015) was used to create 

a custom repeat database for the bilby and RepeatMasker v4.0.6 was used to mask 

repeats (excluding low complexity regions and simple repeats) (Smit, Hubley & Green, 

2013-2015). Genome annotation was performed using Fgenesh++ v7.2.2 (Salamov & 

Solovyev, 2000; Solovyev et al., 2006; Solovyev, 2002) using general mammalian 

pipeline parameters and an optimised gene finding matrix for another marsupial 

species (Sarcophilus harrisii). Candidate coding regions within the transcriptome were 

identified with TransDECODER v2.0.1 and complete transcripts with the longest open 

reading frame per gene were extracted for mRNA-based gene predictions. A high-

quality non-redundant metazoan protein dataset from NCBI was used for homology-

based gene predictions using the “prot_map” method and ab initio gene predictions 

were performed in regions where no genes were predicted by other methods (i.e., 

mRNA mapping or protein homology). All genome annotation steps were performed 

on a single cloud instance (Table S1).  

The predicted gene annotations were then filtered by removing any mRNA-

based annotations where the location predicted by Fgenesh++ did not match the 

location of the reference-guided transcriptome assembly and removing any ab initio 

predictions that did not have strong BLAST hits to the non-redundant metazoan protein 

database. Final annotations were used in BLAST searches against the Swiss-Prot 

database and against the RefSeq proteome of the current highest quality marsupial 

assembly (Sarcophilus harrisii) with an e-value cut-off of 1e-5 to generate putative 

gene names. Completeness of the final gene set was assessed using BUSCO. 
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Population Genetics 

Study Sites 

As this study aimed to capture current levels of genetic diversity across the 

national greater bilby metapopulation and compare this to the wild, samples were 

obtained from all 18 contemporary captive sites (zoo-based through to semi-wild 

enclosures) across Australia (ranging from temperate to arid regions; Figure 5.1; Table 

5.1) as well as from a number of monitored wild populations in the Pilbara region of 

Western Australia (Dziminski, Carpenter & Morris, 2020a) (Fig 1. Table 5.1). Nine of 

the captive zoo/wildlife park populations (Adelaide Zoo, Alice Springs Desert Park, 

Cleland Wildlife Park, Currumbin Wildlife Sanctuary, Dreamworld, Kanyana Wildlife 

Park, Monarto Zoo, Taronga Zoo and Taronga Western Plains Zoo) are members of 

the Zoo and Aquarium Association Australasia (ZAA) (Figure 5.1; Table 5.1) which 

established the first managed captive breeding colony in 1979 with 19 founders 

(Christie, 1991). The ZAA sites were originally managed as two separate management 

units, the WA/NT population and the QLD population. In 2016, these populations were 

amalgamated and managed as a single metapopulation with annual translocations 

between sites based on a pedigree-based mean kinship minimisation strategy (Ballou 

& Lacy, 1995; Jodi Buchecker & Vere Nicolson, 2016). The ZAA managed captive 

breeding population was subsequently used as a source population for the 

establishment of large, fenced enclosures such as Yookamurra, Arid Recovery and 

Venus Bay, as well as the Thistle Island population (Fig1; Table 5.1). The fenced 

Currawinya population is managed by the Save the Bilby Fund (STBF; Charleville, 

Queensland) and was recently re-founded by individuals from the ZAA population in 

2019 and 2020; after a predator invasion in 2012 that reduced the population by 97% 

(Bradley et al., 2015). The remaining Australian Wildlife Conservancy (AWC) sites 

including the early established Scotia, and the more recently established Mt Gibson, 

Pilliga and Mallee Cliffs populations were founded by multiple source populations 

(Figure 5.1; Table 5.1).  
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Figure 5.1 Map displaying the 18 captive sites and wild Pilbara location (black) where 
RRS and WGR bilby samples were sourced. Pink sites are managed by the Zoo and 
Aquarium Association Australasia (ZAA), Blue sites are managed by the Australian 
Wildlife Conservancy (AWC) and Purple sites are managed by other organisations 
such as state government and the Save the Bilby Fund. Black arrows indicate 
translocations between sites. Note that all ZAA sites have been managed as a single 
metapopulation since 2016 so translocations from the ZAA metapopulation are 
represented by a single arrow from the 1,3,7 site flag. Climate key based on (Doherty 
et al., 2019). See Table 5.1 for more information.
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Table 5.1 Summary of bilby sites and respective samples included in the RRS and WGR analysis. Refer to Figure 5.1 for site 
locations. 

Site 
Number 

Population 
Name 

Managed 
By* 

Year 
Established 

Source 
Population 
(no. trans-
located) 

Size 
Climate No. 

Samples 
No. 
Technical 
Replicates 

No. 

(Hectares) Plate 
Replicates 

1-9 ZAA ZAA  - - - Arid/ 
Temperate 44 0 1 

10 Yookamurra 
1/2 AWC 1996 ZAA (8) 1,000 Semi-arid 20/3 0/2 4/0 

11 Scotia AWC 1997 
ZAA (7) + 
Yookamurra 
(7) 

65,000 Semi-arid 11 0 0 

12 Mt Gibson AWC 2016 

Scotia (16) + 
Thistle Island 
(20) + 
Yookamurra 
(12) + ZAA (8) 

131,812 Semi-arid 26 1 0 

13 Pilliga AWC  2018 
Scotia (30) + 
Thistle Island 
(30) 

5,800 Temperate 36 0 1 

14 Mallee Cliffs AWC  2019 

Scotia (10) + 
Thistle Island 
(30) + ZAA 
(10) 

480 Semi-arid 50 
(5 WGR) 24 2 

15 Arid 
Recovery 

SA Gov + 
Others 2000 ZAA (32) 12,300 Arid 16 0 0 

16 Thistle Island SA Gov 1997 ZAA (21) 6,800 Temperate 29 18 5 
17 Venus Bay SA Gov 2001 ZAA (23) 6,300 Temperate 5 4 0 

18 Currawinya STBF 2019  
(re-est.)  ZAA (26) 2,500 Arid 35 

(1 WGR) 16 6 

Wild Pilbara - - - 34,400,000 Arid/Semi-
Arid 

9 
(13 scat) 

4 
(9 scat) 

0 
(3 scat) 

*Sites managed by ZAA were grouped for analysis due to their long-term management as a single population and as such their year of establishment, source 
population and size is not included in the table. 
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Sample Collection and RRS Sequencing 

A total of 298 bilbies sampled between 2011 and 2020 were included in the 

population genetics analysis. We utilised pre-existing RRS (DArTseq) data (Lott et al., 

2020; Wright et al., 2019b) for 72 individuals that were previously sampled from the 

Yookamurrra Wildlife Sanctuary breeding enclosure in 2011 (Yooka1; N = 20), and a 

variety of captive sites in 2016 including Mt Gibson (N = 19; founders only), Scotia 

Wildlife Sanctuary (N = 11) and the ZAA metapopulation (N = 22 from sites including 

Adelaide Zoo, Alice Springs Desert Park, Cleland Wildlife Park, Currumbin Wildlife 

Sanctuary, Dreamworld, Kanyana Wildlife Rehabilitation Centre, Monarto Zoo and 

Taronga Zoo) (Figure 5.1, Table 5.1). An additional 212 ear biopsy samples were 

collected from a variety of pre-existing and newly established fenced reserves 

between 2016 and 2020 including Arid Recovery Reserve (N = 16), Yookamurra 

Wildlife Sanctuary main enclosure (Yooka2; N = 3), Currawinya (N = 35; founders + 

first generation), Mallee Cliffs (N = 50; founders only), Mt Gibson (N = 7; founders 

only), Pilliga (N = 36; founders only), Thistle Island (N = 29), Venus Bay (N = 5), 

Taronga Western Plains Zoo (N = 22; founders + first generation). DNA was extracted 

using the DNeasy blood and tissue kit (Qiagen) or the MagAttract HMW DNA Kit 

(Qiagen). To better understand the genetic diversity of wild bilby populations, ear-

biopsy samples from nine individuals were collected from monitored wild populations 

in the Pilbara region of Western Australia (Dziminski, Carpenter & Morris, 2020b) 

(Figure 5.1, Table 5.1) with DNA extraction performed using a standard salting out 

extraction protocol (Sunnucks & Hales, 1996) with the addition of 3μL 10 mg/ml RNase 

to the TNES buffer to remove RNA contamination. As a pilot study, scat samples from 

13 individuals were collected from the wild Pilbara region (Figure 5.1, Table 5.1) and 

DNA extraction was performed using the QIAamp DNA Stool Mini Kit (Qiagen) to 

determine the reliability of RRS data when using non-invasive sampling. All extracted 

DNA samples were sent to DArTseq Pty Ltd for RRS using a pstI-sphI enzyme 

combination (Jaccoud et al., 2001). Samples were uniquely barcoded and multiplexed 

and the resultant fragments were sequenced on a HiSeq 2500 as 77-bp single-end 

reads. 

 

RRS Variant Calling 

Variants from the RRS data were called and filtered using previously published 

methods (Wright et al., 2019a; Wright et al., 2019b) on a single cloud instance (Table 
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S1). Briefly, reads were cleaned and demultiplexed using process_radtags in Stacks 

v2.5.3 (Catchen et al., 2013; Catchen et al., 2011) and the first 5 bases of the raw 

DArTseq reads were trimmed using BBDuk. Resulting reads were aligned to the bilby 

reference genome using BWA samse with output converted and sorted using 

samtools. Variants were called using the Stacks ref_map pipeline outputting one 

random SNP per locus with a minimum minor allele frequency (MAF) of 0.01 and a 

minimum call rate of 30%. Additional filtering for minimum average allelic depth (2.5), 

allelic coverage difference (≤80%), locus heterozygosity (≤90%) and reproducibility 

(≥90% matching genotypes between technical replicates) was performed in R v 3.6.2 

using a previously published pipeline (Wright et al., 2019a). Final variant positions 

were annotated based on the reference genome annotation using ANNOVAR v 

20191024 (Wang, Li & Hakonarson, 2010; Yang & Wang, 2015). 

 

WGR and Variant Calling 

DNA samples from 12 individuals (7 males and 5 females, Table 5.1) that were 

previously extracted for the RRS analysis underwent sample QC, library preparation 

and WGR at the Ramaciotti Centre for Genomics (UNSW). Samples were sequenced 

as 150 bp PE reads across a single S2 flowcell on the Illumina NovaSeq6000 obtaining 

~30× coverage per sample.   

Due to the size of WGR datasets, all analyses were run in a HPC environment 

(Table S1) with data being split and run in parallel chunks where possible. Raw paired 

fastq files were split into smaller files of approximately 500,000 read pairs with fastp 

v0.20.0 (Chen et al., 2018) to improve computational efficiency. Split files were aligned 

to the bilby reference genome in parallel using BWA mem with split hits marked as 

secondary using the -M flag. Resulting BAM files were merged into sample-level BAMs 

using Sambamba v0.7.1 (Tarasov et al., 2015) and duplicate reads were marked with 

SAMBLASTER v0.1.26 (Faust & Hall, 2014) prior to standard sorting and indexing with 

Samtools.  

As there is currently no “known variants” resource for the greater bilby that can 

be used to improve the accuracy of the variant calls using base quality score 

recalibration (BQSR), a bootstrapping approach was employed instead with the 

Genome Analysis Toolkit (GATK) v4.1.2.0 (DePristo et al., 2011; Poplin et al., 2017; 

Van der Auwera et al., 2013). First, GATK SplitIntervals was used to define 3,200 

evenly sized genomic intervals. GATK HaplotypeCaller was then run in parallel with 
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default settings on the duplicate-marked BAMs to perform an initial round of single 

nucleotide polymorphism (SNP) and insertion-deletion (indel) calling. Subsequent 

interval GVCFs were gathered into sample-level GVCFs using GATK GatherVCFs. 

Resulting GVCFs were consolidated with GATK GenomicsDBImport for joint-sample 

variant calling at the 3,200 pre-defined intervals using GATK GenotypeGVCFs. Multi-

sample interval calls were then merged into a single genome-wide VCF with 

GatherVCFs.  

SNPs and indels were extracted and filtered separately from the multi-sample 

genome-wide VCF following GATK best practices (DePristo et al., 2011; Van der 

Auwera et al., 2013) to select the most likely true positive variants. The filtered variants 

were used as “known variants” for base recalibration. Base recalibration with GATK 

BaseRecalibrator was run in parallel across 36 evenly sized genomic intervals of 

minimum 100 Mb created with GATK SplitIntervals. Recalibration results from each 

interval were merged for each sample using GATK GatherBQSRReports and were 

used to recalibrate the BAM files. Recalibrated sample BAM files (including unmapped 

reads) were generated in parallel by running GATK ApplyBQSR over discrete genomic 

intervals and then merging the interval BAMs using GATK GatherBamFiles. BQSR 

results were assessed with GATK AnalyseCovariates before performing a subsequent 

final round of short variant calling based on the recalibrated BAMs following the same 

process of parallel GATK HaplotypeCaller, GatherVCFs, parallel GenomicsDBImport 

and GenotypeGVCFs, then a final merge with GatherVCFs to produce the recalibrated 

multi-sample VCF file.  

Final filtering and variant annotation were performed on a single cloud instance 

(Table S1). Variants were filtered according to GATK best practices (DePristo et al., 

2011; Van der Auwera et al., 2013) including phred-scaled quality score ≥ 30, quality 

by depth ≥ 2, Fisher strand bias ≤ 60, strand odds ratio ≤3, root mean square mapping 

quality ≥ 40, mapping quality rank sum ≥ -12.5 and read position rank sum ≥ -8 for 

SNPs; and phred-scaled quality score ≥ 30, quality by depth ≥ 2, fisher strand bias ≤ 

200 and read position rank sum ≥ -20 for indels. Bcftools v1.11 (Li et al., 2009) was 

used to split multi-allelic variant calls and to left-normalise the variants prior to variant 

annotation with ANNOVAR. Genotyping rates were calculated using PLINK.  
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Sex-linked Marker Development 

To develop presence/absence sex-linked markers, putative Y-chromosome 

sequence data was obtained by extracting WGR reads that were unmapped to the 

female reference genome from the 7 male WGR samples using samtools and bedtools 

v2.29.2 (Quinlan & Hall, 2010). Velvet assembler v1.2.10 (Zerbino & Birney, 2008) 

was used to assemble these reads into longer contigs separately for each individual 

with a k-mer size of 31, min contig length of 100 bp and expected coverage calculated 

automatically. Twenty known marsupial Y-chromosome genes and their respective X 

homologs from a previous study (Cortez et al., 2014) were then used in BLAST 

searches against the resultant contigs. Contigs with strong BLAST matches (1e-10) to 

marsupial Y genes (but not the respective X chromosome homologs), were deemed 

as putative Y chromosome sequence. Intronic regions with no BLAST matches or very 

weak BLAST matches to the female reference genome were identified in in order to 

prevent amplification of non-target sequences and ensure sex could easily be 

assigned by presence/absence of the markers in males/females respectively. PCR 

primers were designed within these regions using Oligo v6 (Offerman & Rychlik, 

2003), aiming for a product size of ~150-200 bp (Table 5.2). The panel of Y-linked 

markers were first tested on DNA extracted from tissue samples of 8 known sex 

individuals. PCRs were carried out using the Multiplex PCR Plus Kit (Qiagen). 

Thermocycling conditions followed a protocol of 15 min at 95°C, then 35 cycles of 30 

s at 94°C, 90 s at 60˚C and 60 s at 72°C, with a final extension of 60°C for 30 min. 

Resultant fragments were run on a 3% agarose gel at 80V and stained with GelRed 

(Biotium) to be visualised under UV light. Presence of a distinct band indicated 

amplification of Y-chromosome sequence and therefore assigned males, while 

absence of a distinct band assigned females. Two of the best (i.e., clearest) markers 

(KDM5D.2 and HCFC1.2) were then tested on DNA extracted from scat samples of 

10 known sex individuals using the same methods as above to confirm whether the 

markers could be implemented for non-invasive sex determination of wild individuals.  
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Table 5.2 Primer information for the 6 Y-linked markers. 
 

Y Marker Forward Primer (5'-3') Reverse Primer (5'-3') Product 
Size (bp) 

Optimal Annealing 
Temperature (˚C) 

HUWE1 ACATGGGCTAAGGGTGAATG TACTTCCTCGCCTAAATAACAG 170 49.9 
KDM5D.1 AGTTGGGATATGGAAACATTG ATCTCCTGGATTGGCTTCTG 226 49.6 
KDM5D.2 TTGTCCCAAATGTTCTAAGC GTTGGCAATACAGAAAGAGG 155 47.2 
HCFC1.1 TTGTTTGTGGAGCAGGAGAG TTACCCTTCCCTATTCTTCC 152 48.5 
HCFC1.2 ATCCTGCAATTATTGTTTATG TATGGTTATAAACTAGCATGTG 132 46 
HSFY TAGGCAATAACAGAGCTGTC ACTAACATAATGAAAGGTATTC 224 46.2 
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Population Genetics Analysis 

The filtered variants for the 298 RRS samples (excluding scat samples) were 

converted to adegenet v2.1.3 (Jombart, 2008; Jombart & Ahmed, 2011) format and 

analysed in R using a standard laptop. All ZAA samples were grouped into a single 

population for further analyses due to their long-term management as a single 

population. All wild Pilbara samples were also classed as a single wild population for 

analysis due to the small sample size. To assess within population genetic diversity, 

observed heterozyosity (HO), expected heterozygosity (HE) and allelic richness (AR) 

corrected for sample size (rarefied sample size: N = 3) were calculated using the 

hierfstat v0.5-7 package (Goudet, 2005) and the diveRsity v1.9.90 package (Keenan, 

2017) was used to calculate population inbreeding coefficients (FIS) with 95% 

confidence intervals from 1000 bootstrap iterations.  

Principal Coordinate Analysis (PCoA) was performed using i) all SNPs and ii) 

only putatively “functional” SNPs (i.e. variants resulting in nonsynonymous mutations) 

to explore genetic variation among populations and determine whether functional 

diversity follows similar population-level patterns to that of whole-genome diversity. 

Divergence between sites was further examined by calculating pairwise fixation 

indexes (FST) between populations using 95% confidence intervals (CIs) from 2000 

bootstrap iterations with the package StAMPP v1.6.1 (Pembleton, Cogan & Forster, 

2013). Fixed alleles between populations were explored using the dartR v1.8.3 

package (Gruber et al., 2018). The package related v1.0 (Pew et al., 2015) was used 

to calculate pairwise relatedness using TrioML, the triadic likelihood relatedness 

estimate which accounts for inbreeding (Wang, 2007). This estimator was chosen as 

it was found to have the smallest variance and highest correlation (Pearson correlation 

coefficient) with the simulated true mean of all estimators simulated in COANCESTRY 

v1.0 (Wang, 2011) for this dataset, including TrioML (Wang, 2007), Wang (Wang, 

2002), Li & Lynch (Li, Weeks & Chakravarti, 1993), Lynch & Ritland (Lynch & Ritland, 

1999), Ritland (Ritland, 1996), Queller & Goonight (Queller & Goodnight, 1989) and 

DyadML (Milligan, 2003) (see Blouin et al., 1996; Hogg et al., 2019) for further details). 

Finally, to determine whether the approach of maximising genome-wide 

functional diversity based on RRS data also results in maximisation of functional 

diversity, RRS data was compared to WGR data across the 12 individuals that were 

sampled using both techniques. First, multilocus heterozygosity (MLH) was calculated 

across all 11,750 RRS SNPs for each individual by dividing the total number of 
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heterozygous loci by the total number of loci typed in the individual. MLH was also 

calculated in the same way for the 12 WGR samples both at all variants and only 

nonsynonymous variants. A linear regression in R was used to assess the relationship 

between RRS MLH (predictor variable) and WGR MLH (response variable) at all 

variants across the 12 samples to confirm whether RRS data provides an accurate 

representation of individual genome-wide diversity overall. A second linear regression 

was then used to assess the relationship between MLH at functional 

(nonsynonymous) variants (predictor variable) and MLH at all variants (response 

variable) using the WGR data to determine whether there was a significant relationship 

between functional diversity and genome-wide diversity. 

 
Results 
Reference Genome 

The bilby reference genome is 3.69 Gb in size which is larger than other 

marsupial genomes currently available e.g., Tasmanian devil (Sarcophilus harrisii): 

3.087 Gb, koala (Phascolarctos cinereus): 3.193 Gb, brown antechinus (Antechinus 

stuartii): 3.187 Gb, gray short-tailed opossum (Monodelphis domestica): 3.598 Gb 

(O'Leary et al., 2015). The assembly is comprised of 3,348 scaffolds and 6,668 contigs 

with a scaffold N50 of 2.22 Mb and a contig N50 of 0.91 Mb (Table 5.3). The assembly 

showed high completeness with 0.87% gaps and 92% complete mammalian BUSCOs 

(Table 5.3). The global transcriptome was composed of 39,883 genes and 304,184 

isoforms with an average transcript length of 6,870 bp and an N50 of 13.5kb (Table 

5.3). 16,654 of these transcripts (representing isoforms which contained the longest 

complete ORF) were used as mRNA-based evidence for genome annotation. 51.67% 

of the genome was masked as repetitive and a total of 28,488 genes were annotated 

in the genome of which 16,277 were based on mRNA evidence, 1,479 were based on 

protein homology evidence and the remaining were made ab initio (Table 5.3). 

 

Variant Calling 

Variant calling and filtering of the RRS data resulted in a total of 11,750 high-

confidence SNPs. Average genotyping rate was 91.2% for tissue samples and 53.5% 

for scat samples. Reproducibility was high, with an error rate between technical 

replicates of 0.95% for tissue samples and 1.73% for scat samples. Following variant 

annotation, 140 SNPs (1.2%) were found to be putatively functional (nonsynonymous) 
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across 134 genes (Table 5.4, Figure S1a). Genotyping rate at these SNPs was 91.7% 

for tissue samples and 85.8% for scat samples. 

Joint genotyping of the 12 WGR samples followed by BQSR and filtering 

resulted in 30,730,316 SNPs and 12,867,448 indels with an average genotyping rate 

of 88%. Variant annotation identified 92,375 (0.2%) nonsynonymous SNPs across 

18,377 genes (Table 5.4, Figure S1b). 

 
Table 5.3 Bilby reference genome and transcriptome statistics. 
 
Statistic Value 
Genome  

Genome Size 3.69 Gb 
No. Scaffolds 3,348 
No. Contigs  6,668 
Scaffold N50 2.22 Mb 
Contig N50 0.91 Mb 
Gaps 0.87% 
Repeat Content* 51.67% 
BUSCO V3 C:92.0%[S:88.7%,D:3.3%],F:3.3%,M:4.7%,n:4104 
BUSCO V4 C:85.1%[S:82.3%,D:2.8%],F:2.0%,M:12.9%,n:9226    
No. Protein-coding 
Genes 28,488 

BUSCO V3 (proteins) C:83.7%[S:80.6%,D:3.1%],F:12.0%,M:4.3%,n:4104 
BUSCO V4 (proteins) C:73.2%[S:70.5%,D:2.7%],F:9.3%,M:17.5%,n:9226 

Global Transcriptome  
No. Transcripts 304,184 
No. Genes 39,883 
Average Transcript 
Length 6,870 bp 

Transcript N50 13.5 Kb 
BUSCO V3 C:93.4%[S:11.5%,D:81.9%],F:3.6%,M:3.0%,n:4104 
BUSCO V4 C:82.1%[S:11.8%,D:70.3%],F:3.6%,M:14.3%,n:9226 

*Excluding low complexity and simple repeats 
 

Table 5.4 Summary of variants called from reduced representation sequencing (RRS) 
data vs whole genome resequencing (WGR) data. 
 
Dataset 
(no. 
samples) 

Average 
Genotyping 
Rate 

Total Filtered 
Variants 

Non-
synonymous 
(ns) Variants* 

No. Genes 
with ns 
Variants 

RRS (298) 91.2% 11,750 SNPs 140 134 

WGR (12) 88% 30,730,316 SNPs, 
12,867,448 indels 92,375 18,377 

*Nonsynonymous variants are more likely to have functional consequences on the species and 
therefore represent “functional” diversity. 
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Sex-linked Marker Development 

Using the male WGR data and the female reference genome (see Methods), 

Y-chromosome contigs associated with 7 marsupial Y genes (HUWE1, KDM5D, 

MECP2, RBM10, UBE1Y, HCFC1 and HSFY) were identified through BLAST 

searches, totalling ~20 kb worth of Y-chromosome sequence. Contigs associated with 

three genes (MECP2, RBM10 and UBE1Y) showed potential for some non-specific 

binding when BLASTed against the female reference genome so were excluded from 

further analysis. Six primer sets were designed within intronic regions of the remaining 

four genes (HUWE1, KDM5D, HCFC1 and HSFY; Table 5.2). The six markers were 

first tested on DNA extracted from tissue samples of eight known-sex individuals 

through PCR and gel electrophoresis (see Methods) and all six markers successfully 

identified sex with a strong band present in males and absent in females (Figure 5.2a). 

The two best markers (KDM5D.2 and HCFC1.2) were then tested on DNA extracted 

from scat samples of 10 known sex individuals and were found to successfully identify 

sex from these non-invasive samples (Figure 5.2b). 

 

Population Genetics Analysis 

Observed heterozygosity across the 12 populations ranged from 0.1 (Yooka1) 

to 0.17 (Currawinya) with majority of populations (except Yookamurra 1/2 and Venus 

Bay) exhibiting lower observed heterozygosity than expected under HWE (Table 5.5). 

In concordance with the observed excess of homozygosity, mean individual 

inbreeding (FIS) was 0.034 (±0.032 SE) overall with a number of populations showing 

statistically significant FIS values, particularly the Mallee Cliffs and Mt Gibson 

populations (Table 5.5). These results show some deviation to those found previously 

(Lott et al., 2020), likely due to the differences in sample size within populations, the 

larger SNP set (1,067 vs 11,750 SNPs here), and several of the recently established 

populations being from divergent source populations (see De Meeûs, 2018). Average 

AR was 1.15 (±0.008 SE) overall (Table 5.5) with Currawinya and Mallee Cliffs showing 

the highest allelic richness (1.18), likely due to these sites being recently established 

by genetically diverse source populations (Figure 5.3a, Table 5.1). Average 

relatedness within populations was 0.31 (±0.07 SE) overall, ranging from 0.09 (ZAA 

and Mallee Cliffs) to 0.79 (Yooka1). Interestingly, the wild Pilbara samples showed the 

greatest deviation in observed vs expected heterozygosity and the highest estimate of 

inbreeding; however, relatedness was relatively low (Table 5.5). 
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Figure 5.2 Agarose (3%, TBE) gel electrophoresis of the Y-linked markers (HUWE1, KDM5D.1, KDM5D.2, HCFC1.1, HCFC1.2, 
HSFY) tested on DNA extracted from a) tissue samples and b) scat samples of known sex individuals (M = male, F = female). 
Numbers indicate different individuals. L: Low DNA mass ladder (Invitrogen). Refer to Table 5.2 for primer information. 

a b 
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Table 5.5 Population genetic diversity statistics based on 11,750 SNPs including: sample size (N), average genotyping rate across 
samples (Geno), allelic richness (AR) mean expected heterozygosity (HE), mean observed heterozygosity (HO), mean individual 
inbreeding coefficients (FIS) with 95% confidence intervals (CI), and mean triadic likelihood relatedness estimate (Rel) within each 
population (within) and between the population and all other populations (between). 
 
Population N Geno AR Mean HE (SE) Mean HO (SE) FIS* 95% CI Rel within (SE) Rel between (SE) 

Arid Recovery 16 95.4% 1.17 0.17 (0.046) 0.16 (0.047) 0.019 -0.02,0.06 0.21 (0.002) 0.03 (0.001) 
Currawinya 35 95.8% 1.18 0.18 (0.027) 0.17 (0.027) 0.050 0.02,0.08 0.13 (0.002) 0.03 (0.001) 
Mallee Cliffs 50 97.7% 1.18 0.18 (0.022) 0.15 (0.020) 0.140 0.11,0.17 0.09 (0.001) 0.06 (0.002) 
Mt Gibson 26 83.3% 1.15 0.16 (0.034) 0.13 (0.031) 0.159 0.1,0.19 0.28 (0.003) 0.08 (0.003) 
Pilbara 9 86.5% 1.16 0.16 (0.064) 0.12 (0.054) 0.205 0.05,0.32 0.19 (0.005) 0.04 (0.001) 
Pilliga 36 97.7% 1.17 0.17 (0.027) 0.16 (0.027) 0.084 0.04,0.12 0.12 (0.001) 0.02 (0.001) 
Scotia 11 75.5% 1.12 0.12 (0.057) 0.11 (0.058) 0.053 -0.03,0.16 0.48 (0.005) 0.05 (0.004) 
Thistle Island 29 99.0% 1.17 0.17 (0.033) 0.16 (0.034) 0.027 0,0.05 0.17 (0.003) 0.02 (0.001) 
Venus Bay 5 98.8% 1.12 0.12 (0.089) 0.12 (0.101) -0.082 -0.44,0.19 0.74 (0.049) 0.04 (0.001) 
Yooka1^ 20 75.7% 1.10 0.10 (0.039) 0.10 (0.046) -0.090 -0.15,-0.02 0.79 (0.006) 0.01 (0.001) 
Yooka2 3 98.9% 1.14 0.14 (0.129) 0.14 (0.147) -0.191 -0.64,-0.02 0.47 (0.019) 0.05 (0.001) 
ZAA 44 90.8% 1.17 0.17 (0.024) 0.16 (0.024) 0.034 0,0.06 0.09 (0.002) 0.06 (0.001) 

Standard errors (SE) are given in parentheses. 
*Bold values indicate populations where inbreeding estimates and associated 95% CIs are positive, indicating statistically significant (α = 0.05) inbreeding within 
the population.  
^Note that Yooka1 samples were collected in 2001 but likely reflect contemporary genetic variation due to the isolated management of this population 
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Figure 5.3 PCoAs using a) all 11,750 SNPs and b) 140 nonsynonymous (putatively 

functional) SNPs from RRS data showing genetic variation of 298 bilbies across 12 

populations. 
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The PCoA showed evidence of population stratification in line with previous 

findings (Lott et al., 2020) and what would be expected based on the demographic 

and translocation history of the bilby populations (Figure 5.3a). For example, two of 

the earliest established sites Yookamurra and Scotia are genetically distinct as shown 

in previous research, likely due to majority of the founding individuals of Scotia 

originally being from QLD descent (Lott et al., 2020). The ZAA metapopulation shows 

high within-population genetic variation due to the NT/WA and QLD population 

amalgamation in 2016 and the long-term management of multiple sites across 

Australia as a single metapopulation (Figure 5.3a). ZAA also showed genetic similarity 

to most other populations due to ZAA being one of the main source populations for 

other populations nation-wide, and also due to the NT/WA and QLD population 

amalgamation in 2016 (Figure 5.3a). The Arid Recovery, Thistle Island and Venus Bay 

populations were all founded by individuals from the Monarto Zoo (ZAA population), 

so are genetically similar to one-another (Figure 5.3a). The Mt Gibson, Mallee Cliffs, 

Pilliga and Currawinya sites are similar to their respective source sites (Table 5.1, 

Figure 5.3a). The wild Pilbara (WA) samples show lower within population genetic 

diversity than other sites and are most genetically similar to the ZAA population (Table 

5.6, Figure 5.3a). When including functional SNPs only, the patterns of differentiation 

between the populations in the PCoA remained similar but was less well defined due 

to the much lower number of SNPs (140 vs 11,750) (Figure 5.3b).  

The Scotia, Venus Bay and Yookamurra breeding enclosure (Yooka1) 

populations were the most divergent based on FST (Table 5.6), in consonance with the 

PCoA (Figure 5.3a). Conversely, the Pilliga, Mallee Cliffs and ZAA populations 

showed the highest genetic similarity across sites based on FST, likely due to these 

locations containing individuals from both QLD and NT/WA descent (Table 5.6). 

Relatedness between populations was relatively low, except for relatedness between 

the two Yookamurra sites due to Yooka1 being the individuals in the breeding 

enclosure that were sampled in 2001 which founded the Yooka2 population, and 

between Scotia and Mt Gibson due to Scotia being used as a source population for 

Mt Gibson (Table 5.6). Scotia and Venus Bay showed the greatest number of fixed 

alleles (range 0-111) between multiple populations (Table 5.7). No fixed alleles were 

found at nonsynonymous SNPs.
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Table 5.6 Pairwise fixation indexes (FST) (grey, below diagonal, all p<0.05) representing genetic differentiation between populations 
and mean triadic likelihood (TrioML) relatedness estimate showing average relatedness (±SE) within populations (white, on diagonal) 
and between populations (white, above diagonal). 
 

 Y1 ZAA MG SC TI VB Y2 AR CW PB PG MC 

Y1 0.787 
(6e-03) 

0.014 
(3e-04) 

0.116 
(2e-03) 

0.018 
(4e-04) 

0.005 
(7e-05) 

0.004 
(6e-05) 

0.411 
(6e-03) 

0.015 
(2e-04) 

0.007 
(2e-04) 

0.003 
(2e-05) 

0.015 
(2e-04) 

0.009 
(2e-04) 

ZAA 0.183 0.091 
(2e-03) 

0.039 
(9e-04) 

0.051 
(1e-03) 

0.002 
(6e-05) 

0.011 
(8e-04) 

0.006 
(4e-04) 

0.011 
(4e-04) 

0.086 
(1e-03) 

0.030 
(6e-04) 

0.011 
(3e-04) 

0.031 
(7e-04) 

MG 0.198 0.069 0.285 
(3e-03) 

0.343 
(5e-03) 

0.002 
(5e-05) 

0.002 
(2e-04) 

0.119 
(4e-03) 

0.009 
(2e-04) 

0.062 
(7e-04) 

0.001 
(3e-05) 

0.055 
(1e-03) 

0.080 
(1e-03) 

SC 0.362 0.105 0.035 0.478 
(5e-03) 

0.000 
(0e+00) 

0.000 
(0e+00) 

0 .000 
(0e+00) 

0.000 
(0e+00) 

0.082 
(1e-03) 

0.001 
(5e-05) 

0.074 
(2e-03) 

0.104 
(2e-03) 

TI 0.209 0.096 0.145 0.203 0.167 
(3e-03) 

0.053 
(1e-03) 

0.007 
(6e-04) 

0.051 
(1e-03) 

0.001 
(2e-05) 

0.004 
(1e-04) 

0.122 
(1e-03) 

0.097 
(1e-03) 

VB 0.400 0.199 0.257 0.352 0.185 0.736 
(5e-02) 

0.002 
(0e+00) 

0.069 
(3e-03) 

0.008 
(6e-04) 

0.018 
(2e-03) 

0.033 
(2e-03) 

0.023 
(1e-03) 

Y2 0.155 0.133 0.120 0.290 0.149 0.331 0.467 
(2e-02) 

0.050 
(1e-03) 

0.005 
(3e-05) 

0.004 
(4e-04) 

0.015 
(1e-03) 

0.009 
(4e-04) 

AR 0.228 0.088 0.139 0.207 0.075 0.200 0.141 0.214 
(2e-03) 

0.006 
(2e-04) 

0.012 
(4e-04) 

0.042 
(6e-04) 

0.028 
(4e-04) 

CW 0.205 0.014 0.068 0.088 0.121 0.210 0.147 0.112 0.126 
(2e-03) 

0.025 
(6e-04) 

0.017 
(4e-04) 

0.043 
(7e-04) 

PB 0.261 0.064 0.125 0.186 0.110 0.235 0.160 0.108 0.080 0.193 
(5e-03) 

0.002 
(1e-04) 

0.005 
(2e-04) 

PG 0.177 0.061 0.088 0.131 0.014 0.175 0.119 0.063 0.080 0.083 0.115 
(1e-03) 

0.098 
(1e-03) 

MC 0.168 0.034 0.058 0.087 0.030 0.169 0.109 0.065 0.045 0.065 0.005 0.092 
(9e-04) 

Y1 = Yooka1, ZAA = Zoo and Aquarium Association Australasia, MG = Mt Gibson, SC = Scotia, TI = Thistle Island, VB = Venus Bay, Y2 = Yooka2, AR = Arid 
Recovery, CW = Currawinya, PB = Pilbara, PG = Pilliga, MC = Mallee Cliffs
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Table 5.7 Identification of fixed alleles (across 11,750 SNPs) between pairwise 
populations. 
 
Population 1 Population 2 No. of Fixed Alleles 
Arid Recovery Pilbara 1 
Arid Recovery Scotia 37 
Arid Recovery Venus Bay 3 
Arid Recovery Yooka1 7 
Arid Recovery Yooka2 4 
Currawinya Scotia 3 
Currawinya Venus Bay 7 
Currawinya Yooka1 3 
Currawinya Yooka2 6 
Mallee Cliffs Venus Bay 2 
Mallee Cliffs Yooka2 1 
Mt Gibson Pilbara 1 
Mt Gibson Scotia 2 
Mt Gibson Thistle Island 1 
Mt Gibson Venus Bay 17 
Pilbara Scotia 44 
Pilbara Thistle Island 1 
Pilbara Venus Bay 16 
Pilbara Yooka1 13 
Pilbara Yooka2 16 
Pilbara ZAA 1 
Pilliga Venus Bay 1 
Pilliga Yooka1 1 
Pilliga Yooka2 2 
Scotia Thistle Island 39 
Scotia Venus Bay 111 
Scotia Yooka1 71 
Scotia Yooka2 100 
Thistle Island Venus Bay 6 
Thistle Island Yooka1 4 
Thistle Island Yooka2 6 
Venus Bay Yooka1 79 
Venus Bay Yooka2 69 
Venus Bay ZAA 6 
Yooka1 Yooka2 6 
Yooka1 ZAA 3 
Yooka2 ZAA 3 
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MLH estimates based on RRS data significantly predicted WGR MLH (N = 12, 

F = 42.51, p < 0.001, R2 = 0.79, b = 1.11 ± 0.17, intercept = 0.03 ± 0.03; Figure 5.4a). 

Additionally, there was a significant relationship between MLH based on 

nonsynonymous variants only (putatively functional diversity) and MLH based on all 

variants (genome-wide diversity) using the WGR data (N = 12, F = 191.1, p < 0.001, 

R2 = 0.95, b = 1.08 ± 0.08, intercept = -0.01 ± 0.02; Figure 5.4b). 

 

 
Figure 5.4 Linear models showing the relationship between a) multilocus 
heterozygosity (MLH) estimates from RRS (11,750 SNPs) vs WGR (45,103,325 
variants) data and b) MHL estimates at nonsynonymous variants (i.e. functional 
diversity; 92,375 variants) vs all variants (i.e. genome-wide diversity; 45,103,325 
variants) from WGR data across 12 individuals. Trend Lines are plotted in red. 

a 

b 
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Discussion 
Crucial to the survival of many species living in a fragmented landscape is an 

effective genetic management strategy. Having methods and tools to assess and 

maintain genetic diversity at functional regions of the genome are needed to ensure 

species maintain long-term adaptive potential. Without these tools, conservation 

practitioners are constrained in their decision making when managing populations. 

Here we have generated the first annotated reference genome for the greater bilby 

and demonstrated a suite of downstream applications which can be used for the 

management of the national metapopulation. Using our WGR data we demonstrate 

that maximising genetic diversity across the metapopulation using RRS data should 

in turn maximise genome-wide (including putatively functional) diversity for the 

species. We also characterised genetic diversity at all contemporary managed fenced 

and captive populations and compared this to samples from monitored wild 

populations in the Pilbara region of north-western Australia. Finally, we demonstrated 

that reliable RRS data can be obtained from wild scat samples and developed a suite 

of sex-linked markers to aid in the sex identification of wild samples. The tools 

developed here will be vital for monitoring both wild bilby populations as well as those 

housed behind fences. This study provides resources for continued genetic monitoring 

and population management of the greater bilby metapopulation in line with the 

National Recovery Plan.  

Reference genomes are a key starting point to aid in the development of 

downstream applications that can assist in the conservation of threatened species 

(Brandies et al., 2019). Here we assembled a high-quality reference genome for the 

greater bilby using one of the latest sequencing technologies, PacBio’s HiFi long 

reads. The reference genome was 3.69 Gb in size and showed high contiguity and 

completeness with 28,488 protein-coding genes annotated based on 12 tissue 

transcriptomes. Conserving functional genetic diversity, and consequently conserving 

adaptative potential, is predicted to give populations the best chance of survival 

(Forsman & Wennersten, 2016; Hoelzel, Bruford & Fleischer, 2019). An annotated 

reference genome is crucial in understanding what gene regions may have functional 

consequences on the species and hence may hold adaptive potential (Hoelzel, 

Bruford & Fleischer, 2019). Many conservation management strategies rely on a 

combination of measures such as population differentiation (FST), inbreeding (FIS), 

heterozygosity and estimates of relatedness in order to maintain levels of genetic 
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diversity and reduce inbreeding within populations (Frankham, Ballou & Briscoe, 2010; 

Frankham et al., 2017). Until 2014, the genetic management of captive bilby 

populations relied on traditional pedigree-based analysis (zoos) and the wild 

populations relied on microsatellite analysis, which may not provide precise measures 

of genetic diversity due to the small number of loci (McLennan et al., 2019). More 

recent employment of RRS approaches for bilby population management (Lott et al., 

2020) have allowed for more accurate genome-wide diversity measures (McLennan 

et al., 2019). Though without an annotated reference genome, it was still unknown 

whether the management strategy of maximising overall genetic diversity based on 

RRS data would in turn maximise diversity at functional regions within the bilby 

metapopulation. Our study employed the use of WGR of 12 samples that had 

previously undergone RRS sequencing and used the newly created reference genome 

to annotate variants and assess functional diversity in the greater bilby. Our results 

show that estimates of genome-wide diversity (based on multi-locus heterozygosity at 

all SNPs) from RRS data were strongly correlated with actual genome-wide diversity 

based on WGR data, a similar pattern to that shown previously in the Tasmanian devil 

(Wright et al., 2020). Additionally, the WGR data showed a significant relationship 

between functional diversity (based on multi-locus heterozygosity at nonsynonymous 

SNPs) and genome-wide diversity. These results together demonstrate that 

maximising genetic diversity based on RRS data should result in the maximisation of 

overall genome-wide diversity (including putatively functional diversity) in greater bilby 

populations. Future work should investigate the fitness implications of increased 

functional diversity of populations with improved genetic diversity (e.g., due to 

admixture of genetically dissimilar source populations) compared with control 

populations (e.g., individuals from source populations) to better understand how 

functional variation may contribute to population viability. 

In order to effectively manage the bilby metapopulation nation-wide and meet 

the genetic goals of the National Recovery Plan (Commonwealth of Australia, 2019; 

Pavey, 2006), it is essential that genetic data is collected and analysed frequently 

(every 5 years or ~10 generation intervals is recommended for bilby populations; Lott 

et al., 2020). However, when loss of diversity is a concern, translocations from 

genetically diverse populations should be implemented every 1-2 generations (Lott et 

al., 2020). Previous studies have shown that the greater bilby is an ideal candidate for 

genetic rescue due to strong evidence of recent gene flow between populations (Moritz 
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et al., 1997), and any divergence among bilby populations is likely being driven by 

random genetic drift rather than local adaptation (Lott et al., 2020; Weeks, Stoklosa & 

Hoffmann, 2016). The results from our study provide further evidence for these 

previous findings as patterns of population stratification based on functional diversity 

were found to be consistent with genome-wide diversity, and none of the fixed alleles 

identified between populations were found to occur in functional regions. Together, 

these results suggest that genetic differences among populations are likely due to 

random genetic drift rather than local adaptation due to natural selection at functional 

loci. To maximise genetic diversity across the metapopulation and meet the goals of 

the National Bilby Recovery Plan (Commonwealth of Australia, 2019; Pavey, 2006), it 

is crucial that the population genetic diversity results presented in the current study 

are interpreted collectively. For example, when deciding where to source individuals 

for future translocations it is important that efforts are made to source individuals from 

the least similar population (as inferred from both the FST and between population 

relatedness values) to the receiving population to maximise genetic diversity and 

adaptive potential across the metapopulation (Weeks, Stoklosa & Hoffmann, 2016). 

Mixing populations that are genetically different and where one or both populations 

show high within-population relatedness can reduce the risk of inbreeding depression 

and improve the fitness of future generations through genetic rescue (Frankham, 

2015; Frankham, 2016; Hoffmann, Miller & Weeks, 2021). However, mixing 

populations that are genetically similar (i.e., show low FST values and high between 

population relatedness) will provide limited improvements to genetic diversity so 

should be avoided where possible, particularly when standing genetic variation of the 

populations is already low (Hoffmann, Miller & Weeks, 2021). It is important to note 

that sample size can affect the accuracy of estimating such population genetic 

statistics, so results from populations with low sample sizes (e.g., less than six 

individuals) should be treated with caution as they may not provide an accurate 

representation of the whole population (Li et al., 2020). While genomic data can be 

used to inform population management strategies for species recovery, it is also 

important to consider non-genetic factors that may affect population management 

decisions. For instance, it is important to evaluate whether the desired source 

populations are large enough to provide individuals for translocations or assess 

whether there are any other demographic or logistical barriers that may impact 

translocation success (e.g., the age structure of individuals within the population or 
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the feasibility of transporting individuals long distances). The population genetic 

diversity statistics employed here have previously been utilised to inform translocation 

recommendations for the establishment of the more recent bilby populations at Mt 

Gibson, Pilliga and Mallee Cliffs. Future sampling of the offspring born at these 

recently established sites will determine whether admixture of individuals from 

genetically divergent source populations will improve genetic diversity across the bilby 

metapopulation. 

Our study is the first to perform RRS on samples from wild bilby populations. 

Using the RRS data, we found that individuals from the wild Pilbara region exhibit low 

levels of genetic diversity. These results are likely due to the reduced range and low 

density of wild bilby populations in this region, with low relatedness between 

individuals due to the isolated nature of these populations across a wide geographic 

area (Dziminski, Carpenter & Morris, 2020a; Dziminski, Carpenter & Morris, 2020b). 

Despite the small sample size of wild individuals (due to the difficulty in obtaining tissue 

samples), the diversity estimates from the current study are concerning and provide 

further evidence in line with a previous study that used microsatellite analysis of 800 

wild scat samples along with spatially explicit capture-recapture data to show that wild 

bilby populations within the Pilbara are small, isolated and likely vulnerable to threats 

of extinction (Dziminski, Carpenter & Morris, 2020a). Future reintroductions and 

translocations of individuals from the managed bilby metapopulation to these wild sites 

based on genetic data may improve the long-term viability of these populations 

(Dziminski, Carpenter & Morris, 2020a). The current study also demonstrated that 

reliable RRS data can be obtained from scat samples, providing a tool for fast and 

effective genetic monitoring of these wild populations into the future. We note that the 

genotyping rate was significantly reduced when working with scat samples versus 

tissue samples, however a genotyping rate of 53.5% across 11,750 high-quality SNPs, 

will still provide sufficient data to allow for non-invasive genetic monitoring of the wild 

populations (Schultz et al., 2018). Additionally, we have developed a panel of six Y-

linked markers which can be successfully employed to assign sex of wild samples 

from either tissue samples or non-invasive scat samples, facilitating more 

comprehensive monitoring of wild populations.  

Overall, the results from this study will be used as a foundation for continued 

genetic monitoring and management of the national bilby metapopulation. We have 

shown that management strategies aiming to maximise genetic diversity across the 
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national metapopulation based on RRS data should result in maximal functional 

diversity of populations, in turn conserving adaptive potential and fostering 

conservation success of the bilby metapopulation. Our study provides genetic diversity 

measures for all contemporary captive bilby populations which will act as a baseline 

for continued monitoring and genetic management of the metapopulation. Additionally, 

we have demonstrated that sufficient, reliable RRS data can be obtained from scat 

samples, and have developed a suite of sex-linked markers, allowing more 

comprehensive monitoring of wild bilby populations. The availability of a bilby 

reference genome will not only provide benefits for continued data analysis using 

reference aligned RRS approaches (Brandies et al., 2019), but also provide a key 

resource for future research to explore crucial questions such as whether functional 

diversity may be associated with important phenotypic traits that may aid in species 

conservation (Wright et al., 2015; Wright et al., 2020). Future research should continue 

to assess genetic diversity across the bilby metapopulation and from the remaining 

wild populations regularly in order to make informed conservation management 

decisions and meet the genetic goals of the National Recovery Plan (Commonwealth 

of Australia, 2019; Pavey, 2006), giving the greater bilby the best chance of long-term 

survival. 
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5.3 SUPPLEMENTARY 
 
Table S1 Summary of computational resources used for bioinformatic analyses.  
 

Bioinformatic Pipeline Main Software Computing Platform (Specifications) Walltime 
(hr) 

Disk 
Space 
(Gb) 

Genome Assembly     

Assemble PacBio HiFi Reads IPA Cloud Instance (64 vCPUs, 256 GB RAM) 4 100 
Remove Duplicates purge_dups Cloud Instance (64 vCPUs, 256 GB RAM) 2 15 
Convert 10x Genomics reads longranger Cloud Instance (64 vCPUs, 256 GB RAM) 17 2000 
Scaffolding with 10x data BWA + ARCS Cloud Instance (64 vCPUs, 256 GB RAM) 28 750 
Polishing with 10x data Pilon HPC (129 jobs with 2CPUs, 30 GB RAM each) 0.5 10 

Transcriptome Assembly     

Align and assemble transcripts HISAT2 + 
Stringtie HPC (12 jobs with 6 CPUs, 48 GB RAM each) 4 2000 

Merge transcripts TAMA merge HPC (1 job with 1 CPU, 10 GB RAM each) 4 10 
Genome Annotation     

Build repeat database RepeatModeler Cloud Instance (64 vCPUs, 256 GB RAM) 23 50 
Mask Repeats RepeatMasker Cloud Instance (64 vCPUs, 256 GB RAM) 2 15 
Annotate genome FGENESH++ Cloud Instance (64 vCPUs, 256 GB RAM) 32 50 

Popgen Analysis     

WGR Alignment and SNP Calling BWA + GATK HPC (Max 7,200 CPUs, 30 TB RAM) 24 5000 
RRS Alignment and SNP Calling BWA + STACKS Cloud Instance (64 vCPUs, 256 GB RAM) 10 150 

Variant filtering and annotation GATK + 
ANNOVAR Cloud Instance (64 vCPUs, 256 GB RAM) 12 200 
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Figure S1 Number of each type of SNP annotated from a) RRS data and b) WGR 
data including: 3’ untranslated region (UTR3), 5’ untranslated region (UTR5), 1 kb 
downstream of gene (downstream), 1 kb upstream of gene (upstream), synonymous 
(S) and nonsynonymous (NS) exonic, and intronic SNPs. Intronic SNPs (striped) are 
plotted on the secondary Y axis.  
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FINAL DISCUSSION, FUTURE DIRECTIONS AND 
CONCLUSION 

 

Genomic data is a valuable tool to assist in the conservation of threatened 

species (Chapter 1) (Fuentes-Pardo & Ruzzante, 2017; Khan et al., 2016; Larsen & 

Matocq, 2019; McMahon, Teeling & Höglund, 2014; Supple & Shapiro, 2018). With 

numbers of species at risk of extinction growing every year, successful integration of 

genomic data into conservation initiatives is crucial for arming populations with the 

best chance of long-term survival (Ballou & Lacy, 1995; Frankham, Ballou & Briscoe, 

2010; Frankham et al., 2017). Conservationists are enthusiastic about the potential of 

genomic data as a tool for conservation (Taylor, Dussex & van Heezik, 2017). 

However, a lack of understanding of exactly how genomic data can assist with 

conservation efforts and how it can be successfully employed toward species 

management is a major driver of the research-implementation gap (Britt et al., 2018; 

Shafer et al., 2015; Taylor, Dussex & van Heezik, 2017). Additionally, the bioinformatic 

expertise now required to work with modern large next-generation sequencing 

datasets is posing another major challenge, further driving the gap between genomics 

and conservation (Chapter 2).  

In this thesis I have taken a step-by-step approach to address these barriers 

and made crucial steps to bridging the research-implementation gap. With a focus on 

Australian marsupials, my research provides a number of key examples that 

demonstrate the value of genomic data in species conservation across a range of 

contexts and provides researchers with the bioinformatic knowledge and tools needed 

to generate and utilise genomic datasets for conservation. Specifically, I 1). 

showcased the value of reference genomes and accompanying genomic data in 

threatened species management using the Tasmanian devil as a model, 2). employed 

a range of sequencing technologies and novel bioinformatic approaches to create a 

variety of new genomic resources for three Australian species and demonstrated the 

diverse ways that modern genomic data types can be utilised to inform conservation 

management, and 3). provided ten simple rules to help researchers get started with 

applying the bioinformatic approaches used throughout this thesis to other threatened 

species. Below I summarise how the research presented in this thesis will facilitate 
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others to harness the power of genomics for the conservation of threatened species 

and help close the research-implementation gap. 

 

6.1 GENERATING GENOMIC RESOURCES FOR SPECIES 
CONSERVATION 

Throughout this thesis I have demonstrated a number of ways that reference 

genomes and accompanying genomic datasets can be used to answer a variety of 

questions with implications for species management. When planning conservation 

genetic studies, it is important for researchers to first work with conservation teams to 

determine what key questions need to be addressed to assist species recovery and 

how genomic data may contribute to answering such questions (Hogg et al., 2017; 

Hohenlohe, Funk & Rajora, 2021). Once key conservation questions have been 

identified for the species of interest, it is important for researchers to assess both the 

quality and type of genomic data needed to answer such questions. A number of 

factors that contribute to this decision-making process include: i) the research question 

at hand, ii) the cost of obtaining particular data types, iii) the availability of samples 

and their respective quality, and iv) the downstream bioinformatic requirements. Below 

I discuss how this thesis has addressed these factors with respect to reference 

genomes and accompanying genomic datasets. 

 

Reference Genomes 

In Chapter 1, I used the Tasmanian devil as a model to demonstrate how 

reference genomes can be employed to answer a multitude of questions that can 

inform threatened species management. Some conservation questions have broad 

applicability to threatened species and concern the general management of captive 

and wild populations, such as an understanding of the genetic diversity within 

populations, or resolving parentage to make more informed translocation decisions 

and breeding recommendations (Ballou & Lacy, 1995; Ballou et al., 2010; Frankham, 

Ballou & Briscoe, 2010; Frankham et al., 2017). Other questions may be highly 

species-specific and relate to particular threatening processes such as disease 

(Gupta, Robin & Dharmarajan, 2020), or issues relating to adaptation to captivity 

(Frankham, 2008; Frankham et al., 1986). The research presented throughout this 

thesis allowed me to conclude that in almost all cases where genomic data is being 
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employed, a reference genome will be needed, or at least provide several advantages 

for downstream tools and analysis. For example, in Chapter 1 I discussed how 

reference genomes can enable fast and cost-effective development of common 

conservation genetic tools such as microsatellites for general population monitoring 

and resolving parentage (e.g., Gooley et al., 2017), as well as targeted SNP panels to 

better understand and manage genetic variation at important gene families such as 

immune genes (e.g., Morris et al., 2015). Other genomic resources such as RRS data 

have vastly improved our capacity to manage many threatened species through 

measures of predominantly neutral diversity. While a reference genome is not 

essential for the common conservation applications of RRS data, such as general 

population management and parentage, Chapter 1 described several advantages for 

the conjunction of reference genomes with such datasets, including: more reliable 

genotype calls (Torkamaneh, Laroche & Belzile, 2016); lower required sequencing 

coverage (Davey et al., 2011); identification of more variants (Shafer et al., 2017); and 

the ability to annotate variants and explore their associations with important traits such 

as disease resistance (Margres et al., 2018). Additionally, my research in Chapter 5 

showed that pairing RRS data with a reference genome and other genomic datasets 

can assist in answering additional conservation questions that could not be answered 

with RRS data alone. For example, to determine whether population management 

decisions based on RRS data are likely to result in the desired outcome of maximising 

functional diversity and hence conserving adaptive potential across populations. As 

sequencing costs continue to decline, the availability of WGR data for more individuals 

will become a reality. Pairing WGR data with a reference genome enables a multitude 

of additional applications for species conservation such as discovering genetic 

variation that may have important functional consequences on the species (Chapter 

3), characterising sex chromosomes to facilitate research on reproduction (Chapter 

4), developing sex-linked markers for non-invasive monitoring of populations (Chapter 

5), and assessing the efficacy of other genomic data types for population management 

(Chapter 5) (see Accompanying Genomic Data section below). Overall, this thesis has 

shown that reference genomes are a valuable genomic resource for species 

conservation due to their versatility to aid in the development of new conservation tools 

and be employed in conjunction with other genomic datasets to answer a wide variety 

of conservation questions.  
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When wanting to employ a reference genome to assist with species 

conservation, it is important to determine whether a reference genome for the target 

species (or closely related counterpart) may already exist as in Chapter 3, or whether 

a reference genome will need to be generated as in Chapters 4 and 5. Researchers 

should first search through common genome repositories such as NCBI (O'Leary et 

al., 2015) and/or Ensembl (Howe et al., 2020), as well as search the literature, to 

determine whether a suitable reference genome is already available for their species 

of interest. While there is currently a limited number of reference genomes available 

for threatened species (as discussed in Chapter 1), the recent establishment of many 

national and international sequencing consortia such as the Earth Biogenome Project 

(Lewin et al., 2018), the Vertebrate Genomes Project (Rhie et al., 2021) and DNA Zoo 

(Aiden Lab, 2018; Dudchenko et al., 2017) are creating a whole suite of reference 

genomes for species around the world. Many of these projects are making the 

assembled reference genomes available to the public prior to publication through 

common genome repositories or their own independent online databases. While some 

genomes are placed under embargo until publication, the rapid availability of these 

genomes will greatly facilitate the downstream use of genomic data in conservation 

contexts by providing one of the major genomic resources that is often one of the most 

difficult to obtain (both due to the cost and expertise required to generate a reference 

genome). If a reference genome for a species of interest is not publicly available, 

connecting with sequencing consortia and other researchers is useful for determining 

whether a reference genome may already be planned or is currently in progress. The 

greater availability of reference genomes in the coming years will enable researchers 

to take advantage of such resources and associated genomic datasets to explore 

novel research questions related to species conservation (e.g. Chapter 3) (Rhie et al., 

2021).  

In cases where a reference genome for the specific target species is not 

available or in progress, it is important to consider whether a reference genome for a 

related species may be sufficient. Previous studies in birds have shown that while 

reference genomes from more closely related species (i.e., species within the same 

genus) produce the most accurate results, reference genomes from more distantly 

related species (i.e., species within the same family or even the same order) can still 

provide accurate diversity measures for conservation recommendations (Galla et al., 

2019). Creating reference genomes for non-threatened species can therefore provide 
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a resource to explore and monitor genetic variation in related threatened species. For 

example, the brown antechinus (Antechinus stuartii) reference genome generated in 

Chapter 4 is currently being employed to align RRS data and analyse population 

structure and conservation units across a variety of antechinus species such as A 

stuartii, A. subtropicus, A. agilis and the recently described and endangered A. 

argentus (Baker, Mutton & Hines, 2013). Being able to employ reference genomes 

from a related species also has advantages when sample collection from a related 

non-threatened species may be much easier than from the threatened target species 

e.g., when opportunistic sampling from a critically endangered species is highly 

unlikely, but sample acquisition for a less threatened congeneric species is more 

feasible. This method could be useful to apply to assist in the conservation of other 

species such as the critically endangered Gilbert’s potoroo (Potorous gilbertii), 

whereby genomic samples have previously been collected for general population 

monitoring of the closely related but lesser threatened congener the Long-nosed 

potoroo (Potorous tridactylus) (Mulvena et al., 2020). In situations where sample 

acquisition for the species of interest may be difficult, it is important to determine 

whether a reference genome for a suitable related species already exists, or whether 

generating a reference genome for a related non-threatened species (rather than the 

species of interest) may be a more viable option for the conservation genomic 

questions at hand. 

Finally, in situations where a reference genome is needed but a related genome 

does not exist or will not be suitable, researchers may need to create a reference 

genome for the species of interest. In Chapter 5, I demonstrated an end-to-end 

example of generating a high-quality reference genome for a threatened species and 

utilising the genome along with a variety of other genomic data types to answer a 

variety of questions with direct implications for species management. The approaches 

employed in Chapter 5 could be applied to other threatened species where limited 

genomic data currently exists but in-depth genetic monitoring of populations is crucial 

to species recovery e.g., the critically endangered woylie (Bettongia penicillata) 

(Pacioni et al., 2020) or the endangered numbat (Myrmecobius fasciatus) (Hayward 

et al., 2015). Throughout my PhD I worked on the creation of reference genomes for 

these two threatened species using the methodologies described in Chapters 4 and 5 

of this thesis. These genomes are currently being employed to explore a range of 
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biological questions pertaining to marsupial immune function and conservation 

planning (in the case of the woylie). 

When generating a reference genome, it is important to determine the quality 

of reference genome that is needed to answer the conservation questions at hand. 

The desired quality of the reference genome will determine: i) what sequencing 

technology should be employed, ii) what sample quality and quantity is required for 

the respective sequencing technology, iii) what sort of bioinformatic experience, time 

and resources are required and iv) the overall cost to create the reference genome. 

Throughout this thesis I have generated and/or utilised genomes of varying quality that 

were created using differing sequencing technologies (Table 6.1). In Chapter 3, I used 

the pre-existing Tasmanian devil genome that was sequenced in 2011 using short-

read technologies (Murchison et al., 2012) (Table 6.1). By today’s standards, this 

genome would now be considered quite poor quality and yet was still sufficient to 

answer a wide range of conservation applications as discussed in Chapter 1.  

 
Table 6.1 Comparison of genome sequencing technologies employed for the 
marsupial reference genomes used throughout this thesis 
 

Sequencing 
Type 

Sequencing 
Technology 

Thesis 
Chapter 

Est. 2021 
Sequencing 
Cost (AUD) 

Required 
Sample 
Quality 

Required 
DNA 
Quantity  

Reference 
Genome 
quality 

Short-read Illumina & 
Roche 1 & 3 $2,500 Low Low 

(0.5µg) Low 

Linked-read 10x 
Genomics 4 & 5 $7,500 High Low 

(0.5µg) Med 

Long-read PacBio HiFi 5 $12,000* High High 
(12µg) High 

*Note: Prior to the PacBio Sequel II system and HiFi sequencing being introduced, the average 
cost to sequence a mammalian genome with PacBio long-reads was ~$75,000.  
 

In Chapter 4, I used 10x Genomics linked read sequencing to generate the 

brown antechinus reference genome. At the time (2019) when this genome was 

generated, 10x Genomics linked read sequencing was one of the most popular whole 

genome sequencing technologies available as it provided an intermediate option 

between the low-quality but affordable short-read sequencing (e.g. Illumina) and the 

high-quality but expensive long-read sequencing options (e.g. PacBio CLR). This 

technology enabled the generation of reference genomes of a suitable quality to 

facilitate downstream applications in a cost-effective manner (Weisenfeld et al., 2017). 

One limitation of 10x Genomics sequencing is that the quality of the resultant reference 
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genome was dependent on the integrity of the input DNA. This relies on obtaining 

high-quality tissue samples that have been preserved in a such a way (usually by flash 

freezing) as to prevent any DNA degradation, though the required DNA quantity was 

still low (Table 6.1). Another limitation is that the computational requirements for 

genome assembly were quite high with some mammalian-sized genomes requiring 

more than 512GB of RAM and up to one week of walltime with 64 CPUs.  

By the time the 10x Genomics whole genome sequencing service was removed 

from the market in mid-2020, long-read technologies had become much more 

affordable with the release of PacBio’s Sequel II system which enabled ~8x more 

sequencing data from a single sequencing cell, along with the release of HiFi reads, 

which enabled more accurate long-read data than ever before (Wenger et al., 2019). 

I took advantage of this latest technology to generate a reference genome for the 

greater bilby (Macrotis lagotis) (Chapter 5). Paired with 10x Genomics data that had 

already been generated in 2019, the long HiFi reads enabled the creation of a high-

quality reference genome that facilitated a variety of population management 

analyses. This reference genome is currently being coupled with HiC sequencing (see 

below) and will be used to answer a whole suite of additional evolutionary and 

demographic questions as part of the larger bilby genome project being led by our 

research group. The required computational resources for assembling the HiFi reads 

were also relatively low (see Supplementary Table 1 of Chapter 5) when compared 

with the 10x Genomics assembly requirements described above. However, there are 

still some limitations when wanting to employ current long-read technologies, namely 

the high sample quality and DNA quantity input requirements (Table 6.1). These 

limitations are problematic when working with threatened species since most samples 

are collected opportunistically and hence may not have been optimally preserved. 

Clear communication between researchers and those who are most likely to collect 

samples, such as conservation managers and veterinarians, is needed to make sure 

best practices for sample collection and preservation are used. This is crucial in 

ensuring high quality samples are available when opportunistic situations arise for 

threatened species.  

In recent years, Hi-C sequencing has also become a popular technology used 

in reference genome creation as the chromatin conformation capture protocol can be 

used to link genomic regions that are in close proximity and assist in genome 

scaffolding. Hi-C is therefore often employed after initial draft genome assembly to 
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create chromosome-length reference assemblies (Burton et al., 2013). Whilst Hi-C can 

greatly improve the contiguity of reference assemblies which may be important for 

particular analyses such as assessing runs of homozygosity, exploring large structural 

variants, undertaking comparative evolutionary analyses, or studying chromosomal 

organisation, this technology does come at an additional cost (~$20,000 AUD for a 

mammalian sized genome as of 2021) and also requires high-quality tissue or blood 

samples. Researchers should liaise with conservation managers to determine what 

genome quality is required to answer the conservation questions at hand and also 

take into consideration the cost and sample input requirements when deciding what 

sequencing technologies are most suitable for reference genome creation. 

This thesis has shown that a variety of conservation questions can be answered 

with reference genomes of varying quality. Lower quality reference genomes (such as 

the antechinus genome generated in Chapter 4, or the Tasmanian devil genome 

employed in Chapter 3) are often simpler, faster, and cheaper to create and are usually 

sufficient for questions relating to general population monitoring and management. In 

Chapter 1, I demonstrated that such genomes can also be employed to answer a wide 

range of additional species-specific conservation questions, though there can be 

limitations that result from the reduced sequence contiguity of lower quality genomes. 

For instance, only being able to obtain partial gene sequences for some of the genes 

targeted in Chapters 3 and 4. High quality genomes often result in better gene 

annotation (particularly for large diverse gene families such as immune genes) which 

is important when wanting to understand the relationship between genes and specific 

traits that may be important for species conservation such as disease resistance or 

susceptibility. The effectiveness of generating high-quality genomes to explore 

complex gene families in disease-threatened species has successfully been 

demonstrated in the koala which is threatened by chlamydia. The high-quality koala 

genome enabled comprehensive characterisation of immune gene clusters which 

enabled me to identify variation in immune genes that may be involved in differential 

immune responses to chlamydia vaccine (Johnson et al., 2018; see Appendix 2). 

Obtaining a high-quality reference genome may therefore be beneficial to other 

vulnerable species that are threatened by disease such as the southern corroboree 

frog (Pseudophryne corroboree) which is critically endangered due to the amphibian 

chytrid fungus Batrachochytrium dendrobatidis (IUCN, 2020). Previous research on 

the southern corroboree frog has used experimental methods to characterise a subset 
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of immune genes (Kosch et al., 2017) and employed targeted sequencing approaches 

such as PCR, along with RRS techniques, to better understand how genetic variation 

(both genome-wide and at particular genes) is associated with resistance to chytrid 

fungus (Kosch et al., 2019). A high-quality reference genome for this species (currently 

being generated by the Vertebrate Genomes Project) will facilitate fast and effective 

characterisation of all immune gene families and enable the identification of additional 

functional variation which may be involved in chytrid fungus resistance. As sequencing 

technologies continue to improve, obtaining high quality reference genomes will 

become simpler and more affordable than ever, enabling more researchers to have 

access to high quality genomic resources for a wide range of conservation 

applications. 

 

Accompanying Genomic Data 

Once a plan has been set for the reference genome, it is important to consider 

what associated data type will be most suitable for answering the conservation 

questions at hand. Microsatellites were once the post popular genetic tool for informing 

general population management (Selkoe & Toonen, 2006). However, the rise of the 

genomics era has seen a shift towards the use of next generation sequencing 

technologies as these data types can provide a higher resolution of genome-wide 

diversity (McLennan et al., 2019; Narum et al., 2013). In Chapter 1, I introduced the 

three main genomic data types that are often employed to inform conservation 

management, namely reduced representation sequencing (RRS), whole genome 

resequencing (WGR), and targeted sequencing/targeted SNP panels, and described 

how each technology has successfully been employed to assist conservation efforts 

for the Tasmanian devil. Each genomic data type has its own advantages and 

limitations and sometimes a single data type may not be sufficient for answering all 

questions (Fuentes-Pardo & Ruzzante, 2017). Which technology to use is dependent 

on the same factors that need to be considered when creating a reference genome 

including sample availability, bioinformatic requirements and budget, though the most 

important consideration is which data type/s will be most informative for the 

conservation questions at hand. Below I discuss how this thesis has shown how 

common genomic datasets can be applied in different ways across several species to 

answer a variety of questions that can be used to inform conservation management. 
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One of the major goals included in almost every Australian species recovery 

plan is the maintenance of genetic diversity within and/or across populations 

(Frankham, Ballou & Briscoe, 2010; Frankham et al., 2017). Maintaining genetic 

diversity is predicted to provide populations the best chance of long-term survival by 

conserving functional variation (i.e., variation in genes that have functional 

consequences on the individual) and hence preserving the potential for populations to 

adapt to future change (Hoelzel, Bruford & Fleischer, 2019; Holderegger, Kamm & 

Gugerli, 2006). For this goal to be met, effective monitoring of populations is required. 

This involves obtaining genomic data across a number of individuals to identify genetic 

variation within a population or across multiple populations. To achieve this, RRS data 

is often sufficient as it provides a simple, reliable, cost effective way of collecting 

genome-wide data from a large number of individuals (Andrews et al., 2016; Fuentes-
Pardo & Ruzzante, 2017). My research in Chapter 5 demonstrated how RRS can 

successfully be employed to a large number of individuals from both captive and wild 

populations to monitor and manage genetic diversity of a threatened species at a 

national scale. Furthermore, in line with previous research on the koala (Schultz et al., 

2018), my research showed that reliable RRS data could be obtained from non-

invasive scat samples in the bilby. This further validation shows that the RRS approach 

used in Chapter 5 could be applied to other species where high-quality tissue samples 

may be difficult to obtain but regular cost-efficient genetic data is needed for population 

monitoring. For example, RRS could be applied to scat samples from the critically 

endangered hairy-nosed wombat (Lasiorhinus krefftii). Current genetic monitoring of 

this extremely rare threatened species relies on microsatellite analysis of non-

invasively collected hair samples (White et al., 2014), though a recent review has 

highlighted the limitations of this approach and describes the benefits for future work 

to employ next generation sequencing approaches for more reliable population 

monitoring (Martin & Carver, 2020). The methodologies used in Chapter 5 have broad 

applicability to other species and should be used as a model to demonstrate the 

potential of incorporating multiple genomic resources together to answer questions 

that have direct implications on species management.  

More complex questions relating to diversity at particular gene families and their 

association with particular traits will usually require WGR or targeted sequencing 

(Fuentes-Pardo & Ruzzante, 2017). For example, my research presented in Chapter 

3 showed how WGR can be used to identify variants in genes that may have functional 
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consequences on a species. Specifically, I identified nonsynonymous variants that 

may have implications on reproduction in the Tasmanian devil and hence could be 

contributing to the previously identified declines in reproductive success across 

generations in captivity (Farquharson, Hogg & Grueber, 2017). Understanding how 

genetics may underpin species-specific processes that are limiting the success of 

conservation efforts can provide insights into possible management solutions. For 

example, if an association between particular alleles and reproductive success is 

identified, specific breeding and/or translocation recommendations can be 

implemented to ensure functional diversity is maximised and beneficial alleles are 

maintained within the population of interest.  

WGR enables exploration of all loci across the genome but is usually only 

performed on a small number of individuals due to the cost (~$1,250 per WGR sample 

versus ~$53 per RRS sample in 2021), whereas targeted sequencing using either 

target capture approaches or targeted SNP panels enables exploration of a subset of 

target loci across many individuals (Jones & Good, 2016). Often large numbers of 

individuals are required to gain enough statistical power to investigate the relationship 

between genetic variation and particular species traits (Fuentes-Pardo & Ruzzante, 

2017), though it is important to first identify which loci may be informative. In Chapter 

3 I showed that WGR data can first be employed to identify a subset of target genes 

that may be informative for species conservation and targeted sequencing approaches 

can then be used to test the association between target genes and desired traits. The 

results of my chapter have formed the foundation for future research to test this 

hypothesis by incorporating the identified polymorphic reproductive genes into a 

targeted gene panel which is currently being deployed to genotype a large number of 

individuals across the Tasmanian devil insurance population, as well as animals in 

wild populations. The research presented in Chapter 3 therefore serves as a model 

for demonstrating how genomic data can be utilised to investigate and address 

species-specific conservation questions in a threatened species. This approach could 

be applied to other species such as the critically endangered helmeted honeyeater 

(Lichenostomus melanops cassidix) where previous research showed that pairings 

between genetically dissimilar mates can improve fitness in this species (Harrisson et 

al., 2019). Future studies could extend this research by employing WGR to enable a 

better understanding of how inbreeding affects functional diversity and then use 

targeted sequencing to determine whether genetic diversity at particular gene regions 
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is associated with improved fitness measures. Such information could assist in the 

long-term conservation management of the helmeted honeyeater by providing more 

informed breeding and/or translocation recommendations to maximise functional 

diversity and conserve adaptive potential, hence improving the long-term viability of 

the population. 

WGR data can also provide the opportunity to address a wide range of other 

conservation questions that have been highlighted in Chapter 1 and a number of other 

reviews (see Fuentes-Pardo & Ruzzante, 2017; Hohenlohe, Funk & Rajora, 2021; 

Khan et al., 2016). Some of the most common examples of WGR applications in 

conservation (other than the exploration of the genetic basis of phenotypic traits and 

adaptations) include: i) a better understanding of population size, population structure 

and the demographic history of populations, ii) resolving species phylogeny to better 

determine species resolution and identify species hybridisation or conservation units, 

and iii) assessing the genetic implications of inbreeding on the viability of populations. 

The WGR datasets generated in this thesis can be employed in future studies to 

address such questions. For instance, the WGR data generated for the greater bilby 

in Chapter 5 is currently being used to better understand the effective population size 

and demographic history of bilby populations. While these are some of the most 

common applications of WGR data in species conservation, throughout this thesis I 

have demonstrated a number of additional ways WGR data can be employed to 

provide new genomic resources and develop new conservation management tools for 

threatened species. For example, obtaining Y-chromosome information is important 

both when wanting to investigate specific questions relating to the genetics of male 

reproductive traits (Chapters 3 and 4), or when wanting to develop population 

monitoring tools to identify the sex of individuals from non-invasive samples (Chapter 

5). Despite the growing number of genomic resources available for species across the 

phylogenetic tree of life, there is currently still limited Y-chromosome information 

available for many non-model species, particularly marsupials as marsupial Y-

chromosomes are small and can be difficult to sequence (Toder, Wakefield & Graves, 

2000). This was particularly evident in Chapter 3 whereby some male reproductive 

genes were unable to be characterised or investigated in the Tasmanian devil genome 

due to the absence of Y chromosome data for this species. However, this thesis has 

shown how WGR data can be used to bioinformatically characterise the Y-
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chromosome sequence (Chapter 4) and to develop sex-linked markers for wildlife 

(Chapter 5).  

In the case of the antechinus, one of the major aims for creating the first 

Antechinus reference genome in Chapter 4 was to enable future studies to explore the 

genetic basis of male semelparity (Braithwaite & Lee, 1979). Since a number of 

important male reproductive genes exist on the Y-chromosome, it is important for 

future studies examining semelparity in the antechinus to have access to Y-

chromosome sequence data. Previous studies have used transcriptomic data from a 

range of tissues, in conjunction with genomic data, to detect the coding sequence of 

Y-chromosome genes in marsupials (Cortez et al., 2014). However, this approach is 

limited as it does not allow for characterisation of complete gene sequences (including 

introns, UTRs etc), or the organisation of genes along the chromosome (which is 

important for evolutionary analyses). The bioinformatic method employed in Chapter 

4 utilises average read depth information from male and female genomic data to 

assign male scaffolds as Y-chromosome (Bidon et al., 2015). This method allowed me 

to identify 0.78Mb of Y-chromosome sequence in the antechinus genome and enabled 

complete characterisation of a variety of key Y-chromosome genes which will facilitate 

future studies to investigate the genetic interplay between stress, reproduction and 

immunity in this species. For example, the Y-chromosome sequence data can be used 

to design RT-qPCR assays to monitor changes in gene expression of male 

reproductive genes across the breeding season. Using the antechinus as a model to 

better understand the genetic mechanisms behind their extreme life history trade-offs 

could have broad implications for threatened species where a balance between 

immunity and reproduction is key to species conservation. With high-quality whole-

genome sequence data becoming more obtainable, the bioinformatic Y-chromosome 

assignment method employed in Chapter 4 could be applied to explore conservation 

questions related to male reproduction in threatened species. For example, significant 

male reproductive skew and a low proportion of male reproductive success in captive 

populations of the endangered eastern black rhinoceros (Diceros bicornis michaeli) 

are limiting the viability of ex situ conservation initiatives for this species (Edwards et 

al., 2015). Y-chromosome information for this species could be used to explore 

whether variation at male reproductive genes might be associated with observed 

differences in male reproductive success and hence assist with making more informed 

captive management decisions.  
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Y-chromosome information can also be used to develop sex-specific markers 

for non-invasive sex determination of individuals, which is important in monitoring wild 

populations of threatened species, particularly those that are cryptic and/or difficult to 

trap. In Chapter 5, I developed sex-linked markers for the greater bilby using Y-

chromosome gene sequences. Furthermore, I showed how Y-chromosome 

information could be obtained from WGR data in species where a male reference 

genome is unavailable (and hence the previous approach used in Chapter 4 would not 

be suitable). In addition to general demographic monitoring of wild populations, 

development of non-invasive sex-linked markers could also be applied to monitor sex-

biased dispersal of threatened species, particularly those in human-dominated 

landscapes such as the endangered southern brown bandicoot (Isoodon obesulus 

obesulus) (Maclagan et al., 2020). Overall, this thesis has demonstrated how a variety 

of bioinformatic methods can be applied to common genomic datasets to provide 

important genomic resources that can assist with species conservation and develop 

new genomic tools for threatened species management. 

Like reference genomes, it is imperative to consider the required quality of 

accompanying genomic datasets prior to commencement of the study. Sequencing 

samples to a higher coverage improves the accuracy of results and also enables rare 

variants to be detected (Sims et al., 2014); however, obtaining high-coverage 

sequencing data is more costly and requires higher DNA input so may reduce the 

number of individuals that can be sequenced (Fuentes-Pardo & Ruzzante, 2017). 

High-coverage data (~30×) is important for accurate variant identification (Chapters 3, 

4 and 5), but low-coverage datasets (~5×) can be useful to explore known variants 

across a larger number of individuals (Chapter 3), or for general population genetic 

monitoring (Benjelloun et al., 2019). In Chapter 3, I demonstrated how high and low 

coverage datasets can be used together by first performing initial variant identification 

with high coverage datasets and then incorporating low coverage data to further 

explore the identified variants across a greater number of samples. This method is 

useful for combining pre-existing genomic datasets with differing coverages, or when 

wanting to balance the accuracy of the data with the cost of the number of individuals 

genotyped. As sequencing costs continue to fall, high coverage WGR data across 

many individuals will become more achievable, enabling greater accuracy and power 

for a variety of broad applications to assist in the conservation threatened species.  
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6.2 TACKLING THE BIOINFORMATICS OF LARGE GENOMIC 
DATASETS 

For a non-bioinformatician, knowing how to start using large genomic datasets 

is a significant challenge. The analysis of next-generation sequencing data often 

requires significant computational power (particularly for organisms with large 

genomes such as mammals), which means most bioinformatic analyses need to be 

conducted on the command-line of HPC or cloud-based infrastructure (see Chapter 5, 

Supplementary Table 1). Without a strong background in bioinformatics, 

understanding how to tackle the analysis of large-scale genomic data is one of the 

major hurdles that researchers are currently facing. To resolve this, in Chapter 2 I 

present ten simple rules which provide researchers with the background knowledge 

needed to get started with command-line bioinformatics. The scientific literature is a 

valuable resource that can provide summaries of the bioinformatic methods employed 

and the software used to analyse genomic datasets across a wide range of species 

and contexts. However, determining which analysis to use, what computational 

resources are required, and how to run the analysis on a new dataset is no small feat, 

and may result in researchers being hesitant to make use of the latest genomic 

technologies. My ten simple rules can assist researchers to overcome these 

bioinformatic hurdles, which should facilitate greater development and use of genomic 

resources in conservation contexts. One of the main points raised throughout Chapter 

2 is that reaching out to other researchers to determine: i) what software may work 

best for the species of interest or chosen data type, ii) what compute resources are 

required to run such software; and iii) whether that software has already been 

optimised or made available on a particular platform, is one of the best ways for 

researchers to get started running large bioinformatic analyses. Another solution is for 

genomic publications to publish (in the supplementary section at the very least) the 

types of compute resources required to undertake their analysis. While it is currently 

not standard practice to report the specific details surrounding computational 

requirements for any bioinformatic analyses conducted, this information is helpful in 

informing other researchers of some general guidelines so that they can determine 

where to run such analyses and how much it may cost when wanting to apply the 

same bioinformatic methods on similar species or similar genomic data. In Chapter 5 

I provided an example of how such information could be presented in Supplementary 
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Table 1. As the use of genomic data becomes more common place it is important for 

researchers to continue to publish how they produce their data beyond just stating the 

software used. 

Throughout Chapters 3 to 5 I employed a variety of bioinformatic techniques to 

answer specific conservation questions for threatened species. In particular, I showed 

how approaches from previous studies can be employed in novel ways to answer key 

conservation questions in other species or using new datasets. For instance, the 

approach that was previously used to assess immune gene diversity in the 

endangered Tasmanian devil (Morris et al., 2015) was employed to explore 

reproductive gene diversity in the same species (Chapter 3). Similarly, a technique 

previously used to characterise Y-chromosome sequence in the polar bear (Ursus 

maritimus) (Bidon et al., 2015) was used to identify Y-chromosome scaffolds in the 

brown antechinus (Chapter 4). Additionally, I have shown that novel bioinformatic 

approaches can be employed to answer specific research questions or conservation 

needs. For example, using WGR on a small number of individuals to determine 

whether population management based on RRS data is enough to maximise 

functional diversity across a metapopulation, or to develop sex-linked markers for 

monitoring wild populations (Chapter 5). The ten simple rules provided in Chapter 2 

will enable researchers to employ the bioinformatic techniques presented throughout 

this thesis to other species, facilitating the use of next generation sequencing 

technologies as a tool to assist in species conservation. 

 
6.3 AREAS FOR FUTURE WORK 

Currently, of the 15,500 animal species listed as threatened by the IUCN, 

approximately only 100 of these species have reference genomes available. 

Encouraging the creation of reference genomes for more threatened species is 

important in facilitating genomic research for conservation purposes (Chapter 1). 

Funding limitations, sample input requirements and bioinformatic expertise are some 

of the main barriers preventing the generation of these valuable resources for many 

threatened species. Here I have addressed a number of these limitations and 

expanded the current knowledge base by: i) demonstrating that affordable genomes 

generated from short-read technologies are sufficient for answering a large variety of 

conservation questions (Chapters 1 and 3); ii) exhibiting how reference genomes for 
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non-threatened species (where sample acquisition may be more feasible) can be 

created as a resource for related threatened species (Chapter 4); iii) showing that 

opportunistic sample acquisition and preservation can enable high quality reference 

genomes to be obtained for threatened species (Chapter 5); and iv) providing ten 

simple rules to assist with the bioinformatic knowledge required for reference genome 

creation (Chapter 2). As DNA extraction techniques and sequencing technologies 

continue to improve, generation of reference genomes for species of interest should 

become more accessible and cost effective. The establishment of large national and 

international sequencing consortia will also facilitate the availability of reference 

genomes for threatened species or their closely related counterparts. Conservation 

researchers should take advantage of these high-quality genomic resources and work 

with conservation practitioners to identify how genomic data can assist in reaching 

management objectives. 

Secondly, bioinformatics support for researchers wanting to use next 

generation sequencing data is vital in preventing further widening of the research-

implementation gap. Encouraging more transparency with computational 

requirements for bioinformatic analyses will greatly assist researchers in 

understanding what infrastructure is required for working with genomic datasets and 

what costs may be involved. Future studies should include details regarding the 

required computing resources for bioinformatic analyses (e.g., Supplementary Table 

1 of Chapter 5) to facilitate this. Developing other ways for researchers to share 

bioinformatic expertise and work together to solve complex bioinformatics problems 

will also permit greater use of genomic datasets in conservation management. 

Throughout my PhD I worked closely with the recently established Australian 

BioCommons (Australian BioCommons, 2019; Lonie & Francis, 2020) which aims to 

support life science research in Australia by providing researchers with the tools, 

methods and training required to undertake bioinformatic analyses. As part of this 

collaborative effort, I developed documentation for a range of complex bioinformatic 

pipelines (such as genome assembly and annotation) for the Australian BioCommons 

and the Australian genome community (Appendix 4). I have also been a member of 

several bioinformatics working groups that aim to facilitate the sharing and 

collaboration of information related to bioinformatic analyses among Australian 

researchers. Such initiatives are crucial in fostering and enabling researchers to utilise 
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genomic resources for important downstream applications and to prevent further 

barriers between genomics and conservation.  

Finally, future work should focus on ensuring genomic research findings are 

more accessible to conservation managers. One important future step towards this 

goal is for more publications to provide clear implications of conservation genomic 

research findings on threatened species management (Britt et al., 2018). Describing 

how research findings have or could be used to assist conservation efforts will not only 

inspire other researchers to see what’s possible with genomic datasets but also 

provide a library of examples to encourage greater incorporation of genomic data into 

species conservation worldwide. However, just including management 

recommendations in academic publications is not enough, researchers need to build 

strong relationships with the conservation industry and communicate their results 

directly with management teams to explore how findings can be implemented into 

conservation efforts (Britt et al., 2018; Galla et al., 2016; Hohenlohe, Funk & Rajora, 

2021; Shafer et al., 2015; Taylor, Dussex & van Heezik, 2017). Ensuring conservation 

teams also understand the value of genomic data and that researchers are providing 

genomic resources that are in line with the goals of species recovery is also vital. For 

example, we are already working with the National Bilby Recovery Team and 

metapopulation management group to ensure such findings and tools from Chapter 5 

are implemented into the current bilby metapopulation management practice. Towards 

the end of my PhD, the Threatened Species Initiative (TSI) was launched which aims 

to generate genomic resources to assist in the conservation management of 

threatened species across Australia (Threatened Species Initiative, 2020; Hogg et al, 

in press). I have been involved with the pilot phase of this program which involves the 

creation of a user-friendly web portal where standard genomic data types can be 

submitted, analysed and translated into a single standardised report that conservation 

managers can use to inform their current population management strategies. 

Initiatives such as this are momentous in bringing researchers and conservation 

agencies together and bridging the research-implementation gap.  

 

6.4 CONCLUSION 
In the United Nations Decade on Restoration 2021-2030 (United Nations 

Environment Programme, 2021), being able to harness the power of genomic data to 
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inform threatened species management is fundamental to conserving the world’s 

biodiversity. With the rapid progression of sequencing technologies, the ability to 

obtain reference genomes and WGR data for threatened species will become 

commonplace, arming conservation researchers with the tools they need to better 

estimate the size, structure and demographic history of populations, explore the 

genetic basis of specific traits, and detect adaptive variation within populations 

(Fuentes-Pardo & Ruzzante, 2017; Hohenlohe, Funk & Rajora, 2021; Supple & 

Shapiro, 2018). These invaluable insights will enable conservation practitioners to 

make more informed population management decisions to promote, monitor and 

maintain the adaptive potential of threatened populations and ensure species have 

the best chance of long-term survival.  

This thesis not only provides a variety of valuable genomic resources that will 

assist conservation efforts for a number of threatened Australian marsupial species, 

but also provides researchers and conservation managers with the bioinformatic 

background and tools needed to successfully employ genomic data into species 

conservation. The examples, tools, recommendations, and resources I have provided 

herein will aid researchers and conservation managers to overcome many of the 

barriers driving the current gap between genomics and conservation and encourage 

the implementation of genomic data into threatened species management globally.  

As we continue to build a catalogue of genomic resources for both threatened 

and non-threatened species worldwide, it is vital that researchers and conservation 

managers work together to harness the power of this data for species conservation. 

Future research should continue to take steps towards bridging the research-

implementation gap by extending the work presented in this thesis to other threatened 

organisms. Amid a global biodiversity crisis, and the rising era of genomics, 

researchers and conservationists together hold the key to preserving and protecting 

our planet’s biodiversity.  
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Abstract: Conservation initiatives are now more crucial than ever—over a million plant and animal 
species are at risk of extinction over the coming decades. The genetic management of threatened 
species held in insurance programs is recommended; however, few are taking advantage of the full 
range of genomic technologies available today. Less than 1% of the 13505 species currently listed as 
threated by the International Union for Conservation of Nature (IUCN) have a published genome. 
While there has been much discussion in the literature about the importance of genomics for 
conservation, there are limited examples of how having a reference genome has changed 
conservation management practice. The Tasmanian devil (Sarcophilus harrisii), is an endangered 
Australian marsupial, threatened by an infectious clonal cancer devil facial tumor disease (DFTD). 
Populations have declined by 80% since the disease was first recorded in 1996. A reference genome 
for this species was published in 2012 and has been crucial for understanding DFTD and the 
management of the species in the wild. Here we use the Tasmanian devil as an example of how a 
reference genome has influenced management actions in the conservation of a species. 

Keywords: conservation; genomes; Tasmanian devil 
 

1. Introduction 

We are currently in the midst of a global sixth mass extinction event, with biodiversity rapidly 
declining around the world [1], and extinction rates are accelerating [2]. Australia has the worst 
mammal extinction rate of any country, with 25 mammals declared extinct since European settlement 
and almost 20% of current mammalian species listed as vulnerable [2–5]. This significant decline is 
concerning as Australia is one of seventeen “megadiverse” countries that comprises a large 
proportion of the Earth’s biological diversity [6]. Megadiverse countries have at least 5,000 endemic 
plant species and have marine ecosystems within its borders [6]. In addition to this, 87% of Australian 
mammals, 93% of Australian reptiles, and 94% of Australian frogs are endemic to Australia [7]. 
Therefore, conservation initiatives that protect and maintain Australia’s biodiversity are now more 
crucial than ever. 

Only 39% of the 1,890 Australian species (517 animals; 1373 plants), listed as threatened under 
the Environment Protection and Biodiversity Conservation Act (EPBC Act), have a recovery plan in 
place to improve their threat status [8]. These recovery plans set out management and research 
actions to slow population decline and promote recovery of threatened species and communities. 
This is achieved by providing a framework for key interest groups and government agencies to 
coordinate their efforts to improve the plight of threatened species [8]. Management actions range 
from mitigating threatening processes such as predation, habitat loss, or change, in addition to 
research into basic species biology, ecosystem integration, and genetics. The main goal of recovery 
plans is to maintain the long-term viability of a chosen population/community. Maintaining genetic 
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diversity is an important component of population viability as it assists with mitigating negative 
effects associated with inbreeding and arms populations with the potential to adapt to future 
environmental change [9–11]. As such, understanding a populations’ inherent genetic diversity, in 
addition to their historical diversity and future potential, is of utmost importance in species 
conservation. For this reason, more than 80% of the current 200 Australian national vertebrate 
recovery plans have some form of genetic action listed in the species’ recovery plan. Yet, less than 
15% of these recovery plans have any form of genetic or genomic data available, either in existence 
or currently in development. Here we refer to genetic data as information based on specific, limited 
regions of the genome (e.g., targeted gene sequencing, microsatellite analysis, etc.), whilst genomic 
data is information based on the whole genome (e.g., whole genome sequencing/resequencing, 
whole-genome single nucleotide polymorphism (SNP) analysis/reduced representation sequencing, 
etc.). 

Advances in sequencing technologies and the reduction in sequencing costs have given rise to 
the era of genomics, whereby holistic genome-wide approaches are rapidly replacing traditional 
genetic marker approaches in many non-model species [12–14]. Although recent reviews have 
highlighted the importance of implementing genomic data into conservation initiatives [13,15,16], the 
application of such powerful advances in sequencing technologies is lacking in the current literature. 
This limited use in conservation may be due to a number of reasons including: costs, a lack of 
understanding of the potential of new genomics approaches, lack of expertise in developing and 
utilizing the data, and the absence of a reference genome for the species of interest (or a closely-
related species) [13,15,17]. The latter is an important concern as the generation of a reference genome 
requires considerable expertise, funds, computational resources, and time that are not often 
accessible by wildlife managers and conservation teams [15,18]. 

Of the 13505 animal species that are listed as threatened (Lower Risk/Conservation Dependent 
or worse) on the International Union for Conservation of Nature (IUCN) Red List [2], 108 (< 1%) have 
published genomes on NCBI [19]. This equates to only 6% of the 1842 animal genomes currently 
available on NCBI [19]. Creating high-quality reference genomes that can provide insights into 
species evolution and biology is a costly task (~$30,000 for an average eukaryotic genome size of 2.5 
Gbp [20]), and also requires large collaborative groups to provide expertise from varying fields (e.g., 
[21–23]). Fortunately, in recent years a number of national and international consortia and genome 
projects have been formed with the aim of creating high-quality reference genomes for species 
spanning the phylogenetic tree of life including: the Earth Biogenome Project (EBP) [20], the Genome 
10K Project (G10K) [24,25], the Vertebrate Genomes Project (VGP) [26], the Bird 10K Project (B10K) 
[27], the Bat 1K Project (Bat1K) [28], the Global Invertebrate Genomics Alliance (GIGA) [29,30], and 
the Oz Mammal Genomics initiative (OMG) [31], to name a few. The goal of many of these consortia 
is to bring together the required expertise to generate reference genomes of a sufficient quality, which 
are publicly available to the science community, thereby providing the vital resources required to 
implement genomics into conservation management better [13,15,18]. However, just providing the 
reference genomes or genomic data is not enough to improve conservation outcomes. Geneticists 
need to continually communicate how genomic techniques can be utilized in a cost-effective manner 
to assist species conservation better [17,32]. As highlighted by Taylor et al. [33], targeted education 
and training is also required to teach conservation managers how to interpret and utilize genomic 
data. To better assist conservation managers, a number of groups and communities have already been 
established to assist in providing conservation genetics advice for threated species management. 
These include the IUCN/SSC (Species Survival Commission) Conservation Genetics Specialist Group 
(CGSG), the Genetic Composition Working Group of GEO BON (Group on Earth Observations 
Biodiversity Observation Network), and the pan-European COST (Cooperation in Science and 
Technology) action ConGRESS (Conservation Genetic Resources for Effective Species Survival) (for 
further information and examples from these groups, see Holderegger et al. [34]). Conservationists 
in their respective countries can get in touch with these groups to obtain the contact details of 
geneticists who work in their region who may be able to assist them with their management needs. 
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While a number of papers have reviewed current genomic techniques and the way they can, or 
have been, applied to assist in conservation decisions across species [15,17], questions are still raised 
as to whether reference genomes are necessary for species conservation. Reference genomes hold the 
key to investigate a number of paradigms that are essential for species conservation, including: 
demography, inbreeding, hybridization, disease susceptibility, behavioral ecology, and adaptation 
[12,13,15,16,18]. Here we demonstrate the value of a reference genome to the conservation effort of 
an endangered species, the Tasmanian devil (Sarcophilus harrisii), and how this information has been 
applied in real-time management practice [35]. 

The Tasmanian devil, an endangered Australian marsupial, is often used in the literature as an 
example of how genetics/genomics approaches could be used in conservation [12,13,36]. However, 
something that is not often discussed is that having a reference genome for this species is one of the 
key factors that contributed to using genomics in management practice. Although this species has a 
unique conservation issue, low genetic diversity coupled with an infectious clonal cancer, the 
methods described herein apply to many other threatened species. Here we show how the reference 
genome has allowed a range of conservation questions to be answered in a timely, cost-effective 
manner and enabled conservation researchers to adapt to the rapid advances in genomic 
technologies. 

2. The Tasmanian Devil and Its Genome  

The Tasmanian devil is the largest extant carnivorous marsupial, native to mainland Tasmania, 
Australia. The emergence of transmissible cancer, devil facial tumor disease (DFTD) in the mid-1990s 
has led to a rapid population decline of up to 80% across their range [37]. In 2003, the Tasmanian and 
Australian governments responded to the disease threat by establishing the Save the Tasmanian 
Devil Program (STDP). Since then, researchers, wildlife managers, and the zoo industry have worked 
closely with the STDP to ensure that Tasmanian devils have a sustainable ecological function in the 
Tasmanian ecosystem and landscape [35,38]. This work has included a range of activities such as 
monitoring of wild populations, developing an insurance population, describing and characterizing 
the disease, and developing new genomic tools to understand the disease and the Tasmanian devil 
[38].  

Prior to the publication of a reference genome for the Tasmanian devil, traditional genetic 
approaches such as MHC (major histocompatibility complex) typing and microsatellite analysis were 
used to explore genetic diversity at specific genes as well as general genetic diversity in the species 
[39–41]. These techniques were able to show that the Tasmanian devil had low genetic diversity [39–
42]. However, the low rates of polymorphism for most of these markers did not have high enough 
resolution to assist in answering crucial conservation questions such as determining founder 
relatedness within the insurance population [43,44], identifying high-resolution population 
substructure [45], or to better understand the origin and evolution of DFTD [46]. In instances such as 
these, further genomic data was required to improve resolution. For other threatened species, where 
there may be moderate to high genome-wide diversity, microsatellite markers may be highly 
polymorphic, and so these markers have value as a continuing genetic management tool. 

To overcome this knowledge gap, the Tasmanian devil genome was sequenced independently 
by two different research groups in 2011 [45,46]. Miller et al. [45] sequenced the nuclear genome of 
two individuals (originating from extreme northwest and southeast Tasmania), as well as the tumor 
from one individual, using both Roche and Illumina sequencing platforms. The analysis of genome-
wide SNPs confirmed low genetic diversity across the Tasmanian devil genome, as well as enabling 
the construction of genotyping arrays, which revealed a new population substructure and the 
identification of tumor-specific SNPs. However, the low contiguity of this reference genome assembly 
(148,891 scaffolds, scaffold N50 147 kb) limited the applicability of the data in downstream research. 
In 2012, a more contiguous, annotated nuclear genome (35974 scaffolds, scaffold N50 1.85 Mb), and 
tumor genome was published by Murchison et al. [46], resulting in the primary reference genome 
used today. This higher quality assembly facilitated an enormous effort in downstream genetic and 
genomic research. It should be noted that as of August 2019, the 2012 Tasmanian devil reference 
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genome paper [46] has been cited over 200 times (Google Scholar Citation Search), highlighting the 
value of this reference genome to the research community. It is not possible to cover all of the research 
that has stemmed from the sequencing of the 2012 genome here. Rather, here, we present key 
examples of how having a reference genome has contributed to conservation decisions and outcomes 
for the Tasmanian devil. We also note that at the time of this publication, an updated Tasmanian devil 
genome assembly has been released [47]. This assembly utilized an in vitro proximity ligation 
technique to further improve the scaffolding of the 2012 assembly (10010 scaffolds, N50 7.75 Mb); 
however, chromosome assignment and annotation have not been performed at this stage.  

3. Conservation Applications as a Result of a Reference Genome 

3.1. Basic Conservation Management 

3.1.1. Microsatellite Analysis 

Traditionally population genetic measures to answer basic questions regarding population 
structure, population size, population dynamics (migration, bottlenecks), kinship, inbreeding, etc. 
[14,48] have used microsatellites, or short tandem repeats [48]. Where microsatellite markers have 
already been developed for the species of interest, or in a closely related species that may carry similar 
markers, they provide a cost-effective, quick conservation management tool [48,49]. However, for 
those species where appropriate microsatellite markers are not currently available, or cross-species 
microsatellite amplification is not effective, and a reference genome is also not available, considerable 
time and resources are required to develop species-specific microsatellite markers. For example, prior 
to sequencing the Tasmanian devil genome, 11 putatively neutral microsatellite markers were 
developed to assess genetic diversity in Tasmanian devils [39]. The development of these 
microsatellites involved the creation and screening of a genomic library, sequencing of positive 
clones, primer design, and PCR optimization [39]. Several years later, MHC-linked microsatellite 
markers were developed in a similar manner as a cheaper and faster method of investigating MHC 
diversity when compared to traditional MHC typing techniques, such as cloning and sequencing 
particular MHC regions [41]. This traditional microsatellite isolation and the marker development 
approaches require considerable laboratory expertise, time, and funds [49], that today may be better 
spent developing more powerful molecular approaches (see Reduced Representation Sequencing 
section below).  

Contrarily, the availability of the Tasmanian devil reference genome enabled 22 additional 
microsatellite markers to be identified and developed in a much faster, cost-effective manner using 
bioinformatic methods [50]. More importantly, each of these microsatellites were known to be in non-
coding regions across all of the autosomes, providing a greater representation of neutral genome-
wide diversity in comparison to the original 11 putatively neutral microsatellites. It has previously 
been estimated that the development of just 10 microsatellite markers without prior genetic data can 
cost up to $10000 [51]. The availability of a reference genome mitigates the need for traditional 
microsatellite isolation procedures, and therefore, significantly reduces costs associated with marker 
development (< $1000 for primer optimization and testing). Additionally, the commercial 
development of microsatellite-based PCR kits resulted in further reductions in the time and cost 
associated with microsatellite marker development and use [50]. To date 33 microsatellite markers 
have successfully been applied to Tasmanian devil conservation to investigate inbreeding [50], 
reconstruct the pedigree of offspring born in group housing and on Maria Island [50,52–54], and 
investigate mate choice within captivity and the wild [55] (Table 1). These microsatellite markers have 
also successfully been applied to genotype individuals using non-invasive scat samples [56], which 
are notoriously known for producing low quantities of low-quality DNA [57]. Globally, microsatellite 
markers continue to be an effective tool in conservation decision making by answering population 
questions [58–62]. They are particularly valuable when using non-invasive samples that are often 
unsuitable for more complex genomic methods that require high-quality input DNA, such as reduced 
representation sequencing and other whole-genome sequencing methods [15]. A reference genome 
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allows for fast, easy, and inexpensive development of such markers, improving their utility in the 
conservation management space. 

Table 1. Examples of Tasmanian devil conservation questions, actions, and outcomes that have been 
facilitated by the reference genome. 

Reference Genome Use 
Conservation Questions 

Addressed 
Conservation Actions 

Conservation 

Outcomes 
• Microsatellite 
development 
• Genome-wide SNP 
analysis 

• Were the founders 
related?  
• Does the 
metapopulation have 
equal founder 
representation to ensure 
the maintenance of gene 
diversity? 
• Is inbreeding 
accumulating in group 
housing and Maria 
island insurance 
populations? 

• Resolved relatedness 
of founders [43] 
• Resolved parentage 
in group housing within 
the metapopulation 
[50,52,54] 
• Reconstructed 
pedigree of island 
population [53] 
• Informed 
translocation 
recommendations [63] 

• Tool for 
selecting individuals 
for translocations 
based on genetic 
complementation 
• Improved 
maintenance of 
genetic diversity 
across captive 
populations 
• Increased 
genetic diversity of 
hybrid individuals at 
wild release sites 

• The 
characterization of DFTD 
strains 

• How many DFTD 
strains exist? 

• Appropriate 
management of wild 
populations [46,64,65] 

• Assisted in 
managing the spread 
of new DFTD strains 

• The 
characterization of 
immune genes 
• Primer design and 
SNP panel development 
• Targeted SNP 
analysis 

• Can we develop a 
vaccine for DFTD? 
• Can we improve 
Tasmanian devil 
immune diversity? 

• Immunization 
development and 
deployment [66]. Immune 
gene diversity analysis for 
informed translocation 
recommendations [67–75] 

• Improved 
immune responses of 
devils released to the 
wild  
• Improved 
immunogenetic 
diversity of released 
Tasmanian devils and 
their resultant 
offspring 

• Development of 
blocking primer for 
metagenomics diet 
analysis 

• What constitutes 
the complete diet of 
Tasmanian devils on 
Maria Island? 

• Investigating the 
impact of an introduced 
carnivore to island wildlife  

• Mitigation 
implemented to 
reduce the impact on 
highly consumed 
species  

• Alignment of 
resequenced genomes 
• SNP Analysis and 
Annotation 
• GWAS 

• Are devils evolving 
host-parasite resistance 
to DFTD? 

• Ongoing monitoring 
to ensure releases do not 
impact the evolution of 
potential resistance alleles 
[76–79] 

• Assisted in 
understanding 
regions of the genome 
that are potentially 
involved in DFTD 
resistance 

3.1.2. Reduced Representation Sequencing 

While microsatellite analysis is one of the most common population genetics tools, sometimes 
more statistical power is needed to address specific conservation management questions, particularly 
in species with low genetic diversity [43,80,81]. For instance, in the Tasmanian devil, microsatellite 
analysis was unable to accurately estimate the relatedness of founders sourced for the insurance 
population between 2006 and 2008 [43]. Single nucleotide polymorphisms (SNPs) enable greater 
resolution for addressing some common conservation issues such as resolving parentage and 
population structure, understanding genetic diversity, and identifying regions of the genome, which 
may be linked to important phenotypes [42]. When compared to a microsatellite approach, only 3–8 
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biallelic SNPs are required to be as informative as one microsatellite marker [82,83]. Reduced 
representation sequencing (RRS) is a simple, cost-effective approach for generating genome-wide 
SNP data and is gaining popularity in the conservation sector [15,42,84]. RRS relies on high-
throughput sequencing of fragments generated by restriction enzyme digestion of the genome and 
can, therefore, easily be applied in any species. There are a variety of RRS methods currently 
available, including traditional RADseq [85], ddRAD [86], DArTseq [87], and others [42].  

Both DArTseq and RADseq have been employed to collect RRS data from over 1,000 Tasmanian 
devils from the insurance population, Maria island and a number of wild sites [76,77,84,88,89]. RRS 
methods have shown to be superior in accurately estimating diversity and inferring genome-wide 
heterozygosity compared with microsatellite analysis and other targeted techniques [89]. Although 
this approach does not require a reference genome for development and use, coupling RRS data with 
a reference genome is advantageous in that it: i) improves the reliability of genotype calls [90]; ii) 
reduces the required coverage for accurate genotyping [91]; iii) provides for a greater number of SNPs 
[92]; iv) improves downstream population genetic inferences [92]; v) allows for SNP annotation with 
gene information [93]; and vi) provides the ability to compare results from differing RRS methods 
which are particularly important when different methods are used across time for endangered 
species.  

Using a reference genome guided approach in the Tasmanian devil enabled 2060 SNPs to be 
identified [84] much more quickly than a de novo approach. Aligning the RRS data to the reference 
genome provides the ability to identify genes which may be targets of future analysis, and to separate 
functional vs. non-functional genome diversity which could have conservation implications [94]. For 
example, the reference genome was able to identify candidate genes within a genomic region that 
displayed signatures of selection in RRS data [76], and to identify cancer-resistance candidate genes 
from phenotype association tests of RRS data [77] (Table 1). A number of non-synonymous SNPs 
have also been identified within particular genes, which have the potential to impact phenotype. 
Furthermore, reference alignment allows SNPs from alternative RRS datasets to be compared and 
combined, such as the DArTseq and RADseq data, which are important for reusing previous 
investments of limited conservation dollars. Recent work investigating New Zealand threatened bird 
species also showed the benefits of calling SNPs against conordinal, confamilial, cogeneric, and 
conspecific reference genomes [95]. This highlights that not every threatened species requires a 
reference genome, although the quality of the SNP data reduces as you move away from the genus 
and family level.  

3.2. Further Species-Specific Applications 

3.2.1. Reference Gene Characterization 

A valuable advantage of having access to a reference genome is the ability to characterize 
particular genes, or gene families, that are relevant to species-specific conservation [23]. Gene 
characterisation is often undertaken in two main ways: in-depth, manual characterization of a specific 
set of genes of interest, and automatic, whole-genome annotation. The latter is achieved in two main 
stages: the computational phase and the annotation phase [96,97]. During the computational phase, 
initial gene predictions are based on several lines of evidence including transcriptome and protein 
data from the species of interest and several closely-related, or well-annotated species [96,97]. During 
the annotation phase, the most representative gene predictions (defined by the annotation pipeline) 
are synthesized into the final gene annotations [96,97]. The whole-genome annotation of the 
Tasmanian devil reference genome was achieved using the Ensemble genome annotation pipeline 
[46,98,99]. This automatic annotation of 18775 protein-coding genes was critical to the development 
of targeted SNP panels to explore diversity at important immune genes in the Tasmanian devil [69–
71] (see SNP Panel section below), and in the identification of genes that may be linked to DFTD 
[46,76–78,100] (Table 1). 

While modern-day tools, such as trainable automated gene prediction algorithms, have 
increased the feasibility of genome annotation of newly sequenced species within individual research 
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groups, complete genome annotation still requires considerable bioinformatics expertise [96,97]. 
Manual annotation of a subset of target genes is often required. This is particularly relevant for genes 
that have experienced duplications and are, therefore, often unable to be automatically annotated 
[23,96]. In the Tasmanian devil, this was true for a number of gene families, including the Major 
Histocompatibility Complex (MHC), toll-like receptors (TLR), natural killer (NK) receptors, 
cathelicidins, behavior, and reproductive genes which were all manually annotated 
[69,72,75,101,102]. Annotation of these genes was essential in facilitating species-specific downstream 
research and informing conservation management decisions in the Tasmanian devil, such as genetic 
variation analyses [69,70,72,75]; selection of individuals for release to the wild [63], individuals 
response to the immunotherapy [66]; changes of immune function with the onset of puberty [73]; and 
the influence of age and DFTD on immune function [74] (Table 1). This highlights the potential of a 
reference genome for exploratory analysis of gene families involved in key biological processes of 
threatened species such as immunity, reproduction, and behavior.  

3.2.2. Targeted SNP Panels 

Targeted SNP panels enable diversity at particular genes to be investigated based on current 
conservation concerns/questions [103]. In the Tasmanian devil, an SNP panel targeting immune, 
behavioral, and putatively neutral loci was developed and used to genotype over 300 individuals in 
the insurance population [71]. This involved low-coverage resequencing of a number of individuals 
(see the Whole-Genome Resequencing section below), alignment of data to the reference genome, 
identification of target SNPs, primer design, pilot sequencing, and final genotyping. The SNP panel 
resolved parentage with higher confidence than microsatellite markers and also provided 
representative measures of genetic diversity at both functional and non-functional loci [71]. 
Development of another SNP panel, which targeted a range of immune genes, showed considerably 
low immune diversity in the species [70], which has led to further research into ways of breeding 
Tasmanian devils to improve genome-wide heterozygosity and functional diversity [67,68]. The 
Tasmanian devil reference genome was essential for aligning sequencing data and target SNP 
discovery allowing for management decisions to be based on both genome-wide and functional 
diversity (Table 1). Although custom SNP panel development can be expensive and is not simple, 
once developed it provides fast, accurate measures of diversity at particular genes, or genome 
regions, across a large number of individuals [71,104,105].  

3.2.3. Whole-Genome Resequencing 

Whole-genome resequencing (WGR) involves sequencing the genome of several individuals to 
a predetermined level of coverage (usually between 2× and 60×) and aligning this data to an available 
reference genome (for examples in non-model species, see Fuentes-Pardo and Ruzzante [15]). A major 
application of whole-genome resequencing (WGR) is the identification of variation throughout the 
genome, enabling the development of more targeted approaches that can be used to explore diversity 
at key regions in a larger cohort of individuals [70,71]. The Tasmanian devil targeted SNP panels 
were created using low-coverage WGR (10–15×) data from 7–12 individuals aligned against the 
annotated reference genome [70,78]. A major limitation of using this low-coverage resequencing 
strategy is that genome regions with lower coverage can often contain sequencing errors that may 
not be distinguished from true SNPs [106]. This led to a number of the SNPs identified in the 
Tasmanian devil resequencing data not being present in the downstream SNP panel data [70,78]. 
While the best way to overcome this limitation is to increase the sequencing coverage of individuals, 
other methods, such as calling SNPs across individuals, can assist in more accurate variant calling in 
low-coverage WGR datasets [107]. 

Higher-coverage sequence data enables variants and heterozygosity to be called much more 
accurately than low-coverage sequence data and hence allows for SNPs to be called more confidently 
without additional targeted sequencing (e.g., SNP panels) [108]. High-coverage (~45×) WGR of 25 
Tasmanian devils has allowed for reliable estimates of genome-wide heterozygosity, which are being 
used to assess the accuracy of estimates from other techniques including microsatellites, SNP panels 
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and RRS data. The higher cost of high-coverage data causes a trade-off between investigating the 
whole genome of a relatively small number of individuals versus using a targeted subset of loci across 
many individuals (as of 2019, WGR routinely costs over $1000 per individual whereas RRS costs less 
than $100 per individual). This trade-off needs to be acknowledged, is dependent on the conservation 
research questions, and requires careful consideration prior to the commencement of sequencing [13]. 
Fortunately, a number of alternative cost-effective WGR approaches are available and may be 
suitable when high-coverage WGR is not possible. For a review of the different types of WGR and 
their different applications in conservation [15]. 

Whilst targeted sequencing approaches are useful for the exploration of genes known to be 
important to species biology, sometimes genetic mechanisms driving particular phenomena that are 
vital to species adaptation and survival may not be known or detected in other reduced sequencing 
techniques like RRS [109]. Whole-genome resequencing (WGR) enables conservation researchers to 
ask and answer a wide range of questions that are not possible using other approaches. For example, 
WGR also enables the use of genome-wide association studies to determine the genetic basis of 
particular phenotypic traits that are important to species conservation [13,15]. In the case of the 
Tasmanian devil, some individuals have been found to display a resistant phenotype to DFTD, 
enabling spontaneous tumor regression [110]. Identifying the potential genetic basis of this 
phenotype is important to understanding which individuals may be more resilient to the disease and 
provide targets for the development of potential treatments [76–78] (Table 1). Low-coverage WGR of 
individuals showing tumor regression and those that succumbed to the disease enabled a genome-
wide association study to be undertaken, which identified two genomic regions that may be 
associated with resistance to DFTD including PAX3 and TLL1 loci [78]. A follow up study, Wright et 
al. [78] resequenced 10 individuals to a higher coverage (20–30×) and was able to identify a larger 
number of genomic regions that may underlie tumor regression in the Tasmanian devil [100]. This 
work demonstrates the ability of WGR data, along with an annotated reference genome, in exploring 
the genetic basis of phenotypic traits that could have important conservation implications 
[13,15,78,100] (Table 1). It is important to note that often larger numbers of individuals are required 
to identify genes underlying certain phenotypes, particularly in species with higher genetic diversity 
and reduced selective pressure on the phenotype of interest [111]. This requires careful consideration 
of trade-offs between the sequencing approach (targeted vs. RRS vs. WGR), number of samples and 
sequencing coverage, and will often depend upon some prior knowledge (or preliminary testing), 
budget, and access to samples. Overall, WGR data is better able to separate out and compare 
functional versus non-functional diversity than RRS methods, which is valuable in understanding 
the adaptive potential of species [94]. 

There are many other advantages of using this high-resolution genomic data,, including i) more 
robust insights into the evolutionary and demographic histories of a species; ii) more accurate 
measures of diversity, inbreeding and population structure; and iii) the ability to identify and 
investigate signatures of selection and adaptive genetic variation [15,16,18]. WGR data in the 
Tasmanian devil is currently being employed to assess selection and mutation rates within 
populations and in identifying runs of homozygosity (ROH) throughout the genome (for examples 
in other species, see Ceballos, et al. [112] and Hodgkinson, et al. [113]). These analyses are useful in 
the investigation of well-known issues in conservation, including inbreeding depression [112] and 
adaptation to captivity [114].  

Some of the current limitations for using WGR in conservation contexts are the cost, the required 
computing power and respective expertise, and the availability of reference genomes [13,15]. Costs 
vary greatly and depend on the number of individuals or loci you wish to use, and the required depth 
of sequencing [15]. In addition, this approach requires significant expertise and compute power to 
execute, which limits its applicability to many conservation contexts [15]. Creating partnerships 
between academic researchers with the required expertise and computing resources and 
conservation managers is key to overcoming many limitations of using genomics in conservation, 
and has been successfully implemented in the conservation of the Tasmanian devil [35]. A reference 
genome is essential for WGR, so the significant lack of published genomes (<1%) for threatened 
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species (or their closely-related counterparts) prevents many conservation managers from taking full 
advantage of high-resolution genomic data. However, in the dawn of large genomic consortia such 
as the Earth Biogenome Project, which aims to sequence the genomes of all of the Earth’s eukaryotic 
biodiversity over the next 10 years [20], lack of a reference genome will soon become a thing of the 
past.  

Overall, WGR paired with an annotated reference genome opens up a realm of possibilities for 
downstream conservation research by developing more cost-effective approaches when data from a 
large number of individuals is necessary for making informed conservation management decisions. 
As costs of sequencing continue to decrease, and the availability of reference genomes continue to 
rise, the use of this high-resolution genomic data in conservation research will likely become the norm 
[12] and is already being applied to some bird species [95]. 

4. Reference Genome Quality 

An important factor to consider in the creation of reference genomes is the quality of the 
assembly. Consortia such as the Vertebrate Genome Project and the Earth Biogenome Project have 
proposed specific standards that reference genomes should meet [20,26] (Table S1). However, it is 
important to understand whether such high standards are necessary or achievable for conservation 
management. A number of statistics are used to evaluate the different aspects of genome quality 
including accuracy (e.g., average read coverage and quality), continuity (e.g., N50, N90, number of 
contigs/scaffolds, average length of contigs/scaffolds, gap percentage, etc.), and completeness (e.g., 
BUSCO (Benchmarking sets of Universal Single-Copy Orthologs)/CEGMA (Core Eukaryotic Genes 
Mapping Approach) scores, number of genes, etc.) (see Wajid and Serpedin [115] for a more 
exhaustive list). While the ideal reference genome would consist of a completely annotated, gap-free, 
chromosome-length assembly, even the some of the best model species genomes, such as the human 
genome, currently do not reach this standard. Furthermore, the ease and ability to reach chosen 
standards depends on many factors, including genome size, genome structure (e.g., repetitive 
content), level of heterozygosity, sample availability/quantity, as well as the cost and expertise of the 
sequencing types and computing resources available [24] (for reviews on reference genome creation 
including available sequencing types and their associated advantages/disadvantages see Ekblom and 
Wolf [96], Wajid and Serpedin [115], and Sedlazeck, et al. [116]). It is important to note that the current 
Tasmanian devil reference genome was sequenced in 2011 by Murchison et al. [46], so it does not 
meet the minimum standards set by the EBP (Earth Biogenome Project) or VGP (Vertebrate Genomes 
Project) (Table S1). Despite this, the Tasmanian devil genome has still been able to facilitate an 
enormous amount of conservation research. A higher-quality genome which is more complete, 
correct, and contiguous, has a number of advantages such as improved identification and 
characterization of genes and other genomic regions; more accurate ROH (runs of homozygosity) 
analysis and structural variant analysis; and higher resolution of chromosomal organization allowing 
for improved comparative genomic and evolutionary analyses [117].  

Naturally, genome quality is also a factor of input DNA quality. High molecular weight DNA, 
generally greater than 40 kb in length, is required to generate the multiple sequencing types used to 
construct a high-quality genome [118]. Extracting high molecular weight DNA often requires 
additional consideration during the sample collection phase, such as flash-freezing tissues in liquid 
nitrogen, storage at −80 ℃ or below, and avoiding freeze-thaw. However, for species of high 
conservation concern, or those that inhabit difficult field locations, this could be challenging. In these 
scenarios, researchers may utilize museum specimens. However, this can introduce additional 
problems associated with sample preservation and degraded DNA, which may not be suited to long-
read sequencing technologies [119]. As such, the ability to collect, store, and extract high-quality DNA 
should not be underestimated, as this is an essential first step towards generating high-quality 
genome. However, it is important to weigh up whether the cost, computing resources, expertise, and 
time of creating an improved or “Gold standard” assembly is necessary to answer the conservation 
research questions at hand. For example, Patton et al. [47] showed that the improvement of contiguity 
of the newly released 2019 Tasmanian devil assembly had minimal impacts on inferred patterns of 



 208 

  

Genes 2019, 10, 846 10 of 17 

 

historical effective population size when compared to the current reference assembly. Hence, in many 
cases, a simple short-read genome assembly is enough to answer many basic conservation 
management questions and also enable a number of more in-depth species-specific analyses 
mentioned in the sections above. Nevertheless, as sequencing technologies and computational 
infrastructure continue to advance and become more affordable, high-quality reference genomes 
would become easier to create and would overcome many of the limitations of currently fragmented 
reference assemblies such as incomplete gene characterization, comparative evolutionary limitations, 
and increased computational requirements [117]. Despite this, without advances in sequencing 
chemistry and library preparation to reduce input DNA quality and quantity, the availability of high-
quality samples and ensuing high molecular weight DNA may continue to limit the creation of high-
quality reference genomes in some species. 

5. Conclusions 

The Tasmanian devil reference genome has enhanced our capacity to manage this species in the 
face of an infectious, clonal cancer. By having the reference genome, we have been able to develop a 
range of genomic tools that have been used to investigate DFTD (e.g., [46]), investigate the interplay 
between the Tasmanian devils and the disease (e.g., [76–79]), inform development of immunotherapy 
and vaccine protocols [66], inform the management of the insurance population [38,65], and provide 
advice on the translocation of Tasmanian devils to wild populations to improve both genome-wide 
and functional diversity (e.g., [63,89]). Tasmanian devils are not the only species who are threatened 
globally by disease; other examples include black-footed ferret and distemper [120], bats and white-
nose syndrome [121], and frogs and chytrid [122]. Here we have presented a strong case study of the 
benefits of using reference genomes for the conservation of threatened species. As the threat to global 
biodiversity increases, the management of threatened species becomes more pronounced. Reference 
genomes could be used by conservation managers to develop a range of genetic tools such as 
designing species-specific microsatellite markers for population data and differentiation; developing 
targeted SNP panels, or aligning and calling RRS data, for higher resolution population information 
or data on particular genes of interest; and conducting exploratory analyses (e.g., genome-wide 
association studies) using variant calling of whole-genome resequencing data.  

Despite the challenges in obtaining high-quality samples for genome sequencing and expertise 
for the creation of reference genomes for threatened species, there is value in them. Reduced costs 
and lower input DNA requirements, as well as improved bioinformatic assembly and annotation 
pipelines based on non-model non-eutherian species, mean that these technologies are becoming 
more attainable by conservation programs and should be used more routinely where budgets allow 
[96]. Reference genomes enable a wealth of genetic/genomic applications and are an important asset 
in our ongoing fight to preserve global biodiversity. We would recommend that conservation 
managers who are seeking to use the types of methods we have described herein collaborate with 
global genome consortia (like the Earth Biogenome Project) or national/local consortia (like the Oz 
Mammal Genome Initiative) to utilize the full potential of genomic resources and join the genomics 
revolution. This allows conservation managers to focus on conservation and work with geneticists 
who can help them make adaptive management decisions in real-time [35]. 

Although here we have presented a unique case study of a species with significantly low levels 
of genetic diversity and a large threatening disease process, the techniques described for the 
Tasmanian devil can be applied more broadly to many species of conservation concern. The 
applications of what we have described herein for devils is not unique to this species as many of the 
questions we have answered are posed by those managing other threatened species. These include 
understanding historical demography and current population structure, minimizing inbreeding, 
maximizing adaptive potential, and identifying the basis of important phenotypic traits (whether 
these be related to disease, behavior, or reproduction). Hence, despite differences in threatening 
processes and current state of vulnerable species, the nature of their small population sizes will result 
in a number of common conservation concerns that could be informed using genomic data [15,18]. In 
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the midst of the sixth mass extinction event, we advocate the use of reference genomes and associated 
genetic tools to arm conservation managers with ways to assist the long-term survival of species. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1: Comparison 
of model and non-model mammalian/marsupial reference genomes to the G10K and EBP minimum reference 
genome quality standards.  
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Introduction

Sequencing technologies are becoming more advanced and affordable than ever before. In
response, growing international consortia such as the Earth BioGenomes Project (EBP) [1],
the Genome 10K project (G10K) [2,3], the Global Invertebrate Genomics Alliance (GIGA)
[4,5], the Insect 5K project (i5K) [6,7], the 10,000 plants project (10KP) [8], and many others
have big plans to sequence all life on earth. These consortia aim to utilise genomic data to
uncover the biological secrets of our planet’s biodiversity and apply this knowledge to real-
world matters, such as improving our understanding of species’ evolution, assisting with con-
servation of threatened species, and identifying new targets for medical, agricultural, or indus-
trial purposes [1]. All of these goals rely on someone to analyse and make sense of the
tremendous amounts of biological data, making bioinformaticians more sought-after than
ever. Many researchers with a background in biology and genetics are stepping up to the chal-
lenge of big data analysis, but it can be a little daunting to start down the path of bioinformat-
ics, particularly using the command line, without a strong background in computing and/or
computer science. A recent “Ten simple rules” article highlighted the importance of bioinfor-
matics research support [9]. Here we provide 10 simple rules for anyone interested in taking
the leap into the realm of bioinformatics using the command line. We have put together these
10 simple rules for those starting on their bioinformatics journey, whether you be a student, an
experienced biologist or geneticist, or anyone else who may be interested in this emerging
field. The rules are presented in chronological order, together encompassing a simple 10-step
process for getting started with command-line bioinformatics (Fig 1). This is by no means an
exhaustive introduction to bioinformatics, but rather a simple guide to the key components to
get you started on your way to unlocking the true potential of biological big data.

Rule 1: Get familiar with computer terminology

The first step in your command-line bioinformatics journey can be overwhelming due to the
wealth of new terminology. This is where you need to channel your inner computer geek and
learn the new language of computer terminology. In fact, this very paper is riddled with it, so
our first rule addresses this tricky obstacle. Having a basic understanding of computing and
associated terminology can be really useful in determining how to run your bioinformatics
pipelines effectively. It can also help you troubleshoot many errors along the way. Understand-
ing the terminology allows you to talk with your institutional information technology (IT)
departments and communicate your computational needs to answer your biological questions.
This will allow you to be able to source the resources you will need. A number of basic defini-
tions of the main terms that you will likely come across as you enter the world of bioinformat-
ics is presented in Box 1.
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Fig 1. Our 10-step process for getting started with command-line bioinformatics. Each step corresponds to each of
our 10 simple rules presented below.

https://doi.org/10.1371/journal.pcbi.1008645.g001
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Box 1. Some simple definitions of common computer terms

Algorithm: The set of rules or calculations that are performed by a computer program.
Certain algorithms may be more suitable for particular datasets and may have differ-
ences in performance (e.g., in speed or accuracy).

Central processing unit (CPU): The chip that performs the actual computation on a
compute node or VM.

Compute node: An individual computer that contains a number of CPUs and associated
RAM.

Core: Part of a CPU. Single-core processors contain 1 core per CPU, meaning CPUs and
cores are often interchangeable terms.

CPU time: The time CPUs have spent actually processing data (often CPU time ~ =
Walltime ⇤ Number of CPUs).

Dependency: Software that is required by another tool or pipeline for successful
execution.

Executable: The file that contains a tool/program. Some software has a single executable,
while others have multiple executables for different commands/steps.

High performance computer (HPC): A collection of connected compute nodes.

Operating system (OS): The base software that supports a computer’s basic functions.
Some of the most common linux-based operating systems include those of the Debian
distribution (Ubuntu) and those of the RedHat distribution (Fedora and CentOS).

Pipeline: A pipeline is a workflow consisting of a variety of steps (commands) and/or
tools that process a given set of inputs to create the desired output files.

Programming languages: Specific syntax and rules for instructing a computer to perform
specific tasks. Common programming language used in bioinformatics include Bash,
Python, Perl, R, C, and C++.

Random access memory (RAM): Temporarily stores all the information the CPUs
require (can be accessed by all of the CPUs on the associated node or VM).

Scheduler: Manages jobs (scripts) running on shared HPC environments. Some com-
mon schedulers include SLURM, PBS, Torque, and SGE.

Script: A file which contains code to be executed in a single programming language.

Thread: Number of computations that a program can perform concurrently—depends
on the number of cores (usually 1 core = 1 thread).

Tool: A software program that performs an analysis on an input dataset to extract mean-
ingful outputs/information—Tool, software, and program are often used interchange-
ably but refer to the core components of bioinformatics pipelines.

VM: Virtual machine—Similar to a compute node as it behaves as a single computer and
contains a desired number of CPUs and associated RAM (usually associated with cloud
computing).

Walltime: The time a program takes to run in our clock-on-the-wall time.
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Rule 2: Know your data and needs to determine which tool or pipeline to
use

This can often be one of the most difficult steps as there are usually many different tools and
pipelines to choose from for each particular bioinformatic analysis. While you may think
about creating your own tool to perform a particular task, more often than not, there is already
a preexisting tool that will suit your needs, or perhaps only need minor tweaking to achieve
the required result. Having a clear understanding of your data and the types of questions you
are wanting to ask will go a long way to assisting in your tool or pipeline selection. Selecting
the most suitable pipeline or tool will be dependent on a number of factors including:

Your target species and quality of data. Some bioinformatic pipelines/software may
work better for a particular species based on their unique features (e.g., genome size, repeat
complexity, ploidy, etc.) or based on the quality of data (e.g., scaffold length, short reads versus
long reads, etc.). Reading other published papers on similar species will assist with being able
to define this.

Your available computing resources and time restrictions. Certain software may be
based of different algorithms which can result in significant reductions or increases of compu-
tational resources and walltime. Some shared HPC infrastructure may have walltime limita-
tions in place, or the amount of RAM or cores may be a limiting factor when using personal
computing resources. Make enquiries with your institutional IT department regarding limits
on personal computing or HPC infrastructure before you start.

Which tools are readily available. Many bioinformatic pipelines and tools are freely
available for researchers, though some require purchasing of a license. Additionally, some
tools/pipelines may already be available on your desired computing infrastructure or through
your local institution. There are a number of “standard” bioinformatic command line tools
that have broad applicability across a variety of genomic contexts and are therefore likely
already installed on shared infrastructure. Such examples include tabix, FastQC, samtools,
vcftools/bcftools, bedtools, GATK, BWA, PLINK, and BUSCO. Furthermore, collaborators or
other researchers may have already tested and optimised a particular pipeline on a certain
infrastructure and have therefore already overcome the first hurdle for you.

Talking with colleagues who are working on similar projects and reading through the litera-
ture is often the best way to decide on which software to use for a particular analysis. There are
many publications that benchmark different tools and compare the advantages and disadvan-
tages of similar pipelines. There are also many online web forums (e.g., BioStars [10]) that may
also assist with your decision-making process. Be sure to search through the different web
forums to see whether another researcher has also asked the same or similar question as you
(this is often the case). If you cannot find a solution, ensure any questions you post are clear
and detailed, with examples of code or errors provided to have the best chance of helpful
replies and answers. Beginning with a pipeline that has previously been tested and optimised
on a particular platform is helpful in getting a head start, though do not be scared to try out a
new or different pipeline if it seems better suited to your data or desired outcome.

Rule 3: Estimate your computing requirements

Once you have selected your desired tool or pipeline, the next crucial step involves estimating
the desired computing requirements for your chosen analysis. Estimating your requirements
will not only allow you to determine which platforms may be most suitable to run your pipe-
line (e.g., cloud versus HPC; see Rule 4) but will also reduce time spent on troubleshooting
basic resource errors (e.g., running out of RAM or storage space). Furthermore, this step is
almost always necessary prior to running any tool or pipeline on any given compute
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infrastructure. For instance, on shared HPC environments, your job script will need to include
your requested computational resources (cores, RAM, walltime), and you will need to make
sure you have enough disk space available for your account. Similarly, for cloud computing,
you will need to decide what size machine/s (cores and RAM) and how much attached storage
you need for your analysis. Estimating incorrectly can be frustrating as you will waste time in
queues on shared HPC infrastructure, only to have your analysis terminated prematurely, or
waste money in the cloud specifying more resources than you actually need. Many bioinfor-
matics tools can be run on a single core by default, but this can result in much greater wall-
times [11] (which are often restricted on shared HPC infrastructure). Increasing the number
of cores can greatly reduce your walltime, though there is often a balance between this and
other important factors such as RAM usage, cost, queueing time, etc. [11].

It can be a little tricky estimating computing requirements for a pipeline you have never
run before, or on a species that the pipeline has never been tested with before. Never fear
though as there are a number of places you can seek out information on computing require-
ments. First and foremost, read the documentation for the pipeline/tool you are running.
Some tool documentation will provide an example of the compute resources required or pro-
vide suggestions. Additionally, many programs will provide a test dataset to ensure the pipeline
is working correctly before employing your own datasets. These test datasets are a great start
for estimating minimal computational requirements and to obtain some general benchmarks
when using different parameters or computing resources. If the tool documentation does not
provide a guide of computing requirements or an example dataset, you may wish to use a
smaller subset of your own data for initial testing. The literature may also provide a guide for
general computing requirements that have been used for a particular tool or pipeline for a sim-
ilar species or sample size. There are many publications where common bioinformatics pipe-
lines are compared with one another to assess performance and results across a variety of
organisms (e.g., [12–15]). These can be found with a simple citation search. Finally, another
great resource for estimating your computing requirements is from other researchers. Talking
to others in your field who may work with similar data or utilising online forums such as BioS-
tars [10] will assist in understanding the resources required.

In general, 32 cores and 128 GB of RAM is usually sufficient for most common bioinfor-
matics pipelines to run within a reasonable timeframe. With that being said, some programs
might require much less than this, while others may have much higher memory requirements
or enable greater parallelisation.

Rule 4: Explore different computing options

After estimating your computing requirements for your chosen pipeline, you will then need
to determine where such resources are available and which infrastructure will best suit your
needs. Some tools may easily run on a personal computer, though many of the large bioin-
formatics pipelines (particularly when working on organisms with large genomes like mam-
mals and plants) require computational resources that will well exceed a standard PC. Many
institutions have a local HPC or access to national/international HPC infrastructure. How-
ever, the unprecedented generation of sequencing data has started to push these shared
infrastructures to their limits. These resources are not always well suited to the require-
ments of bioinformatic pipelines such as their high I/O demands and “bursty” nature (see
Rule 7) [16]. This is why cloud computing is becoming increasingly popular for bioinforma-
ticians [16–20].

Cloud computing provides a number of key advantages over traditional shared HPC
resources including:
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• The ability to tailor your computing resources for each bioinformatic tool or pipeline you
wish to use;

• Complete control over your computing environment (i.e., operating system, software instal-
lation, file system structure, etc.);

• Absence of a queuing system resulting in faster time to research;

• Unlimited scalability and ease of reproducibility.

Utilising cloud resources also prevents the need for researchers to purchase and main-
tain their own physical computer hardware (which can be time consuming, costly, and
nowhere near as scalable [21]). However, commercial cloud computing does come at a
cost and can be a bit of a steep learning curve. Fortunately, services like RONIN (https://
ronin.cloud) have simplified the use of cloud computing for researchers and allow for sim-
ple budgeting and cost monitoring to ensure research can be conducted in a simple, cost-
effective manner. Researchers at academic institutions may also have access to other free
cloud compute services such as Galaxy (https://usegalaxy.org/), ecocloud (https://
ecocloud.org.au/), nectar (https://nectar.org.au/cloudpage/), and CyVerse (https://www.
cyverse.org).

Overall, deciding where to run your analysis will be dependent on your data/species, what
platforms are most easily accessible to you, your prior experience, your timeline, and your
budget. Exploring different compute options will allow you to choose which infrastructure
best suits your needs and enable you to adapt to the fast-evolving world of bioinformatics.

Rule 5: Understand the basics of software installation

When wanting to utilise a personal resource for your bioinformatic pipelines, such as a cloud
VM or a personal computer, you will need to get familiar with the various installation methods
for your required tools. While software installation is sometimes provided as a service for
some shared HPC platforms, understanding the basics of software installation is useful in help-
ing you troubleshoot any installation-based errors and identify which software you can likely
install locally yourself (i.e., without requiring root user privileges). There are numerous ways
software can be installed, but we have provided 4 main methods that should cover most bioin-
formatics software (Box 2).

Once you have your software installed, it is good practice to try and run the program with
the help command-line option (i.e., -h/—help/-help), or with no parameters, to ensure it has
been installed correctly. If the help option displays some information about running the pro-
gram and the different command-line options, it is usually a good sign that your software was
installed successfully and is ready to go. If your tool does not seem to be working, you may
need to ensure the executable for your tool (and sometimes its required dependencies) is avail-
able in your path. But what exactly is your path and why is it important? Well, whenever we
call upon a particular input file or output directory within a command, we often use an abso-
lute or relative path to show the program where that file or directory is sitting within the file
system hierarchy. We can also call upon tools or executables the same way, though it is not effi-
cient to provide a path to a tool every time we need to use it. The path environmental variable
overcomes this issue by providing a list of directories that contain tools/executables you may
wish to execute.

By default, the path variable is always set to include some standard directories that include a
variety of system command-line utilities. So, to ensure a new program can be called upon any-
where without specifying the path to the program, you can either move or copy the tool/
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Box 2. Common software installation methods for bioinformatics
tools

Package managers

APT (Advanced Package Tool) (https://www.debian.org/doc/manuals/apt-guide/index.
en.html) is a package manager that is often already installed by default on many Debian
distributions and enables very simple installation of available tools. APT works with a
variety of core libraries to automate the download, configuration, and installation of
software packages and their dependencies. A number of common bioinformatics tools
are available through APT including NCBI blast+, samtools, hmmer, vcftools, bcftools,
bedtools among others. If working on a RedHat operating system, the package manager
YUM (Yellowdog Updater, Modified) (https://access.redhat.com/solutions/9934) is the
equivalent of APT.

Conda

Conda (https://docs.conda.io/en/latest/) is also a package management tool, though it
sits somewhere between package managers like APT and containers (see below) due to
its ability to also manage environments (i.e., collections of software). This feature makes
conda extremely useful, particularly for bioinformatics software where different pipe-
lines may utilise the same tools but require different versions of a particular tool. Conda
allows you to easily install and run pipelines in their own separate environments so they
do not interfere with one another and also enables you to easily update software when
new versions are made available. Bioconda [22] is a channel for conda which specialises
in bioinformatics software and includes a myriad of the most commonly used bioinfor-
matic tools. Furthermore, conda also enables the installation and management of popu-
lar programming languages such as python or R, along with their respective libraries
and packages. It is a great resource for bioinformaticians of all levels and is particularly
helpful as a stepping-stone before stepping down a container lane.

Containers

Containers package up software and all dependencies, as well as all of the base system
tools and system libraries into a separate environment so that they can be reliably run on
different computing platforms. Containers are similar to conda environments, but they
differ in the sense that containers include absolutely everything they need within the
container itself (even including the base operating system). It is sometimes easier to
think about containers as installing a whole separate machine that just utilises the same
computing resources and hardware as the local machine it is installed on. The main
advantage of a container over a conda environment is the ease of reproducibility due to
the ability to pull a specific container each time you want to run, or re-run, a certain
pipeline or use a particular tool, no matter what computing platform you are using.
Reproducibility can be achieved with conda environments too, but this often requires
exporting and keeping track of saved environments.

There are 2 main options when wanting to use a container: Docker [23] or Singularity
[24]. Docker is the most standard container service available with thousands of contain-
ers available from DockerHub (https://hub.docker.com) or from other container regis-
tries such as quay.io (https://quay.io). Bioinformatics software that is available via
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executable to a directory that is already listed in your path variable, or add a new directory to
the path variable that contains the program. New directories can be added to your path either
temporarily (by simply exporting the path variable with the added directory included) or per-
manently (by editing your.bash_profile). Another thing to be aware of is that the order of
directories in your path is important because if the same program (or executable with the same
name) is found in 2 different directories, the one that is found first in your path will be used.
Always keep this in mind when adding new directories to your path to determine where they
should sit in the list of paths. [The sheer number of times we mentioned the word “path” in
this rule alone should emphasise how important paths really are—though we promise there
are no more mentions of it for the rest of this article].

bioconda also has a respective docker container on quay.io through the BioContainers
architecture [25]. This means many common bioinformatics software and pipelines are
already available in a containerised environment. Otherwise, some software developers
make their own containers available, e.g., Trinity (for RNA-seq assembly) (see https://
github.com/trinityrnaseq/trinityrnaseq/wiki/Trinity-in-Docker) or BUSCO v4 (for
assessing assembly completeness) (see https://busco.ezlab.org/busco_userguide.
html#docker-image). There are also thousands of other public docker containers across
a range of online container registries that may have the software you are looking for, or
there is always the option to create your own Docker container for reproducible pipe-
lines. Obviously, Docker can be used to download and employ Docker containers, but
Singularity is another program that can also be used to download and employ Docker
containers (particularly on HPC environments). Both have advantages and disadvan-
tages, so it is usually down to user preference as to which to choose. If you are new to
containers, we suggest starting with Singularity. Not only will this allow you to easily be
able to scale up your containerised pipelines to HPC environments but also makes read-
ing and writing files to and from the container from the local machine a bit more
straightforward.

Manual installation

If none of the above methods are available for your chosen software, you may need to
install it manually. This process is usually explained step-by-step in the software docu-
mentation but typically involves a number of steps including: (1) Downloading a tar
package (or zip file) of the source code (or cloning a Git repository) from GitHub
(https://github.com) (or another website); (2) Unpacking the source code to extract its
contents; (3) Configuring the software to check your environment and ensure all of the
required dependencies are available; (4) Building the finished software from the source
code; and (5) Installing the software, i.e., copying the software executables, libraries, and
documentation to the required locations. This process is what package managers and
containers do automatically for you. There are a number of standard dependencies that
are usually required for manual installation (e.g., the build-essential package, the dh-
autoreconf package, and the libarchive-dev package) so it is often handy to install these
using APT before attempting to manually install any other software. You will be notified
of any other required dependencies you may be missing during the installation process.
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Rule 6: Carefully curate and test your scripts

In other words, always double-check (or triple-check) your scripts and perform test runs at
each step along the way. Before you run your pipeline, it is important to first read through the
software documentation to ensure you understand the different inputs, outputs, and analysis
options. Ensure that the documentation is for the correct version of the software as particular
command-line options may change version to version. Many bioinformatics programs have
extensive documentation online, either through their GitHub or another website. The basic
documentation for most tools can be accessed using the command-line help options (which is
also a great way to determine whether your required tool is available and installed correctly—
see Rule 5). Sometimes more detailed information can be found in a README file in the
source code directory. Most documentation should provide some example commands on how
to run the program with basic or default options which should assist you in curating a success-
ful script.

Once you have your final script, it is essential to give it a quick test to determine if there are
any immediate errors that will prevent your script from running successfully. From simple
spelling mistakes or syntax errors which result in files or directories not being found or com-
mands being confused with invalid options, to not being able to locate the desired software or
the software being configured incorrectly with problematic dependencies. These are the “face-
palm” errors that any bioinformatician is aware of as we have all been there, time and time
again. The good news is that these errors are often quite simple to fix. Yet it is better to catch
them early rather than waiting in queues only for your script to error as soon as it starts, or
leaving your script to run in the cloud only to come back and realise the machine has been sit-
ting there idle the whole time due to a minor scripting error. Testing your scripts in the cloud
is usually as simple as running the script or command and watching to see whether any errors
are immediately thrown on-screen, but to test scripts in a shared HPC environment, you may
need to utilise an interactive queue. Interactive queues allow you to run commands directly
from the command line with a small subset of HPC resources. These resources are usually not
enough to run an entire pipeline but are quite useful for testing and debugging purposes. Obvi-
ously, your script may still run into errors later on in your pipeline, but testing your script
before you submit it properly should alert you to any preliminary errors that would prevent
the pipeline from starting successfully and prevent any precious time being wasted in queues
or precious dollars being wasted on idle cloud compute.

Rule 7: Monitor and optimise your pipelines

Once you have your script running, it is important to monitor your pipelines to determine
whether it is effectively utilising the computational resources you have allocated to it. Under-
standing what resources your pipeline utilises can help you scale up or down your compute so
that you are not wasting resources or hitting resource limits that may slow down your pipeline.
On shared HPC infrastructure, you will usually be able to see a summary of the computational
resources used from either the job log files or scheduler-specific commands. Metrics such as
maximum RAM and CPU usage as well as CPU time and walltime are useful in adjusting
future scripts so that they request the optimum amount of resources needed. This enables the
pipeline to run efficiently without any unnecessary queue time. Storage space of output files
should also be monitored periodically to ensure you are not exceeding your allocated quota.

More specific monitoring is possible when running pipelines in the cloud as you have full
control over all computing resources. Simple programs like htop (https://hisham.hm/htop/)
can be used for fast real-time monitoring of basic metrics like CPU and RAM usage, while
more in-depth programs like Netdata (https://www.netdata.cloud) can assist with tracking a
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large variety of metrics both in real-time and across an entire pipeline using hundreds of pre-
configured interactive graphs. Many bioinformatic pipelines are “bursty” in nature, meaning
different steps in a single pipeline may have vastly different computing requirements. Some
steps/tools may have high memory requirements but only utilise a small number of cores,
while others may multithread quite well across a large number of cores but require minimal
memory. Knowing the required computing resources for each step may help you break up
your pipeline and run each stage on a different machine type for greater cost efficiency. Moni-
toring disk space requirements throughout a pipeline is also important as many bioinformatics
tools require large amounts of temporary storage that are often cleaned upon completion of
the pipeline. Attached storage can be quite costly in the cloud, so ensuring you only request
what is necessary will also reduce pipeline costs.

Overall, monitoring of bioinformatics pipelines is key to improving pipeline efficiency,
optimising computing resources, reducing wasted queue time, and reducing cloud costs.

Rule 8: Get familiar with basic bash commands

As a bioinformatician, your main role is to make sense of biological datasets, and this often
means manipulating, sorting, and filtering input and output files to and from various bioinfor-
matic tools and pipelines. For example, you may want to extract information for a certain sam-
ple or a certain gene of interest. Or in a file containing a table of data, you may want to sort an
output file by a particular column or select rows that contain a particular value. You may want
to replace a certain ID with a respective name from a list or perform a calculation on values
within a column. Fortunately, many of the input and output files used in bioinformatics are
regular text files, so these tasks can easily be achieved. One might think about using common
spreadsheet applications such as Microsoft excel to perform these tasks; however, while this
may suffice for small files, excel is not too fond of the sometimes millions of rows of data that
are characteristic of a number of common bioinformatic files. This is where some standard
unix shell command-line utilities come into play, namely the grep, AWK, and sed utilities.

Global regular expression print (grep) is a command-line utility which searches a text file
for a regular expression (i.e., a pattern of text) and returns lines containing the matched
expression (Table 1). This tool is useful when wanting to filter or subset a file based on the
presence of a particular word or pattern of text (e.g., a sample name or genomic location, etc.).
AWK is much more extensive command-line utility which enables more specific file manipu-
lation of column-based files (Table 1). For example, AWK can return lines where a column
contains a particular value or regular expression; in addition, it can output only particular col-
umns, perform calculations on values within the columns, and work with multiple files at
once. The extensive abilities of AWK are too grand to cover here but just know that this clever
little tool will likely hold a special place in any bioinformatician’s heart. Lastly, stream editor
(sed) has a basic “find and replace” usage allowing you to transform defined patterns in your
text. In its most basic form, sed can replace a word with another given word (Table 1) but can
also perform more useful functions like removing everything before or after a certain pattern
or adding text at certain places in a file.

Table 1. Basic usage examples of the grep, awk, and sed commands.

Command Example Description

grep grep "chr5" file Print all lines that contain the string "chr5" in the named file

awk awk ’$1 == 5 {print $2, $3}’ file For rows in the named file where the value in column 1 is equal to 5,
print columns 2 and 3

sed sed ’s/sample1/ID7037/g’ file Replace all occurrences of "sample1" with "ID7037" in the named file
and print the result

https://doi.org/10.1371/journal.pcbi.1008645.t001
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Of course, grep, AWK, and sed all have their limitations, and more extensive file manipula-
tion may be better suited to a python or perl script (and there is already a great “Ten simple
rules” article for biologists wanting to learn how to program [26]); but for simple processing,
filtering, and manipulation of bioinformatics files, look no further than these 3 useful com-
mand-line utilities.

Rule 9: Write it down!

A previous “Ten simple rules” article has highlighted the importance of keeping a laboratory
notebook for computational biologists [27], and another covered some best practices around
the documentation of scientific software [28]. Many components from these articles apply to
our rule of writing it down and keeping helpful notes when getting started with command-line
bioinformatics. The number of pipelines or analyses that can be run on a single set of biologi-
cal data can sometimes be quite extensive and usually coincides with a lot of trial and error of
different parameters, computing resources, and/or tools. Even those with a great memory will
often look back at results at the time of publication and ponder “why did we use that tool?”, or
“what parameters did we end up deciding on for that analysis?”. Keeping detailed notes can be
a real lifesaver. Not only is it important to keep track of your different script files, and the
required computing resources for each script, but also the accompanied notes about why you
chose a particular tool and any troubleshooting you had to do to run the pipeline successfully.
An easy-to-access document of all of your favourite commands and nifty pieces of code that
may come in handy time and time again is also a must! Getting familiar with helpful code text
editors like Visual Studio Code (https://code.visualstudio.com), or Atom (https://atom.io), as
well as investing some time into learning helpful mark-up languages like Markdown will assist
with keeping detailed, organised, and well-formatted scripts and documentation for the pipe-
lines you are using. Exactly how you decide to keep your notes is completely up to you, but
just ensure to keep everything well-organised, up-to-date, and backed up. Also, publishing
your scripts as markdown files in supplementary material ensures the utility (and citability) of
your work.

Rule 10: Patience is key

The number 1 key (that we’ve saved until last) to being a successful bioinformatician is
patience. A large proportion of your time will be spent troubleshooting software installation,
computing errors, pipeline errors, scripting errors, or weird results. Some problems are simple
to solve, while others may take quite some time. You will likely feel that with every step for-
ward, there is just another hurdle to cross. Yet if you are patient and push through every error
that is thrown your way, the euphoria of conquering a bioinformatics pipeline and turning a
big lump of numeric data or As, Ts, Cs, and Gs into something biologically meaningful is well
worth it. Also, as many past “Ten simple rules” articles in this field have addressed, do not be
afraid to raise your hand and ask for help when you get stuck. Most of the time, someone
before you has been in the exact same situation and encountered the same error or tackled a
similar problem. Google will become your best friend and first port of call when things are not
going as planned. And on the rare occasion where endless googling leads you nowhere, talk
with your peers and reach out to the bioinformatic community; people are often more than
happy to share their knowledge and put their problem-solving skills to the test.

Conclusion

In the new era of whole genome sequencing, bioinformaticians are now more sought-after
than ever before. Stepping into the world of command-line bioinformatics can be a steep
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learning curve but is a challenge well worth undertaking. We hope these 10 simple rules will
give any aspiring bioinformatician a head start on their journey to unlocking the meaningful
implications hidden within the depths of their biological datasets.
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A1.3 CHARACTERISATION OF REPRODUCTIVE GENE DIVERSITY 
IN THE ENDANGERED TASMANIAN DEVIL 
The PDF version of the article titled “Characterisation of reproductive gene diversity in 

the endangered Tasmanian devil” published in Molecular Ecology Resources (2020; 

00, 1-12), which comprises Chapter 3 of this thesis, is presented on the following 

pages.   
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1  | INTRODUC TION

Globally the number of species threatened with extinction is in-
creasing as a result of human-induced activities including habitat 
fragmentation, invasive predators and pollution. Genetic diversity 
at functional gene families can have long-term consequences on 
species adaptation and survival in a changing world (Holderegger 
et al., 2006; Mimura et al., 2017). Understanding the causes and con-
sequences of interindividual variation sits at the core of evolution 
and ecology, yet despite decades of molecular research, the genetic 
basis of phenotypic variation (i.e., genetic polymorphism) remains 
poorly quantified for the vast majority of species and traits (Forsman 
& Wennersten, 2016; Mimura et al., 2017). However, recent ad-
vances in sequencing technology have better enabled researchers to 

investigate interindividual variation at gene families and determine 
how this variation is linked to important phenotypic traits. For ex-
ample, genetic diversity at immune genes, particularly genes of the 
major histocompatibility complex (MHC), have been associated with 
a range of key biological phenomena such as disease susceptibility 
and mate choice (Brandies et al., 2018; Sommer, 2005). These phe-
nomena have significant implications on fitness and as a result inter-
individual variation at MHC loci has been extensively studied across 
a number of threatened species (Ujvari & Belov, 2011). Studies of 
MHC and other immune genes have demonstrated how charac-
terizing genetic variation is crucial to predicting which genes may 
contribute to variable phenotypes, and the resultant implications for 
species conservation. However, little is currently known about di-
versity at other important gene families in threatened species.
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Abstract
Interindividual variation at genes known to play a role in reproduction may impact 
reproductive fitness. The Tasmanian devil is an endangered Australian marsupial with 
low genetic diversity. Recent work has shown concerning declines in productivity 
in both wild and captive populations over time. Understanding whether functional 
diversity exists at reproductive genes in the Tasmanian devil is a key first step in 
identifying genes that may influence productivity. We characterized single nucleo-
tide polymorphisms (SNPs) at 214 genes involved in reproduction in 37 Tasmanian 
devils. Twenty genes contained nonsynonymous substitutions, with genes involved 
in embryogenesis, fertilization and hormonal regulation of reproduction display-
ing greater numbers of nonsynonymous SNPs than synonymous SNPs. Two genes, 
ADAMTS9 and NANOG, showed putative signatures of balancing selection indicating 
that natural selection is maintaining diversity at these genes despite the species ex-
hibiting low overall levels of genetic diversity. We will use this information in future to 
examine the interplay between reproductive gene variation and reproductive fitness 
in Tasmanian devil populations.
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Variation at reproductive genes may contribute to key productiv-
ity traits that impact the survival of threatened species. Relationships 
between gene variants and reproductive phenotypes have been ex-
tensively studied across a range of model organisms, from Drosophila 
to humans. For example, polymorphisms in male reproductive genes 
have been associated with variation in sperm competitive ability in 
Drosophila (Fiumera et al., 2005) and a range of gene mutations have 
been linked to infertility in humans (Layman, 2002). Associations 
between variants of key reproductive genes (e.g., those involved in 
the production or binding of reproductive hormones) and reproduc-
tive traits have also been reported in livestock species where high 
productivity is important (Kirkpatrick, 2002). Examining diversity at 
genes known to be involved in reproduction is a fundamental first 
step in determining which loci have the potential to underlie import-
ant reproductive traits. However, little is currently known about the 
variation at reproductive genes in wildlife species, particularly in 
threatened species that exhibit low levels of genetic diversity overall.

The Tasmanian devil (Sarcophilus harrisii) is one such threatened 
species that is suffering from a range of threatening processes, in 
addition to having low genome-wide diversity. Devils are the largest 
extant carnivorous marsupial and are native to the island state of 
Tasmania, Australia (Owen & Pemberton, 2005). Populations have 
declined by up to 80% across this species’ range due to a contagious 
cancer, known as devil facial tumour disease (DFTD). Historical pop-
ulation declines and contemporary habitat fragmentation have re-
sulted in the erosion of genetic diversity (Jones et al., 2004; Miller 
et al., 2011), particularly at immune gene loci that are highly poly-
morphic in other species (Cheng et al., 2012; Morris et al., 2015). 
Tasmanian devils exhibit a number of interesting life-history strat-
egies such the ability of females to undergo up to three oestrous 
cycles per breeding season (Keeley et al., 2012), the production 
of up to 30 embryos, of which only four can be supported by the 
four teats (Guiler, 1970; Hughes, 1982), precocial breeding (Lachish 
et al., 2009; Russell et al., 2019) and multiple paternity litters 
(Russell et al., 2019). Despite these unique reproductive traits, 
Tasmanian devils have shown concerning declines in productivity in 
both captivity (Farquharson et al., 2017) and the wild (Farquharson 
et al., 2018). So, an understanding of whether diversity exists at 
reproductive genes is a fundamental step in identifying genes that 
may be associated with differential reproductive phenotypes, and 
hence may influence reproductive fitness. Armed with this basic 
knowledge, conservation managers can then use this information 
in their management decisions pertaining to captive breeding and 
translocations.

Here, we aimed to identify and characterize reproductive genes, 
and then examine single nucleotide polymorphism (SNP) diversity 
at these genes using 37 resequenced Tasmanian devil genomes. We 
explore signatures of selection to identify polymorphic genes with 
adaptive potential (i.e., genes where specific alleles may result in 
differential phenotypes that are beneficial under particular circum-
stances). The results from this study provide a resource for future 
research to examine the association between reproductive diversity 
and productivity in the Tasmanian devil.

2  | MATERIAL S AND METHODS

2.1 | Gene identification and characterization

In total, 250 genes that have previously been associated with re-
production in mammalian species were selected based on litera-
ture searches using the search terms “reproduction” and “gene,” as 
well as mining the human gene database GeneCards (www.genec 
ards.org, Stelzer et al., 2016) using the keyword “reproduction.” The 
identified genes are involved in a variety of reproductive stages 
including: the hormonal regulation of reproduction, sexual/repro-
ductive development, gametogenesis, fertilization and embryogen-
esis. Predicted complete and partial gene sequences from NCBI’s 
or Ensembl's automatic annotation process were identified in the 
Tasmanian devil genome reference assembly on NCBI (Devil_ref v7.0 
[GCA_000189315.1], Murchison et al., 2012).

Gene predictions in the Tasmanian devil genome were checked 
using a number of methods including: (a) confirming gene synteny 
against model organisms (human and mouse) and the current high-
est-quality marsupial genome (koala) using NCBI’s genome viewer 
(NCBI Resource Coordinators, 2017); (b) mapping the predicted 
coding sequences (CDS) back to the reference genome using splign 
(Kapustin et al., 2008) to ensure all exons were correctly identified 
and confirm that CDS were complete and did not contain any prema-
ture stop codons or frameshift mutations; and (c) performing a blastp 
(Altschul et al., 1990) search on the predicted translated sequences 
against the UniProt (Consortium, 2018) database to confirm iden-
tity and protein lengths. For genes with multiple isoforms, the first-
named isoform (Variant X1) was investigated (usually the longest). All 
genes were utilized in downstream analyses.

For partial gene predictions, any missing exons were identified 
by comparison to well-annotated model organism orthologues using 
the NCBI genome viewer (NCBI Resource Coordinators, 2017) and 
tblastn (Altschul et al., 1990) searches. Where exons were unable to 
be fully resolved (i.e., due to gaps in the reference sequence, genome 
fragmentation, etc.) partial sequences were utilized in downstream 
analyses. For any genes not automatically annotated in the refer-
ence genome by NCBI or Ensembl, the predicted location of these 
genes was identified through gene synteny and tblastn searches 
with model organisms (human and mouse), and gene prediction was 
performed using fgenesh+ (Solovyev, 2004) with koala orthologues 
as an input. If an orthologous sequence was not available in koala, 
human or mouse orthologues were used as an input instead.

2.2 | Sample collection and genome resequencing

Two existing data sets of resequenced genomes were used to ex-
plore reproductive gene diversity in the Tasmanian devil. The first 
data set comprised 25 individuals (including 12 wild-born founders 
[Figure S1] and nine parent–offspring trios [Figure S2]) that were se-
quenced to a high coverage of ~45× (SRA accessions: SRX6096677–
SRX6096696, Wright et al., 2020). The second data set included 
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12 wild individuals from a separate wild population (Figure S1) se-

quenced to a low coverage of 10–15× (SRA accessions: ERS682204–
ERS682210; ERS1202857–ERS1202861, Wright et al., 2015, 2017). 

This low-coverage data set was only included following the prelimi-

nary SNP identification to minimize the risk of this data set introduc-

ing false SNPs. We refer to the 12 low-coverage genomes as “12L” to 
differentiate it from the data set encompassing the 25 high-coverage 

resequenced genomes (“25H”).

2.3 | Preliminary SNP identification

To identify an initial high-confidence target SNP set, whole-genome 
alignment and SNP calling was performed on the 25H data set fol-
lowing the methods given by Wright et al. (2020). Briefly, reads were 

aligned to the Tasmanian devil reference genome assembly version 

7.0 (GenBank: GCA_000189315.1, Murchison et al., 2012) using 
bWa version 0.7.15 (Li & Durbin, 2009). PCR duplicates were re-

moved with picardtools version 1.119 (http://broad insti tute.github.
io/picar d/) and indel realignment was performed with gatk version 

3.6 (McKenna et al., 2010). SNPs were called using samtools ver-

sion 1.6 (Li et al., 2009) with minimum base and mapping quality 
of 30 and a coefficient for downgrading mapping quality for reads 
containing excessive mismatches of 50. annovar version 20180416 
(Yang & Wang, 2015) gene-based annotation was used to annotate 

all variants from each of the 25H resequenced genomes aligned to 

the reference genome using the corresponding genome annota-

tion file from NCBI (O'Leary et al., 2015). Any genes not included 
in the NCBI annotation were checked for SNPs manually in geneious 

(Kearse et al., 2012). SNPs associated with the reproductive genes 
in the 25H Tasmanian devils were identified by filtering the anno-
var output, and the total number of each type of SNP (synonymous, 
nonsynonymous, splicing, UTR5, UTR3, intronic, upstream, down-

stream) was calculated for each gene. Reproductive genes contain-

ing nonsynonymous SNPs were targeted for further analysis. The 
12L data set was not included in the initial SNP identification proce-

dure in order to minimize the risk of false positive SNPs, which may 
have resulted in inaccurate target gene identification, because SNPs 
from low-coverage data sets cannot be called as confidently as from 

higher-coverage data.

2.4 | Nonsynonymous SNP 
confirmation and analysis

Reproductive genes containing nonsynonymous SNPs were investi-
gated further in both the original 25H resequenced genomes as well 

as the 12L resequenced genomes. Variants within the target repro-

ductive genes of the 12L resequenced genomes were called together 

with the 25H resequenced genomes using the same parameters, as 

above. This method was chosen as multisample callers result in the 

best accuracy when lower coverage samples are called simultane-

ously with a larger number of higher coverage individuals (Cheng 

et al., 2014). Individual sample VCF files were then subset from the 
multisample VCF file and filtered to exclude variants below a filtered 

depth threshold using bcftools version 1.3.1 (Li et al., 2009). We 
chose a minimum filtered read depth of 10 for the 25H resequenced 

genomes and a minimum filtered read depth of five for the 12L re-

sequenced genomes to increase confidence in the variant calls while 

preventing excessive data loss. The remaining variants were then 

merged into a multisample VCF file and converted to transposed plink 

format (Purcell et al., 2007) using vcftools version 0.1.14 (Danecek 
et al., 2011). plink version 1.90 was used to calculate minor allele 
frequencies (MAFs) and determine genotypes for all variants present 

within the coding regions of the target reproductive genes. Any vari-

ants with an MAF below 0.05 that were called in only one individual 

and had a low allelic depth (below 10), were removed in geneious. Any 

positions that were called as variants relative to the reference, but 

which were monomorphic across the 37 resequenced genomes (i.e., 
MAF = 0), were also filtered out using gatk and bcftools. The final 

variant call files were used to create consensus sequences for each 

individual using gatk. IUPAC ambiguity codes were used to represent 
heterozygous positions in the individual consensus sequences, and 

any positions below the specified filtered read depth (as above), or 

with a missing genotype, were masked. Extraction of CDS for the 

target genes was performed using bedtools version 2.25 (Quinlan & 

Hall, 2010) with a custom bed file containing the target gene regions 

and exon positions. Alignments of the CDS were mapped to the ref-

erence in geneious to confirm all synonymous and nonsynonymous 

SNPs. Missing data/genotyping rate (by locus and individual), MAFs, 
heterozygosity and deviations from Hardy–Weinberg equilibrium 

were calculated for the identified nonsynonymous SNPs in plink ver-

sion 1.90 (Purcell et al., 2007). These analyses were performed on all 
samples and again with the nine known offspring removed to ensure 

the measures were not influenced by relatedness.

2.5 | Population diversity analysis

CDS alignments of genes confirmed to contain SNPs were con-

verted to phase format using seqphase (Flot, 2010). phase version 2.1 

(Stephens & Donnelly, 2003; Stephens et al., 2001) was used to con-

struct haplotypes using the original model with default iteration pa-

rameters and output probability thresholds (-p and -q) set to 0. This 

was performed to ensure any missing SNPs were imputed (based 
on the distributions of known haplotypes and allele frequencies 

across the entire data set, see Stephens & Donnelly, 2003; Stephens 
et al., 2001) prior to performing the population diversity analysis. 

The -x flag was used to run the algorithm five times (with random 

seeds for each run) for each gene and the run with the highest good-

ness-of-fit statistic was selected for the output. seqphase was used 

to convert the phase output files to fasta format and cervus 3.0.7 
(Kalinowski et al., 2007) was used to test whether the phased hap-

lotypes were consistent across the nine trios present in the data set. 

dnasp version 6 (Rozas et al., 2017) was used to infer the number of 

haplotypes (h), haplotype diversity (hd) and nucleotide diversity per 
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site (π) for each gene. Deviations from the neutral model of molecu-
lar evolution were tested using Tajima's D (Tajima, 1989) in dnasp and 
codon-based Z-tests of selection were performed in mega7 (Kumar 
et al., 2016) using the Nei–Gojobori method (Nei & Gojobori, 1986) 
with variance estimated from 500 bootstraps. These statistics were 
repeated with the nine known offspring excluded to ensure any sig-
nificant findings were not influenced by relatedness.

3  | RESULTS

3.1 | Gene characterization

Of 250 genes examined, 214 had predicted (complete or partial) 
CDS (Table S1). These 214 predicted genes were confirmed through 
analysis of gene synteny, CDS and blastp searches and were investi-
gated in the subsequent SNP analysis. The remaining 36 genes were 
not automatically annotated by NCBI or Ensembl and could not be 
identified in the Tasmanian devil genome (Table S2).

3.2 | SNP identification and analysis

Using our 25H resequenced genomes, we identified over 5,000 
putative SNPs associated with the 214 reproductive genes investi-
gated (Figure 1) with an average of 28 putative SNPs per gene (range 
0–549) (Table S3). Approximately 90% of these SNPs were intronic 
(Table S3). Forty-nine genes (23% of all genes investigated) were 
predicted to contain exonic SNPs, with 34 of these genes predicted 
to contain at least one nonsynonymous SNP (Table S3). Genes in-
volved in embryogenesis, fertilization and hormonal regulation of 
reproduction displayed greater numbers of nonsynonymous SNPs 
than synonymous SNPs (Figure 1).

Confirmation of putative nonsynonymous SNPs was performed 
by analysing data from the 12L and 25H resequenced genomes 
together, along with additional filtering (see Methods). After fil-
tering, 33 nonsynonymous SNPs across 20 of the genes remained 
(Table S4). These 20 genes represented molecular processes across a 
range of reproductive roles in females, males or both sexes (Table 1). 
For these nonsynonymous SNPs, the genotyping rate (percentage 

F I G U R E  1   Total number of SNPs 
identified in genes known or predicted to 
be involved in a variety of reproductive 
functions including embryogenesis 
(N = 13 genes), fertilization (N = 26), 
hormonal regulation of reproduction 
(N = 43), gametogenesis (N = 74), and 
general reproductive development 
and function (N = 58). (a) Exonic 
SNPs including synonymous (S) and 
nonsynonymous (NS) SNPs. (b) Other 
major SNP types including untranslated 
regions (UTR), flanking regions (F) and 
intronic regions (I). Stripes indicate 
intronic SNPs are plotted on the 
secondary axis. Light shading indicates 
SNPs that are 5′ (upstream), and dark 
shading indicates SNPs that are 3′ 
(downstream). See Table S3 for more 
information.
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of individuals successfully genotyped at each SNP) was 82% (77% 
when excluding the nine known offspring) (Table S5). All nonsynony-

mous SNPs conformed to Hardy–Weinberg expectations (Table S5).
Haplotypes at 18 of the 20 genes were consistent with the 

known trio information. DIAPH2 showed inconsistencies in five 

sire–dam–offspring trios (offspring haplotypes were not observed in 

the parents), possibly due to sequence complexity or particular mo-

tifs in this gene region resulting in sequencing difficulty (Nakamura 
et al., 2011). This gene was excluded from further analysis due to 

the high error rate (25% of SNPs were inconsistent across the nine 
trios). PIP showed two occurrences of trio phasing inconsistency but 

was included in subsequent analysis due to the low error rate (2.2% 

of SNPs were inconsistent across the nine trios). This resulted in 19 

final genes (following exclusion of DIAPH2) that were included in 

subsequent population diversity analysis.

The total number of SNPs (both synonymous and nonsynony-

mous) in the coding regions of each of the 19 final genes across the 
37 resequenced genomes ranged from one to 10; the number of 
haplotypes per gene ranged from two to four (Table 2). Mean haplo-

type diversity was 0.36 (SD 0.20) and mean nucleotide diversity was 

4.3 × 10−−4 (SD 5.4 × 10−4) (Table 2).

ADAMTS9 and NANOG showed statistically significant deviation 

from neutrality at the sequence level with positive Tajima's D val-

ues suggesting population decline or balancing selection (Table 2). 

ADAMTS9 also showed evidence of purifying selection at the codon 

level with a statistically significant negative Z-test (p < .01; Table 2). 

TA B L E  1   Reproductive roles of genes found to contain nonsynonymous SNPs

Gene Role in reproduction Sex affected Reference

ADAMTS9 Important in uterine remodelling of implantation, 
placentation and parturition

Female Russell et al. (2015)

ADAMTS10 Important for adhesion between the sperm and egg zona 
pellucida

Male Dun et al., 2012

ADAMTSL1 Involved in embryonic gonadogenesis Female Carré et al. (2011)

AIRE Mutations result in autoimmune polyendocrinopathy-
candidiasis-ectodermal dystrophy (APECED) which can lead 
to infertility

Both Aaltonen et al. (1997)

BMP5 Predicted to play a role in ovarian folliculogenesis Female Pierre et al. (2005)

CHD7 Mutations result in CHARGE syndrome (pubertal failure and 
infertility)

Both Kim et al. (2008)

CLU Increased expression results in reduced sperm quality and 
infertility

Male Zalata et al. (2012)

CYP19A1 A key enzyme in oestrogen biosynthesis and influences 
female fertility

Female Simpson et al. (1994); Altmäe 
et al. (2009)

DIAPH2 Important for normal ovarian development and function Female Bione et al. (1998)

DZIP1 Regulator of hedgehog signalling and may participate in 
spermatogenesis via its interaction with DAZ

Male Moore et al. (2004); Sekimizu 
et al. (2004)

IRS4 Null mutations can lead to defects in reproduction Both Fantin et al. (2000)

KIT Plays a key role in germ cell development, spermatogenesis 
and oogenesis

Both Rossi, 2013; Russell et al. (2015)

LEP Deficiencies can lead to hypogonadotrophic hypogonadism 
and infertility

Both Chehab et al. (1996)

NANOG Transcription regulator important for embryonic stem cell 
pluripotency

Both Pan and Thomson (2007)

PIP Functions in seminal fluid, important for fertilization Male Hassan et al. (2009)

PRDM14 Required for the proper initiation and coordination of the 
primordial germ cell specific gene expression programme 
and promotes pluripotency

Both Hohenauer and Moore (2012)

PTCH1 Mediates hedgehog signalling in developing and adult 
marsupial gonads

Both O'Hara et al. (2011)

PTCH2 Mediates hedgehog signalling in developing and adult 
marsupial gonads

Both O'Hara et al. (2011)

PTGFRN Inhibitor of the Prostaglandin F2 Receptor which has multiple 
roles in reproduction (e.g., progesterone synthesis and 
ovulation)

Female Craig (1975)

SPACA6 Involved in sperm–oocyte fusion; gene knockouts result in 
failed fusion

Male Lorenzetti et al. (2014)
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There were no qualitative changes to the results when the nine 
known offspring were excluded from the analyses (Table S6).

4  | DISCUSSION

As wildlife populations continue to decline globally, understanding 
the genetic basis of interindividual variation is crucial for determin-
ing which genes may govern important phenotypes and contrib-
ute to species’ long-term survival and fitness. Here we show how 
genomic data can be used to explore functional genetic diversity in 
an endangered species. This study identified a surprising amount of 
putatively functional variation at reproductive genes in an other-
wise genetically depauperate species. Tasmanian devils have shown 
concerning declines in productivity over time in both captivity 
(Farquharson et al., 2017) and the wild (Farquharson et al., 2018). It 
is predicted that genetic variation may play a role in such changes 
(Farquharson et al., 2017; Gooley et al., 2020), although until now 
there was limited knowledge of whether diversity even exists at 
their reproductive genes. We characterized genetic variation at 214 
reproductive genes in 37 Tasmanian devils and identified 5,933 pu-
tative SNPs. Signatures of selection were examined at a subset of 19 
target genes that contained nonsynonymous variation, and hence 

may have functional consequences for reproduction. To the best of 
our knowledge, this is the first study to examine within-species re-
productive gene diversity to this extent in a threatened species.

Tasmanian devils exhibit very low levels of genetic diversity over-
all (Cheng et al., 2012; Jones et al., 2004; Miller et al., 2011; Morris 
et al., 2015). Most (77%) of the reproductive genes we examined had 
monomorphic coding regions in our sample set of 37 resequenced 
genomes: a low level of diversity that is comparable to that seen in 
a previous study which examined genetic diversity at 167 immune 
genes in 10 Tasmanian devils (seven of which were included in the 
current study) (Morris et al., 2015). However, within those repro-
ductive genes that showed nonsynonymous variation, we found sur-
prisingly high diversity relative to a similar subset of immune genes 
that also contained nonsynonymous SNPs (Morris et al., 2015). For 
example, despite a much larger sample size of up to 196 individuals 
across multiple captive and wild populations (with the majority of 
individuals presumed to be unrelated), Morris et al. (2015) found a 
maximum of three SNPs per gene across nine polymorphic immune 
genes, compared with a maximum of 10 SNPs per reproductive gene 
here (across the final 19 polymorphic reproductive genes). Mean 
haplotype diversity was also higher in the current study. Differences 
in sample origin may contribute to the observed increased levels of 
diversity herein; however, the finding of higher genetic diversity at 

Gene n
CDS length 
(bp)

SNPs 
(ns:s) h hd π

Tajima's 
D Z-test

ADAMTS9 74 5,919 9 (1:8) 4 0.666 7.32 3.52*** −2.63**

ADAMTS10 74 3,342 1 (1:0) 2 0.104 0.31 −0.60 0.98

ADAMTSL1 74 5,298 1 (1:0) 2 0.294 0.55 0.53 1.00

AIRE 74 1,590 10 (4:6) 4 0.451 21.71 1.83 −1.73

BMP5 74 1,368 1 (1:0) 2 0.053 0.39 −0.90 1.04

CHD7 74 9,093 3 (3:0) 3 0.586 1.15 1.34 1.27

CLU 74 1,178 2 (2:0) 3 0.445 4.06 0.27 1.29

CYP19A1 74 1,512 1 (1:0) 2 0.053 0.35 −0.90 1.07

DZIP1 74 2,433 3 (1:2) 3 0.283 3.08 0.41 −1.26

IRS4 74 2,751 1 (1:0) 2 0.053 0.19 −0.90 1.06

KIT 74 2,901 3 (2:1) 4 0.545 3.76 1.47 −0.67

LEP 74 504 1 (1:0) 2 0.217 4.30 0.07 1.04

NANOG 74 936 2 (2:0) 2 0.494 10.55 2.30* 1.01

PIP 74 534 3 (3:0) 4 0.588 12.54 0.17 0.16

PRDM14 74 1,662 2 (1:1) 2 0.217 2.61 0.09 −0.69

PTCH1 74 3,891 1 (1:0) 2 0.344 0.88 0.82 1.01

PTCH2 74 4,524 3 (3:0) 3 0.527 2.34 1.37 1.50

PTGFRN 74 2,892 2 (2:0) 3 0.416 1.54 0.14 1.40

SPACA6 74 1,122 1 (1:0) 2 0.462 4.12 1.53 1.02

Note: n, number of sequences (two allele sequences per individual); h, number of 
inferred haplotypes; hd, haplotype diversity; π, nucleotide diversity (×104); ns:s, 
nonsynonymous:synonymous.
*p < .05. Did not remain significant after Holm–Bonferroni multiple test correction. 
**p < .01. Did not remain significant after Holm–Bonferroni multiple test correction. 
***p < .001. Remained significant after Holm–Bonferroni multiple test correction. 

TA B L E  2   Diversity statistics and 
neutrality tests performed on the target 
reproductive genes
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reproductive genes compared with immune genes is unexpected 
given the smaller sample size and presence of related individuals 
within the current study. We note that Morris et al. (2015) used 
amplicon sequencing to confirm SNP diversity in the subset of tar-
get genes, which resulted in fewer SNPs than predicted by genome 
resequencing data. Although we did not employ gene-targeted se-
quencing methods in this study, we believe that the SNPs identified 
are likely to reflect real diversity, not sequencing artefacts, due to 
the number of resequenced genomes (particularly those with high 
coverage, around 45×) and the strict variant calling and filtering pa-
rameters employed.

Thirty-six reproductive genes (14% of all genes investi-
gated) present in model species could not be characterized in the 
Tasmanian devil genome by the methods applied here. For example, 
there were no tblastn hits for a number of genes including DPPA3/
STELLA, SEMG1, SEMG2, TNP2 and PRM2, which are either too di-
vergent from known orthologues to be identified by this method, or 
do not exist in marsupials (Johnson et al., 2018). Additionally, mem-
bers of the NLRP (nucleotide-binding oligomerization domain, leu-
cine-rich repeat and pyrin domain-containing proteins) gene family 
have shown extensive duplication and diversification in mammalian 
lineages (Tian et al., 2009) and were unable to be identified in the 
Tasmanian devil genome. Fragmentation and gaps in the current 
reference genome precluded characterizing a number of genes such 
as KLK3 and ZPBP (Table S2). Genes located on the Y chromosome 
(e.g., ATRY, DAZ1, USP9Y and DDX3Y) could not be identified due to 
the unavailability of Y-chromosome data in the female reference ge-
nome. Sequencing the Y chromosome will be important in the future 
to focus on male reproduction, as a number of important male repro-
ductive genes are found on the Y chromosome (Murtagh et al., 2010; 
Toder et al., 2000).

Twenty genes were found to contain nonsynonymous SNPs in 
the current study (with DIAPH2 later excluded due to phasing in-
consistencies). Since nonsynonymous mutations result in amino acid 
changes, genes that contain nonsynonymous SNPs may influence 
phenotype (Shastry, 2009). Although other SNPs, such as synon-
ymous polymorphisms or variants outside the coding sequence, 
may contribute to phenotype via processes such as mRNA stability 
(Chamary & Hurst, 2005), these are expected to have a weaker effect 
on gene function compared with mutations that alter the protein se-
quence (Tomoko, 1995). The genes found to contain nonsynonymous 
SNPs in the current study are involved in a variety of reproductive 
functions in both males and females, and influence fertility-associ-
ated phenotypes in humans and other species (see Table 1 for more 
information). For example, mutations in the CHD7 gene cause idio-
pathic hypogonadotropic hypogonadism and Kallmann syndrome 
in humans, resulting in impaired sexual development in both males 
and females (Kim et al., 2008). Mutations in the AIRE gene cause 
autoimmune polyendocrinopathy, candidiasis and ectodermal dys-
trophy (APECED) (Aaltonen et al., 1997), which has also been linked 
to infertility in both men and women (Perheentupa, 2006). ADAMTS 
proteases influence a range of reproductive processes in humans 
and mice (Russell et al., 2015), three of which (ADAMTS9, ADAMTS10 

and ADAMTSL1) displayed nonsynonymous variation in the current 
study.

The majority of the individuals in our sample set are known to 
have successfully reproduced based on breeding records in captive 
facilities (Figure S2), so most of the nonsynonymous SNPs identi-
fied in the current study are unlikely to cause the extreme infertile 
phenotypes that have been reported in humans and mice. However, 
these variants may result in more subtle phenotypic effects such as 
reduced fertilization success or reduced offspring survival. We note 
that a number of nonsynonymous homozygoyte genotypes were not 
observed in our data set (Table S5). They may encode more severe 
phenotypes which could be associated with pregnancy loss or infer-
tility and may exist in a larger sample set or could potentially be le-
thal and hence never appear in homozygous form. Further research 
is required to explore the functional consequences of the identified 
nonsynonymous variants herein. Interestingly, we found that genes 
involved in embryogenesis, fertilization and hormonal regulation of 
reproduction displayed greater numbers of nonsynonymous SNPs 
than synonymous SNPs. This suggests that functional diversity may 
be important at genes involved in such processes. Tasmanian devils 
exhibit a number of unique reproductive characteristics including 
undergoing up to three oestrous cycles within their annual breeding 
season (Keeley et al., 2012); producing a greater number of embryos 
(up to 30) than can be supported by their four teats (Guiler, 1970; 
Hughes, 1982); and multiple paternity litters (Russell et al., 2019) 
even though mate-guarding is a behavioural reproductive strategy 
(Hamilton et al., 2019). We hypothesize that these unique reproduc-
tive traits may drive functional diversity across genes involved in 
particular reproductive processes through adaptive evolution. For 
example, multiple mating by females is known to drive sperm com-
petition, which may result in selective pressures on genes involved in 
fertilization (Dapper & Wade, 2016; Fiumera et al., 2005). Similarly, 
fitness advantages associated with the timing or number of oestrous 
cycles, or the number of viable embryos, could potentially drive nat-
ural selection at genes involved in the hormonal regulation of re-
production or embryogenesis respectively. To explore these ideas 
further we investigated signatures of selection at the reproductive 
genes containing nonsynonymous SNPs.

Of the 19 final reproductive genes (following exclusion of 
DIAPH2 due to phasing inconsistencies), two genes (ADAMTS9 and 
NANOG) showed statistically significant signatures of selection, 
suggesting their variants may be linked to important phenotypic 
traits. After correcting for multiple testing using the Holm–
Bonferroni method (Holm, 1979), the Tajima's D for ADAMTS9 re-
mained statistically significant, indicating that this gene may be 
under balancing selection at the sequence level within the pop-
ulation. Demographic factors such as population bottlenecks can 
contribute to the value of Tajima's D (Tajima, 1989), although de-
mographic factors are likely to affect loci across the whole ge-
nome. Because similar patterns of selection were not observed 
across all of the target loci, we hypothesize that ADAMTS9 may be 
a candidate for long-term balancing selection. Balancing selection 
actively maintains multiple alleles in a population, suggesting that 
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the associated phenotypes may be advantageous under certain 
circumstances (e.g., Gos et al., 2012). ADAMTS9 is a pleiotropic 
gene that belongs to a large, diversified family of ADAMTS genes 
and has been implicated in several crucial female reproductive 
processes, namely: ovulation, implantation, placentation and par-
turition (Russell et al., 2015). ADAMTS9 is also a novel tumour 
suppressor (Du et al., 2013) and has undergone strong selection 
for increased longevity in a number of small-bodied mammal lin-
eages (Lambert & Portfors, 2017). This is particularly interesting in 
our context, as Tasmanian devils have a short lifespan (maximum 
5 years in the wild) in comparison to other mammals of their size 
and show unusually high vulnerability to tumours (Griner, 1979). 
However, our data cannot disentangle whether potential selection 
on the ADAMTS9 gene in Tasmanian devils may be attributed to 
that gene's role in reproduction and/or its role in tumour suppres-
sion and longevity. The attributes of this gene, such as its role in a 
number of key processes, make it a plausible candidate for adapta-
tion and warrants further investigation.

The NANOG gene also showed a putative pattern of balancing 
selection in the Tasmanian devil, although this result did not remain 
statistically significant after correcting for multiple testing. NANOG 
is a key transcription factor involved in embryonic stem cell pluripo-
tency (Pan & Thomson, 2007). We identified a multinucleotide non-
synonymous polymorphism within the CDS of NANOG. It is currently 
unknown whether these variants are associated with differential 
phenotypes. Investigations into whether the identified nonsynony-
mous SNP is correlated with embryonic survival traits and may influ-
ence reproductive success within the Tasmanian devil are required.

Although reproductive genes and their variants have been well 
studied in model and livestock species (see Hunt et al., 2018), there 
are few data on reproductive variants in threatened species, many 
of which typically show low overall levels of genome-wide diver-
sity. As a result, it is difficult to ascertain whether Tasmanian devil 
reproductive gene diversity is higher or lower than expected com-
pared to other threatened species. Furthermore, our study focused 
on a relatively small sample set from a limited number of locations 
in Tasmania and may not have captured the true extent of genetic 
diversity across the species’ range. As whole genome sequencing 
technology becomes cheaper with time, sampling Tasmanian devils 
across their range would improve our understanding of their repro-
ductive gene diversity. The full benefit of understanding reproduc-
tive gene diversity in Tasmanian devils can be realized by studying 
the relationship between genetic variation and reproductive pheno-
types. For this threatened species, this is possible as the Tasmanian 
devil insurance population is Australia's largest captive breeding pro-
gramme (Hogg et al., 2019) with a large number of individuals across 
multiple generations with DNA samples and extensive reproductive 
records. This resource will allow us to investigate diversity across 
a range of candidate genes to determine whether variation in re-
productive genes influences reproductive fitness. For example, the 
SPACA6 gene has been implicated in fertilization ability of male mice 
(Lorenzetti et al., 2014) and was found to contain a nonsynonymous 
SNP among the sampled Tasmanian devils in the current study. By 

sequencing the SPACA6 gene across hundreds of male Tasmanian 
devils using specific PCR primers, or a targeted capture approach, we 
could statistically determine whether this variant is correlated with 
an individual's siring ability. Candidate gene approaches have sev-
eral advantages over whole-genome approaches, namely the higher 
inherent statistical power and reduced sequencing costs. However, 
it is possible that other genes or genomic regions that influence 
reproductive phenotypes may be missed and so a genome-wide 
association study (GWAS) may be more informative (for a review 
of candidate gene vs. GWAS approaches see Suh & Vijg, 2005). A 
combination of these approaches will probably be the best way 
forward to understanding the interplay between reproductive gen-
otype and phenotype. The rise of whole genome sequencing and 
global consortia developing reference genomes for wildlife means 
that our understanding of functional gene diversity in a range of 
threatened species can only improve with time, particularly in those 
species where range reduction and population contraction has led 
them to be genetically depauperate. The approach used in this study 
demonstrates how these growing genomic resources can be utilized 
to explore functional diversity in threatened species and how this 
information can assist with their conservation management.

5  | CONCLUSION

Our study has bioinformatically characterized diversity at 219 re-
productive genes in 37 Tasmanian devils. We have identified and 
examined diversity at 19 polymorphic genes containing nonsynony-
mous SNPs that may have functional consequences on reproduc-
tion. The results from this study provide the foundation for future 
research to explore whether any of these genes are associated with 
variable reproductive phenotypes and hence may be involved in 
the generational productivity declines that have been observed in 
the Tasmanian devil insurance population (Farquharson et al., 2017; 
Hogg et al., 2015). If specific genotypes are found to influence pro-
ductivity, preserving the functional variation described herein may 
be key to minimizing these declines and facilitating the success of 
conservation breeding programmes. Beyond assisting with con-
servation decisions for the Tasmanian devil, the candidate gene 
approach described here may also be applied to reproductive man-
agement in other threatened species conservation programmes.
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A1.4 THE FIRST ANTECHINUS REFERENCE GENOME PROVIDES A 
RESOURCE FOR INVESTIGATING THE GENETIC BASIS OF 
SEMELPARITY AND AGE-RELATED NEUROPATHOLOGIES 
The PDF version of the article titled “The first Antechinus reference genome provides 

a resource for investigating the genetic basis of semelparity and age-related 

neuropathologies” published in Gigabyte (2020; 1(7), 1-22), which comprises Chapter 

4 of this thesis, is presented on the following pages.   
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7KH UVWࢂ $QWHFKLQXV UHIHUHQFH
JHQRPH SURYLGHV D UHVRXUFH IRU
LQYHVWLJDWLQJ WKH JHQHWLF EDVLV RI
VHPHOSDULW\ DQG DJH�UHODWHG
QHXURSDWKRORJLHV

6XEPLWWHG� �� 6HSWHPEHU ����
5HYLVHG� �� 2FWREHU ����
$FFHSWHG� �� 1RYHPEHU ����
3XEOLVKHG� �� 1RYHPEHU ����

 &RUUHVSRQGLQJ DXWKRU� (�PDLO�
NDWK\�EHORY#V\GQH\�HGX�DX

ޤ &RQWULEXWHG HTXDOO\�

3XEOLVKHG E\ *LJD6FLHQFH 3UHVV�

3UHSULQW VXEPLWWHG DW KWWSV�
��GRL�RUJ��������������������������

7KLV LV DQ 2SHQ $FFHVV DUWLFOH
GLVWULEXWHG XQGHU WKH WHUPV RI WKH
&UHDWLYH &RPPRQV $WWULEXWLRQ
/LFHQVH �KWWS���FUHDWLYHFRPPRQV�RUJ�
OLFHQVHV�E\������� ZKLFK SHUPLWV
XQUHVWULFWHG UHXVH� GLVWULEXWLRQ� DQG
UHSURGXFWLRQ LQ DQ\ PHGLXP�
SURYLGHG WKH RULJLQDO ZRUN LV
SURSHUO\ FLWHG�

*LJDE\WH� ����� ��ޗ�

3DULFH $� %UDQGLHV�� 6LPRQ 7DQJ�� 5REHUW 6� 3� -RKQVRQ�� &DURO\Q -� +RJJޤ��
DQG .DWKHULQH %HORY��ޤ�

� 6FKRRO RI /LIH DQG (QYLURQPHQWDO 6FLHQFHV� )DFXOW\ RI 6FLHQFH� 8QLYHUVLW\ RI 6\GQH\� 6\GQH\� 1HZ 6RXWK
:DOHV� $XVWUDOLD

� =RRORJLFD� 9HWHULQDU\ DQG =RRORJLFDO &RQVXOWLQJ� 0LOOWKRUSH� 1HZ 6RXWK :DOHV� $XVWUDOLD

$%675$&7
$QWHFKLQXV DUH D JHQXV RI PRXVH�OLNH PDUVXSLDOV WKDW H[KLELW D UDUH UHSURGXFWLYH VWUDWHJ\ NQRZQ
DV VHPHOSDULW\ DQG DOVR QDWXUDOO\ GHYHORS DJH�UHODWHG QHXURSDWKRORJLHV VLPLODU WR WKRVH LQ
KXPDQV� :H SURYLGH WKH UVWࢂ DQQRWDWHG DQWHFKLQXV UHIHUHQFH JHQRPH IRU WKH EURZQ DQWHFKLQXV
�$QWHFKLQXV VWXDUWLL�� 7KH UHIHUHQFH JHQRPH LV ���b*E LQ VL]H ZLWK D VFDIIROG 1�� RI ��0E DQG
����� FRPSOHWH PDPPDOLDQ %86&2V� 8VLQJ ELRLQIRUPDWLF PHWKRGV ZH DVVLJQ VFDIIROGV WR
FKURPRVRPHV DQG LGHQWLI\ ����b0E RI <�FKURPRVRPH VFDIIROGV� &RPSDUDWLYH JHQRPLFV UHYHDOHG
LQWHUHVWLQJ H[SDQVLRQV LQ WKH 105.� JHQH DQG WKH SURWRFDGKHULQ JDPPD IDPLO\� ZKLFK KDYH
SUHYLRXVO\ EHHQ DVVRFLDWHG ZLWK DJLQJ DQG DJH�UHODWHG GHPHQWLDV UHVSHFWLYHO\� 7UDQVFULSWRPH
GDWD GLVSOD\HG H[SUHVVLRQ RI FRPPRQ $O]KHLPHUޝV UHODWHG JHQHV LQ WKH DQWHFKLQXV EUDLQ DQG
KLJKOLJKW WKH SRWHQWLDO RI XWLOLVLQJ WKH DQWHFKLQXV DV D IXWXUH GLVHDVH PRGHO� 7KH YDOXDEOH
JHQRPLF UHVRXUFHV SURYLGHG KHUHLQ ZLOO HQDEOH IXWXUH UHVHDUFK WR H[SORUH WKH JHQHWLF EDVLV RI
VHPHOSDULW\ DQG DJH�UHODWHG SURFHVVHV LQ WKH DQWHFKLQXV�

6XEMHFWV *HQHWLFV DQG *HQRPLFV� $QLPDO *HQHWLFV� (YROXWLRQDU\ %LRORJ\

&217(;7
$QWHFKLQXV DUH D JHQXV RI VPDOO� FDUQLYRURXV� GDV\XULG PDUVXSLDOV WKDW DUH GLVWULEXWHG
WKURXJKRXW $XVWUDOLD DQG 1HZ *XLQHD� DQG H[KLELW D UDUH UHSURGXFWLYH VWUDWHJ\ NQRZQ DV
VHPHOSDULW\� 6HPHOSDURXV VSHFLHV UHSURGXFH RQO\ RQFH LQ D OLIHWLPHb>�@� $OWKRXJK WKLV
UHSURGXFWLYH VWUDWHJ\ LV FRPPRQ DPRQJ EDFWHULD� SODQW DQG LQYHUWHEUDWH VSHFLHVb>�@� LW LV
UDUHO\ VHHQ LQ PDPPDOLDQ VSHFLHV DQG LV UHVWULFWHG WR GLGHOSKLG DQG GDV\XULG PDUVXSLDOVb>��
�@� 'XULQJ WKH DQQXDO EUHHGLQJ VHDVRQ� PDOH DQWHFKLQXV XQGHUJR DQ H[WUHPH VKLIW LQ
UHVRXUFH DOORFDWLRQ IURP VXUYLYDO WR UHSURGXFWLRQ� UHVXOWLQJ LQ D FRPSOHWH GLH�RII RI DOO
PDOHV LQ WKH ZHHNV IROORZLQJ PDWLQJb>�� �@�ޗ� ,QFUHDVHG OHYHOV RI SODVPD FRUWLFRVWHURLG
DVVLVW DQWHFKLQXV PDOHV LQ XWLOLVLQJ WKHLU HQHUJ\ UHVHUYHV WR PD[LPLVH UHSURGXFWLYH
SRWHQWLDO GXULQJ WKH EUHHGLQJ VHDVRQ >�@� +RZHYHU� HOHYDWLRQ RI WKHVH FRUWLFRVWHURLGV UHVXOWV
LQ WRWDO LPPXQH V\VWHP FROODSVH OHDGLQJ WR JDVWURLQWHVWLQDO KDHPRUUKDJH�
SDUDVLWH�SDWKRJHQ LQYDVLRQ DQG GHDWKb>�� �@� ,W LV FXUUHQWO\ XQNQRZQ KRZ VHPHOSDULW\ LV
FRQWUROOHG DW WKH JHQHWLF OHYHO LQ WKH DQWHFKLQXV�

*LJDE\WH� ����� '2,� ���������JLJDE\WH�� ����
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7KH DQWHFKLQXV KDV DOVR EHHQ SURSRVHG DV D PRGHO VSHFLHV IRU WKH SK\VLRORJ\ RI
GHPHQWLDV DVVRFLDWHG ZLWK DJLQJ VXFK DV $O]KHLPHUޝV GLVHDVH �$'�b>�� �� ��@� 3ULPDULO\
FKDUDFWHULVHG E\ WKH IRUPDWLRQ RI DP\ORLG�ၓ SODTXHV DQG QHXURࢂEULOODU\ WDQJOHV LQ WKH
EUDLQ� $' LV D SURJUHVVLYH QHXURGHJHQHUDWLYH GLVHDVH WKDW LV SUHGLFWHG WR DIIHFW PRUH WKDQ
��� PLOOLRQ SHRSOH E\ ����b>��@� 7UDGLWLRQDOO\� WUDQVJHQLF PRXVH PRGHOV KDYH EHHQ XWLOLVHG
WR VWXG\ $'b>ޗ����@� KRZHYHU� PLFH GR QRW QDWXUDOO\ GHYHORS ၓ�DP\ORLG SODTXHV DQG
QHXURࢂEULOODU\ WDQJOHVb>��� ��@� %RWK RI WKHVH KDYH EHHQ IRXQG WR GHYHORS QDWXUDOO\ LQ
PDWXUH PDOH DQG IHPDOH DQWHFKLQXV� SDUWLFXODUO\ DIWHU WKH EUHHGLQJ VHDVRQb>�� ��@�
$QWHFKLQXV DOVR SRVVHVV D QXPEHU RI FKDUDFWHULVWLFV WKDW FRXOG PDNH WKHP DQ LGHDO PRGHO
RUJDQLVP LQFOXGLQJ� D VPDOO ERG\ VL]H� VKRUW OLIHVSDQ� SURGXFWLRQ RI ODUJH QXPEHUV RI
RIIVSULQJ DQG WKH DELOLW\ WR EH HDVLO\ PDLQWDLQHG LQ FDSWLYLW\b>�� ��� ��@� &UHDWLQJ D UHIHUHQFH
JHQRPH IRU WKH DQWHFKLQXV DQG XQGHUVWDQGLQJ ZKHWKHU WKHUH LV H[SUHVVLRQ RI NH\
$'�UHODWHG JHQHV LQ WKH DQWHFKLQXVޝ EUDLQ LV D NH\ UVWࢂ VWHS LQ GHWHUPLQLQJ WKHLU VXLWDELOLW\
DV D IXWXUH GLVHDVH PRGHO IRU $' LQ KXPDQV�

+HUH ZH SUHVHQW DQ DQQRWDWHG UHIHUHQFH JHQRPH IRU WKH EURZQ DQWHFKLQXV �$QWHFKLQXV
VWXDUWLL� 1&%,�W[LG������ :H XVH D ELRLQIRUPDWLF DSSURDFKb>��@ WR SURYLGH D PRUH FRPSOHWH
FKDUDFWHULVDWLRQ RI WKH < FKURPRVRPH ZKLFK LV FXUUHQWO\ SRRUO\ DQQRWDWHG LQ PDUVXSLDOV�
GXH WR LWV KHWHURFKURPDWLF� KLJKO\ UHSHWLWLYH QDWXUH DQG VPDOO VL]Hb>��@� :H DOVR FDOO DQG
DQQRWDWH SKDVHG JHQRPH�ZLGH 619V �VLQJOH QXFOHRWLGH YDULDQWV� DQG VWUXFWXUDO YDULDQWV�
DQG XVH FRPSDUDWLYH JHQRPLFV WR LGHQWLI\ UDSLGO\ HYROYLQJ JHQH IDPLOLHV� )LQDOO\� ZH
FKDUDFWHULVH YDULDWLRQ LQ D YDULHW\ RI JHQHV WKDW KDYH SUHYLRXVO\ EHHQ DVVRFLDWHG ZLWK $'
DQG HYDOXDWH WKH H[SUHVVLRQ RI WKHVH JHQHV LQ WKH DQWHFKLQXV WUDQVFULSWRPH�

7KH DQQRWDWHG JHQRPH DQG RWKHU JHQRPLF UHVRXUFHV SURYLGHG KHUHLQ SURYLGH D SRZHUIXO
IRXQGDWLRQ IRU VWXG\LQJ VHPHOSDULW\ DQG QHXURGHJHQHUDWLRQ DV ZHOO DV VKRZFDVLQJ WKH
SRWHQWLDO KLGGHQ ZLWKLQ WKH JHQRPHV RI $XVWUDOLDޝV XQLTXH ELRGLYHUVLW\�

0(7+2'6
6DPSOH FROOHFWLRQ
8VLQJ D VWDQGDUG (OOLRW WUDSSLQJ SURFHGXUH �8QLYHUVLW\ RI 6\GQH\ $QLPDO (WKLFV�
����������b>��@� RQH PDOH DQG RQH IHPDOH DGXOW EURZQ DQWHFKLQXV ZHUH WUDSSHG LQ -XQH
���� DW /DQH &RYH 1DWLRQDO 3DUN� 16: �)LJXUHb��� ,QGLYLGXDOV ZHUH HXWKDQDVHG XVLQJ
SHQWREDUELWRQH ���bPJ�P/� DQG VDPSOHV ZHUH FROOHFWHG LPPHGLDWHO\ DIWHU GHDWK� %ORRG
VDPSOHV ZHUH FROOHFWHG LQ 51$SURWHFWp $QLPDO %ORRG 7XEHV DQG VWRUHG DW � r&� 7LVVXH
VDPSOHV ZHUH HLWKHU DVKࢃ IUR]HQ LQ OLTXLG QLWURJHQ �JHQRPLF '1$ H[WUDFWLRQ� RU SODFHG LQ
51$ODWHU �WUDQVFULSWRPLF 51$ H[WUDFWLRQ� DQG VWRUHG DW � r& RYHUQLJKW EHIRUH ORQJ�WHUP
VWRUDJH DW �&rޏ��−

*HQRPH DVVHPEO\
'1$ ZDV H[WUDFWHG IURP IHPDOH DQG PDOH VNHOHWDO PXVFOH WLVVXH XVLQJ WKH &LUFXORPLFV
1DQRELQG +0: '1$ NLW DQG TXDQWLࢂHG XVLQJ D 4XELW GV'1$ %5 �%URDG 5DQJH� DVVD\ DQG
SXOVH HOGࢂ JHO HOHFWURSKRUHVLV� ��; *HQRPLFV OLQNHG�UHDG VHTXHQFLQJ OLEUDULHV ZHUH
SUHSDUHG DW WKH 5DPDFLRWWL &HQWUH IRU *HQRPLFV �6\GQH\� 16:� $XVWUDOLD� DQG VHTXHQFHG RQ
D 1RYD6HT ���� 6� RZFHOOࢃ XVLQJ ���ES 3( UHDGV� 'H QRYR JHQRPH DVVHPEO\ ZDV SHUIRUPHG
IRU ERWK VH[HV LQGHSHQGHQWO\ ZLWK 6XSHUQRYD Y����� �55,'�6&5B�������b>��@ XVLQJ DOO UHDGV�
REWDLQLQJ DSSUR[LPDWHO\ ��� UDZ FRYHUDJH DQG ��� HIIHFWLYH �GHGXSOLFDWHG� FRYHUDJH�
%%7RROV Y����� �55,'�6&5B�������b>��@ ZDV XVHG WR JHQHUDWH DVVHPEO\ VWDWLVWLFV DQG %86&2

*LJDE\WH� ����� '2,� ���������JLJDE\WH�� ����
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)LJXUH �� $QWHFKLQXV VWXDUWLL LQGLYLGXDO XVHG IRU WKH PDOH UHIHUHQFH JHQRPH� ,PDJH IURP &DURO\Q +RJJ�

�55,'�6&5B�������b>��@ DQDO\VLV ZDV SHUIRUPHG ZLWK ERWK Y����� ������ PDPPDOLDQ
%86&2V� DQG Y ����� ������ PDPPDOLDQ %86&2V��

&KURPRVRPH DVVLJQPHQW DQG < FKURPRVRPH DQDO\VLV
3XWDWLYH FKURPRVRPH DVVLJQPHQW RI WKH PDOH DVVHPEO\ ZDV DFKLHYHG E\ PDSSLQJ WKH PDOH
VFDIIROGV WR WKH FKURPRVRPH�OHQJWK UHIHUHQFH JHQRPH RI WKH FORVHO\�UHODWHG 7DVPDQLDQ
GHYLO �6DUFRSKLOXV KDUULVLL� DYDLODEOH RQ 1&%, �5HI6HT DVVHPEO\ P6DU+DU�����
55,'�6&5B�������b>��@ XVLQJ QXFPHU Y�����EHWD� �55,'�6&5B�������b>��@ ZLWK GHIDXOW
SDUDPHWHUV DQG OWHULQJࢂ WKH RXWSXW XVLQJ FXVWRP EDVK VFULSWV� 'XH WR WKH ODFN RI FRPSOHWH <
FKURPRVRPH VHTXHQFH LQ WKH 7DVPDQLDQ GHYLO UHIHUHQFH JHQRPH� DGGLWLRQDO < FKURPRVRPH
VFDIIROGV ZHUH LGHQWLࢂHG XVLQJ DQ $'�UDWLR �DYHUDJH GHSWK UDWLR� DSSURDFKb>��@ DQG
FRQࢂUPHG WKURXJK %/$67 VHDUFKHV RI NQRZQ PDUVXSLDO < JHQHV�

)LUVWO\� ERWK WKH PDOH DQG IHPDOH ��� UHDGV ZHUH WULPPHG WR UHPRYH WKH ��� &KURPLXP
EDUFRGH DQG ORZ�TXDOLW\ VHTXHQFH XVLQJ )DVW4& Y������ �55,'�6&5B�������b>��@ DQG
%%7RROV �55,'�6&5B�������� 0DOH DQG IHPDOH WULPPHG UHDGV ZHUH DOLJQHG WR WKH PDOH
JHQRPH DVVHPEO\ VHSDUDWHO\ XVLQJ %:$ �%XUURZV�:KHHOHU $OLJQHU� Y�������U����
�55,'�6&5B�������b>��@ ZLWK VKRUWHU VSOLW KLWV PDUNHG DV VHFRQGDU\ XVLQJ WKH �0 �DJࢃ
GXSOLFDWHV ZHUH UHPRYHG XVLQJ VDPEODVWHU Y������ �55,'�6&5B������� >��@ ZLWK GXSOLFDWHV
H[FOXGHG XVLQJ WKH �H �DJࢃ DQG DOLJQPHQWV ZLWK TXDOLW\ VFRUHV ��� ZHUH UHPRYHG ZLWK
VDPWRROV Y���� �55,'�6&5B�������b>��@ XVLQJ WKH �T �DJࢃ 7KH RXWSXW OHࢂ ZDV FRQYHUWHG WR
EDP IRUPDW� VRUWHG DQG LQGH[HG ZLWK VDPWRROV DQG DYHUDJH FRYHUDJH VWDWLVWLFV ZHUH
JHQHUDWHG XVLQJ 0RVGHSWK Y����� �55,'�6&5B�������b>��@ LQ IDVW PRGH� )ROORZLQJ D SUHYLRXV
VWXG\b>��@� WKH $'�UDWLR RI HDFK VFDIIROG ZDV FDOFXODWHG IRU HDFK VFDIIROG ZKHUHE\ D
QRUPDOL]HG UDWLR RI IHPDOH UHDGV WR PDOH UHDGV VKRXOG UHVXOW LQ D YDOXH RI ∼� ���� � $'�UDWLR
� ���� IRU DXWRVRPDO VFDIIROGV �DV ERWK WKH PDOH DQG IHPDOH VKRXOG KDYH VLPLODU OHYHOV RI
FRYHUDJH DW WKHVH UHJLRQV�� D YDOXH RI ∼� ���� � $'�UDWLR � ���� IRU ; FKURPRVRPH VFDIIROGV
�DV IHPDOHV VKRXOG KDYH GRXEOH WKH FRYHUDJH DW WKHVH UHJLRQV GXH WR WKHP SRVVHVVLQJ WZR ;
FKURPRVRPHV� DQG D YDOXH RI ∼� �$'�UDWLR ≤ ���� IRU < FKURPRVRPHV �DV IHPDOHV VKRXOG
KDYH QR FRYHUDJH DW WKHVH UHJLRQV GXH WR WKH ODFN RI D < FKURPRVRPH��

,Q RUGHU WR LPSURYH RXU FRQࢂGHQFH LQ WKH VFDIIROGV DVVLJQHG DV SXWDWLYHO\ PDOH XVLQJ WKH
$'�UDWLR DSSURDFK� ZH XVHG %/$67 Y����� �55,'�6&5B�������b>��� ��@ WR PDS �� NQRZQ

*LJDE\WH� ����� '2,� ���������JLJDE\WH�� ����
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PDUVXSLDO < JHQHV DQG WKHLU DXWRVRPDO RU ; KRPRORJV �LI DYDLODEOH� IURP D SUHYLRXV
VWXG\b>��@� DJDLQVW WKH PDOH DQWHFKLQXV DVVHPEO\� 6FDIIROGV ZLWK DQ $'�UDWLR � ��� DQG
VWURQJ %/$67 PDWFKHV �� ���−��� WR PDUVXSLDO < JHQHV �EXW QRW WKH UHVSHFWLYH ;
FKURPRVRPH KRPRORJV�� ZHUH GHHPHG DV EHORQJLQJ WR WKH < FKURPRVRPH�

7UDQVFULSWRPH DVVHPEO\� DQQRWDWLRQ DQG DQDO\VLV
7RWDO 51$ �H[FOXGLQJ PL51$� ZDV H[WUDFWHG IURP EORRG XVLQJ WKH 4LDJHQ 51HDV\ 3URWHFW
$QLPDO %ORRG .LW� DQG IURP WLVVXHV XVLQJ WKH 4LDJHQ 51HDV\ 0LQL .LW ZLWK TXDQWLࢂFDWLRQ
SHUIRUPHG XVLQJ WKH $JLOHQW %LRDQDO\]HU 51$ ���� 1DQR .LW� 7UX6HT 6WUDQGHG P51$�VHT
OLEUDU\ SUHSDUDWLRQ ZDV SHUIRUPHG RQ PDOH DQG IHPDOH VSOHHQ� EUDLQ� DGUHQDO JODQG DQG
UHSURGXFWLYH WLVVXHV �RYDU\�WHVWLV� DW WKH 5DPDFLRWWL &HQWUH IRU *HQRPLFV �6\GQH\� 16:�
$XVWUDOLD�� DQG VHTXHQFHG DV ���ES 3( UHDGV RQ D 1RYD6HT ���� 63 �RZFHOOࢃ 51$�VHT UHDGV
ZHUH TXDOLW\ WULPPHG DQG DVVHPEOHG GH QRYR WR FUHDWH D JOREDO WUDQVFULSWRPH DVVHPEO\
XVLQJ 7ULQLW\ Y������ �55,'�6&5B�������b>��� ��@ ZLWK GHIDXOW 7ULPPRPDWLF
�55,'�6&5B�������b>��@ DQG 7ULQLW\ SDUDPHWHUV� 7ULQLW\ޝV 7ULQLW\6WDWV�SO VFULSW ZDV XVHG IRU
JHQHUDO DVVHPEO\ VWDWLVWLFV� UHSUHVHQWDWLRQ RI IXOO�OHQJWK UHFRQVWUXFWHG SURWHLQ�FRGLQJ
JHQHV ZDV H[DPLQHG E\ 6ZLVV�3URW �55,'�6&5B�������b>��@ %/$67 VHDUFKHV
�55,'�6&5B�������� DQG FRPSOHWHQHVV ZDV DVVHVVHG XVLQJ %86&2 �55,'�6&5B������� Y� DQG
Y�� 7ULPPHG UHDGV ZHUH PDSSHG EDFN WR WKH DVVHPEO\ XVLQJ ERZWLH� Y�������
�55,'�6&5B�������b>��@ ZLWK D PD[LPXP RI �� GLVWLQFW� YDOLG DOLJQPHQWV IRU HDFK UHDG
�XVLQJ WKH �N �DJࢃ WR GHWHUPLQH UHDG UHSUHVHQWDWLRQ� 7UDQVFULSW DEXQGDQFH IRU HDFK WLVVXH
W\SH ZDV HVWLPDWHG XVLQJ 7ULQLW\ �55,'�6&5B������� DQG 6DOPRQ Y�����
�55,'�6&5B�������b>��@ ZLWK GHIDXOW SDUDPHWHUV WR FUHDWH D FURVV�VDPSOH 700 QRUPDOLVHG
PDWUL[ RI H[SUHVVLRQ YDOXHVb>��� ��@� )LQDOO\� WKH ([1�� VWDWLVWLF ZDV FDOFXODWHG XVLQJ WKH
QRUPDOLVHG H[SUHVVLRQ GDWD� 7KLV VWDWLVWLF FDOFXODWHV WKH 1�� IRU WKH PRVW KLJKO\ H[SUHVVHG
JHQHV WKHUHE\ H[FOXGLQJ DQ\ ORZO\ H[SUHVVHG FRQWLJV ZKLFK DUH RIWHQ YHU\ VKRUW �GXH WR ORZ
UHDG FRYHUDJH SUHYHQWLQJ DVVHPEO\ RI FRPSOHWH WUDQVFULSWV� DQG KHQFH SURYLGHV D PRUH
XVHIXO LQGLFDWRU RI WUDQVFULSWRPH TXDOLW\ WKDQ WKH VWDQGDUG 1�� PHWULFb>��@�

)XQFWLRQDO DQQRWDWLRQ RI WKH JOREDO WUDQVFULSWRPH ZDV SHUIRUPHG XVLQJ 7ULQRWDWH Y�����
�55,'�6&5B�������b>��@� %ULHࢃ\� 7UDQV'(&2'(5 Y����� �55,'�6&5B������� ZDV XVHG WR
LGHQWLI\ FDQGLGDWH FRGLQJ UHJLRQV ZLWKLQ WKH 7ULQLW\ WUDQVFULSWV ZLWK GHIDXOW SDUDPHWHUV�
%ODVW VHDUFKHV RI WKH 7UDQV'(&2'(5 SHSWLGHV DQG 7ULQLW\ WUDQVFULSWV ZHUH SHUIRUPHG
DJDLQVW WKH 6ZLVV�3URW �55,'�6&5B������� GDWDEDVH DQG WKH 7DVPDQLDQ GHYLO UHIHUHQFH
JHQRPH DQQRWDWLRQV IURP 1&%, �5HI6HT DVVHPEO\ P6DU+DU����� 55,'�6&5B�������b>��@
ZLWK DQ H�YDOXH FXW�RII RI � ���−�� +00(5 Y����� �55,'�6&5B�������b>��@ ZDV XVHG WR
LGHQWLI\ FRQVHUYHG SURWHLQ GRPDLQV ZLWK WKH 3IDP �55,'�6&5B�������b>��@ GDWDEDVH�
6LJQDO3 Y��� �55,'�6&5B�������b>��@ ZDV XVHG WR SUHGLFW VLJQDO SHSWLGHV DQG 51$PPHU Y���
�55,'�6&5B�������b>��@ ZDV XVHG WR GHWHFW DQ\ ULERVRPDO 51$ FRQWDPLQDWLRQ �DOO SURJUDPV
ZHUH UXQ ZLWK GHIDXOW SDUDPHWHUV�� 7KH UHVXOWV IURP WKH DERYH ZHUH ORDGHG LQWR D 64/LWH�
�55,'�6&5B������� GDWDEDVH�

5HSHDW LGHQWLࢂFDWLRQ DQG JHQRPH DQQRWDWLRQ
$ FXVWRP UHSHDW GDWDEDVH ZDV JHQHUDWHG ZLWK 5HSHDW0RGHOHU Y����� �55,'�6&5B�������b>��@
DQG UHSHDWV �H[FOXGLQJ ORZ FRPSOH[LW\ UHJLRQV DQG VLPSOH UHSHDWV ZLWK WKH �QRORZ �DJࢃ
ZHUH PDVNHG ZLWK 5HSHDW0DVNHU �55,'�6&5B������� Y�����b>��@� *HQRPH DQQRWDWLRQ ZDV
SHUIRUPHG XVLQJ )JHQHVK�� Y����� �55,'�6&5B�������b>ޗ����@ XVLQJ RSWLPLVHG JHQH QGLQJࢂ
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SDUDPHWHUV RI WKH FORVHO\ UHODWHG 7DVPDQLDQ GHYLO �6DUFRSKLOXV KDUULVLL� ZLWK PDPPDOLDQ
JHQHUDO SLSHOLQH SDUDPHWHUV� 7UDQVFULSWV UHSUHVHQWLQJ WKH ORQJHVW SURWHLQ IRU HDFK WULQLW\
ޡJHQHޠ ZHUH H[WUDFWHG IURP WKH WULQLW\ DQG WULQRWDWH RXWSXW OHVࢂ IRU P51$�EDVHG
SUHGLFWLRQV ZLWK D FXVWRP EDVK VFULSW XVLQJ VHTWN Y��� �55,'�6&5B������� DQG VHTNLW Y������
�55,'�6&5B�������b>��@� $ KLJK�TXDOLW\ QRQ�UHGXQGDQW PHWD]RDQ SURWHLQ GDWDVHW IURP 1&%,
ZDV XVHG IRU KRPRORJ\�EDVHG SUHGLFWLRQV XVLQJ WKH ޡSURWBPDSޠ PHWKRG� $E LQLWLR
SUHGLFWLRQV ZHUH SHUIRUPHG LQ UHJLRQV ZKHUH QR JHQHV ZHUH SUHGLFWHG E\ RWKHU PHWKRGV
�L�H� P51$ PDSSLQJ RU SURWHLQ KRPRORJ\�� 7KH SUHGLFWHG SURWHLQ�FRGLQJ VHTXHQFHV ZHUH
XVHG LQ %/$67 �55,'�6&5B������� VHDUFKHV DJDLQVW WKH 6ZLVV�3URW �55,'�6&5B�������
GDWDEDVH ZLWK DQ H�YDOXH FXW�RII RI � ���−� WR LGHQWLI\ JHQHV ZLWK PDWFKHV WR NQRZQ KLJK
TXDOLW\ SURWHLQV IURP RWKHU VSHFLHV�

9DULDQW DQQRWDWLRQ
7KH PDOH UHIHUHQFH JHQRPH ZDV DOWHUHG IROORZLQJ WKH ��� *HQRPLFV /RQJ 5DQJHU
�55,'�6&5B�������b>��@ VRIWZDUH UHFRPPHQGDWLRQV RI D PD[LPXP ��� IDVWD VHTXHQFHV DV
IROORZV� VFDIIROGV ���bNE ZHUH H[WUDFWHG DQG FRQFDWHQDWHG ZLWK JDSV RI ��� Vޝ1 DQG WKHQ
DGGHG WR WKH PDLQ JHQRPH IDVWD OHࢂ DV D VLQJOH VFDIIROG DQG VFDIIROGV ≥��bNE ���� VFDIIROGV�
ZHUH OLVWHG LQ WKH SULPDU\BFRQWLJV�W[W �OHࢂ $ %(' OHࢂ RI WKH DVVHPEO\ JDSV ZDV FUHDWHG XVLQJ
ID7R7ZR%LW DQG WZR%LWLQIR �55,'�6&5B�������b>��@ WR JHQHUDWH WKH VYBEODFNOLVW�EHG �OHࢂ
0DOH DQG IHPDOH ��[ UHDGV ZHUH DOLJQHG WR WKH DOWHUHG PDOH ��[ UHIHUHQFH JHQRPH ZLWK
ZKROH�JHQRPH 619V� LQGHOV DQG VWUXFWXUDO YDULDQWV FDOOHG DQG SKDVHG XVLQJ /RQJ 5DQJHU
Y����� �55,'�6&5B�������b>��@ ZLWK WKH )UHH%D\HV �55,'�6&5B������� RSWLRQ� 0DOH DQG
IHPDOH 9&) OHVࢂ ZHUH PHUJHG ZLWK EFIWRROV Y������ �55,'�6&5B�������b>��@ DQG YDULDQWV
ZHUH DQQRWDWHG XVLQJ $1129$5 Y�������� �55,'�6&5B�������b>��� ��@ JHQH�EDVHG
DQQRWDWLRQ�

*HQH IDPLO\ DQDO\VLV
*HQH RQWRORJ\ �*2� DQQRWDWLRQ �XVLQJ WKH JHQHULF *2 VOLP VXEVHW� ZDV SHUIRUPHG RQ
DQWHFKLQXV SURWHLQV EDVHG RQ 6ZLVV�3URW PDWFKHV XVLQJ *2QHWb>��@ �55,'�6&5B������� WR
LGHQWLI\ JHQHV DVVRFLDWHG ZLWK NH\ ELRORJLFDO IXQFWLRQV�

7R LGHQWLI\ DQ\ UDSLGO\ HYROYLQJ JHQH IDPLOLHV LQ WKH DQWHFKLQXV� SURWHRPHV IURP VL[
RWKHU WDUJHW VSHFLHV �7DVPDQLDQ GHYLO� NRDOD� RSRVVXP� KXPDQ� PRXVH DQG SODW\SXV� ZHUH
GRZQORDGHG IURP 1&%, �55,'�6&5B�������b>��@ DQG WKH ORQJHVW LVRIRUP IRU HDFK JHQH ZDV
H[WUDFWHG XVLQJ FXVWRP EDVK VFULSWV� 3URWHLQ VHTXHQFHV IURP WKH DQWHFKLQXV )JHQHVK��
DQQRWDWLRQ ZHUH DOVR H[WUDFWHG DQG 2UWKR)LQGHU Y����� �55,'�6&5B�������b>��� ��@ ZDV UXQ
ZLWK GHIDXOW SDUDPHWHUV WR LGHQWLI\ RUWKRJURXSV EHWZHHQ WKH � WDUJHW VSHFLHV� &$)( Y�
�55,'�6&5B�������b>��� ��@ ZDV UXQ RQ WKH RXWSXW GDWD IURP 2UWKR)LQGHU
�55,'�6&5B������� XVLQJ DQ HUURU PRGHO WR DFFRXQW IRU JHQRPH DVVHPEO\ HUURU ��H �DJࢃ DQG
HVWLPDWLQJ PXOWLSOH ODPEGDޝV �JHQH IDPLO\ HYROXWLRQ UDWHV� IRU PRQRWUHPHV� PDUVXSLDOV DQG
HXWKHULDQV ��\ ��DJࢃ 6LJQLࢂFDQW H[SDQVLRQV DQG FRQWUDFWLRQV ZLWKLQ WKH DQWHFKLQXV EUDQFK
ZHUH H[DPLQHG WR LGHQWLI\ DQ\ LQWHUHVWLQJ SDWWHUQV�

$O]KHLPHUޝV JHQHV DQDO\VLV
/LWHUDWXUH VHDUFKHV XVLQJ WKH VHDUFK WHUPV ޡVޝO]KHLPHU$ޠ DQG �ޡJHQHޠ DQG PLQLQJ WKH
KXPDQ JHQH GDWDEDVH *HQH&DUGVb>��@ XVLQJ WKH NH\ZRUG ޡVޝO]KHLPHU$ޠ ZHUH XVHG WR
LGHQWLI\ IRUW\ RI WKH PRVW FRPPRQ JHQHV WKDW KDYH SUHYLRXVO\ EHHQ DVVRFLDWHG ZLWK
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7DEOHb�� &RPSDULVRQ RI DQWHFKLQXV JHQRPH DVVHPEO\ VWDWLVWLFV LQ FRPSDULVRQ ZLWK WKH WZR FXUUHQW KLJKHVW�TXDOLW\ PDUVXSLDO JHQRPHV�

6SHFLHV $VVHPEO\ *HQRPH
6L]H
�*E�

1R�
6FDIIROGV

߶

1R�
&RQWLJV ߶

6FDIIROG
1�� �0E�

ߴ

&RQWLJ
1�� �0E�

ߴ

� *HQRPH LQ
6FDIIROGV !
��b.% ߴ

&RPSOHWH
0DPPDOLDQ

Vޝ2&%86 Y� ��� ߴ

&RPSOHWH
0DPPDOLDQ

Vޝ2&%86 Y� ��� ߴ
$QWHFKLQXV �0� DQWHFKLQXV0BSVHXGRKDS���

�86<'B$6WXB0∗�
��� ����� ������ ���� ���� ����� ���� ����

$QWHFKLQXV �)� DQWHFKLQXV)BSVHXGRKDS��� ��� ����� ������ ���� ���� ����� ���� ����
.RDOD SKD&LQBXQVZBY���∗ ��� � ���� � ����� ����� ���� ����

7DVPDQLDQ
'HYLO

P6DU+DU����∗ ��� ��� ��� ����� ����� ����� ���� ����

$UURZV LQGLFDWH ZKHWKHU KLJKHU RU ORZHU QXPEHUV DUH FRQVLGHUHG EHWWHU TXDOLW\� ∗1&%, $VVHPEO\ ,'�

$O]KHLPHUޝV GLVHDVH LQ KXPDQV RU PLFH GLVHDVH PRGHOV� +XPDQ FRGLQJ VHTXHQFHV �&'6� IRU
WKH JHQHV RI LQWHUHVW ZHUH GRZQORDGHG IURP 6ZLVV�3URW �55,'�6&5B������� DQG ZHUH XVHG
LQ %/$67 �55,'�6&5B������� VHDUFKHV DJDLQVW WKH )JHQHVK�� JHQRPH DQQRWDWLRQV WR
LGHQWLI\ WKH SUHGLFWHG JHQH VHTXHQFHV ZLWKLQ WKH PDOH DQWHFKLQXV UHIHUHQFH JHQRPH� 7KH
SUHGLFWHG SURWHLQ VHTXHQFHV ZHUH PDWFKHG DJDLQVW WKH SUHGLFWHG FRGLQJ VHTXHQFHV RI WKH
JOREDO WUDQVFULSWRPH XVLQJ %/$67 �55,'�6&5B������� WR LGHQWLI\ FDQGLGDWH WUDQVFULSWV DQG
H[SUHVVLRQ RI WKH FDQGLGDWH JHQHV DFURVV WKH VHTXHQFHG WLVVXHV ZDV H[SORUHG XVLQJ WKH
700�QRUPDOLVHG H[SUHVVLRQ PDWUL[� $OO VHTXHQFHV ZHUH XVHG LQ %/$67 �55,'�6&5B�������
VHDUFKHV EDFN WR WKH +XPDQ 6ZLVV�3URW �55,'�6&5B������� SURWHRPH WR FRQࢂUP RUWKRORJ\
WKURXJK UHFLSURFDO EHVW KLWV �5%+� DQG ZHUH DOLJQHG WR KXPDQ SURWHLQ VHTXHQFHV ZLWK
086&/( Y�������b>��@ LQ RUGHU WR GHWHUPLQH VHTXHQFH VLPLODULW\ DQG LGHQWLW\� 619V
DVVRFLDWHG ZLWK WKH WDUJHW JHQHV ZHUH H[SORUHG XVLQJ WKH $1129$5 �55,'�6&5B�������
RXWSXW�

),1',1*6
*HQRPH DVVHPEO\
7KH PDOH DQG IHPDOH DQWHFKLQXV JHQRPH DVVHPEOLHV ZHUH ERWK ���b*E LQ VL]H� *HQRPH
FRQWLJXLW\ ZDV VOLJKWO\ KLJKHU IRU WKH PDOH DQWHFKLQXV ZLWK D VFDIIROG 1�� RI ����b0E LQ
FRPSDULVRQ ZLWK WKH IHPDOH VFDIIROG 1�� RI ����b0E �7DEOHb��� %RWK PDOH DQG IHPDOH
JHQRPH DVVHPEOLHV VKRZHG FRPSOHWHQHVV VFRUHV FRPSDUDEOH WR WKH WZR EHVW PDUVXSLDO
UHIHUHQFH JHQRPHV FXUUHQWO\ DYDLODEOH �WKH NRDOD� 5HI6HT SKD&LQBXQVZBY���� DQG WKH
7DVPDQLDQ GHYLO� 5HI6HT P6DU+DU������ ZLWK !��� RI WKH ����� YHUVLRQ � PDPPDOLDQ
Vޝ2&%86 DQG !��� RI WKH ����� YHUVLRQ � PDPPDOLDQ Vޝ2&%86 EHLQJ FRPSOHWH �7DEOHb���
0DOH DQG IHPDOH DVVHPEOLHV KDG ��� DQG ��� RI UHDGV PDSSHG DV SURSHU SDLUV DQG D JDS
SHUFHQWDJH RI ����� DQG ����� �ZKLFK LV ZLWKLQ WKH QRUPDO JDS UDQJH IRU ��[ JHQRPLFV
DVVHPEOLHVb>��@� UHVSHFWLYHO\� 7KH PDOH DVVHPEO\ ZDV FKRVHQ WR EH WKH UHIHUHQFH JHQRPH DV
LW VKRZHG WKH KLJKHVW FRQWLJXLW\ DQG DOVR LQFOXGHV WKH < FKURPRVRPH�

&KURPRVRPH DVVLJQPHQW DQG < FKURPRVRPH DQDO\VLV
7KH 'DV\XULGDH IDPLO\ GLVSOD\ D KLJK OHYHO RI NDU\RW\SLF FRQVHUYDWLRQ ZLWK DOO VSHFLHV
KDYLQJ DOPRVW LGHQWLFDO �Q  �� NDU\RW\SHV >��@� $QWHFKLQXV FKURPRVRPHV ZHUH WKHUHIRUH
ELRLQIRUPDWLFDOO\ DVVLJQHG E\ DOLJQPHQW RI WKH PDOH DQWHFKLQXV VFDIIROGV WR WKH
FKURPRVRPH�OHQJWK 7DVPDQLDQ GHYLO UHIHUHQFH DVVHPEO\ �5HI6HT P6DU+DU������ 7KLV
UHVXOWHG LQ ����� RI WKH JHQRPH EHLQJ DVVLJQHG WR FKURPRVRPHV ZLWK WKH UHPDLQLQJ ���� RI
WKH JHQRPH EHLQJ XQDVVLJQHG HLWKHU GXH WR QR PDWFKHV WR WKH 7DVPDQLDQ GHYLO JHQRPH RU
GXH WR PXOWLSOH DOLJQPHQWV ZKHUH WKHUH ZDV QR EHVW PDWFK WR D VLQJOH FKURPRVRPH
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)LJXUH �� $VVLJQPHQW RI DQWHFKLQXV VFDIIROGV WR FKURPRVRPHV E\ DOLJQPHQW WR WKH 7DVPDQLDQ GHYLO UHIHUHQFH
JHQRPH� �D� 3URSRUWLRQ ��� RI VFDIIROGV �EOXH� DQG JHQRPH OHQJWK �UHG� DVVLJQHG WR FKURPRVRPHV� �E� &RPSDULVRQ
RI OHQJWK RI VHTXHQFH DVVLJQHG WR HDFK FKURPRVRPH IURP WKH 7DVPDQLDQ GHYLO UHIHUHQFH JHQRPH �EOXH� DQG
WKH DQWHFKLQXV JHQRPH �UHG�� 2WKHU UHSUHVHQWV VFDIIROGV DVVLJQHG WR ޡXQSODFHGޠ 7DVPDQLDQ GHYLO VFDIIROGV DQG
8QDVVLJQHG UHSUHVHQWV VFDIIROGV XQDEOH WR EH DVVLJQHG GXH WR QR PDWFKHV WR WKH 7DVPDQLDQ GHYLO JHQRPH RU GXH
WR PXOWLSOH PDWFKHV ZKHUH D EHVW KLW WR D VLQJOH FKURPRVRPH ZDV QRW LGHQWLࢂHG�

�)LJXUHb�D�� 7KH OHQJWK RI DVVLJQHG DQWHFKLQXV FKURPRVRPHV ZDV VLPLODU WR WKDW RI WKH
7DVPDQLDQ GHYLO DV H[SHFWHG �)LJXUHb�E��

7KH FXUUHQW 7DVPDQLDQ GHYLO UHIHUHQFH JHQRPH �5HI6HT P6DU+DU����� FRQWDLQV OLPLWHG
<�FKURPRVRPH VHTXHQFH �∼���bNE� DQG VR RQO\ RQH DQWHFKLQXV VFDIIROG �VFDIIROG �������
∼��bNE� ZDV DVVLJQHG DV < FKURPRVRPH� 7R LGHQWLI\ IXUWKHU SXWDWLYH < FKURPRVRPH
VFDIIROGV� ZH LPSOHPHQWHG DQ $'�UDWLR DSSURDFK �VHHb>��@�� 8VLQJ WKLV DSSURDFK ���b*E
�∼���� RI WKH PDOH JHQRPH ZDV DVVLJQHG DV DXWRVRPDO� ��b0E �∼�� ��� RI WKH PDOH JHQRPH
ZDV DVVLJQHG DV ; FKURPRVRPDO DQG ����b0E ������ RI WKH JHQRPH ZDV DVVLJQHG DV <
FKURPRVRPDO �)LJXUHb��� 7KH UHVXOWV IURP WKLV DSSURDFK VKRZHG WKDW ∼��� RI WKH JHQRPH
ZDV LQ DJUHHDQFH ZLWK WKH FKURPRVRPH DVVLJQPHQW UHVXOWV IURP PDSSLQJ WKH DQWHFKLQXV
JHQRPH WR 7DVPDQLDQ GHYLO JHQRPH ZLWK WKH UHPDLQLQJ �� PDLQO\ GXH WR XQDVVLJQHG
FKURPRVRPHV IURP HLWKHU PHWKRG UDWKHU WKDQ FKURPRVRPH GLVFUHSDQFLHV EHWZHHQ WKH WZR
PHWKRGV �RQO\ ���� RI JHQRPH��

,Q RUGHU WR LGHQWLI\ VRPH KLJK�FRQࢂGHQFH < FKURPRVRPH VFDIIROGV IURP WKH SXWDWLYH <
FKURPRVRPH VFDIIROGV LGHQWLࢂHG ZLWK WKH $'�UDWLR DSSURDFK� ZH DLPHG WR LGHQWLI\ VFDIIROGV

*LJDE\WH� ����� '2,� ���������JLJDE\WH�� ����



 251 

  

3DULFH $� %UDQGLHV HWbDO�

)LJXUH �� $'�5DWLR KLVWRJUDP RI DQWHFKLQXV VFDIIROGV� )LJXUH VKRZV WKH WRWDO OHQJWK RI VHTXHQFH ZLWKLQ HDFK
����� $'�UDWLR ELQ� 6FDIIROGV FOXVWHULQJ DURXQG DQ $'�UDWLR RI � UHSUHVHQW <�OLQNHG VHTXHQFH �*UHHQ�� VFDIIROGV
FOXVWHULQJ DURXQG DQ $'�UDWLR RI � UHSUHVHQW $XWRVRPDO VHTXHQFH �5HG�� VFDIIROGV FOXVWHULQJ DURXQG DQ $'�UDWLR RI
� UHSUHVHQW ;�OLQNHG VHTXHQFH �%OXH� DQG VFDIIROGV EHWZHHQ WKHVH UHJLRQV UHSUHVHQW XQDVVLJQHG VHTXHQFH �%ODFN��

FRQWDLQLQJ NQRZQ < JHQHV DQG <�VSHFLࢂF WUDQVFULSWV� 2XW RI �� NQRZQ PDUVXSLDO <
FKURPRVRPH JHQHV IURP D SUHYLRXV VWXG\b>��@� �� VKRZHG KLWV WR VFDIIROGV ZLWK $'�UDWLRV
≤���� LQGLFDWLQJ D KLJK FKDQFH WKH\ DUH SXWDWLYH < FKURPRVRPH VFDIIROGV� )XUWKHUPRUH�
WKHLU DXWRVRPDO� RU ; FKURPRVRPH� KRPRORJV PDSSHG WR GLIIHUHQW VFDIIROGV SURYLGLQJ
DGGLWLRQDO FRQࢂGHQFH WKDW WKH VFDIIROGV LGHQWLࢂHG OLNHO\ FRQWDLQ WKH < KRPRORJ� 6HYHQ RI
WKHVH < JHQHV ZHUH IRXQG WR EH RQ VFDIIROG ������� IRXU ZHUH ORFDWHG RQ VFDIIROG ������
DQG RQH ZDV PDWFKHG WR VFDIIROG ������ �)LJXUHb��� 7KHVH VFDIIROGV ZHUH GHHPHG
<�FKURPRVRPH VFDIIROGV DQG FRPSULVH ����b0E RI WKH JHQRPH� 7KH\ UHSUHVHQW WKH ODUJHVW
DPRXQW RI <�FKURPRVRPH VHTXHQFH FKDUDFWHUL]HG LQ DQ\ PDUVXSLDO VSHFLHV� 7KH UHPDLQLQJ
JHQH �$75<� GLVSOD\HG PXOWLSOH SDUWLDO DOLJQPHQW KLWV WR D QXPEHU RI GLIIHUHQW DQWHFKLQXV
VFDIIROGV DQG FRXOG QRW EH UHOLDEO\ DQQRWDWHG WR D VLQJOH VFDIIROG� $ QXPEHU RI RWKHU JHQHV
ZHUH DOVR DQQRWDWHG WR WKHVH VFDIIROGV E\ )JHQHVK�� DQQRWDWLRQ LQFOXGLQJ DQ ;.�UHODWHG
SURWHLQ RQ VFDIIROG ������� DQ $00(&5��OLNH JHQH RQ VFDIIROG ������ DQG D +0*%��OLNH
SURWHLQ RQ VFDIIROG ������� ,GHQWLࢂFDWLRQ DQG DQQRWDWLRQ RI < FKURPRVRPH VFDIIROGV LQ WKH
DQWHFKLQXV ZLOO DVVLVW ZLWK IXWXUH UHVHDUFK ZDQWLQJ WR H[SORUH PDOH VHPHOSDULW\ DQG NH\
PDOH�VSHFLࢂF UHSURGXFWLYH JHQHV�

7UDQVFULSWRPH DVVHPEO\ DQG DQQRWDWLRQ
7KH JOREDO DQWHFKLQXV WUDQVFULSWRPH DVVHPEO\ RI �� WLVVXHV �� PDOH DQG � IHPDOH� ZDV
FRPSRVHG RI ��������� WUDQVFULSWV ���������� LQFOXGLQJ SUHGLFWHG VSOLFLQJ LVRIRUPV�� 7KH
DYHUDJH FRQWLJ OHQJWK ZDV ���ES DQG WKH FRQWLJ 1�� ZDV �����ES� &RQVLGHULQJ RQO\ WKH WRS
��� PRVW KLJKO\ H[SUHVVHG WUDQVFULSWV JDYH DQ ([1�� �D PRUH XVHIXO LQGLFDWRU RI
WUDQVFULSWRPH TXDOLW\� RI �����ES ZKLFK LV VLPLODU WR WKH DYHUDJH P51$ OHQJWK LQ KXPDQV
������ES�b>��@� 7KH DVVHPEO\ VKRZHG JRRG RYHUDOO DOLJQPHQW UDWHV RI UHDGV IURP HDFK RI WKH
WLVVXHV �!���� ZLWK D KLJK SHUFHQWDJH PDSSHG DV SURSHU SDLUV �≥����� 7KH WUDQVFULSWRPH
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)LJXUH �� 0DSSLQJ RI NQRZQ PDUVXSLDO < JHQH KRPRORJV RQ DQWHFKLQXV < FKURPRVRPH VFDIIROGV� �D� 6FDIIROG ������� �E� 6FDIIROG ������� �F� 6FDIIROG �������
)LJXUH ZDV FUHDWHG XVLQJ WKH $QQRWDWLRQ6NHWFK PRGXOH IURP *HQRPH7RROVb>��@�

DVVHPEO\ H[KLELWHG VLPLODU FRPSOHWHQHVV WR WKH JHQRPH ZLWK %86&2 DQDO\VLV LGHQWLI\LQJ
��� DQG ��� FRPSOHWH %86&2V IRU YHUVLRQ � DQG YHUVLRQ � PDPPDOLDQ GDWDVHWV
UHVSHFWLYHO\� 7UDQV'HFRGHU SUHGLFWHG ������� FRGLQJ UHJLRQV ZLWKLQ WKH JOREDO
WUDQVFULSWRPH �LQFOXGLQJ SUHGLFWHG VSOLFLQJ LVRIRUPV� RI ZKLFK ������� ����� ZHUH
FRPSOHWH �FRQWDLQHG ERWK D VWDUW DQG VWRS FRGRQ� DQG ������� ����� KDG %/$67 KLWV WR
6ZLVV�3URW� 7DNLQJ RQO\ WKH ORQJHVW FRPSOHWH SUHGLFWHG LVRIRUP IRU HDFK JHQH UHVXOWHG LQ
������ P51$ WUDQVFULSWV WKDW ZHUH XVHG IRU JHQRPH DQQRWDWLRQ�

5HSHDW LGHQWLࢂFDWLRQ DQG JHQRPH DQQRWDWLRQ
��� UHSHDW IDPLOLHV ZHUH LGHQWLࢂHG LQ WKH PDOH DQWHFKLQXV JHQRPH �7DEOHb��� ZLWK ������ RI
WKH JHQRPH EHLQJ PDVNHG DV UHSHWLWLYH� D VLPLODU UHSHDW FRQWHQW WR WKDW RI RWKHU PDUVXSLDO
DQG PDPPDOLDQ JHQRPHV >��@� $ WRWDO RI ������ JHQHV ZHUH SUHGLFWHG E\ )JHQHVK��� RI
ZKLFK ������ KDG %/$67 KLWV WR 6ZLVV�3URW� 7KLV QXPEHU LV VLPLODU WR WKDW RI WKH ������
SURWHLQ�FRGLQJ JHQHV DQQRWDWHG LQ WKH FORVHO\ UHODWHG 7DVPDQLDQ GHYLO UHIHUHQFH JHQRPH
�5HI6HT P6DU+DU������ 2I WKHVH ������ JHQH DQQRWDWLRQV� ������ ZHUH SUHGLFWHG EDVHG RQ
WUDQVFULSWRPH HYLGHQFH� ����� ZHUH SUHGLFWHG EDVHG RQ SURWHLQ HYLGHQFH DQG WKH UHPDLQLQJ
ZHUH SUHGLFWHG DE LQLWLR EDVHG RQ WUDLQHG JHQH QGLQJࢂ SDUDPHWHUV� %86&2 Y� DQG Y�
FRPSOHWHQHVV VFRUHV IRU WKH DQQRWDWLRQ ZHUH ����� DQG ����� UHVSHFWLYHO\�

9DULDQW DQQRWDWLRQ
7KH EURZQ DQWHFKLQXV LV SUHGLFWHG WR EH RQH RI WKH PRVW FRPPRQ DQG ZLGHVSUHDG
PDPPDOLDQ VSHFLHV LQ (DVWHUQ $XVWUDOLD ZKHUH LW UDQJHV IURP VRXWKHUQ 4XHHQVODQG WR
VRXWKHUQ 1HZ 6RXWK :DOHVb>��� ��@� 7KH ODUJH SRSXODWLRQ VL]H DQG UDQJH RI $� VWXDUWLL
LPSOLHV WKDW WKLV VSHFLHV ZRXOG OLNHO\ H[KLELW KHDOWK\ OHYHOV RI JHQRPLF GLYHUVLW\� WKRXJK
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7DEOHb�� 6XPPDU\ RI UHSHDW FODVVHV LGHQWLࢂHG DQG PDVNHG LQ WKH DQWHFKLQXV UHIHUHQFH JHQRPH�

5HSHDW &ODVV &RXQW 0DVNHG �ES� 0DVNHG ���
'1$
&0&�(Q6SP ������ �������� �����
*LQJHU�� ����� ������� �����
3,)�+DUELQJHU ��� ������ �����
7F0DU�7F� ���� ������� �����
7F0DU�7F� ���� ������� �����
7F0DU�7LJJHU ����� ������� �����
K$7 ��� ������ �����
K$7�$F ���� ������ �����
K$7�&KDUOLH ������ �������� �����
K$7�7LS��� ����� ������� �����
/,1( ���� ������� �����
&5� ������ �������� �����
'RQJ�5� ����� ������� �����
/� ������� ��������� ������
/� ������ ��������� �����
57(�%RY% ����� �������� �����
57(�57( ����� �������� �����

/75
(59� ����� ������� �����
(59. ����� �������� �����
(59/ ���� ������� �����
*\SV\ ���� ������� �����

6,1(
�6�'HX�/� ���� ������ �����
$OX ���� ������� �����
0,5 ������� ��������� �����

2WKHU
8QNQRZQ ������� ��������� �����
6DWHOOLWH ����� �������� �����
VQ51$ ��� ����� �����

7RWDO ������� ���������� ������

WKHUH LV FXUUHQWO\ D ODFN RI JHQRPH�ZLGH YDULDWLRQ LQIRUPDWLRQ IRU DQ\ DQWHFKLQXV VSHFLHV�
8VLQJ WKH OLQNHG�UHDG GDWDVHWV ZH LGHQWLI\ D WRWDO RI ��������� 619V DQG ��������� LQGHOV LQ
WKH PDOH DQG ���������� 619V DQG ��������� LQGHOV LQ WKH IHPDOH� ZLWK ��������� 619V
�∼���� DQG ��������� LQGHOV �∼���� EHLQJ JHQRW\SHG LQ ERWK LQGLYLGXDOV� !��� RI WKHVH
YDULDQWV SDVVHG DOO RI WKH ��; *HQRPLFV OWHUVࢂ DQG !��� ZHUH SKDVHG� $SSUR[LPDWHO\ KDOI
RI WKH YDULDQWV ZHUH IRXQG WR EH DVVRFLDWHG ZLWK DQ DQQRWDWHG JHQH �ORFDWHG ZLWKLQ D JHQH
RU ZLWKLQ �NE XSVWUHDP RU GRZQVWUHDP RI D JHQH� RI ZKLFK ��� ZHUH LQWURQLF DQG �� ZHUH
H[RQLF �)LJXUHb�D�� :LWKLQ WKH H[RQLF YDULDQWV� ��� ZHUH QRQV\QRQ\PRXV �UHVXOW LQ
DOWHUDWLRQ RI WKH SURWHLQ VHTXHQFH� DQG ��� ZHUH V\QRQ\PRXV �)LJXUHb�E�� 7KHVH UHVXOWV
GHPRQVWUDWH FRQVLGHUDEOH JHQRPH�ZLGH GLYHUVLW\ IURP MXVW WZR LQGLYLGXDOV IURP WKH VDPH
SRSXODWLRQ� )RU FRPSDULVRQ� MXVW ��������� 613V �VLQJOH QXFOHRWLGH SRO\PRUSKLVPV� ZHUH
LGHQWLࢂHG DFURVV �� LQGLYLGXDOV RI WKH FORVHO\ UHODWHG DQG HQGDQJHUHG 7DVPDQLDQ GHYLOb>��@�
'HVSLWH WKH VXFFHVV RI $� VWXDUWLL� RWKHU DQWHFKLQXV VSHFLHV� VXFK DV WKH QHZO\�FODVVLࢂHG DQG
HQGDQJHUHG EODFN�WDLOHG GXVN\ DQWHFKLQXV �$� DUNWRV�� DSSHDU LQ PXFK ORZHU QXPEHUV DQG
VR PD\ H[KLELW PXFK ORZHU JHQRPH�ZLGH GLYHUVLW\b>��@� 0RVW DQWHFKLQXV VSHFLHV GLYHUJHG
LQ WKH 3LORFHQH �∼�bP\D� ZLWK WKH EURZQ DQWHFKLQXV DQG LWV FORVH UHODWLYHV VHSDUDWLQJ PRUH
UHFHQWO\ LQ WKH 3OHLVWRFHQH �∼���bP\D�b>��@� +XPDQV DQG FKLPSDQ]HHV DUH SUHGLFWHG WR KDYH
GLYHUJHG @��<�bP\Dbޗ� EXW VWLOO VKDUH ��� RI WKHLU '1$b>��@� 7KH JHQHWLF VLPLODULW\ RI KXPDQ
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)LJXUH �� )XQFWLRQDO DQQRWDWLRQ RI DQWHFKLQXV YDULDQWV� �D� 7RWDO QXPEHU RI YDULDQWV DQQRWDWHG WR YDULRXV JHQH
UHJLRQV LQFOXGLQJ� 6SOLFLQJ �ZLWKLQ D VSOLFH VLWH RI D JHQH�� 875� ��ޯ XQWUDQVODWHG UHJLRQ�� 875� ��ޯ XQWUDQVODWHG
UHJLRQ�� 'RZQVWUHDP �ZLWKLQ �NE GRZQVWUHDPRI D JHQH�� 8SVWHDP �ZLWKLQ �NE XSVWUHDPRI D JHQH�� ([RQLF �ZLWKLQ
WKH FRGLQJ VHTXHQFH RI D JHQH� DQG ,QWURQLF �ZLWKLQ DQ LQWURQ RI D JHQH�� �E� 7RWDO QXPEHU RI H[RQLF YDULDQWV
UHVXOWLQJ LQ VSHFLࢂF FRQVHTXHQFHV WR WKH SURWHLQ VHTXHQFH LQFOXGLQJ� )UDPHVKLIW 'HOHWLRQ �GHOHWLRQ RI RQH RUPRUH
QXFOHRWLGHV WKDW UHVXOWV LQ D IUDPHVKLIW RI WKH FRGLQJ VHTXHQFH�� )UDPHVKLIW ,QVHUWLRQ �LQVHUWLRQ RI RQH RU PRUH
QXFOHRWLGHV WKDW UHVXOWV LQ D IUDPHVKLIW RI WKH FRGLQJ VHTXHQFH�� 1RQIUDPHVKLIW 'HOHWLRQ �GHOHWLRQ RI RQH RU PRUH
QXFOHRWLGHV WKDW GRHV QRW UHVXOW LQ D IUDPHVKLIW RI WKH FRGLQJ VHTXHQFH�� 1RQIUDPHVKLIW ,QVHUWLRQ �LQVHUWLRQ RI
RQH RU PRUH QXFOHRWLGHV WKDW GRHV QRW UHVXOW LQ D IUDPHVKLIW RI WKH FRGLQJ VHTXHQFH�� 6WRSJDLQ �YDULDWLRQ ZKLFK
UHVXOWV LQ D VWRS FRGRQ EHLQJ FUHDWHG ZLWKLQ WKH SURWHLQ VHTXHQFH�� 6WRSORVV �YDULDWLRQ ZKLFK UHVXOWV LQ D VWRS
FRGRQ EHLQJ ORVW IURP WKH SURWHLQ VHTXHQFH�� 8QNQRZQ �YDULDWLRQ ZLWK DQ XQNQRZQ FRQVHTXHQFH� SHUKDSV GXH
WR FRPSOH[ JHQH VWUXFWXUH�� 1RQV\QRQ\PRXV �D VLQJOH QXFOHRWLGH FKDQJH WKDW GRHV QRW UHVXOW LQ DQ DPLQR DFLG
FKDQJH� DQG 6\QRQ\PRXV �D VLQJOH QXFOHRWLGH FKDQJH WKDW UHVXOWV LQ DQ DPLQR DFLG FKDQJH�� 6WULSHG EDUV LQGLFDWH
YDULDQW W\SHV WKDW DUH SORWWHG RQ WKH VHFRQGDU\ <�D[LV�

DQG FKLPSDQ]HHV �ZKLFK GLYHUJHG HDUOLHU WKDQ WKH DQWHFKLQXV FODGHV� VXJJHVWV WKDW WKH
DQQRWDWHG DQWHFKLQXV JHQRPH DQG JHQRPH�ZLGH YDULDWLRQ SURYLGHG ZLOO EH D YDOXDEOH WRRO
WR DVVLVW ZLWK SRSXODWLRQ PRQLWRULQJ DQG FRQVHUYDWLRQ RI DOO VSHFLHV LQ WKH DQWHFKLQXV
JHQXV�

,Q DGGLWLRQ WR VLQJOH QXFOHRWLGH YDULDQWV� ODUJH VWUXFWXUDO YDULDQWV FDQ KDYH D SURQRXQFHG
LPSDFW RQ SKHQRW\SH DQG DFFRXQW IRU D VLJQLࢂFDQW DPRXQW RI WKH GLYHUVLW\ VHHQ EHWZHHQ
LQGLYLGXDOVb>��� ��@� $ IHZ LQWHUFKURPRVRPDO DQG LQWUDFKURPRVRPDO UHDUUDQJHPHQWV KDYH
EHHQ LGHQWLࢂHG LQ WKH 'DV\XULGDH IDPLO\ XVLQJ SUHYLRXV *�EDQGLQJ WHFKQLTXHV >��@�
KRZHYHU� DGYDQFHPHQWV LQ VHTXHQFLQJ WHFKQRORJLHV� VXFK DV WKH OLQNHG�UHDG DSSURDFK
XWLOL]HG LQ WKH FXUUHQW VWXG\� DOORZ IRU PRUH QH�VFDOHࢂ FKDUDFWHULVDWLRQ RI VWUXFWXUDO
YDULDQWV LQ D FRVW�HIIHFWLYH DQG UHOLDEOH PDQQHUb>��@� 8VLQJ WKH OLQNHG�UHDG GDWDVHWV� ���
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)LJXUH �� %UHDNGRZQ RI KLJK�TXDOLW\ ODUJH VWUXFWXUDO YDULDQWV �69V� DQG FRS\ QXPEHU YDULDQWV �&19V� LQ WKH
DQWHFKLQXV� )LJXUH VKRZV ERWK PDOH �0� DQG IHPDOH �)� GHOHWLRQV �EOXH�� WDQGHP GXSOLFDWLRQV �UHG�� LQYHUVLRQV
�JUHHQ� DQG GLVWDO VWUXFWXUDO YDULDQWV �L�H� DFURVV WZR VFDIIROGV� \HOORZ��

ODUJH� KLJK�TXDOLW\ VWUXFWXUDO YDULDQWV ZHUH FDOOHG LQ WKH PDOH DQG ��� ZHUH FDOOHG LQ WKH
IHPDOH RI ZKLFK ��� DQG ��� ZHUH FRS\ QXPEHU YDULDQWV �&19V� UHVSHFWLYHO\ �)LJXUHb���
:LWKLQ WKH LQWUDFKURPRVRPDO VWUXFWXUDO YDULDQWV� ��� LQ WKH PDOH� DQG ��� LQ WKH IHPDOH
ZHUH IRXQG WR FRQWDLQ JHQHV� WRJHWKHU HQFRPSDVVLQJ ����� JHQHV LQ WRWDO� 7KHVH QGLQJVࢂ
GHPRQVWUDWH WKH LPSRUWDQFH RI DSSO\LQJ QHZ VWUXFWXUDO YDULDQW LGHQWLࢂFDWLRQ WHFKQLTXHV WR
H[SORUH IXQFWLRQDO GLYHUVLW\ DQG VKRXOG EH DSSOLHG PRUH EURDGO\ WR RWKHU 'DV\XULG VSHFLHV�
SDUWLFXODUO\ HQGDQJHUHG VSHFLHV VXFK DV WKH 7DVPDQLDQ GHYLO�

*HQH IDPLO\ DQDO\VLV
*2 DQDO\VLV RI WKH DQWHFKLQXV JHQRPH DQQRWDWLRQV EDVHG RQ PDWFKHV WR 6ZLVV�3URW UHYHDOHG
����� RI WKH JHQHV DUH LQYROYHG LQ UHVSRQVH WR VWUHVV� ����� DUH LQYROYHG LQ LPPXQH V\VWHP
SURFHVVHV DQG ����� DUH LQYROYHG LQ UHSURGXFWLRQ� )XWXUH VWXGLHV FRXOG XVH WKHVH
DQQRWDWLRQV WR GHVLJQ D WDUJHWHG DSSURDFK IRU PRQLWRULQJ WKH H[SUHVVLRQ RI NH\ JHQHV
DFURVV WKH EUHHGLQJ VHDVRQ WR EHWWHU XQGHUVWDQG WKH LQWHUSOD\ EHWZHHQ VWUHVV� LPPXQLW\
DQG UHSURGXFWLRQ LQ WKLV VHPHOSDURXV VSHFLHV�

7R LGHQWLI\ DQ\ LQWHUHVWLQJ SDWWHUQV RI JHQH IDPLO\ HYROXWLRQ LQ WKH DQWHFKLQXV�
SURWHRPHV DFURVV � WDUJHW VSHFLHV �DQWHFKLQXV� 7DVPDQLDQ GHYLO� NRDOD� RSRVVXP� KXPDQ�
PRXVH DQG SODW\SXV� ZHUH FRPSDUHG DQG ����� RI JHQHV ZHUH DVVLJQHG WR ������
RUWKRJURXSV RI ZKLFK ������ RUWKRJURXSV KDG DOO VSHFLHV SUHVHQW DQG ����� ZHUH
VLQJOH�FRS\ RUWKRORJV� &$)( LGHQWLࢂHG ��� JHQH IDPLOLHV WR EH VLJQLࢂFDQWO\ IDVW HYROYLQJ� 2I
WKHVH IDVW�HYROYLQJ JHQH IDPLOLHV� D QXPEHU RI VLJQLࢂFDQW H[SDQVLRQV ��� ���−��� DQG
FRQWUDFWLRQV ZHUH IRXQG RQ WKH DQWHFKLQXV EUDQFK� 0DQ\ RI WKHVH H[SDQVLRQV DQG
FRQWUDFWLRQV ZHUH IRXQG LQ ODUJH� FRPSOH[ JHQH IDPLOLHV LQFOXGLQJ ROIDFWRU\ UHFHSWRUV DQG
LPPXQH JHQHV ZKLFK DUH QRWRULRXVO\ GLࢄFXOW WR DQQRWDWH XVLQJ DXWRPDWHG JHQH DQQRWDWLRQ
PHWKRGV� SDUWLFXODUO\ LQ IUDJPHQWHG DVVHPEOLHV� DQG VR UHTXLUH IXUWKHU LQYHVWLJDWLRQ DQG
PDQXDO FXUDWLRQ IRU FRQࢂUPDWLRQ� 7ZR RWKHU SDUWLFXODUO\ LQWHUHVWLQJ H[SDQVLRQV RFFXUUHG
ZLWKLQ WKH SURWRFDGKHULQ JDPPD �3FGK�ၔ� JHQH IDPLO\ �2UWKRJURXS 2*�������� DQG WKH
150.� JHQH LQ WKH DQWHFKLQXV �2UWKRJURXS 2*���������

3URWRFDGKHULQV �3FGKV� EHORQJ WR WKH FDGKHULQ VXSHUIDPLO\ DQG DUH RUJDQLVHG LQWR
�bPDLQ JHQH FOXVWHUV� ၒ� ၓ DQG ၔb>��@� 3FGKV� OLNH DOO FDGKHULQV� DUH SULPDULO\ UHVSRQVLEOH
IRUbPHGLDWLQJ FHOO�FHOO DGKHVLRQb>��@� $QWHFKLQXV GLVSOD\HG VLPLODU QXPEHUV RI SXWDWLYH
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)LJXUH �� *HQH WUHH VKRZLQJ QXPEHUV RI 3FGK�႒ JHQHV DFURVV � VSHFLHV�

3FGK�ၔ JHQHV DV KXPDQV DQG PRXVH ��ޗ��� JHQHV� LQ FRPSDULVRQ WR WKH RWKHU PDUVXSLDOV
ZKLFK VKRZHG RQO\ �ޗ� JHQHV LQ WKLV IDPLO\� DQG WKH SODW\SXV RQO\ � �)LJXUHb��� 3FGK�ၔ JHQHV
VSHFLࢂFDOO\ KDYH EHHQ LPSOLFDWHG LQ QHXURQDO SURFHVVHVb>��@ DQG KDYH SUHYLRXVO\ EHHQ
DVVRFLDWHG ZLWK $O]KHLPHUޝV GLVHDVHb>��@� 7KHVH JHQHV DUH PRVW KLJKO\ H[SUHVVHG LQ WKH
EUDLQ LQ KXPDQV DQG DOVR VKRZHG KLJKHVW OHYHOV RI H[SUHVVLRQ LQ WKH EUDLQ DQG DGUHQDO
JODQG LQ WKH DQWHFKLQXV� ,W LV SRVVLEOH WKDW WKH H[SDQVLRQ RI 3FGK�ၔ JHQHV LQ WKH DQWHFKLQXV
PD\ EH OLQNHG WR WKH QHXURSDWKRORJLFDO FKDQJHV WKDW RFFXU LQ PDWXUH DQWHFKLQXV� 7KH ၒ DQGၓ 3FGKV ZHUH DOVR LGHQWLࢂHG DV IDVW HYROYLQJ DFURVV WKH � WDUJHW VSHFLHV LQYHVWLJDWHG� ZLWK
PDUVXSLDOV KDYLQJ ORZHU QXPEHUV RI JHQHV WKDQ HXWKHULDQV� WKRXJK WKHUH ZHUH QR ODUJH
GLIIHUHQFHV LQ WKH DQWHFKLQXV EUDQFK IRU WKHVH FOXVWHUV�

7KH DQWHFKLQXV ZDV DOVR IRXQG WR FRQWDLQ D VLJQLࢂFDQW H[SDQVLRQ RI WKH 105.� JHQH
ZKLFK DSSHDUV WR EH VLQJOH FRS\ LQ HDFK RI WKH RWKHU VSHFLHV� 7KH 105.� JHQH
�1LFRWLQDPLGH 5LERVLGH .LQDVH �� LV LQYROYHG LQ WKH SURGXFWLRQ RI 1$'� �1LFRWLQDPLGH
$GHQLQH 'LQXFOHRWLGH�� DQ HVVHQWLDO FR�HQ]\PH IRU YDULRXV PHWDEROLF SDWKZD\Vb>��� ��@� 7KH
DQWHFKLQXV FRQWDLQV �� IXOO�OHQJWK FRSLHV RI WKLV JHQH LQ LWV JHQRPH �)LJXUHb��� )XUWKHUPRUH�
JHQHV HQFRGLQJ WKH VXEXQLWV RI WKH 1$'+ GHK\GURJHQDVH HQ]\PH ZKLFK LV UHVSRQVLEOH IRU
FRQYHUVLRQ RI 1$'+ WR 1$'�� ZHUH DPRQJ WKH PRVW KLJKO\ H[SUHVVHG JHQHV ZLWKLQ WKH
DQWHFKLQXV WUDQVFULSWRPH DFURVV D YDULHW\ RI WLVVXH W\SHV� 'HFOLQLQJ OHYHOV RI 1$'� KDYH
EHHQ DVVRFLDWHG ZLWK DJLQJ� VXJJHVWLQJ WKDW 1$'� PD\ EH D NH\ SURPRWHU RI ORQJHYLW\b>��@�
1$'� KDV DOVR EHHQ DVVRFLDWHG ZLWK $O]KHLPHUޝV GLVHDVH ZKHUHE\ LQFUHDVHG OHYHOV RI WKH
PROHFXOH PD\ EH D SURWHFWLYH IDFWRU RI WKH GLVHDVHb>��@� 7KH DQWHFKLQXV FROOHFWHG LQ WKH
FXUUHQW VWXG\ ZHUH FROOHFWHG MXVW SULRU WR WKH DQQXDO EUHHGLQJ VHDVRQ DQG ZHUH WKHUHIRUH
PDWXUH DGXOWV� +RZHYHU� WKH REVHUYHG QHXURSDWKRORJLHV LQ DQWHFKLQXV VSHFLHV DUH IRXQG WR
EH PRVW SURPLQHQW LQ SRVW�EUHHGLQJ LQGLYLGXDOV DQG VR WKH GDWD SUHVHQWHG KHUH ZLOO SURYLGH
D XVHIXO FRPSDULVRQ IRU IXWXUH VWXGLHV WKDW H[SORUH WKH GHYHORSPHQW RI WKHVH SDWKRORJLHV
DQG DVVRFLDWHG JHQHWLF FKDQJHV DFURVV WKH EUHHGLQJ VHDVRQ� )XUWKHU LQYHVWLJDWLRQV LQWR WKH
XQLTXH H[SDQVLRQ RI 105.� JHQHV LQ WKH DQWHFKLQXV PD\ SURYLGH FUXFLDO LQVLJKWV LQWR
DJLQJ DQG DJH�UHODWHG GHPHQWLDV LQ KXPDQV�
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)LJXUH �� 3URWHLQ VHTXHQFH DOLJQPHQW VKRZLQJ H[SDQVLRQ RI105.� JHQHV LQ WKH DQWHFKLQXV� 6LQJOH FRS\ JHQHV LQ WKH KXPDQ�PRXVH� JUD\ VKRUW�WDLOHG RSRVVXP
DQG 7DVPDQLDQ GHYLO DUH VKRZQ IRU FRPSDULVRQ�

$O]KHLPHUޝV JHQHV DQDO\VLV
7R LQYHVWLJDWH IXUWKHU WKH SRWHQWLDO RI DQWHFKLQXV EHLQJ D GLVHDVH PRGHO IRU $'b>�� �@� ZH
DQDO\VHG H[SUHVVLRQ DQG LGHQWLࢂHG YDULDWLRQ LQ JHQHV WKDW KDYH SUHYLRXVO\ EHHQ DVVRFLDWHG
ZLWK $'� 2I WKH �� WDUJHW $O]KHLPHUޝV�DVVRFLDWHG JHQHV� �� ZHUH DQQRWDWHG LQ WKH PDOH
DQWHFKLQXV UHIHUHQFH JHQRPH DQG DOO �� ZHUH IRXQG WR EH H[SUHVVHG LQ WKH JOREDO
WUDQVFULSWRPH �7DEOHb��� 7KH &'�$3 JHQH ZDV QRW DQQRWDWHG E\ )JHQHVK�� VR ZDV QRW
LQFOXGHG LQ GRZQVWUHDP DQDO\VLV� $OO RI WKH DQQRWDWHG DQWHFKLQXV SURWHLQV H[FHSW 3/'�
ZHUH IRXQG WR EH RUWKRORJRXV WR WKH KXPDQ SURWHLQV XVLQJ D 5%+ VWUDWHJ\ �7DEOHb���
$OWKRXJK WKH KXPDQ 3/'� JHQH ZDV WKH EHVW %/$67 KLW IRU WKH SXWDWLYH DQWHFKLQXV 3/'�
JHQH� WKH SHUFHQWDJH LGHQWLW\ ZDV KLJKHU IRU WKH KXPDQ 3/'� JHQH DQG WKH UHVSHFWLYH
DQWHFKLQXV WUDQVFULSW ZDV DQQRWDWHG DV 3/'�� DQG WKHUHIRUH WKLV JHQH ZDV LQFOXGHG LQ
IXUWKHU DQDO\VLV DV D SXWDWLYH 3/'� JHQH� �� SURWHLQV VKRZHG !��� VLPLODULW\ WR
KXPDQVb>��@ �7DEOHb��� 2I WKH VHYHQ DQWHFKLQXV JHQH DQQRWDWLRQV WKDW VKRZHG SRRU
VLPLODULW\ WR KXPDQV� WKUHH �625/�� &/1. DQG 6/&��$�� ZHUH IRXQG WR KDYH KRPRORJRXV
SURWHLQ�FRGLQJ WUDQVFULSWV LQ WKH JOREDO WUDQVFULSWRPH VXJJHVWLQJ WKH JHQRPH DQQRWDWLRQV
ZHUH SRRU IRU WKHVH JHQHV �OLNHO\ GXH WR JDSV LQ WKH UHIHUHQFH JHQRPH� �7DEOHb��� 7KH
UHPDLQLQJ IRXU JHQHV �&'��� =&:3:�� $%&$� DQG &5�� GLG QRW KDYH KRPRORJRXV
JHQRPHbDQQRWDWLRQV RU WUDQVFULSWV LQ WKH DQWHFKLQXV �ODUJH JDSV ZHUH GLVSOD\HG LQ DOO
VHTXHQFHV FRPSDUHG WR WKH KXPDQ JHQHV� DQG ZHUH WKHUHIRUH H[FOXGHG IURP GRZQVWUHDP
DQDO\VLV� 6L[ RI WKH WDUJHW JHQHV� LQFOXGLQJ $33� 3,&$/0� .$7�� $32(� ,133�' DQG 0$37
ZHUH ZLWKLQ WKH WRS ��� PRVW KLJKO\ H[SUHVVHG JHQHV RI WKH JOREDO WUDQVFULSWRPH DQG ZHUH
DOO IRXQG WR EH H[SUHVVHG LQ WKH EUDLQ� 2I WKHVH JHQHV� $33 �DP\ORLG SUHFXUVRU SURWHLQ�
VKRZHG WKH KLJKHVW OHYHO RI H[SUHVVLRQ LQ DQWHFKLQXV EUDLQ WLVVXH� $33 LV WKH SUHFXUVRU IRU
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7DEOHb�� 6XPPDU\ RI $O]KHLPHUޝV UHODWHG JHQHV H[SORUHG LQ WKH $QWHFKLQXV�

*HQH *HQH ,'∗ (YLGHQFH∗∗ 7UDQV ޤ', 3URWHLQ
/HQJWK
�7UDQ�
�ES�

+XPDQ
3URWHLQ
/HQJWK
�ES�

ޥ+5% � ,GHQW
�7UDQ�

� 6LP
�7UDQ�

$33 ��BJHQHB��� 75,1,7<B'1���BF�BJ�BL���S� ��� ��� < ���� ����
36(1� �BJHQHB��� $E ,QLWLR �36(1�� 75,1,7<B'1���BF�BJ�BL��S� ��� ����� ��� < ����� ������� ����� �������
&/8 ���BJHQHB��� 75,1,7<B'1������BF�BJ�BL���S� ��� ��� < ����� ����
&$66� �BJHQHB���� 75,1,7<B'1�����BF�BJ�BL���S� ��� ��� < ����� �����
37.�% �BJHQHB���� $E ,QLWLR �37.�%� 75,1,7<B'1����BF�BJ�BL��S� ��� ������ ���� < ����� ������� ����� �������
)(507� �BJHQHB� $E ,QLWLR �)(507�� 75,1,7<B'1����BF�BJ�BL��S� ��� ����� ��� < ����� ������� ����� �������
0()�& �BJHQHB���� 75,1,7<B'1��������BF�BJ�BL��S� ��� ��� < ����� �����
%,1� �BJHQHB��� 75,1,7<B'1����BF�BJ�BL���S� ��� ��� < ����� �����
36(1� ���BJHQHB��� 75,1,7<B'1����BF�BJ�BL��S� ��� ��� < ����� �����
$'$0�� ���BJHQHB���� 75,1,7<B'1����BF�BJ�BL��S� ��� ��� < ����� �����
$3+�% ���BJHQHB���� 75,1,7<B'1�����BF�BJ�BL���S� ��� ��� < ����� �����
3,&$/0 ���BJHQHB��� 35270$3 �3,&$/0� 75,1,7<B'1����BF�BJ�BL���S� ��� ����� ��� < ����� ������� ����� �������
'6*� ���BJHQHB��� 75,1,7<B'1���BF�BJ�BL��S� ���� ���� < ����� �����
$%,� ���BJHQHB��� 75,1,7<B'1���BF�BJ�BL��S� ��� ��� < ����� �����
81&�& ���BJHQHB���� $E ,QLWLR �81&�&� 75,1,7<B'1�����BF�BJ�BL���S� ��� ����� ��� < ����� ������� ����� �������
.$7� ��BJHQHB��� 75,1,7<B'1���BF�BJ�BL���S� ��� ��� < ����� �����
(3+$� ���BJHQHB��� 75,1,7<B'1����BF�BJ�BL��S� ��� ��� < ���� �����
(&+'&� ���BJHQHB��� 75,1,7<B'1�����BF�BJ�BL��S� ��� ��� < ����� �����
&171$3� ���BJHQHB�� $E ,QLWLR �&171$3�� 75,1,7<B'1����BF�BJ�BL��S� ��� ������ ���� < ����� ������� ����� �������
625/� ���BJHQHB��� $E ,QLWLR �625/�� 75,1,7<B'1���BF��BJ�BL��S� ����

������
���� < ����� ������� ����� ������

$'$076� ���BJHQHB��� 75,1,7<B'1���BF�BJ�BL��S� ��� ��� < ����� �����
6&,03 ���BJHQHB��� 75,1,7<B'1���BF�BJ�BL��S� ��� ��� < ����� �����
$/3.� ���BJHQHB��� $E ,QLWLR �$/3.�� 75,1,7<B'1������BF�BJ�BL��S� ����

������
���� < ����� ������� ����� �������

&'�� ������BJHQHB� $E ,QLWLR �&'��� 75,1,7<B'1����BF�BJ�BL���S� ��� ����� ��� < ����� ������� ����� �������
+(6;� ���BJHQHB��� 75,1,7<B'1�����BF�BJ�BL��S� ��� ��� < ����� �����
$32( ���BJHQHB��� 75,1,7<B'1�����BF�BJ�BL���S� ��� ��� < ����� �����
&(/)� ���BJHQHB�� 75,1,7<B'1����BF�BJ�BL���S� ��� ��� < ����� �����

=&:3:� ���BJHQHB��� 75,1,7<B'1����BF�BJ�BL���S� ��� ��� < ���� �����
06�$� ���BJHQHB��� 75,1,7<B'1����BF�BJ�BL��S� ��� ��� < ����� �����
&'�$3 1$ 1$ 75,1,7<B'1����BF�BJ�BL���S� ��� ����� ��� < ����� ������� ����� �������
$.$3� ���BJHQHB�� 75,1,7<B'1���BF��BJ�BL��S� ���� ���� < ����� �����
&/1. ���BJHQHB��� $E ,QLWLR �&/1.� 75,1,7<B'1������BF�BJ�BL���S� ��� ����� ��� < ����� ������� ����� �������
75(0� ���BJHQHB�� $E ,QLWLR �75(0�� 75,1,7<B'1�����BF�BJ�BL��S� ��� ����� ��� < ����� ���� ����� �������
$%&$� ���BJHQHB��� 75,1,7<B'1����BF�BJ�BL���S� ��� ���� < ����� �����
&5� ������BJHQHB��

������BJHQHB�
$E ,QLWLR �&5�� 75,1,7<B'1����BF�BJ�BL���S� ��� ����� ���� < �����������

�����
�����������
�������

6/&��$� �BJHQHB��� $E ,QLWLR �6/&��$�� 75,1,7<B'1����BF�BJ�BL��S� ��� ����� ��� < ����� ������� ����� �������
10(� ���BJHQHB��� 75,1,7<B'1����BF�BJ�BL��S� ��� ��� < ����� �����
,133�' ���BJHQHB���� $E ,QLWLR �,133�'� 75,1,7<B'1����BF�BJ�BL��S� ����

������
���� < ����� ������� ����� �������

3/'� ���BJHQHB��� 75,1,7<B'1����BF�BJ�BL���S� ��� ��� 1
�3/'��

����� �����

0$37 ���BJHQHB���� $E ,QLWLR �0$37� 75,1,7<B'1����BF�BJ�BL��S� ��� ����� ��� < ����� ������� ����� �������
∗,' FRUUHVSRQGLQJ WR WKH )JHQHVK�� JHQRPH DQQRWDWLRQ� ∗∗(YLGHQFH IRU WKH JHQRPH SUHGLFWLRQ ޗ 7UDQVFULSWRPH HYLGHQFH  75,1,7< ,'� 3URWHLQ HYLGHQFH  
35270$3 *HQH ,'� $E ,QLWLR 3UHGLFWLRQV  7RS %/$67 KLW� RU(ޤ JHQHV ZLWKRXW WUDQVFULSWRPH HYLGHQFH WKH DQQRWDWLRQV ZHUH XVHG LQ %/$67 VHDUFKHV DJDLQVW WKH
SUHGLFWHG SURWHLQ VHTXHQFHV IURP WKH JOREDO DQWHFKLQXV WUDQVFULSWRPH WR LGHQWLI\ FDQGLGDWH WUDQVFULSWV� 9DOXHV DVVRFLDWHG ZLWK WKHVH SURWHLQV DUH SURYLGHG LQ
EUDFNHWV LQ WKH IROORZLQJ WDEOHV WR GLVWLQJXLVK WKHP IURP WKH JHQRPH DQQRWDWLRQV� 5HFLSURFDOޥ %HVW +LW RI DQWHFKLQXV DQG KXPDQ JHQHV ZDV D PDWFK�

WKH DP\ORLG EHWD �$ၓ� SURWHLQV WKDW IRUP DP\ORLG SODTXHV LQ WKH EUDLQ DQG LV SUHGLFWHG WR
FRQWULEXWH WR HDUO\�RQVHW $' LQ KXPDQVb>��@� 7KH 0$37 JHQH ZDV DOVR PRVW KLJKO\
H[SUHVVHG LQ DQWHFKLQXV EUDLQ WLVVXH DQG LV UHVSRQVLEOH IRU WKH FUHDWLRQ RI WDX SURWHLQV
ZKLFK IRUP WKH QHXURࢂEULOODU\ WDQJOHV DVVRFLDWHG ZLWK $'b>��@� $32( �DSROLSRSURWHLQ (� LV
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)LJXUH �� 1XPEHU RI HDFK W\SH RI 619 DVVRFLDWHG ZLWK WKH WDUJHW $O]KHLPHUV�UHODWHG JHQHV LQ WKH DQWHFKLQXV�
�D� 1XPEHUV RI 619V SUHVHQW LQ WKH �ޯ 875� �ޯ 875� �NE XSVWUHDP UHJLRQ� �NE GRZQVWUHDP UHJLRQ� H[RQV� DQG
VSOLFH VLWHV RI HDFK JHQH� �E� 1XPEHUV RI LQWURQLF 619V SUHVHQW LQ HDFK JHQH� �F� 1XPEHU RI V\QRQ\PRXV DQG
QRQV\QRQ\PRXV 619V SUHVHQW LQ HDFK JHQH�

WKH PRVW FRPPRQ ULVN�IDFWRU JHQH DVVRFLDWHG ZLWK ODWH�RQVHW $' >��@ DQG ZDV KLJKO\
H[SUHVVHG DFURVV D UDQJH RI DQWHFKLQXV WLVVXHV LQFOXGLQJ WKH EUDLQ� 3,&$/0 LV DQRWKHU
FRPPRQ JHQH ZKLFK KDV EHHQ DVVRFLDWHG ZLWK DQ LQFUHDVHG ULVN RI GHYHORSLQJ ODWH�RQVHW
$'b>��@� 3,&$/0 LV SUHGLFWHG WR KHOS XVKࢃ $ၓ SURWHLQV RXW RI WKH EUDLQ DQG VR LQFUHDVHG
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H[SUHVVLRQ RI WKH 3,&$/0 JHQH LQ WKH EUDLQ LV SUHGLFWHG WR UHGXFH $' ULVNb>��@� 7KLV JHQH
ZDV IRXQG WR EH TXLWH ORZO\ H[SUHVVHG LQ DQWHFKLQXV EUDLQ WLVVXH ZKHQ FRPSDUHG ZLWK
RWKHU WLVVXHV VXFK DV WKH VSOHHQ RU LQ WKH EORRG VXJJHVWLQJ WKDW LW PD\ EH FRQWULEXWLQJ WR WKH
GHYHORSPHQW RI $ၓ SODTXHV REVHUYHG LQ WKH DQWHFKLQXV� )LQDOO\� .$7� DQG ,133�' KDYH
EHHQ OLQNHG WR $' WKURXJK JHQRPH�ZLGH DVVRFLDWLRQ VWXGLHVb>��� ��@ DQG PD\ DOVR EH
FDQGLGDWHV IRU GRZQVWUHDP UHVHDUFK� 2XU QGLQJࢂ RI H[SUHVVLRQ RI VRPH RI WKH PRVW
FRPPRQ $'�DVVRFLDWHG JHQHV LQ WKH DQWHFKLQXV EUDLQ FRQࢂUP WKH SRWHQWLDO IRU WKLV VSHFLHV
WR EH XWLOL]HG DV DQ $' GLVHDVH PRGHO�

$ ODUJH YDULHW\ RI JHQHWLF YDULDQWV KDYH EHHQ DVVRFLDWHG ZLWK $' LQ KXPDQV� SULPDULO\
GXH WR WKHLU LPSDFW RQ JHQH H[SUHVVLRQb>��� ��ޗ��@� :H XWLOLVHG WKH DQQRWDWHG JHQRPH�ZLGH
619 GDWD WR GHWHUPLQH ZKHWKHU DQWHFKLQXV DOVR H[KLELW YDULDWLRQ DW $O]KHLPHUޝV�DVVRFLDWHG
JHQHV� $ WRWDO RI ������ KLJK�TXDOLW\ 619V �ZKLFK SDVVHG DOO RI WKH ��� *HQRPLFV �OWHUVࢂ
ZHUH DVVRFLDWHG ZLWK WKH �� WDUJHW JHQHV ZLWK PDMRULW\ RI WKHVH EHLQJ LQWURQLF �)LJXUHb���
$bWRWDO RI �� SKDVHG QRQV\QRQ\PRXV 619V ZHUH LGHQWLࢂHG DFURVV �� RI WKH WDUJHW JHQHV� RI
ZKLFK �� ZHUH JHQRW\SHG LQ ERWK WKH PDOH DQG IHPDOH �)LJXUHb�F�� :KLOH WKH SKHQRW\SLF
HIIHFWV RI WKHVH SXWDWLYHO\ IXQFWLRQDO YDULDQWV DUH FXUUHQWO\ XQNQRZQ� PXWDWLRQV LQ WKHVH
JHQHV DUH FRPPRQO\ DVVRFLDWHG ZLWK $' QHXURSDWKRORJLHV LQ KXPDQVb>��� ��ޗ��@ DQG PD\
DOVR EH DVVRFLDWHG ZLWK WKH DJH�UHODWHG GHYHORSPHQW RI QHXURSDWKRORJLHV REVHUYHG LQ
PDWXUH DQWHFKLQXV EUDLQVb>�@�

&21&/86,216 $1' ,03/,&$7,216
+HUH ZH SUHVHQW WKH UVWࢂ DQQRWDWHG UHIHUHQFH JHQRPH ZLWKLQ WKH DQWHFKLQXV JHQXV IRU D
FRPPRQ VSHFLHV� WKH EURZQ DQWHFKLQXV� 7KH UHIHUHQFH JHQRPH DVVHPEO\ H[KLELWV
FRPSOHWHQHVV FRPSDUDEOH WR WKH WZR FXUUHQW PRVW KLJK�TXDOLW\ PDUVXSLDO DVVHPEOLHV
DYDLODEOH �7DVPDQLDQ GHYLO DQG NRDOD�� DQG FRQWDLQV WKH ODUJHVW DPRXQW RI <�FKURPRVRPH
VHTXHQFH LGHQWLࢂHG LQ D PDUVXSLDO VSHFLHV� &KDUDFWHULVDWLRQ DQG DQQRWDWLRQ RI SKDVHG�
JHQRPH�ZLGH YDULDQWV �LQFOXGLQJ ODUJH VWUXFWXUDO YDULDQWV� GHPRQVWUDWHV FRQVLGHUDEOH
GLYHUVLW\ ZLWKLQ WKH EURZQ DQWHFKLQXV DQG SURYLGHV D UHVRXUFH RI JHQH UHJLRQV WKDW PD\
KDYH IXQFWLRQDO LPSOLFDWLRQV ERWK LQ WKLV DQWHFKLQXV DQG FORVHO\ UHODWHG VSHFLHV� *HQH
RQWRORJ\ DQDO\VLV RI WKH DQQRWDWHG DQWHFKLQXV SURWHLQV LGHQWLࢂHG JHQHV LQYROYHG LQ D ZLGH
UDQJH RI ELRORJLFDO SURFHVVHV VXFK DV LPPXQLW\� UHSURGXFWLRQ DQG VWUHVV GHPRQVWUDWLQJ WKH
YDOXH RI WKLV UHIHUHQFH JHQRPH LQ VXSSRUWLQJ IXWXUH ZRUN LQYHVWLJDWLQJ WKH JHQHWLF
LQWHUSOD\ RI VXFK SURFHVVHV LQ WKLV VHPHOSDURXV VSHFLHV� $ FRPSDUDWLYH DQDO\VLV UHYHDOHG D
QXPEHU RI IDVW�HYROYLQJ JHQH IDPLOLHV LQ WKH DQWHFKLQXV� PRVW QRWDEO\ ZLWKLQ WKH
SURWRFDGKHULQ JDPPD IDPLO\ DQG 105.� JHQH ZKLFK KDYH SUHYLRXVO\ EHHQ DVVRFLDWHG ZLWK
DJLQJ DQG�RU DJLQJ�UHODWHG GHPHQWLDV� 7DUJHW JHQH DQDO\VLV UHYHDOHG KLJK OHYHOV RI
H[SUHVVLRQ RI VRPH RI WKH PRVW FRPPRQ JHQHV DVVRFLDWHG ZLWK $O]KHLPHUޝV GLVHDVH LQ WKH
EUDLQ� DV ZHOO DV D QXPEHU RI DVVRFLDWHG YDULDQWV WKDW PD\ EH LQYROYHG LQ WKH
$O]KHLPHUޝV�OLNH QHXURSDWKRORJLFDO FKDQJHV WKDW RFFXU LQ DQWHFKLQXV VSHFLHV� )XWXUH
UHVHDUFK ZLOO EH DEOH WR XVH WKH DQWHFKLQXV JHQRPH DV D VSULQJERDUG WR VWXG\ DJH�UHODWHG
QHXURGHJHQHUDWLRQ� DV ZHOO DV D PRGHO IRU H[WUHPH OLIH KLVWRU\ WUDGH�RIIV OLNH VHPHOSDULW\�

$9$,/$%,/,7< 2) 6833257,1* '$7$ $1' 0$7(5,$/6
7KH PDOH DQWHFKLQXV UHIHUHQFH JHQRPH DVVHPEO\ DQG DOO UDZ VHTXHQFLQJ UHDGV LQFOXGLQJ
WKH PDOH DQG IHPDOH ZKROH JHQRPH ��� JHQRPLFV UHDGV DQG WKH �� WLVVXH WUDQVFULSWRPH
51$�VHT UHDGV DUH DYDLODEOH IURP 1&%, XQGHU WKH %LR3URMHFW DFFHVVLRQ >35-1$������@�
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$OObRWKHU GDWD VHWV VXSSRUWLQJ WKH UHVXOWV RI WKLV DUWLFOH DUH DYDLODEOH LQ WKH
*LJD6FLHQFHb*LJD'% UHSRVLWRU\b>��@�

'(&/$5$7,216
$%%5(9,$7,216
$'� $O]KHLPHUޝV GLVHDVH� 51$� ULERQXFOHLF DFLG� PL51$� PLFUR51$� '1$� GHR[\ULERQXFOHLF
DFLG� 619� VLQJOH QXFOHRWLGH YDULDQW� +0:� KLJK PROHFXODU ZHLJKW� ES� EDVH SDLUV� NE�
NLOREDVH SDLUV� 0E� PHJDEDVH SDLUV� *E� JLJDEDVH SDLUV� 3(� SDLUHG�HQG� %86&2�
%HQFKPDUNLQJ 8QLYHUVDO 6LQJOH�&RS\ 2UWKRORJV� $'�UDWLR� DYHUDJH GHSWK UDWLR� %/$67� %DVLF
/RFDO $OLJQPHQW 6HDUFK 7RRO� 1&%,� 1DWLRQDO &HQWHU IRU %LRWHFKQRORJ\ ,QIRUPDWLRQ� %('�
%URZVHU ([WHQVLEOH 'DWD� 9&)� 9DULDQW &DOO )RUPDW� *2� *HQH 2QWRORJ\� &'6� FRGLQJ GRPDLQ
VHTXHQFH� $1129$5� $QQRWDWH 9DULDWLRQ� &$)(� FRPSXWDWLRQDO DQDO\VLV RI JHQH IDPLO\
HYROXWLRQ� &19� FRS\ QXPEHU YDULDQW� 69� VWUXFWXUDO YDULDQW� 613� VLQJOH QXFOHRWLGH
SRO\PRUSKLVP� 5%+� UHFLSURFDO EHVW KLW�

(7+,&6 67$7(0(17
$OO VDPSOHV ZHUH FROOHFWHG LQ DFFRUGDQFH ZLWK WKH $QLPDO 5HVHDUFK $FW ����� $QLPDO
5HVHDUFK 5HJXODWLRQ ����� WKH $XVWUDOLDQ FRGH IRU WKH FDUH DQG XVH RI DQLPDOV IRU VFLHQWLࢂF
SXUSRVHV �WK HGLWLRQ ���� �WKH &RGH� DQG WKH %LRGLYHUVLW\ &RQVHUYDWLRQ $FW ����� 8QLYHUVLW\
RI 6\GQH\ $QLPDO (WKLFV &RPPLWWHH QXPEHU� ��������� DQG 16: 6FLHQWLࢂF /LFHQVH QXPEHU
6/�������

&203(7,1* ,17(5(676
7KH DXWKRUV GHFODUH WKDW WKH\ KDYH QR FRPSHWLQJ LQWHUHVWV�

)81',1*
7KLV SURMHFW ZDV VXSSRUWHG E\ WKH $XVWUDODVLDQ :LOGOLIH *HQRPLFV *URXS DW 7KH 8QLYHUVLW\
RI 6\GQH\�

ޝ$87+256 &2175,%87,216
3�%�� .�%� DQG &�+� FRQFHLYHG DQG GHVLJQHG WKH SURMHFW� .�%� DQG &�+� SURYLGHG IXQGLQJ� 3�%��
&�+� DQG 5�6�3�-� FROOHFWHG WKH VDPSOHV� 3�% SUHSDUHG WKH VDPSOHV� DQG 3�%� DQG 6�7� DQDO\VHG
WKH GDWD� 3�% GUDIWHG WKH PDQXVFULSW� 6�7� &�+� 5�6�3�-� DQG .�% PRGLࢂHG WKH PDQXVFULSW� $OO
DXWKRUV UHDG DQG DSSURYHG WKH QDOࢂ YHUVLRQ RI WKH PDQXVFULSW�

$&.12:/('*(0(176
:H WKDQN (PPD 3HHO IRU KHU DVVLVWDQFH ZLWK '1$ DQG 51$ H[WUDFWLRQV DQG DGYLFH RQ
VDPSOH FROOHFWLRQ� :H WKDQN 3HWHU %DQNV DQG 0DWKHZ &URZWKHU IRU WKHLU JXLGDQFH RQ
WUDSSLQJ SURFHGXUHV DQG WKH 'HVHUW (FRORJ\ 5HVHDUFK *URXS DW WKH 8QLYHUVLW\ RI 6\GQH\ IRU
SURYLGLQJ XV ZLWK WKH QHFHVVDU\ WUDSSLQJ HTXLSPHQW� 7KLV UHVHDUFK ZDV VXSSRUWHG E\ WKH
6\GQH\ ,QIRUPDWLFV +XE DQG WKH $XVWUDOLDQ %LR&RPPRQV ZKLFK LV HQDEOHG E\ 1&5,6�
&RPSXWH UHVRXUFHV ZHUH SURYLGHG WKURXJK D 8QLYHUVLW\ RI 6\GQH\ SDUWQHUVKLS ZLWK 521,1
DQG $:6 �$PD]RQ :HE 6HUYLFHV� ZLWK WKH VXSSRUW RI ,QWHO�

5()(5(1&(6
� %UDLWKZDLWH 5:� /HH $.� $ PDPPDOLDQ H[DPSOH RI VHPHOSDULW\� $P� 1DW�� ����� ������� ����ޗ���

� &ROH /&� 7KH SRSXODWLRQ FRQVHTXHQFHV RI OLIH KLVWRU\ SKHQRPHQD� 4� 5HY� %LRO�� ����� ������ ����ޗ���
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� 1D\ORU 5� 5LFKDUGVRQ 6�0F$OODQ %� %RRP DQG EXVW� D UHYLHZ RI WKH SK\VLRORJ\ RI WKH PDUVXSLDO JHQXV
$QWHFKLQXV� -� &RPS� 3K\VLRO� % %LRFKHP� 6\VW� (QYLURQ� 3K\VLRO�� ����� ������� ����ޗ���

� /HH $.� &RFNEXUQ $� (YROXWLRQDU\ (FRORJ\ RI 0DUVXSLDOV� &DPEULGJH 8QLYHUVLW\ 3UHVV �����

� 3URPLVORZ '(/� +DUYH\ 3+� /LYLQJ IDVW DQG G\LQJ \RXQJ� $ FRPSDUDWLYH DQDO\VLV RI OLIH�KLVWRU\
YDULDWLRQ DPRQJ PDPPDOV� -� =RRO�� ����� ������� ����ޗ��� GRL���������M����������������WE������[�

� %UDGOH\ $�0F'RQDOG ,� /HH $� 6WUHVV DQG PRUWDOLW\ LQ D VPDOO PDUVXSLDO �$QWHFKLQXV VWXDUWLL� 0DFOHD\��
*HQ� &RPS� (QGRFULQRO�� ����� ������ ����ޗ���

� 3 :RROOH\� 5HSURGXFWLRQ LQ $QWHFKLQXV VSS� DQG RWKHU GDV\XULG PDUVXSLDOV� 6\PS� =RRO� 6RF� /RQG��
����� ��ޗ�����

� /HH $.� %UDGOH\ $-� %UDLWKZDLWH 5:� &RUWLFRVWHURLG OHYHOV DQG PDOH PRUWDOLW\ LQ $QWHFKLQXV VWXDUWLL�
,Q� 7KH %LRORJ\ RI 0DUVXSLDOV� 6SULQJHU ����� SS� �������ޗ

� 0F$OODQ %� 'DV\XULG PDUVXSLDOV DV PRGHOV IRU WKH SK\VLRORJ\ RI DJHLQJ LQ KXPDQV� $XVW� -� =RRO�� �����
������ �������ޗ

�� 0F$OODQ %� +REEV 6� 1RUULV '� (IIHFWV RI VWUHVV RQ WKH QHXURDQDWRP\ RI D PDUVXSLDO� -� ([S� =RRO� $
&RPS� ([S� %LRO�� ����� ���$� ����

�� 8OHS 0*� 6DUDRQ 6.�0F/HD 6� $O]KHLPHU GLVHDVH� -� 1XUVH� 3UDFW�� ����� ������ �������ޗ
GRL���������M�QXUSUD�������������

�� *¸W] -� 6WUHIIHU -� 'DYLG '� 6FKLOG $� +RHUQGOL )� 3HQQDQHQ / HW DO� 7UDQVJHQLF DQLPDO PRGHOV RI
$O]KHLPHUޝV GLVHDVH DQG UHODWHG GLVRUGHUV� KLVWRSDWKRORJ\� EHKDYLRU DQG WKHUDS\�0RO� 3V\FKLDWU\�
����� ����� ����ޗ���

�� 6FKZDE &� +RVRNDZD 0�0F*HHU 3/� 7UDQVJHQLF PLFH RYHUH[SUHVVLQJ DP\ORLG EHWD SURWHLQ DUH DQ
LQFRPSOHWH PRGHO RI $O]KHLPHU GLVHDVH� ([S� 1HXURO�� ����� ������� ���ޗ��

�� (OGHU *$� *DPD 6RVD 0$� 'H *DVSHUL 5� 7UDQVJHQLF PRXVH PRGHOV RI $O]KHLPHUޝV GLVHDVH�0W� 6LQDLU�
-� 0HG�� ����� ������ �����ޗ

�� 5HDUGRQ 6� )UXVWUDWHG $O]KHLPHUޝV UHVHDUFKHUV VHHN EHWWHU ODE PLFH� 1DWXUH� ����� ���������� ����ޗ���

�� .LQJ $� 7KH VHDUFK IRU EHWWHU DQLPDO PRGHOV RI $O]KHLPHUޝV GLVHDVH� 1DWXUH� ����� ���������� 6���

�� +ROOHOH\ &(� 'LFNPDQ &5� &URZWKHU 06� 2OGUR\G %3� 6L]H EUHHGV VXFFHVV� PXOWLSOH SDWHUQLW\�
PXOWLYDULDWH VHOHFWLRQ DQG PDOH VHPHOSDULW\ LQ D VPDOO PDUVXSLDO� $QWHFKLQXV VWXDUWLL�0RO� (FRO�� �����
������� ���������ޗ GRL���������M���������;������������[�

�� :RRG '� $Q HFRORJLFDO VWXG\ RI $QWHFKLQXV VWXDUWLL �0DUVXSLDOLD� LQ D VRXWK�HDVW 4XHHQVODQG UDLQ
IRUHVW� $XVW� -� =RRO�� ����� ������ ����ޗ���

�� %LGRQ 7� 6FKUHFN 1� +DLOHU )� 1LOVVRQ 0$� -DQNH $� *HQRPH�ZLGH VHDUFK LGHQWLࢂHV ���b0E IURP WKH
SRODU EHDU < FKURPRVRPH IRU HYROXWLRQDU\ DQDO\VHV� *HQRPH %LRO� (YRO�� ����� ����� �����ޗ����

�� 7RGHU 5�:DNHࢂHOG 0� *UDYHV -� 7KH PLQLPDO PDPPDOLDQ < FKURPRVRPHޗWKH PDUVXSLDO < DV D PRGHO
V\VWHP� &\WRJHQHW� *HQRPH 5HV�� ����� ����ޗ��� ��ޗ�����

�� 7DVNHU (0� 'LFNPDQ &5� $ UHYLHZ RI (OOLRWW WUDSSLQJ PHWKRGV IRU VPDOO PDPPDOV LQ $XVWUDOLD� $XVW�
0DPPDO�� ����� ������ ���ޗ��

�� :HLVHQIHOG 1,� .XPDU 9� 6KDK 3� &KXUFK '0� -DIIH '%� 'LUHFW GHWHUPLQDWLRQ RI GLSORLG JHQRPH
VHTXHQFHV� *HQRPH 5HV�� ����� ������ ����ޗ���

�� %XVKQHOO %� %%7RROV� VRXUFHIRUJH�QHW�SURMHFWV�EEPDS� �������

�� 6LP¥R )$�:DWHUKRXVH 50� ,RDQQLGLV 3� .ULYHQWVHYD (9� =GREQRY (0� %86&2� DVVHVVLQJ JHQRPH
DVVHPEO\ DQG DQQRWDWLRQ FRPSOHWHQHVV ZLWK VLQJOH�FRS\ RUWKRORJV� %LRLQIRUPDWLFV� ����� �������
�����ޗ����

�� \HDU/ޝ2 1$�:ULJKW 0:� %ULVWHU -5� &LXIR 6� +DGGDG '�0F9HLJK 5 HW DO� 5HIHUHQFH VHTXHQFH
�5HI6HT� GDWDEDVH DW 1&%,� FXUUHQW VWDWXV� WD[RQRPLF H[SDQVLRQ� DQG IXQFWLRQDO DQQRWDWLRQ� 1XFOHLF
$FLGV 5HV�� ����� ���'��� ����'ޗ���'

�� .XUW] 6� 3KLOOLSS\ $� 'HOFKHU $/� 6PRRW 0� 6KXPZD\ 0� $QWRQHVFX & HW DO� 9HUVDWLOH DQG RSHQ
VRIWZDUH IRU FRPSDULQJ ODUJH JHQRPHV� *HQRPH %LRO�� ����� ����� 5���

�� $QGUHZV 6� )DVW4&� D TXDOLW\ FRQWURO WRRO IRU KLJK WKURXJKSXW VHTXHQFH GDWD�
KWWS���ZZZ�ELRLQIRUPDWLFV�EDEUDKDP�DF�XN�SURMHFWV�IDVWTF ������� $FFHVVHG ��WK $SULO �����

�� /L +� 'XUELQ 5� )DVW DQG DFFXUDWH VKRUW UHDG DOLJQPHQW ZLWK %XUURZVޗ:KHHOHU WUDQVIRUP�
%LRLQIRUPDWLFV� ����� ������� �����ޗ���� GRL���������ELRLQIRUPDWLFV�EWS����
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�� )DXVW **� +DOO ,0� 6$0%/$67(5� IDVW GXSOLFDWH PDUNLQJ DQG VWUXFWXUDO YDULDQW UHDG H[WUDFWLRQ�
%LRLQIRUPDWLFV� ����� ������� �����ޗ����

�� /L +� +DQGVDNHU %�:\VRNHU $� )HQQHOO 7� 5XDQ -� +RPHU 1 HW DO� 7KH VHTXHQFH DOLJQPHQW�PDS
IRUPDW DQG 6$0WRROV� %LRLQIRUPDWLFV� ����� ������� ����ޗ����� GRL���������ELRLQIRUPDWLFV�EWS����

�� 3HGHUVHQ %6� 4XLQODQ $5� 0RVGHSWK� TXLFN FRYHUDJH FDOFXODWLRQ IRU JHQRPHV DQG H[RPHV�
%LRLQIRUPDWLFV� ����� ������ ����ޗ���

�� $OWVFKXO 6)� *LVK :�0LOOHU :�0\HUV (:� /LSPDQ '-� %DVLF ORFDO DOLJQPHQW VHDUFK WRRO� -� 0RO� %LRO��
����� ������� ����ޗ��� GRL���������6���������������������

�� &DPDFKR &� &RXORXULV *� $YDJ\DQ 9�0D 1� 3DSDGRSRXORV -� %HDOHU . HW DO� %/$67�� DUFKLWHFWXUH DQG
DSSOLFDWLRQV� %0& %LRLQIRUPDWLFV� ����� ������ ����

�� &RUWH] '�0DULQ 5� 7ROHGR�)ORUHV '� )URLGHYDX[ /� /LHFKWL $�:DWHUV 3' HW DO� 2ULJLQV DQG IXQFWLRQDO
HYROXWLRQ RI < FKURPRVRPHV DFURVV PDPPDOV� 1DWXUH� ����� ���������� ����

�� *UDEKHUU 0*� +DDV %-� <DVVRXU 0� /HYLQ -=� 7KRPSVRQ '$� $PLW , HW DO� 7ULQLW\� UHFRQVWUXFWLQJ D
IXOO�OHQJWK WUDQVFULSWRPH ZLWKRXW D JHQRPH IURP 51$�6HT GDWD� 1DW� %LRWHFKQRO�� ����� ������ ����

�� +DDV %-� 3DSDQLFRODRX $� <DVVRXU 0� *UDEKHUU 0� %ORRG 3'� %RZGHQ - HW DO� 'H QRYR WUDQVFULSW
VHTXHQFH UHFRQVWUXFWLRQ IURP 51$�VHT XVLQJ WKH 7ULQLW\ SODWIRUP IRU UHIHUHQFH JHQHUDWLRQ DQG
DQDO\VLV� 1DW� 3URWRF�� ����� ����� �����

�� %ROJHU $0� /RKVH 0� 8VDGHO %� 7ULPPRPDWLF� D H[LEOHࢃ WULPPHU IRU ,OOXPLQD VHTXHQFH GDWD�
%LRLQIRUPDWLFV� ����� ������� �����ޗ����

�� &RQVRUWLXP 8� 8QL3URW� D ZRUOGZLGH KXE RI SURWHLQ NQRZOHGJH� 1XFOHLF $FLGV 5HV�� ����� ���'���
����'ޗ���'

�� /DQJPHDG %� 6DO]EHUJ 6/� )DVW JDSSHG�UHDG DOLJQPHQW ZLWK %RZWLH �� 1DW� 0HWK�� ����� ����� ����

�� 3DWUR 5� 'XJJDO *� /RYH 0,� ,UL]DUU\ 5$� .LQJVIRUG &� 6DOPRQ SURYLGHV IDVW DQG ELDV�DZDUH
TXDQWLࢂFDWLRQ RI WUDQVFULSW H[SUHVVLRQ� 1DW� 0HWK�� ����� ������ ����

�� 'LOOLHV 0�$� 5DX $� $XEHUW -� +HQQHTXHW�$QWLHU &� -HDQPRXJLQ 0� 6HUYDQW 1 HW DO� $ FRPSUHKHQVLYH
HYDOXDWLRQ RI QRUPDOL]DWLRQ PHWKRGV IRU ,OOXPLQD KLJK�WKURXJKSXW 51$ VHTXHQFLQJ GDWD DQDO\VLV�
%ULHI %LRLQIRUP�� ����� ������ ����ޗ���

�� 5RELQVRQ 0'� 2VKODFN $� $ VFDOLQJ QRUPDOL]DWLRQ PHWKRG IRU GLIIHUHQWLDO H[SUHVVLRQ DQDO\VLV RI
51$�VHT GDWD� *HQRPH %LRO�� ����� ������ �ޗ��

�� %U\DQW '0� -RKQVRQ .� 'L7RPPDVR 7� 7LFNOH 7� &RXJHU 0%� 3D\]LQ�'RJUX ' HW DO� $ WLVVXH�PDSSHG
D[RORWO GH QRYR WUDQVFULSWRPH HQDEOHV LGHQWLࢂFDWLRQ RI OLPE UHJHQHUDWLRQ IDFWRUV� &HOO 5HS�� ����� ������
����ޗ���

�� (GG\ 65� +00(5� KWWS���KPPHU�RUJ ������� $FFHVVHG ��WK 0D\ �����

�� (O�*HEDOL 6�0LVWU\ -� %DWHPDQ $� (GG\ 65� /XFLDQL $� 3RWWHU 6& HW DO� 7KH 3IDP SURWHLQ IDPLOLHV
GDWDEDVH LQ ����� 1XFOHLF $FLGV 5HV�� ����� ���'��� ����'ޗ���'

�� 1LHOVHQ +� 3UHGLFWLQJ VHFUHWRU\ SURWHLQV ZLWK 6LJQDO3�0HWKRGV 0RO� %LRO�� ����� ����� �����ޗ

�� /DJHVHQ .� +DOOLQ 3� 5ºGODQG ($� 6W¨UIHOGW +�+� 5RJQHV 7� 8VVHU\ ':� 51$PPHU� FRQVLVWHQW DQG
UDSLG DQQRWDWLRQ RI ULERVRPDO 51$ JHQHV� 1XFOHLF $FLGV 5HV�� ����� ������ �����ޗ����

�� 6PLW $� +XEOH\ 5� *UHHQ 3� 5HSHDW0RGHOHU 2SHQ����� KWWS���ZZZ�UHSHDWPDVNHU�RUJ ������ޗ�����
$FFHVVHG ��WK 'HFHPEHU �����

�� 6PLW $� +XEOH\ 5� *UHHQ 3� 5HSHDW0DVNHU 2SHQ����� KWWS���ZZZ�UHSHDWPDVNHU�RUJ ������ޗ�����
$FFHVVHG ��WK 'HFHPEHU �����

�� 6DODPRY $$� 6RORY\HY 99� $E LQLWLR JHQH QGLQJࢂ LQ 'URVRSKLOD JHQRPLF '1$� *HQRPH 5HV�� �����
������ ����ޗ���

�� 6RORY\HY 9� .RVDUHY 3� 6HOHGVRY ,� 9RURE\HY '� $XWRPDWLF DQQRWDWLRQ RI HXNDU\RWLF JHQHV�
SVHXGRJHQHV DQG SURPRWHUV� *HQRPH %LRO�� ����� ��6��� 6���

�� 6RORY\HY 99� )LQGLQJ JHQHV E\ FRPSXWHU� SUREDELOLVWLF DQG GLVFULPLQDWLYH DSSURDFKHV� ,Q� 7DR -<;�
=KDQJ 04 �HGV�� &XUUHQW 7RSLFV LQ &RPSXWDWLRQDO 0ROHFXODU %LRORJ\� ����� SS� ����ޗ���

�� 6KHQ :� /H 6� /L <� +X )� 6HT.LW� D FURVV�SODWIRUP DQG XOWUDIDVW WRRONLW IRU )$67$�4 OHࢂ PDQLSXODWLRQ�
3/R6 21(� ����� ������� H��������

�� =KHQJ *;� /DX %7� 6FKQDOO�/HYLQ 0� -DURV] 0� %HOO -0� +LQGVRQ &0 HW DO� +DSORW\SLQJ JHUPOLQH DQG
FDQFHU JHQRPHV ZLWK KLJK�WKURXJKSXW OLQNHG�UHDG VHTXHQFLQJ� 1DW� %LRWHFKQRO�� ����� ������ ����
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�� .HQW :-� 6XJQHW &:� )XUH\ 76� 5RVNLQ .0� 3ULQJOH 7+� =DKOHU $0 HW DO� 7KH KXPDQ JHQRPH
EURZVHU DW 8&6&� *HQRPH 5HV�� ����� ������ �������ޗ�

�� :DQJ .� /L 0� +DNRQDUVRQ +� $1129$5� IXQFWLRQDO DQQRWDWLRQ RI JHQHWLF YDULDQWV IURP
KLJK�WKURXJKSXW VHTXHQFLQJ GDWD� 1XFOHLF $FLGV 5HV�� ����� ������� H����H�

�� <DQJ +�:DQJ .� *HQRPLF YDULDQW DQQRWDWLRQ DQG SULRULWL]DWLRQ ZLWK $1129$5 DQG Z$1129$5� 1DW�
3URWRF�� ����� ������� �����ޗ���� GRL���������QSURW����������

�� 3RPD]QR\ 0� +D %� 3HWHUV %� *2QHW� D WRRO IRU LQWHUDFWLYH *HQH 2QWRORJ\ DQDO\VLV� %0&
%LRLQIRUPDWLFV� ����� ������ ����

�� (PPV '0� .HOO\ 6� 2UWKR)LQGHU� VROYLQJ IXQGDPHQWDO ELDVHV LQ ZKROH JHQRPH FRPSDULVRQV
GUDPDWLFDOO\ LPSURYHV RUWKRJURXS LQIHUHQFH DFFXUDF\� *HQRPH %LRO�� ����� ������ ����

�� (PPV '0� .HOO\ 6� 2UWKR)LQGHU� SK\ORJHQHWLF RUWKRORJ\ LQIHUHQFH IRU FRPSDUDWLYH JHQRPLFV� *HQRPH
%LRO�� ����� ������ ���ޗ�

�� 'H %LH 7� &ULVWLDQLQL 1� 'HPXWK -3� +DKQ 0:� &$)(� D FRPSXWDWLRQDO WRRO IRU WKH VWXG\ RI JHQH IDPLO\
HYROXWLRQ� %LRLQIRUPDWLFV� ����� ������� ���������ޗ

�� +DKQ 0:� 'H %LH 7� 6WDMLFK -(� 1JX\HQ &� &ULVWLDQLQL 1� (VWLPDWLQJ WKH WHPSR DQG PRGH RI JHQH
IDPLO\ HYROXWLRQ IURP FRPSDUDWLYH JHQRPLF GDWD� *HQRPH 5HV�� ����� ������ �����ޗ����

�� 6WHO]HU *� 5RVHQ 1� 3ODVFKNHV ,� =LPPHUPDQ 6� 7ZLN 0� )LVKLOHYLFK 6 HW DO� 7KH *HQH&DUGV VXLWH�
IURP JHQH GDWD PLQLQJ WR GLVHDVH JHQRPH VHTXHQFH DQDO\VHV� &XUU� 3URWRF� %LRLQIRUPDWLFV� �����
������ �����ޗ������

�� (GJDU 5&� 086&/(� PXOWLSOH VHTXHQFH DOLJQPHQW ZLWK KLJK DFFXUDF\ DQG KLJK WKURXJKSXW� 1XFOHLF
$FLGV 5HV�� ����� ������ ������ޗ���

�� 'HDNLQ -(� &KURPRVRPH HYROXWLRQ LQ PDUVXSLDOV� *HQHV� ����� ����� ���

�� *UHPPH *� 6WHLQELVV 6� .XUW] 6� *HQRPH7RROV� D FRPSUHKHQVLYH VRIWZDUH OLEUDU\ IRU HࢄFLHQW
SURFHVVLQJ RI VWUXFWXUHG JHQRPH DQQRWDWLRQV� ,(((�$&0 7UDQV� &RPSXW� %LRO� %LRLQIRUP�� ����� ������
����ޗ���

�� 3LRYHVDQ $� &DUDFDXVL 0� $QWRQDURV )� 3HOOHUL 0&� 9LWDOH /� *HQH%DVH ���� D WRRO WR VXPPDUL]H GDWD
IURP 1&%, JHQH GDWDVHWV DQG LWV DSSOLFDWLRQ WR DQ XSGDWH RI KXPDQ JHQH VWDWLVWLFV� 'DWDEDVH� �����
�����

�� 0DUJXOLHV (+�0DGXUR 99� 7KRPDV 3-� 7RPNLQV -3� $PHPL\D &7� /XR 0 HW DO� &RPSDUDWLYH
VHTXHQFLQJ SURYLGHV LQVLJKWV DERXW WKH VWUXFWXUH DQG FRQVHUYDWLRQ RI PDUVXSLDO DQG PRQRWUHPH
JHQRPHV� 3URF� 1DWO $FDG� 6FL� 86$� ����� ������� ����ޗ�����

�� 9DQ '\FN 6� &URZWKHU 0� 5HDVVHVVPHQW RI QRUWKHUQ UHSUHVHQWDWLYHV RI WKH $QWHFKLQXV VWXDUWLL
FRPSOH[ �0DUVXSLDOLD� 'DV\XULGDH�� $ VXEWURSLFXV VS� QRY� DQG $� DGXVWXV QHZ VWDWXV�0HP� 4XHHQVO�
0XV�� ����� ������ ����ޗ���

�� &URZWKHU 0� %UDLWKZDLWH 5:� %URZQ DQWHFKLQXV� $QWHFKLQXV VWXDUWLL� ,Q� 9DQ '\FNP 56 6 �HG��� 7KH
PDPPDOV RI $XVWUDOLD� 6\GQH\� $XVWUDOLD� 5HHG 1HZ +ROODQG �����

�� :ULJKW %5� )DUTXKDUVRQ .$�0F/HQQDQ ($� %HORY .� +RJJ &-� *UXHEHU &(� $ GHPRQVWUDWLRQ RI
FRQVHUYDWLRQ JHQRPLFV IRU WKUHDWHQHG VSHFLHV PDQDJHPHQW�0RO� (FRO� 5HVRXU�� ����� ��� ���ޗ�

�� *UD\ (/� %DNHU $0� )LUQ -� $XWHFRORJ\ RI D QHZ VSHFLHV RI FDUQLYRURXV PDUVXSLDO� WKH HQGDQJHUHG
EODFN�WDLOHG GXVN\ DQWHFKLQXV �$QWHFKLQXV DUNWRV�� FRPSDUHG WR D V\PSDWULF FRQJHQHU� WKH EURZQ
DQWHFKLQXV �$QWHFKLQXV VWXDUWLL��0DPPDO� 5HV�� ����� ������ ���ޗ��

�� 0XWWRQ 7<� 3KLOOLSV 0-� )XOOHU 6-� %U\DQW /0� %DNHU $0� 6\VWHPDWLFV� ELRJHRJUDSK\ DQG DQFHVWUDO
VWDWH RI WKH $XVWUDOLDQ PDUVXSLDO JHQXV $QWHFKLQXV �'DV\XURPRUSKLD� 'DV\XULGDH�� =RRO� -� /LQQ� 6RF��
����� ������� ����ޗ���

�� /DQJHUJUDEHU .(� 3U¾IHU .� 5RZQH\ &� %RHVFK &� &URFNIRUG &� )DZFHWW . HW DO� *HQHUDWLRQ WLPHV LQ
ZLOG FKLPSDQ]HHV DQG JRULOODV VXJJHVW HDUOLHU GLYHUJHQFH WLPHV LQ JUHDW DSH DQG KXPDQ HYROXWLRQ�
3URF� 1DWO $FDG� 6FL� 86$� ����� �������� ������ޗ�����

�� 0LNNHOVHQ 7� +LOOLHU /� (LFKOHU (� =RG\ 0� -DIIH '� <DQJ 6�3 HW DO� ,QLWLDO VHTXHQFH RI WKH FKLPSDQ]HH
JHQRPH DQG FRPSDULVRQ ZLWK WKH KXPDQ JHQRPH� 1DWXUH� ����� ���������� �����ޗ

�� )HXN /� &DUVRQ $5� 6FKHUHU 6:� 6WUXFWXUDO YDULDWLRQ LQ WKH KXPDQ JHQRPH� 1DW� 5HY� *HQHW�� �����
����� �ޗ����

�� 0DKPRXG 0� *REHW 1� &UX]�'£YDORV ',�0RXQLHU 1� 'HVVLPR] &� 6HGOD]HFN )-� 6WUXFWXUDO YDULDQW
FDOOLQJ� WKH ORQJ DQG WKH VKRUW RI LW� *HQRPH %LRO�� ����� ������ ����
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�� 'HDNLQ -(� .UXJHU�$QGU]HMHZVND 0� 0DUVXSLDOV DV PRGHOV IRU XQGHUVWDQGLQJ WKH UROH RI FKURPRVRPH
UHDUUDQJHPHQWV LQ HYROXWLRQ DQG GLVHDVH� &KURPRVRPD� ����� ������� ����ޗ���

�� 3 %DODFKDQGUDQ� %HFN &5� 6WUXFWXUDO YDULDQW LGHQWLࢂFDWLRQ DQG FKDUDFWHUL]DWLRQ� &KURPRVRPH 5HV��
����� ��� ���ޗ��

�� +D\DVKL 6� 7DNHLFKL 0� (PHUJLQJ UROHV RI SURWRFDGKHULQV� IURP VHOI�DYRLGDQFH WR HQKDQFHPHQW RI
PRWLOLW\� -� &HOO 6FL�� ����� ������� �����ޗ����

�� &KHQ :9�0DQLDWLV 7� &OXVWHUHG SURWRFDGKHULQV� 'HYHORSPHQW� ����� �������� ��������ޗ�
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APPENDIX 2: ADAPTATION AND CONSERVATION 
INSIGHTS FROM THE KOALA GENOME 

 

A2.1 BACKGROUND 
The following article details the creation of the first koala reference genome and 

describes the conservation implications of key downstream findings. At the time of 

publication, the koala genome was the first genome of an Australian species to utilise 

third generation (i.e., long read) sequencing and represented the “gold standard” 

marsupial reference genome. This high-quality reference genome enabled significant 

insights into the genetic adaptations behind the koala’s unique biology such as 

expansions within cytochrome P450 genes resulting in the koala’s ability to detoxify 

eucalyptus leaves and expansions in vomeronasal and taste receptors assisting in the 

koala’s specialised food choice. Genomic data was also employed to investigate 

immune genes involved in response to chlamydia vaccine and to identify 

biogeographical boundaries to gene flow between koala populations. The results from 

this study were crucial in demonstrating the broad implications of high-quality genomic 

data in the conservation of a threatened species. 

 

Led by Rebecca N. Johnson and Katherine Belov, the koala genome work comprises 

a large consortium effort with many experts in different fields bringing their expertise 

together to better understand the genetics of this iconic but vulnerable Australian 

species. I contributed to this study by assisting with the annotation of MHC genes and 

the investigation of candidate genes for chlamydia vaccine response. Please refer to 

the main article for a complete list of author contributions. 

 

A2.2 MAIN ARTICLE 
The article titled “'Adaptation and conservation insights from the koala genome” 

published in Nature Genetics (2018; 50, 1102-1111) is presented on the following 

pages.  
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Adaptation and conservation insights from the 
koala genome
Rebecca N. Johnson! !1,2,30,31*, Denis O’Meally2,3,30, Zhiliang Chen4,30, Graham J. Etherington5,  
Simon Y. W. Ho! !2, Will J. Nash5, Catherine E. Grueber! !2,6, Yuanyuan Cheng2,7, Camilla M. Whittington8, 
Siobhan Dennison1, Emma Peel2, Wilfried Haerty5, Rachel J. O’Neill9, Don Colgan1, Tonia L. Russell10,  
David E. Alquezar-Planas1, Val Attenbrow1, Jason G. Bragg11,12, Parice A. Brandies2, Amanda Yoon-Yee Chong5,13,  
Janine E. Deakin14, Federica Di Palma5,15, Zachary Duda9, Mark D. B. Eldridge1, Kyle M. Ewart1, Carolyn J. Hogg2, 
Greta J. Frankham1, Arthur Georges14, Amber K. Gillett16, Merran Govendir8, Alex D. Greenwood17,18,  
Takashi Hayakawa19,20, Kristofer M. Helgen1,21, Matthew Hobbs! !1, Clare E. Holleley22, Thomas N. Heider9, 
Elizabeth A. Jones8, Andrew King1, Danielle Madden3, Jennifer A. Marshall Graves11,14,23, Katrina M. Morris24, 
Linda E. Neaves! !1,25, Hardip R. Patel26, Adam Polkinghorne3, Marilyn B. Renfree! !27, Charles Robin! !27,  
Ryan Salinas4, Kyriakos Tsangaras28, Paul D. Waters4, Shafagh A. Waters4, Belinda Wright1,2,  
Marc R. Wilkins4,10,30, Peter Timms29,30 and Katherine Belov2,30,31

The koala, the only extant species of the marsupial family Phascolarctidae, is classified as ‘vulnerable’ due to habitat loss 
and widespread disease. We sequenced the koala genome, producing a complete and contiguous marsupial reference genome, 
including centromeres. We reveal that the koala’s ability to detoxify eucalypt foliage may be due to expansions within a cyto-
chrome P450 gene family, and its ability to smell, taste and moderate ingestion of plant secondary metabolites may be due to 
expansions in the vomeronasal and taste receptors. We characterized novel lactation proteins that protect young in the pouch 
and annotated immune genes important for response to chlamydial disease. Historical demography showed a substantial popu-
lation crash coincident with the decline of Australian megafauna, while contemporary populations had biogeographic boundar-
ies and increased inbreeding in populations affected by historic translocations. We identified genetically diverse populations 
that require habitat corridors and instituting of translocation programs to aid the koala’s survival in the wild.

The koala is an iconic Australian marsupial, instantly recogniz-
able by its round, humanoid face and distinctive body shape. 
Fossil evidence identifies as many as 15–20 species, following 

the divergence of koalas (Phascolarctidae) from terrestrial wombats 

(Vombatidae) 30–40 million years ago1,2 (Supplementary Fig. 1).  
The modern koala, Phascolarctos cinereus, which first appeared 
in the fossil record ~350,000 years ago, is the only extant species 
of the Phascolarctidae. Like other marsupials, koalas give birth to 

NATURE GENETICS | www.nature.com/naturegenetics
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underdeveloped young. Birth occurs after just 35 d of gestation, 
with young lacking immune tissues or organs. Their immune sys-
tem develops while they are in the pouch, meaning survival dur-
ing early life depends on immunological protection provided by  
mothers’ milk.

A specialist arboreal folivore feeding almost exclusively from 
Eucalyptus spp., the koala has a diet that would be toxic or fatal to 
most other mammals3. Due to the low caloric content of this diet, 
the koala rests and sleeps up to 22 h a day4. A detailed understand-
ing of the mechanisms by which koalas detoxify eucalyptus and pro-
tect their young in the pouch has been elusive, as there are no koala 
research colonies and access to milk and tissue samples is opportu-
nistic. The genome enables unprecedented insights into the unique 
biology of the koala, without having to harm or disturb an animal of 
conservation concern.

The genome also enables a holistic, scientifically grounded 
approach to koala conservation. Australia has the highest mam-
mal extinction record of any country during the Anthropocene5, 
and koala numbers have plummeted in northern parts of its range 
since European settlement of the continent6, but increased in south-
ern sections of the range, notably in parts of Victoria and South 
Australia. The uneven response of koala populations throughout its 
range is one of the most difficult issues in its management7. The 
species was heavily exploited by a pelt trade (1870s to late 1920s), 
which harvested millions of animals6,8,9. Today, the threats are 
primarily due to loss and fragmentation of habitat, urbanization, 
climate change and disease. Current estimates put the number of 
koalas in Australia at only 329,000 (range 144,000–605,000), and a 
continuing decline is predicted6. Koalas present a complex conser-
vation conundrum: in the north, causes of decline include ongoing 
habitat fragmentation, urbanization and disease. However, decline 
in the south has followed a different path10, with widespread, often 
sequential, translocations (1920–1990s) from a limited founder 
population, which has resulted in genetically bottlenecked popu-
lations that are overabundant to the point of starvation in some 
areas11. There are marked differences in the degree to which threats 
affect each population, thereby cautioning against one prescription 
for population recovery.

Adding to the complexity of koala conservation is the impact of 
disease, specifically koala retrovirus (KoRV) and Chlamydia. KoRV 
is thought to have arrived in Australia via a putative murine vector 
before cross-species transmission12,13. It is now prevalent in north-
ern koalas and appears to be spreading to southern populations14. 
Some strains appear to be more virulent than others and are puta-
tively associated with an increase in neoplastic disease15. Similarly, 
Chlamydia, which in some individuals causes severe symptoms yet 
in others remains asymptomatic, may have crossed the species bar-
rier from introduced hosts such as domestic sheep and cattle follow-
ing European settlement16. A complete koala genome offers insights 
into the species’ genetic susceptibility to these diseases, provides the 
genomic basis for innovative vaccines, and can underpin new con-
servation management solutions that incorporate the species’ popu-
lation and genetic structure, such as facilitating gene flow via habitat 
connectivity or translocations.

Results
Genome landscape. Koalas have 16 chromosomes, differing from 
the ancestral marsupial 2n =  14 karyotype by a simple fission of 
ancestral chromosome 2 giving rise to koala chromosomes 4 and 717.  
We sequenced the complete genome using 57.3-fold PacBio 
long-read coverage, generating a 3.42 Gb reference assembly.  
The primary contigs from the FALCON assembly (representing  
homozygous regions of the genome) yielded genome version  
phaCin_unsw_v4.1. This comprised 3.19 Gb, including 1,906 con-
tigs with an N50 of 11.6 Mb and the longest at 40.6 Mb. The het-
erozygous regions of the genome (representing the alternate contigs 

from the assembly) totaled 230 Mb, with an N50 of 48.8 kb (Table 1,  
Supplementary Tables 1–3 and Methods). Approximately 30-fold 
coverage of Illumina short reads was used to polish the assembly. 
BioNano optical maps plus additional conserved synteny informa-
tion for marsupials were used for scaffolding18 to assemble long-
read contigs into ‘virtual’ chromosome scaffolds (‘super-contigs’)  
(Supplementary Tables 4 and 5 and Supplementary Note).  
The largest super-contig spanned approximately half of koala  
chromosome 7 (Supplementary Fig. 2).

Our long-read-based sequence presented the opportunity 
to identify and study centromeres, which are multi-megabase 
regions that are challenging to construct in eutherian (for example, 
human and mouse)19 genome assemblies due to intractable higher 
order arrays of satellites. Centromeres are smaller in marsupials 
than in eutherians, and as such are more amenable to analysis20. 
Chromatin immunoprecipitation and sequencing using antibod-
ies to centromeric proteins (CENP-A and CREST)21 enabled the 
identification of scaffolds containing putative centromeric regions 
(Supplementary Fig. 3) and the characterization of known and new 
repeats, including composite elements within koala centromeric 
domains (Supplementary Table 6–10) that lack the previously anno-
tated retroelement, kangaroo endogenous retrovirus (KERV), found 
in some tammar wallaby centromeres22. Koala centromeres span a 
total of 2.6 Mb of the koala haploid genome, equivalent to an average 
of 300 kb of centromeric material per chromosome. Like those of 
other species with small centromeres19,20,23,24, koala centromeres lack 
higher order satellite arrays (Supplementary Tables 7–10). Among 
the newly identified repeats, some are similar to composite elements 
recently described in gibbon centromeres25, where absence of higher 
order satellite arrays accompanied the evolution of new composite 
elements with putative centromere function. The composition of the 
koala centromere therefore supports mounting evidence that trans-
posable elements represent a major, functional component of small 
centromeres when higher order satellite arrays are absent20,24,25.

Interspersed repeats account for approximately 47.5% of the koala 
genome; 44% of these are transposable elements (Supplementary 
Table 11). As in other mammalian genomes, short interspersed 
nuclear elements (SINEs) and long interspersed nuclear elements 
(LINEs) are the most numerous elements (35.2% and 28.9% of total 
number of elements, respectively), with LINEs making up 32.1% of 
the koala genome. The long-read sequence assembly also enabled 
full characterization and annotation of repeat-rich long noncoding 
RNAs, including RSX, which mediates X chromosome inactiva-
tion in female marsupials26. Koala RSX represents the first marsu-
pial RSX to be fully annotated and to have its structure predicted 
(Supplementary Fig. 4 and Supplementary Note). As expected, it 
was expressed in all female tissues, but in no male tissues27.

The assembled koala genome has very high coverage of coding 
regions: we recovered 95.1% of 4,104 mammalian benchmarking 
universal single-copy orthologs (BUSCOs)28, the highest value for 
any published marsupial genome (Supplementary Table 5) and 
comparable with that of the human assembly (GRCh38, which 
scores 94.1% of orthologs). Analysis of gene family evolution 
using a maximum-likelihood framework identified 6,124 protein-
coding genes in 2,118 gene families with at least two members in 
koala. Among these, 1,089 have more gene members in koala than 
in any of the other species (human, mouse, dog, tammar wallaby, 
Tasmanian devil, gray short-tailed opossum, platypus, chicken; 
Supplementary Fig. 5).

Having characterized the genome, we undertook detailed analy-
ses of key genes and gene families to gain insights into the genomic 
basis of the koala’s highly specialized biology. Gene families of par-
ticular interest were those that encode proteins involved in induced 
ovulation, those proteins involved in the complex lactation process, 
those proteins responsible for immunity, and those enzymes that 
enable the koala to subsist on a toxic diet.

NATURE GENETICS | www.nature.com/naturegenetics
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Ability to tolerate a highly toxic diet. The koala’s diet of eucalyptus 
leaves contains high levels of plant secondary metabolites29, phe-
nolic compounds30 and terpenes (for example, ref. 31) that would 
be lethal to most other mammals32. Koalas thus experience little 
competition for food resources. Eucalyptus grandis shows substan-
tial expansion in terpene synthase genes relative to other plant 
genomes33. Eucalypt toxicity is therefore likely to have exerted selec-
tion pressure on the koala’s ability to metabolize such xenobiotics, 
so we searched for genes encoding enzymes with a detoxification 
function and investigated sequence evolution at these loci.

Cytochrome P450 monooxygenase (CYP) genes represent a 
multi-gene superfamily of heme-thiolate enzymes that play a role in 
detoxification through phase 1 oxidative metabolism of a range of 
compounds including xenobiotics34. These genes have been identi-
fied throughout the tree of life, including in plants, animals, fungi, 
bacteria and viruses35. In the koala genome we found two lineage-
specific monophyletic expansions of the cytochrome P450 family 
2 subfamily C (CYP2Cs, 31 members in koala) (Fig. 1a). The func-
tional importance of these CYP2C genes was further demonstrated 
through analysis of expression in 15 koala transcriptomes from two 
koalas, showing particularly high expression in the liver, consistent 
with a role in detoxification (Supplementary Fig. 6).

Comparing CYP2C gene context in mouse versus koala iden-
tified conserved flanking markers strongly suggestive of tan-
dem duplication (Fig. 1b). Further sequence-level analysis of the 
CYP expansions indicated that most conserved regions are under 
strong purifying selection (Fig. 1c). However, there is evidence 
that individual CYP codons have experienced episodic diversify-
ing selection while purifying selection shapes the rest of the gene 
(Fig. 1c–h, Supplementary Note and Supplementary Tables 12 and 
13). Adaptive expansion of CYP2C and maintenance of duplicates 
appear to have worked in concert, resulting in higher enzyme levels 
for detoxification while the interplay between purifying and diver-
sifying selection resulted in neofunctionalization within the CYPs. 
Such adaptations enable koalas to detoxify their highly specialized 
diet rich in plant secondary metabolites.

The characterization of koala CYP2Cs has significant therapeutic 
potential. The high expression levels of CYP2C genes in the liver 
helps to explain why meloxicam, a nonsteroidal anti-inflammatory 
drug (NSAID) known to be metabolized by the protein product of 
CYP2C in humans36,37 and frequently used for pain relief in veteri-
nary care, is so rapidly metabolized in the koala and a handful of 
other eucalypt-eating marsupials (common brushtail possum and 
eastern ringtail possum) compared with eutherian species37,38. It is 
expected that other NSAIDs are also rapidly metabolized in koalas 
and have little efficacy at suggested doses39. Anti-chlamydia anti-
biotics such as chloramphenicol are degraded rapidly by koalas; 

treatment with a single dose applicable to humans is insufficient in 
koalas, which require a daily dose for up to 30 to 45 d. This discov-
ery of CYP2C gene expression levels will inform new research into 
the pharmacokinetics of medicines in koalas.

Taste, smell and food choice. Like many specialist folivores, koalas 
are notoriously selective feeders, making food choices both to target 
nutrients and to avoid plant secondary metabolites40. Koalas have 
been observed to sniff leaves before tasting them41, and their acute 
discrimination has been correlated with the complexity and con-
centration of plant secondary metabolites42. This suggests an impor-
tant role for olfaction and vomerolfaction, as well as taste. While 
most herbivores circumvent plant chemical defenses by detoxifying 
one or a few compounds43, the complexity of eucalyptus plant sec-
ondary metabolites, in combination with the terpene expansion in 
eucalypts, led us to hypothesize that the koala requires enhanced 
capabilities both in specialist detection and in plant secondary 
metabolite detoxification. We therefore investigated the genomic 
basis of the koala’s taste and smell senses, finding multiple gene fam-
ily expansions that could enhance its ability to make food choices.

We report an expansion of one lineage of vomeronasal recep-
tor type 1 (V1R) genes associated with the detection of nonvolatile 
odorants (Supplementary Note). There are six such genes in koala, 
compared with only one in the Tasmanian devil and gray short-
tailed opossum, and none found in tammar wallaby, human, mouse, 
dog, platypus or chicken. The expansion of one lineage of V1R genes 
is consistent with the koala’s ability to discriminate among diverse 
plant secondary metabolites.

Surprisingly, given the degree of its dietary specialization, the 
olfactory receptor genes (n =  1,169) characterized in koala had a 
gene repertoire that was slightly smaller than that of gray short-
tailed opossum (1,431 genes), tammar wallaby (1,660 genes) and 
Tasmanian devil (1,279 genes) (Supplementary Note). This may be 
understood in the context of relaxed selection on olfactory recep-
tors among dietary specialists44.

We also report genomic evidence of expansions within the taste 
receptor families that would enable the koala to optimize ingestion 
of leaves with a higher moisture and nutrient content in concert with 
the concentration of toxic plant secondary metabolites in their food 
plants. The koala’s ability to ‘taste water’ is potentially enhanced 
by an apparent functional duplication of the aquaporin 5 gene45–47 
(Supplementary Table 14 and Supplementary Note).

The TAS2R family has a role in ‘bitter’ taste, enabling recogni-
tion of structural toxins such as terpenes, phenols and glycosides. 
These are found in various levels in eucalypts as plant secondary 
metabolites3,30,31,48. In marsupials, the TAS2R family includes the 
orthologous repertoires from eutherians, as well as three specific 

Table 1 | Comparison of assembly quality between koala genome assembly phaCin_unsw_v4.1 and published marsupial and 
monotreme genomes

Species Genome size 
(Gb)

G+ C content 
(%)

No. sca!olds Sca!old N50 (kb) Reference

Koala phaCin_unsw_v4.1 (female 
Bilbo)

3.42 39.0 1,906a 
5,525b (contigs)

11,589 (contig) This study

Platypus (Ornithorhynchus anatinus) 2.3 45.5 200,283 959 Warren et al. 200882

Gray short-tailed opossum 
(Monodelphis domestica)

3.48 37.7 5,223 59,810 Mikkelsen et al. 
200783

Tammar wallaby (Notamacropus 
eugenii)

2.7 38.8 277,711 37 Renfree et al. 201184

Tasmanian devil (Sarcophilus harrisii) 3.17 36.4 35,974 1,847 Murchison et al. 
201285

aHomozygous. bHeterozygous.
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expansions in the last common ancestor shared by all marsupials49,50 
(Fig. 2). Large koala-specific duplications in four marsupial orthol-
ogous groups have produced a large koala TAS2R repertoire of 24 
genes (Fig. 2). The koala has more TAS2Rs than any other Australian 

marsupial, and among the most of all mammal species49,50, including 
paralogs of human and mouse receptors whose agonists are toxic 
glycosides (Supplementary Table 15 and Supplementary Note). The 
TAS1R gene families, responsible for sweet taste and umami amino 
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Fig. 2 | Taste receptor analysis in koalas and other mammals identifies three marsupial-specific expansions and further koala-specific duplications. 
TAS2R genes are responsible for bitter taste perception. a, Maximum-likelihood tree of TAS2Rs (including pseudogenes) in the four marsupials, where 
the sequences contained 250 amino acids. 28 representative TAS2Rs of orthologous gene groups (OGGs) in eutherians (red circles) and 7 platypus 
TAS2Rs (gray circles) were also used. There were 27 distinct marsupial OGGs (supported by ≥ 99% bootstrap values), where the nodes of OGG clades 
are indicated by white open circles. Bootstrap values of ≥ 70% in the nodes connecting OGG clades are indicated by asterisks. There are three marsupial-
specific clusters (I, II and III) where massive expansion events occurred in the common ancestor of marsupials after their split from eutherian ancestors. 
b–e, Reconstructed maximum-likelihood trees of TAS2R orthologs in which there are more than two duplicates of koala TAS2Rs: b, TAS2R41; c, TAS2R705; 
d, TAS2R710; and e, TAS2R720. Genomic structures of the umami and sweet taste receptor TAS1Rs were also analyzed and found to be functional in koala 
(see Supplementary Note).
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acid perception, have previously been reported as pseudogenized in 
eutherians with highly specialized diets, such as the giant panda51. 
In the koala, however, we found that all TAS1R genes are putatively 
functional (Supplementary Fig. 7).

Genomics of an induced ovulator. Koala reproduction is 
of particular interest because the koala is an induced ovula-
tor52, with key genes controlling female ovulation (LHB, FSHB, 
ERR1, ERR2), as well as prostaglandin synthesis genes impor-
tant in parturition and ejaculation (PTGS1, PTGS2, PTGS3) 
(Supplementary Note). We identified genes putatively involved in 
the induction of ovulation in the female by male seminal plasma 
(NGF), and in coagulation of seminal fluid (ODC1, SAT1, SAT2, 
SMOX, SRM, SMS) (Supplementary Note), which may function 
to prevent sperm leakage from the female reproductive tract in 
this arboreal species.

Genomic characterization of koala milk. A koala young is about 
the size of a kidney bean and weighs <  0.5 g. It crawls into the 
mother’s posteriorly opening pouch and attaches to a teat, where 
it remains for 6–7 months. It continues to suck after it has left the 
pouch until about a year old.

Analysis of the genome, in conjunction with a mammary 
transcriptome and a milk proteome, enabled us to character-
ize the main components of koala milk (Supplementary Fig. 8, 
Supplementary Table 16, Supplementary Note and ref. 53). The 
high-quality assembly of the genome allowed both the identifi-
cation of marsupial-specific genes and determination of their 
evolutionary origins based on their genomic locations. For 
instance, we found that there are four Late Lactation Protein 
(LLP) genes tightly linked to both trichosurin and β -lactoglobulin 
(Supplementary Fig. 8), potentially allowing marsupials to fine-
tune milk protein composition across the stages of lactation to 
meet the changing needs of their young. Additionally, the koala 
marsupial milk 1 (MM1) gene, a novel marsupial gene, is located 
close to the gene encoding very early lactation protein (VELP), an 
ortholog of Glycam1 (or PP3) that encodes a eutherian antimicro-
bial protein53 (Supplementary Fig. 8). In eutherians, this region 
contains an array of short glycoproteins that have antimicrobial 
properties and are found in secretions such as milk, tears and 
sweat. We propose that MM1 has an antimicrobial role in marsu-
pial milk, along with three other short novel genes located in the 
same region. We also detected expansions in another antimicro-
bial gene family, the cathelicidins.

Koala immunome and disease. At the time of European settlement, 
koalas were widespread in eastern mainland Australia, from north 
Queensland to the southeastern corner of South Australia. Today 
they are mainly confined to the east coast and are listed as ‘vul-
nerable’ under Australia’s Environment Protection and Biodiversity 
Conservation Act 199954. There is strong evidence to suggest that 
some fragmented populations of koalas are already facing extinc-
tion, particularly in formerly densely populated koala territories 
in southeast Queensland and northern New South Wales. A major 
challenge for the conservation of these declining koala populations 
is the high prevalence of disease, especially that caused by the obli-
gate intracellular bacterial pathogen Chlamydia pecorum, which 
is found across the geographic range, with the exception of some  
offshore islands55. A main challenge for managing these populations 
has been the lack of knowledge about the koala immune response to 
disease. Recent modeling suggests the best way to stabilize heavily 
affected koala populations is to target disease56.

The long-read-based genome enabled the de novo assembly of 
complex, highly duplicated immune gene families and compre-
hensive annotation of immune gene clusters53,57,58. These include 
the major histocompatibility complex (MHC)59, as well as T cell 

receptors (TCR), immunoglobulin (IG) (Supplementary Fig. 9, 
Supplementary Tables 17 and 18, and Supplementary Note), natu-
ral killer cell (NK) receptor58 and defensin60 gene clusters. Together 
these findings provide a starting point for new disease research and 
allow us to interrogate the immune response to the most significant 
pathogen of the koala, C. pecorum.

Of the more than 1,000 koalas arriving annually at wildlife 
hospitals in Queensland and New South Wales, 40% have late-
stage chlamydial disease and cannot be rehabilitated. Annotation 
of koala immune genes enabled us to study variation within 
candidate genes known to play a role in resistance and suscep-
tibility to chlamydia infection in other species (Supplementary 
Tables 18–20). Preliminary case/control association tests for five 
koalas involved in a chlamydia vaccination trial showed that the 
MHCII DMA and DMB genes, as well as the CD8-a gene, may 
be involved in differential immune responses to chlamydia vac-
cine (Supplementary Table 21 and Supplementary Note). We also 
conducted differential expression analysis of RNA sequencing 
(RNA-seq) data from conjunctival tissue collected from koalas 
at necropsy, both with and without signs of ocular chlamydiosis, 
showing that in diseased animals, 1,508 of the 26,558 annotated 
genes (5.7%) were twofold upregulated, while 685 (2.6%) were 
downregulated by greater than twofold when compared with 
healthy animals (Supplementary Fig. 9 and Supplementary Note). 
In diseased animals, upregulated genes were associated with Gene 
Ontology (GO) terms for a range of immunological processes, 
including signatures of leukocyte infiltration (Supplementary 
Fig. 9). Immune responses in the affected conjunctivas were 
directed at TH1 rather than TH2 responses. Proinflammatory 
mediators such as CCL20, IL1α, IL1β, IL6 and SSA1 were also 
upregulated. As in human trachoma, this cascade of proinflam-
matory products may help to clear the infection but may also 
lead to tissue damage in the host61. Furthermore, resolution of 
human trachoma infection is thought to require a IFN-γ  driven 
TH1 response62, and in diseased koalas we found that IFN-γ  was 
upregulated 4.7-fold in the conjunctival tissue. These annotated 
koala immune genes will now help us to define features of protec-
tive versus pathogenic immunological responses to the disease 
and may be invaluable for effective vaccine design.

Koala genomes are undergoing genomic invasion by koala ret-
rovirus (KoRV)63, which is spreading from the north of the country 
to the south. Both endogenous (germline transmission) and exog-
enous (infectious ‘horizontal’ transmission) forms are extant64. 
Our results provide a comprehensive view of KoRV insertions in 
the koala genome. We found a total of 73 insertions in the phaCin_
unsw_4.1 assembly (Supplementary Table 22). It is likely that most 
of these 73 loci are endogenous, consistent with our observation 
of integration breakpoint sequences that are shared with one or 
both of the other koala genomes reported (Supplementary Tables 
23 and 24).

We investigated the sites of KoRV insertion to define their prox-
imity to protein-coding genes and explore possible disruptions. 
This analysis identified insertions into 24 protein-coding genes 
(Supplementary Table 25). However, none is likely to disrupt pro-
tein-coding capacity, since 22 insertions are in introns and the other 
two are in 3′  untranslated regions. Transcription proceeding from 
the proviral long terminal repeat (LTR) could possibly affect the 
transcription of the host genes.

Understanding the genetics of host resistance to chlamydia and 
the etiology of the retrovirus will help inform the development of 
vaccines against both diseases, as well as translocation strategies.

Genome-informed conservation. Broad-scale population manage-
ment of koalas is critical to conservation efforts. This is challenging 
because distribution models are not easily generalized across biore-
gions, and further complicated by the unique regional conservation 
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issues described above. Since it is not possible to generalize manage-
ment, it is imperative that decisions are informed by empirical data 
relevant to each bioregion.

Analysis of the koala genome provided the unique opportunity to 
combine historical evolutionary data with high-resolution contem-
porary population genomic markers to address these management 
challenges. To infer the ancient demographic history of the species, 
we analyzed the long-read reference genome and short-read data 
from two other koalas, using the pairwise sequentially Markovian 
coalescent (PSMC) method65 (Fig. 3a, Supplementary Fig. 10 and 

Methods). The data show that the modern koala, which appeared in 
the fossil record 350,000 years ago2, underwent an initial increase in 
population, followed by a rapid and widespread decrease in popula-
tion size ~30,000–40,000 years ago. This is consistent with fossil evi-
dence of rapid declines in multiple Australian species, including the 
extinct megafauna, 40,000–50,000 years ago66 and 30,000–40,000 
years ago67. The koala was thus one of a number of species affected 
by decline during this time that did not ultimately become extinct67.

Distinct PSMC profiles of the koalas from two geographic areas 
and their failure to coalesce suggests some regional differences in 
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Fig. 3 | Analysis koala populations using genome-mapped markers. a, Top: plot of surface temperature (temp.) over past 3 million years based on a five-
point running mean of δ 18O data76. Bottom: population demographic history inferred from diploid sequences of three koalas (females ‘Pacific Chocolate’ 
and ‘Bilbo’, male ‘Birke’) using the pairwise sequential Markovian coalescent (PSMC) method. Koala silhouette indicates earliest fossil record of modern 
koala2. Gray shading, human arrival in Australia77 (see ref. 78); red circles, estimated extinction times of 16 megafaunal genera in mainland Australia79; aqua 
area, last glacial period; vertical dashed green line, last glacial maximum; vertical solid black line, first koala population declines 40,000 years ago. Dark 
colored lines are estimated from genome data; lighter lines, plots inferred from 100 bootstrap replicates. A mutation rate of 1.45!× !10−8 mutations per site 
per generation and 7-year generation time were assumed. b, Right, principal component (PC) analysis (including 95% inertia ellipses) of 1,200 SNPs in 
49 wild koalas from throughout Australia. Left, geographic clustering of wild koalas in eastern Australia in relation to proposed biogeographic barriers68,72, 
highlighting known historic barriers to gene flow, the Brisbane and Clarence River Valleys, but also suggesting a role for the Hunter Valley. The cluster of 
genetically similar southern koalas reflects a recent history of widespread translocation8. c, Average inbreeding coefficient (F) (calculated by TrioML80,81) 
of 49 wild koalas. Qld, Queensland; SE, southeast; NSW, New South Wales. P values arising from linear modeling represent significant differences in mean 
F between regions (***P!< !0.001; **P!< !0.01). There is a high correlation between geographic distance and genetic distance (Mantel test: r2!= !0.4898), 
indicating that genetic rescue between populations is feasible. Center lines, median; box limits, upper and lower quartiles. Upper whisker!= !min(max(x), 
Q_3!+ !1.5!× !IQR), lower whisker!= !max(min(x), Q_1 – 1.5!× !IQR); i.e., upper whisker!= !upper quartile!+ !1.5!× !box length, lower whisker!= !lower quartile – 
1.5!× !box length; circles, outliers. Linear modeling indicated that mean F differed significantly between several regions (Mid-coast NSW–Southern Australia, 
P!= !0.000524; Qld–Southern NSW, P!= !0.00237; Qld–Southern Australia, P!= !0.00000107; SE Qld–Southern Australia, P!= !0.006596).
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koala populations, including impediments to gene flow (Fig. 3a). 
Regional differentiation was also detected in analyses of mtDNA68,69, 
although over a shorter time scale.

We analyzed populations of recent koala samples using 1,200 
SNPs derived from targeted capture libraries mapped to the koala 
genome (Supplementary Note). We found notable levels of genetic 
diversity with limited fine-scale differentiation consistent with 
long-term connectivity across regions. We found evidence of low 
genetic diversity in southern koalas, consistent with a recent history 
of sequential translocations8,68,70,71 (Fig. 3b,c). At a continental scale, 
we show biogeographic barriers to gene flow associated with the 
Brisbane Valley and Clarence River, as identified by mtDNA stud-
ies68,72, and find a barrier associated with the Hunter Valley, which 
was not previously known in koalas (Fig. 3b). Levels of inbreeding 
varied across regions (Fig. 3c), but the northern populations most 
under threat in New South Wales and Queensland show high levels 
of genetic diversity.

The information generated here provides a foundation for a 
conservation management strategy to maintain gene flow region-
ally while incorporating the genetic legacy of biogeographic barri-
ers. Furthermore, the contrast in genome-wide levels of diversity 
between southern and northern populations highlights the det-
rimental consequences of the unmonitored use of small isolated 
populations as founders for reestablishing and/or rescuing of 
populations on genome-wide levels of genetic diversity. Low lev-
els of genetic diversity in southern koalas have been associated 
with genetic abnormalities consistent with inbreeding depression, 
including testicular abnormalities73.

Now that we understand the consequences of past transloca-
tions, and the existing genetic structure, it is clear that maintain-
ing and facilitating gene flow via habitat connectivity will be the 
most effective means of ensuring genetically healthy koala popula-
tions over the long term. However, where more intensive measures 
such as translocation are required to rescue genetically depauper-
ate southern populations, these tools and data provide the basis for 
decisions that maximize benefits while minimizing risks74,75. Future 
utility of these SNPs will also include tracking of individual pedi-
grees in captive koala populations and in those wild populations 
being intensively monitored.

The koala genome offers insights into historic and contemporary 
population dynamics, providing evolutionary and genetic context 
for a species that is the focus of considerable management actions 
and resources. By providing a deeper understanding of disease 
dynamics and population genetic processes, including the main-
tenance and monitoring of gene flow, this genomic information 
will enable the development of strategies necessary to preserve the 
species, from the preservation of habitat corridors through to the 
genetic rescue of isolated populations. As members of government 
advisory committees, some of the authors have initiated inclusion 
of genomic information into the New South Wales Koala Strategy. 
This will be used to inform koala management in the state with the 
goal of securing koalas in the wild for the future.

Discussion
The koala genome provides the highest quality marsupial genome 
to date. This assembly has enabled insights into the colonization 
of the koala genome by an exogenous retrovirus and revealed the 
architecture of the immune system, necessary to study and treat 
emerging diseases that threaten koala populations. A greater 
understanding of genetic diversity across the species will guide 
the selection of individuals from genetically healthy northern 
populations to augment genetically restricted populations in the 
south, bearing in mind that chlamydia has not been detected on 
some offshore islands, so risk assessment should be carried out 
before embarking on translocations. Sequencing the genome has 
advanced our understanding of the unique biology of the koala, 

including detoxification pathways and innovations in taste and 
smell to enable food choices in an obligate folivore. Long-term 
survival of the species depends on understanding the impacts of 
disease and management of genetic diversity, as well as the koala’s 
ability to source moisture and select suitable foraging trees. This is 
particularly important given the koala’s narrow food range, which 
makes it especially vulnerable to a changing climate. The genome 
provides a springboard for conservation of this biologically unique 
and iconic Australian species.

URLs. FALCON assembly algorithm, https://github.com/
PacificBiosciences/FALCON-integrate/; FALCON (v 0.3.0), 
http://falconframework.org/; RepeatMasker (v 4.0.3), http://www.
repeatmasker.org/; RepeatModeler, http://www.repeatmasker.org/
RepeatModeler/; RepBase (v 2015-08-07), http://www.girinst.
org/repbase/; MAKER, http://www.yandell-lab.org/software/
maker.html; Trinity (v 2.3.2), https://github.com/trinityrnaseq/
trinityrnaseq/; SNAP, http://archive.broadinstitute.org/mpg/snap/; 
GeneMark, http://opal.biology.gatech.edu/GeneMark/; Augustus, 
http://bioinf.uni-greifswald.de/augustus/; NCBI Blast (v 2.3.0), 
https://blast.ncbi.nlm.nih.gov/Blast.cgi; OrthoMCL (v 2.0.9), http://
orthomcl.org/orthomcl/; MAFFT (v 7.2.71), https://mafft.cbrc.jp/
alignment/software/; TreeBeST (v 1.9.2), http://treesoft.source-
forge.net/treebest.shtml; HyPhy, https://veg.github.io/hyphy-site/; 
Datamonkey, http://www.datamonkey.org/; STAR, http://star.mit.
edu/genetics/; featureCounts, http://bioinf.wehi.edu.au/feature-
Counts/; DESeq2, https://bioconductor.org/packages/release/bioc/
html/DESeq2.html; SARTools, https://github.com/PF2-pasteur-fr/
SARTools/; Dotter, https://sonnhammer.sbc.su.se/Dotter.html; 
GATK (v 3.3-0-g37228af), https://software.broadinstitute.org/
gatk/; KAT comp, https://github.com/TGAC/KAT/; BUSCO 
(v 2), http://busco.ezlab.org/; Trimmomatic (v 0.36 PE), http://
www.usadellab.org/cms/?page =  trimmomatic; Bowtie2 (v 2.2.4), 
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml; MACS2  
(v 2.0.10.20131216), https://github.com/taoliu/MACS/; R (v 3.2.5), 
https://www.r-project.org/; gplots (v 3.0.1), https://cran.r-project.
org/web/packages/gplots/index.html; bedtools (v 2.25.0), http://
bedtools.readthedocs.io/en/latest/; kSamples (v 1.2-4), https://
cran.r-project.org/web/packages/kSamples/index.html; ggbiplot  
(v 0.55), https://github.com/vqv/ggbiplot/; Tandem Repeats Finder, 
https://tandem.bu.edu/trf/trf.html; seqLogo, https://bioconductor.
org/packages/release/bioc/html/seqLogo.html; RNAfold, http://rna.
tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi; UniProt/Swiss-
Prot, http://www.uniprot.org/; dammit!, https://dammit.readthed-
ocs.io/en/refactor-1.0/; Transfuse, https://github.com/cboursnell/
transfuse/; GMAP, http://research-pub.gene.com/gmap/; Trim 
Galore!, https://www.bioinformatics.babraham.ac.uk/projects/
trim_galore/; Kallisto, https://pachterlab.github.io/kallisto/; Sleuth, 
https://pachterlab.github.io/sleuth_walkthroughs/trapnell/analy-
sis.html; All-vsl-all BLASTP (version 2.2.30+  ), https://blast.ncbi.
nlm.nih.gov/Blast.cgi; MUSCLE (v 3.8.31), https://www.drive5.
com/muscle/; HMMER suit (v 3.1b1 May 2013), http://hmmer.org/; 
FASTASEARCH (v 36.8.8), https://www.ebi.ac.uk/Tools/sss/fasta/; 
Integrative Genomics Viewer (IGV) (v 2.3.97), https://github.com/
ssadedin/IGV-CRAM/; MEGA (v 7.0.18), https://www.megasoft-
ware.net/; RAxML (v 8.2.11), https://sco.h-its.org/exelixis/web/soft-
ware/raxml/index.html; Burrows-Wheeler aligner (v 0.7.15), http://
bio-bwa.sourceforge.net/; Samtools (v 1.3), http://www.htslib.org/;  
Geneious (v 10.2.3), https://www.geneious.com/; Coancestry, 
https://www.zsl.org/science/software/coancestry/; PLINK (v 1.07), 
http://zzz.bwh.harvard.edu/plink/.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41588-018-0153-5.
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Methods
General methods. A full description of the Methods can be found in the 
Supplementary Note. No statistical methods were used to predetermine  
sample size.

Genome sequencing and assembly of the koala reference genome. Sequencing. 
Samples were obtained as part of veterinary care at the Port Macquarie Koala 
Hospital and Australia Zoo Wildlife Hospital, and from the Australian Museum 
Tissue Collection. Sample collection was performed in accordance with methods 
approved by the Australian Museum Animal Ethics Committee (permit numbers 
11–03 and 15–05). “Paci!c Chocolate” (Australian Museum registration M.45022), 
a female from Port Macquarie in northeast New South Wales, was sampled 
immediately a"er euthanasia by veterinary sta# at the Port Macquarie Koala 
Hospital (27 June 2012), following unsuccessful treatment of severe chlamydiosis. 
Two koalas from southeast Queensland—a female, “Bilbo” (Australian Museum 
registration M.47724), from Upper Brook!eld, and a male, “Birke”, from Birkdale—
were sampled following euthanasia due to severe chlamydiosis (20 August 
2015) and severe injuries (26 August 2012), respectively. High molecular weight 
(HMW) DNA was extracted from heart tissue for Paci!c Chocolate and kidney 
tissue for Birke using the DNeasy Blood and Tissue kit (Qiagen), with RNaseA 
(Qiagen) treatment. HMW DNA from Bilbo was extracted for PacBio sequencing 
from spleen tissue using Genomic-Tip 100/G columns (Qiagen), DNA Bu#er 
set (Qiagen) and RNaseA (Qiagen) treatment. Fi"een SMRTbell libraries were 
prepared (RCG) as per the PacBio 20-kb template preparation protocol, with an 
additional damage repair step performed a"er size selection. A minimum size 
cuto# of 15 or 20 kb was used in the size selection stage using the Sage Science 
BluePippin system. $e libraries were sequenced on the Paci!c Biosciences RS II 
platform (Paci!c Biosciences) employing P6 C4 chemistry with either 240 min 
or 360 min movie lengths. A total of 272 SMRT Cells were sequenced to give an 
estimated overall coverage of 57.3 ×  based on a genome size of 3.5 Gbp. A TruSeq 
DNA PCR free library was constructed with a mean library insert size of 450 bp. 
400,473,997 paired-end reads were generated yielding a minimum coverage 
of 34 ×  . HMW gDNA was sequenced on an Illumina 150bpPE HiSeq X Ten 
sequencing run (Illumina)

Assembly. An overlapping layout consensus assembly algorithm, FALCON (v 0.3.0)  
(see URLs), was used to generate the draft genome using PacBio reads. Total 
genome coverage before assembly was estimated by total bases from reads divided 
by 3.5 Gbp genome size. The estimated total coverage is 57.3 ×  . FALCON leverages 
error-corrected long seed reads to generate an overlapping layout consensus 
representation of the genome. Approximately 23 ×  of long reads are required by 
FALCON as seed reads, and the rest are used for error correction. The seed read 
length of the reads at the 60% percentile was calculated as 10,889 bp. The FALCON 
assembly was run on Amazon Web Service Tokyo region using r3.8xlarge spot 
instances as compute node, with the number of instances varying from 12 to 20 
depending on availability.

After filtering low-quality and duplicate reads, approximately 57.3-fold long-
read coverage was used for assembly. The primary contigs from the FALCON  
v 0.3.0 assembly (representing homozygous regions of the genome) yielded genome 
version phaCin_unsw_v4.1. This comprised 3.19 Gb, including 1,906 contigs with 
an N50 of 11.6 Mb and sizes ranging up to 40.6 Mb. The heterozygous regions of 
the genome (representing the alternative contigs from the assembly) were a total of 
230 Mb, with an N50 of 48.8 Kb (Supplementary Table 2). Approximately 30-fold 
coverage of Illumina short reads was used to polish the assembly with Pilon86.

BUSCO analysis on the draft assembly was run against the mammalian 
ortholog database with the –long parameter on all genomes under comparison. 
This initial analysis showed the assembly only reached about 60% of genome 
completeness, suggesting a high number of indels in the draft genome. The genome 
polishing tool Pilon86 was employed to improve draft assembly from FALCON. 
About 30 ×  of 150 bp paired-end Illumina X Ten short reads from Bilbo was used as 
an input for this polishing process, which was run on a compute cluster provided 
by Intersect Australia Limited.

We implemented the method of Deakin et al.18 for super-scaffolding. Briefly, 
tables of homologous genes were generated using the physical order of genes on the 
chromosomes of gray short-tailed opossum and tammar wallaby as references and 
koala phaCin_unsw_v4.1 (Bilbo) as target (Supplementary Table 4).

Analysis of centromeric regions and repeat structure. Repeat content was  
called using RepeatMasker with combined RepBase libraries (v 2015-08-07)  
and RepeatModeller calls generated from the genome assemblies. The 
resulting calls were then filtered using custom Python scripts to remove short 
fragments (see “Code availability”) and combine tandem or overlapping 
repeat calls. To characterize the centromeric regions of the genome, chromatin 
immunoprecipitation (ChIP) was performed using the Invitrogen MAGnify 
Chromatin Immunoprecipitation System (Revision 6). Repeat content of the 
centromeric regions was determined using RepBase annotated marsupial repeats 
and output from RepeatModeller analysis of koala. RepeatMasker was used 
to locate repeats. Candidate centromeric segments were identified using two 
sliding window analyses, with window sizes of 200 kb and 20 kb and step sizes 

of 100 kb and 10 kb, respectively. Small tandem repeats were discovered in koala 
RSX sequence using the Tandem Repeat Finder program87, using + 2, –3, and 
–7 as scores for match, mismatch and gap opening, respectively. Alignments of 
consensus repeat units with the RSX sequence were processed to obtain nucleotide 
frequency at each position.

Genome annotation and gene family analysis. Annotations were generated using 
the automated genome annotation pipeline MAKER88,89]. We masked repeats in the 
assembly by providing MAKER with a koala-specific repeat library generated with 
RepeatModeler90, against which RepeatMasker (v 4.0.3)91 queried genomic contigs. 
Gene annotations were made using a protein database combining the UniProt/
Swiss-Prot92 protein database, all sequences for human (Homo sapiens), gray short-
tailed opossum (Monodelphis domestica), Tasmanian devil (Sarcophilus harrisii) 
and tammar wallaby (Notamacropus eugenii) from the NCBI protein database93, 
and a curated set of marsupial and monotreme immune genes94. We downloaded 
all published koala mRNAseq reads from SRA (PRJNA230900, PRJNA327021) 
and reassembled de novo male, female and mammary transcriptomes using the 
default parameters of Trinity v 2.3.295. Each assembly was filtered such that contigs 
accounting for 90% of mapped reads were passed to MAKER as homologous 
transcript evidence. Ab initio gene predictions were made using the programs 
SNAP96, Genemark97 and Augustus98. Three iterative runs of MAKER were used to 
produce the final gene set.

Gene families were called using NCBI Blast (2.3.0) OrthoMCL (2.0.9)99. The 
protein sequences of genes belonging to orthogroups identified by OrthoMCL were 
aligned using MAFFT (7.2.71)100 and the gene tree was inferred using TreeBeST 
(1.9.2)101 providing a species tree to guide the phylogenetic reconstruction. Custom 
scripts (see “Code availability”) were applied to identify families with expansion 
within the koala, Diprotodontia, Australidelphia and marsupial lineages.

Sequence evolution. Sequence evolution on specific gene families was conducted 
on the cytochrome P450 (CYP), vomeronasal receptor (V1R), olfactory receptor 
(OR), aquaporin and taste receptor genes (Supplementary Note). Genes involved 
in koala development and reproduction and lactation were also characterized 
(Supplementary Note). Koala MHC, TCR and IGG genes were annotated and 
analyzed for expression between diseased and healthy animals (Supplementary 
Note). Evidence of selection across CYP and V1R genes was evaluated 
(Supplementary Note) using multispecies alignments (N =  152 and 8 sequences, 
respectively) in HyPhy102, hosted by the Datamonkey webserver103.

RNA-seq analysis of koala conjunctival tissue samples. Conjunctival tissue 
samples were collected from 26 koalas euthanized due to injury or disease by 
veterinarians at Australia Zoo Wildlife Hospital, Currumbin Wildlife Hospital and 
Moggill Koala Hospital. The collection protocol was approved by the University of 
the Sunshine Coast Animal Ethics Committee (AN/S/15/36). Health assessments 
of the eye were performed by an experienced veterinarian and classified as either 
‘healthy’ (N =  13) or ‘diseased’ (N =  13) based on evidence of gross pathology 
consistent with ocular chlamydiosis55. Conjunctival tissue samples from each 
animal were placed directly in RNALater (Qiagen, Germany) buffer overnight at 
4 °C before storing at –80 °C for later use. RNA was extracted using an RNeasy 
Mini Kit (Qiagen, Germany) according to the manufacturer’s instructions, with 
an on-column DNase treatment to eliminate contaminating DNA from the 
sample. The concentration and quality of the isolated RNA was determined using 
a NanoDrop ND-1000 160 Spectrophotometer and Agilent BioAnalyzer (Agilent, 
USA). Library construction and sequencing were performed by the Ramaciotti 
Centre (UNSW, Kensington, NSW) with TruSeq stranded mRNA chemistry on 
a NextSeq500 (Illumina, USA). Reads were mapped to the phCin_unsw_v4.1 
assembly using the default parameters of STAR104 and counts summed over features 
using featureCounts105. Differentially expressed genes were called using DESeq2106 
as implemented in the SARTools package107.

Koala retrovirus (KoRV). We searched for KoRV sequences within the scaffolds 
of the phaCin_unsw v4.1 assembly of the Bilbo genome sequence, and also within 
alternative contig sequences before their correction by Pilon (since we noticed 
that in a few cases KoRV sequences were removed in the course of the sequence 
polishing process). KoRV sequences were found by using the program blastn108 
to search with KoRV genome reference sequences (GenBank AF151794 and 
AB721500). Search results were converted to BED format and the KoRV and 
recKoRV components of each read were merged with the program mergeBed. 
KoRV insertions within genes were identified using the program intersectBed109. 
Pre-integration allelic sequences were found by using blastn108 to search the 
phaCin_unsw v4.1 genome sequence assembly with sequences flanking KoRV/
recKoRV integrations as queries. In two cases the expected allelic sequence was not 
present in the Bilbo genome, but was found by searching the genome of another 
koala (Pacific Chocolate). To check the expected relationship between pairs of 
allelic sequences, we inspected dot plot alignments of representative sequences (not 
shown) created with the program dotter110.

Koala population genomics: historical population size. Demographic history 
was inferred from the diploid sequence of each of the three koalas, using a 
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pairwise sequential Markovian coalescent (PSMC) method65. We conducted a 
range of preliminary analyses and found that PSMC plots were not sensitive to 
the values chosen for the maximum number of iterations (N), the number of 
free atomic time intervals (p), the maximum time to the most recent common 
ancestor (t), and the initial value of ρ. Based on these investigations, our final 
PSMC analyses of the three genome sequences used values of N =  25, t =  5, ρ =  1 
and p =  4 +  25 ×  2 +  4 +  6. The number of atomic time intervals is similar to that 
recommended for analyses of modern human genomes65, which are similar in 
size to the koala genomes. We determined the variance in estimates of Ne using 
100 bootstrap replicates. Replicate analyses in which we varied the values of p, t 
and ρ produced PSMC plots that were broadly similar to those using our chosen 
‘optimal’ settings (Supplementary Fig. 10).

The plots of demographic history were scaled using a generation length of  
7 years, corresponding to the midpoint of the range of 6 to 8 years estimated for the 
koala111 and the midpoints of the estimates of the human mutation rate (1.45 ×  10−8 
mutations per site per generation; summarized by ref. 112) and mouse mutation rate 
(5.4 ×  10−9 mutations per site per generation113) were applied in the absence of a 
mutation rate estimate for koala (Supplementary Fig. 10). The koala mutation rate 
is likely to be closer to that of humans, based on greater similarity in genome size, 
life history, and effective population size, relative to mouse112.

Koala population genomics: contemporary population analysis. Forty-nine 
koalas were sampled throughout the distribution using a hierarchical approach 
to allow examination of genetic relationships at a range of scales, from familial 
to range-wide. All individuals were sequenced using a target capture approach 
described in ref. 114, with a kit targeting 2,167 marsupial exon sequences. Illumina 
sequence reads were quality-filtered and trimmed (see ref. 114 for details) and 
mapped to the koala genome (Bowtie2, v2.2.4115). A panel of 4,257 SNP sites was 
identified (using GATK version 3.3-0-g37228af116) that showed expected levels of 
relatedness and differentiation among the sampled individuals. A panel of 1,200 
SNPs (obtained by mapping to targets, filtering, and selecting one SNP per target) 
showed fine-scale regional differentiation consistent with evolutionary history and 
recent population management (Fig. 3).

Statistics and reproducibility. In Fig. 1e, points shown indicate the mean 
empirical Bayes factor (EBF) for sites under selection; error bars, 95% confidence 
interval. In Fig. 1f–h, 95% confidence intervals are calculated as 1.96 ×  s.e.m. 
(sample size is sequence depth, as indicated by red bars in Fig. 1c).

In Fig. 3c, center lines indicate median and box limits indicate upper 
and lower quartiles. Upper whisker =  min(max(x), Q_3 +  1.5 ×  IQR), lower 
whisker =  max(min(x), Q_1 – 1.5 ×  IQR); i.e., upper whisker =  upper 
quartile +  1.5 ×  box length, lower whisker =  lower quartile – 1.5 ×  box length. 
Circles indicate outliers. Linear modeling indicated that mean F differed 
significantly between several regions (Midcoast New South Wales–Southern 
Australia, P =  0.000524; Queensland–Southern New South Wales, P =  0.00237; 
Queensland–Southern Australia, P =  0.00000107; Southeast Queensland–Southern 
Australia, P =  0.006596).

Reporting Summary. Further information on experimental design is available in 
the Nature Research Reporting Summary linked to this article.

Code availability. (1) Custom scripts to identify gene families with expansion 
within the koala, Diprotodontia, Australidelphia and marsupial lineages; (2) 
custom scripts to identify refined repeat calls; and (3) code used to generate SNP 
genotypes from exon capture data are available at https://github.com/DrRebeccaJ/
KoalaGenome.

Data availability. The Phascolarctos cinereus BioSamples are as follows: 
Bilbo 61053, SAMN06198159; Pacific Chocolate, SAMEA91939168; Birke. 
SAMEA103910665. Koala Genome Consortium Projects for the Koala Whole 
Genome Shotgun project and genome assembly are registered under the umbrella 
BioProject PRJEB19389 (union of PRJEB5196 and PRJNA359763).

Transcriptome data are submitted under PRJNA230900 (adrenal, brain, heart, 
lung, kidney, uterus, liver and spleen) and PRJNA327021 (milk and mammary 
gland). Illumina short-read data for Birke is submitted under PRJEB19982.

The Bilbo 61053 assembly described in this paper is version MSTS01000000 
and consists of sequences MSTS01000001–MSTS01001906. For the Bilbo assembly 
Illumina X Ten reads are submitted under PRJEB19457 and PacBio reads under 
PRJEB19889.

ChIP-seq data have been deposited under BioProject PRJNA415832 and  
GEO GSE111153.
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A2.3 SUPPLEMENTARY 
Supplementary information for “Adaptation and conservation insights from the koala 

genome” including supplementary figures, text, large data tables and other files are 

available at: https://www.nature.com/articles/s41588-018-0153-5#Sec31   
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APPENDIX 3: MHC GENES AND MATE CHOICE 
 

A3.1 BACKGROUND 
The following book chapter describes the importance of major histocompatibility 

complex (MHC) gene diversity and explains the hypothesised mechanisms by which 

these genes act to influence mate choice in vertebrates: 

 

Brandies, PA, Grueber, CE, Hogg, CJ & Belov, K 2019, 'MHC Genes and Mate 

Choice', in Choe, J (ed.), Encyclopedia of Animal Behaviour, 2 edn, Elsevier, 

Massachusetts, USA. 

 

I was invited to write this book chapter during my PhD following publication of my B.S. 

(Adv) Honours work which examined MHC-based mate choice in a captive koala 

population. Catherine E. Grueber, Carolyn J. Hogg and Katherine Belov assisted with 

drafting the chapter. 

 

A3.2 BOOK CHAPTER 
Due to copyright restrictions only the first page of the book chapter is presented below. 

A copy of the complete book chapter is available from authors upon request.  
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MHC Genes and Mate Choice
Parice A Brandies, University of Sydney, Sydney, NSW, Australia
Catherine E Grueber, University of Sydney, Sydney, NSW, Australia; and San Diego Zoo Global, San Diego, CA, United States
Carolyn J Hogg and Katherine Belov, University of Sydney, Sydney, NSW, Australia

© 2019 Elsevier Ltd. All rights reserved.

Abstract

Genetic mate choice evolves to minimize inbreeding and/or maximize offspring genetic quality. Genes of the major histo-
compatibility complex (MHC) have been found to influence mate choice decisions in a wide variety of organisms
presumably due to their role in adaptive immunity. This article explores the biological mechanisms of MHC-based mate
choice and discusses three major MHC-based hypotheses including A) quantity of alleles, B) genetic compatibility and C)
advantage of particular alleles. The context-dependent nature of these hypotheses is examined using examples from the
literature.

Keywords

Adaptive immunity; Genetic compatibility; Genetic diversity; Heterozygosity; Inbreeding avoidance; Kin recognition; Major
histocompatibility complex (MHC); MHC alleles; MHC recognition; Olfactory cues; Sexual selection

The Genetic Basis of Mate Choice

Mate choice mechanisms evolve when the choosier sex experiences fitness advantages by selecting mates based on particular traits.
These traits may be direct benefits such as parental care, protection from a predator and access to resources, or indirect benefits that
improve reproductive success or offspring quality. Consequently, mate choice exists across a vast range of organisms and has impli-
cations for our understanding of the evolution, biology and conservation of species.

Mate choice can be measured empirically, but the mechanisms underlying mate choice are not always well understood. Progress
in molecular genetics technology has allowed the study of mate choice to shift its focus from behavioral observations to under-
standing mating preferences at the molecular level. Mate choice based on genetic factors can evolve as a mechanism of inbreeding
avoidance and/or to maximize offspring genetic quality. Matings between relatives can reduce individual fitness due to increased
offspring homozygosity, resulting in exposure of deleterious recessive alleles and inbreeding depression. Selecting distantly-
related mates increases heterozygosity of offspring and avoids inbreeding depression. However, in order for this type of mate choice
to emerge, potential mating partners must be able to discriminate kin from non-kin. One molecular mechanism of kin recognition
is thought to be mediated by the major histocompatibility complex (MHC).

Major Histocompatibility Complex

The major histocompatibility complex, MHC, plays a vital role in the adaptive immune response across a number of vertebrate taxa
including fish, reptiles, birds, mammals and humans. Each MHC allele encodes a molecule that recognizes and binds particular self
or non-self-peptides. The MHC thereby allows the immune system to distinguish local and foreign antigens and to initiate an
immune response against invading microbes (Balakrishnan and Adams, 1995). Within the MHC gene family there are two main
classes of molecules: MHC class I and MHC class II. Class I molecules present virus-derived peptides to CD8þ T-lymphocytes, which
kill virus-infected cells. Class II molecules present peptides from extracellular bacteria and larger parasites to CD4þ T-lymphocytes,
which stimulate B cells and the production of antibodies.

The Importance of MHC Diversity

As MHC expression is co-dominant, both maternal and paternal alleles are expressed. Often, only one or few MHC alleles provide
resistance to a particular pathogen (Suri et al., 2003), so having greater heterozygosity at MHC loci increases an individual’s ability to
respond to a larger range of pathogens. For example, Penn et al. (2002) found that heterozygous mice (Mus domesticus) are more
resistant to multiple-strain Salmonella infections than homozygous mice. In line with the expectation that a broad repertoire of
MHC alleles should improve individual immunity, the genomic region that contains MHC-coding genes shows evidence of
complex evolution in many species, including gene duplication and gene conversion. The result is a highly polygenic, polymorphic
MHC. A side-effect of immune-driven diversity of MHC genes, and the genes’ ability to distinguish self from non-self, is a potential
mechanism by which prospective mates can be discriminated.

Encyclopedia of Animal Behavior, 2nd edition, Volume 2 https://doi.org/10.1016/B978-0-12-809633-8.90061-X 331

Encyclopedia of Animal Behavior, Second Edition, 2019, 331–336

Author's personal copy
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APPENDIX 4: EXEMPLARS OF DOCUMENTATION FOR 
BIOINFORMATIC PIPELINES 

 

A4.1 BACKGROUND 
Throughout my PhD I collaborated with the Australian BioCommons to create 

accessible documentation that could assist with the development, deployment and/or 

optimisation of key community-endorsed bioinformatics tools and workflows in 

Australia. In this appendix I provide examples of this documentation for one genome 

assembly workflow and one genome annotation workflow that I tested and optimised 

in collaboration with the Australian BioCommons and Pawsey Supercomputing 

Centre. These workflows were employed in Chapters 4 and 5 of this thesis. The 

documentation has been made available to researchers through the Australian 

BioCommons Github: https://github.com/AustralianBioCommons  

 

A4.2 ASSEMBLING PACBIO HIFI DATA WITH IPA AND 
PURGE_DUPS 
The following documentation provides a quick start tutorial and computational 

guidelines for researchers wanting to employ the improved phased assembler (IPA) 

and purge_dups tools to assemble a genome with PacBio HiFi reads.   
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conda install pbipa=1.1.2

curl -O https://repo.anaconda.com/miniconda/Miniconda3-
latest-Linux-x86_64.sh

sh Miniconda3-latest-Linux-x86_64.sh

conda create -n ipa
conda activate ipa

conda config --add channels defaults && conda config --
add channels bioconda && conda config --add channels conda-forge

conda install pbipa
ipa validate

conda install
samtools=1.9 --force-reinstall

conda install minimap2

wget https://github.com/dfguan/purge_dups/archive/master.zip 
unzip master.zip 
cd purge_dups-master/src && make 
export PATH=$PATH:/path/to/purge_dups-master/bin/ 
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nohup
screen

mkdir species_ipa_out

mkdir species_ipa_temp

nohup ipa local --nthreads 16 --njobs 4 --run-dir 
/path/to/species_ipa_out/ --tmp-dir /path/to/species_ipa_temp/ -i 
/path/to/input.ccs.bam > species_ipa.log 2>&1& 

--resume

nohup samtools bam2fq -0 multiple_movies.ccs.fastq.gz -T np,rq -@ 64 
multiple_movies.ccs.bam > bam2fq.out 2>&1& 

nohup minimap2 -t 64 -xmap-pb -I 6G final.p_ctg.fasta 
multiple_movies.ccs.fastq.gz | gzip -c - > multiple_movies.ccs.paf.gz 
2> align.log & 

pbcstat multiple_movies.ccs.paf.gz > pbcstat.log 2>&1 
calcuts PB.stat > cutoffs 2> calcults.log 

split_fa final.p_ctg.fasta > final.p_ctg.fasta.split 2> split.log 
nohup minimap2 -t 64 -xasm5 -DP final.p_ctg.fasta.split 
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final.p_ctg.fasta.split | gzip -c - > 
final.p_ctg.fasta.split.self.paf.gz 2> selfalign.log & 

nohup purge_dups -2 -T cutoffs -c PB.base.cov
final.p_ctg.fasta.split.self.paf.gz > dups.bed 2> purge_dups.log &

nohup get_seqs dups.bed final.p_ctg.fasta > get_seqs.log
2>&1&

cat final.a_ctg.fasta
hap.fa > alternate.fa

conda install samtools=1.9 --force-reinstall
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A4.3 GENOME ANNOTATION WITH FGENESH++ 
The following documentation provides a quick start tutorial and computational 

guidelines for researchers wanting to employ the Fgenesh++ workflow for genome 

annotation.  
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/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-linux/FGENESHPIPE/

makeblastdb -in custom_proteins -dbtype prot -
max_file_sz 2GB

/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/FGENESHPIPE/scripts/make_nr_indexed.pl -f custom_proteins -i custom_proteins.ind

species.cdna
species.pro
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species.dat

species.dat species.cdna
species.pro

species.dat

'*' species.pro

species.dat
species.cdna >seq_id

<chromosome> <ATG_coord> <STOP_coord> ## <mRNA comments> ## <mRNA_length>
>TRINITY_DN100007_c0_g1_i1 na 275 574 ## mRNA assembled by Trinity ## 1202

/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-linux/SCRIPTS/check_cdna_dat_pro_files.pl species.cdna
species.dat species.pro

#Make output directory 
mkdir outputdir 
 
#Split reference multifasta into single fasta files and create list of output files 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-linux/SCRIPTS/split_multi_fasta.pl ref.fasta -
name seq_id -dir /full/path/to/outputdir -mklist scaffolds.list 
 
#Split masked reference multifasta into single fasta files and create list of output 
files 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-linux/SCRIPTS/split_multi_fasta.pl 
ref.fasta.masked -name seq_id -dir /full/path/to/outputdir -mklist 
masked_scaffolds.list -ext fasta.masked 
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#Split list of scaffolds into N sublists (where N = the number of total sequences) 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/scripts_split_seq_list/split_list_N.pl scaffolds.list -n N 
 
#Split list of masked scaffolds into N sublists (where N = the number of total 
sequences) 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/scripts_split_seq_list/split_list_N.pl masked_scaffolds.list -n N 

#Create a file of scaffold lengths in decending order and sort the list of scaffolds 
into this order 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/scripts_split_seq_list/make_sorted_seq_list.pl scaffolds.list 
scaffolds.list.sorted scaffolds_len.txt.sorted 
 
#Create a file of masked scaffold lengths in decending order and sort the list of 
masked scaffolds into this order 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/scripts_split_seq_list/make_sorted_seq_list.pl masked_scaffolds.list 
masked_scaffolds.list.sorted masked_scaffolds_len.txt.sorted 
 
#Split the scaffold list into N sublists (where N = the number of cores on the 
machine) so that each list contains roughly the same total sequence lengths 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/scripts_split_seq_list/split_list_N_size.pl scaffolds_len.txt.sorted -n 
N -name scaffolds.list 
 
#Split the masked scaffold list into N sublists (where N = the number of cores on the 
machine) so that each list contains roughly the same total sequence lengths 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/scripts_split_seq_list/split_list_N_size.pl 
masked_scaffolds_len.txt.sorted -n N -name masked_scaffolds.list 

#Note: These commands get the first 500 longest scaffolds, then the next 7500 
intermediate scaffolds and then the remaining small scaffolds. You can change these 
values to whatever you like as long as the number of scaffolds remains in the 
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recommended range of long: 100-1000, intermediate:5000-10000, short:remaining. 
 
#Divide all scaffolds into long, intermediate and short sequence lists 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/scripts_split_seq_list/make_sorted_seq_list.pl scaffolds.list 
scaffolds.list.sorted scaffolds_len.txt.sorted 
head -n 500 scaffolds.list.sorted > sequence_lists/long_scaffolds.list 
tail -n +501 scaffolds.list.sorted | head -n 7500 > 
sequence_lists/intermediate_scaffolds.list 
tail -n +8001 scaffolds.list.sorted > sequence_lists/short_scaffolds.list 
 
#Divide all masked scaffolds into long, intermediate and short sequence lists 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/scripts_split_seq_list/make_sorted_seq_list.pl masked_scaffolds.list 
masked_scaffolds.list.sorted masked_scaffolds_len.txt.sorted 
head -n 500 masked_scaffolds.list.sorted > sequence_lists/masked_long_scaffolds.list  
tail -n +501 masked_scaffolds.list.sorted | head -n 7500 > 
sequence_lists/masked_intermediate_scaffolds.list 
tail -n +8001 masked_scaffolds.list.sorted > 
sequence_lists/masked_short_scaffolds.list 
 
#Move into the sequence lists directory
cd sequence_lists/ 
 
#Create a file of long scaffold lengths in decending order 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/scripts_split_seq_list/make_sorted_seq_list.pl long_scaffolds.list 
long_scaffolds.list.sorted long_scaffolds_len.txt.sorted 
 
#Split the long scaffold list into N sublists (where N = the number of cores on the 
machine) so that each list contains roughly the same total sequence lengths 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/scripts_split_seq_list/split_list_N_size.pl 
long_scaffolds_len.txt.sorted -n N -name long_scaffolds.list 
 
#Create a file of intermediate scaffold lengths in decending order 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/scripts_split_seq_list/make_sorted_seq_list.pl 
intermediate_scaffolds.list intermediate_scaffolds.list.sorted 
intermediate_scaffolds_len.txt.sorted 
 
#Split the intermediate scaffold list into N sublists (where N = the number of cores 
on the machine) so that each list contains roughly the same total sequence lengths 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/scripts_split_seq_list/split_list_N_size.pl 
intermediate_scaffolds_len.txt.sorted -n N -name intermediate_scaffolds.list 
 
#Create a file of short scaffold lengths in decending order 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/scripts_split_seq_list/make_sorted_seq_list.pl short_scaffolds.list 
short_scaffolds.list.sorted short_scaffolds_len.txt.sorted 
 
#Split the short scaffold list into N sublists (where N = the number of cores on the 
machine) so that each list contains roughly the same total sequence lengths 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/scripts_split_seq_list/split_list_N_size.pl 
short_scaffolds_len.txt.sorted -n N -name short_scaffolds.list 
 
#Create a file of long masked scaffold lengths in decending order 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/scripts_split_seq_list/make_sorted_seq_list.pl 



 292 

  

fgenesh.md 5/5/2021

5 / 9

masked_long_scaffolds.list masked_long_scaffolds.list.sorted 
masked_long_scaffolds_len.txt.sorted 
 
#Split the long masked scaffold list into N sublists (where N = the number of cores on 
the machine) so that each list contains roughly the same total sequence lengths 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/scripts_split_seq_list/split_list_N_size.pl 
masked_long_scaffolds_len.txt.sorted -n N -name masked_long_scaffolds.list 
 
#Create a file of intermediate masked scaffold lengths in decending order 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/scripts_split_seq_list/make_sorted_seq_list.pl 
masked_intermediate_scaffolds.list masked_intermediate_scaffolds.list.sorted 
masked_intermediate_scaffolds_len.txt.sorted 
 
#Split the intermediate masked scaffold list into N sublists (where N = the number of 
cores on the machine) so that each list contains roughly the same total sequence 
lengths 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/scripts_split_seq_list/split_list_N_size.pl 
masked_intermediate_scaffolds_len.txt.sorted -n N -name 
masked_intermediate_scaffolds.list 
 
#Create a file of short masked scaffold lengths in decending order 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/scripts_split_seq_list/make_sorted_seq_list.pl 
masked_short_scaffolds.list masked_short_scaffolds.list.sorted 
masked_short_scaffolds_len.txt.sorted 
 
#Split the short masked scaffold list into N sublists (where N = the number of cores 
on the machine) so that each list contains roughly the same total sequence lengths 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/scripts_split_seq_list/split_list_N_size.pl 
masked_short_scaffolds_len.txt.sorted -n N -name masked_short_scaffolds.list 

#
# Location of data and options for eukaryotic genome annotation
# 
 
# Organism-specific and pipeline parameters 
 
GENE_PARAM = /home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/FGENESHPIPE/EXE_CFG/species.mpar.dat  # gene prediction parameters - replace 
species with the required closely-related species 
PIPE_PARAM = /home/ubuntu/FGENESHPIPE_7.2.2-x86_64-linux/FGENESHPIPE/mammals.par  # 
location of parameters files - select either mammals or non_mamm depending on your 
study species 
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# Predict genes with GC donor splice sites or not 
 
PREDICT_GC = 1 
 
# Mapping known mRNAs 
 
MAP_mRNAs  = 1                          # map known mRNA sequences to genome sequences 
CDNA_FILE  = /path/to/species.cdna      # *.cdna file for known mRNAs 
PROT_FILE  = /path/to/species.pro       # *.pro  file for known mRNAs 
DAT_FILE   = /path/to/species.dat       # *.dat  file for known mRNAs 
 
# Mapping ESTs 
 
MAP_ESTS  = 0                           # map ESTs to genomic sequences 
EST_FILE  = /path/to/rna_matches.fa     # file with ESTs 
 
# Using reads 
 
USE_READS = 0                         # use reads info to improve gene models 
DIR_SITES = /path/to/reads_sites/     # directory with reads *.sites files 
 
# Using known proteins for prediction
# (predict genes based on homology to known proteins) 
 
USE_PROTEINS      = 1                           # 0 - no, 1 -yes 
PROG_PROT         = 1                           # 1 - use prot_map, 2 - use blast 
 
NUM_THREADS       = 1                           # number of processors for 'prot_map' 
or 'blast' 
 
PROTEIN_DB        = /home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/FGENESHPIPE/nr_animals_par          # protein DB - select either nr_animals_par 
or nr_plants (or custom protein database) depending on your study species 
PROTEIN_DB_INDEX  = /home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/FGENESHPIPE/nr_animals_par.ind      # protein DB index file 
PROTEIN_DB_TAG    = NR                          # short name for protein DB 
 
BLAST_AI_PROTEINS = 1         # find homologs for ab initio predicted genes (0 - no, 1 
- yes) 
 
# Location of BLAST+ or BLAST programs 
 
# BLAST+ 
 
BLASTP  = /usr/bin/blastp     # blastp (protein vs. protein DB) 
BLAST2  = /usr/bin/blastp     # blast 2 proteins 
 
# BLAST
#
# BLASTP  = /home/blast-2.2.26/bin/blastall     # blastp (protein vs. protein DB)
# BLAST2  = /home/blast-2.2.26/bin/bl2seq       # blast 2 proteins 
 
# Predicting genes in long introns of other genes 
 
INTRONIC_GENES = 0                              # predict genes in long introns of 
other genes
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#Make results directory 
mkdir results 
 
#Ensure run_pipe.pl is in your current path 
run_pipe.pl 
 
#Generate list of commands to run in parallel
cd sequence_lists 
for i in scaffolds_[0-9]*.list; do echo "run_pipe.pl /path/to/species.cfg -l 
/path/to/sequence_lists/${i} -m /path/to/sequence_lists/masked_${i} -d 
/path/to/results" >> commmands.txt; done 
 
#Run commands
cd ../ 
nohup parallel < commmands.txt 2>&1& 

ls -1 results > files.list 
 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-linux/SCRIPTS/merge_res_files.pl -l files.list -
dir results -sort_by_number -o species_fgenesh.resn3 

#GFF3 conversion 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/Fgenesh_2_gff3.v1.20/run_fgenesh_2_gff3_multi.pl species_fgenesh.resn3 
species_fgenesh.gff3 -sort -print_exons 
 
#GenBank conversion 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/Fgenesh_2_GenBank/fgenesh_2_genbank.pl -tata -polya -div:VRT -
org_code:GS -method:FGENESH++ header species_fgenesh.resn3 ref.fasta 
species_fgenesh.gb 

/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-linux/SCRIPTS/Fgenesh_2_GenBank/
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-

linux/SCRIPTS/Fgenesh_2_GenBank/fgenesh_2_genbank.pl
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/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/get_mRNAs_proteins/get_mrnas_or_GC.pl species_fgenesh.resn3 
ref.sorted.fasta species_fgenesh_mrna.fa -fix_id seq_name 
 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/get_mRNAs_proteins/get_mrnas_or_GC.pl species_fgenesh.resn3 
ref.sorted.fasta species_fgenesh_cds.fa -fix_id seq_name -CDS 
 
/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-linux/SCRIPTS/get_mRNAs_proteins/get_proteins.pl 
species_fgenesh.resn3 species_fgenesh_proteins.fa -fix_id seq_name 

merge_res_files.pl

/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/SCRIPTS/get_mRNAs_proteins/README.txt

/home/ubuntu/FGENESHPIPE_7.2.2-
x86_64-linux/SCRIPTS

/home/ubuntu/FGENESHPIPE_7.2.2-x86_64-
linux/FGENESHPIPE/DOC/FGENESHPIPE_README_and_OUTPUT.txt
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