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Abstract 

 

Earth’s sixth mass exIncIon event threatens over one million species. Small populaIons are 

most at risk of exIncIon due to genomic erosion and decreased adapIve potenIal. 

ConservaIon geneIc management of threatened populaIons is pivotal to species recovery, 

yet implementaIon of geneIc data into recovery programs lags behind ecological and 

biological disciplines, making geneIc iniIaIves more crucial than ever. Technological 

advancements and reducIons in sequencing costs have increased our ability to geneIcally 

monitor and manage wildlife, resulIng in what has been termed the “genomics era” of 

conservaIon geneIcs. ConsorIa such as the Earth BioGenome Project and the Genome 10K 

project are generaIng reference genomes for a diverse array of non-model organisms 

however, there remains an implementaIon gap between the generaIon of genomic data and 

resources, and their downstream applicaIons into conservaIon management applicaIons. 

Much of this space is the result of an inability to transform and translate geneIc and genomic 

data into management informaIon and tools that can be applied by recovery programs. 

 

Here, I generate and uIlise a high-quality reference genome. In combinaIon with a variety of 

bioinformaIc and sequencing approaches, I use the genome to produce a suite of 

downstream genomic resources that can be applied by threatened species recovery programs. 

I used the criIcally endangered and disease suscepIble Bellinger River turtle (Myuchelys 

georgesi) as my case study species. My thesis aims to (i) generate a high-quality reference 

genome for a criIcally endangered species, (ii) use the reference genome in combinaIon with 

exisIng geneIc datasets to answer important conservaIon quesIons relaIng to geneIc 

diversity and relatedness in capIve and wild populaIons, (iii) develop an eDNA assay for 

species detecIon using a bioinformaIc approach, and (iv) undertake high-resoluIon immune 

gene invesIgaIons to be@er understand adapIve potenIal in a disease suscepIble species.  

 

In Chapter 2, I generated the first chromosome-level reference genome for a Gondwanan 

turtle species. I aligned previously generated reduced-representaIon data to the developed 

reference genome to examine temporal changes in geneIc diversity. As geneIc diversity is 



14 

 

essenIal for species survival, I examined both historical and current geneIc diversity and 

assessed relatedness among capIve founders using four temporal and spaIal groups: pre-

disease outbreak, post-disease outbreak and two capIve populaIons. I found that geneIc 

diversity has decreased in the wild since disease outbreak. I also detected significantly higher 

levels of relatedness within compared to between capIve populaIons, providing 

opportuniIes to mate with unrelated individuals, miIgaIng future inbreeding. I developed a 

framework, modelled on the six stages proposed by Frankham and colleagues, to help 

managers incorporate geneIc data into acIonable conservaIon strategies for any species. 

This framework, using M. georgesi as a case study, aimed to assist managers in effecIvely 

integraIng geneIc approaches into conservaIon breeding programs. 

 

In Chapter 3, I designed the first eDNA markers for the non-invasive detecIon of M. georgesi 

to assist managers with detecIon of the evasive species in areas with restricted accessibility 

or in areas beyond the species current know distribuIon. I present a pracIcal workflow for 

the development of eDNA markers using a novel, reference genome-derived approach 

involving bioinformaIc assembly of a complete mitochondrial genome (mitogenome). I 

validated the in silico approach by comparing a bioinformaIcally assembled mitochondrial 

genome (mitogenome) with a Sanger sequenced mitogenome and found zero base pair 

mismatches. Using the bioinformaIcally extracted mitogenome, I designed two primers 

targeIng a fragment of the cytochrome oxidase 1 (CO1) gene and cytochrome B (CytB) gene, 

which were successfully validated in silico, in vitro, and in situ. This work employed a 

bioinformaIc approach for eDNA marker design for incorporaIon into M. georgesi 

management, offering detailed methodologies and a visual workflow applicable to other 

species with available genomic data. 

 

In Chapter 4, I extended beyond putaIvely neutral geneIc diversity invesIgaIons undertaken 

in Chapter 2 and employ a targeted gene approach. Given the high suscepIbility of M. 

georgesi to disease, I invesIgated funcIonal gene diversity, specifically, immune genes in the 

major histocompaIbility complex gene family. Using the reference genome, I undertook the 

first manual immune gene annotaIon in a testudines species and idenIfied five MHC class I 

and ten MHC class II. I characterised genome-wide and MHC diversity from pre and post-
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disease using 37 re-sequenced genomes and found low levels of genome-wide diversity and 

no significant shig in MHC diversity over Ime. As M. georgesi and Emydura Macquarii hybrids 

are known to be less suscepIble to virus outbreaks, I also undertook a comparaIve analysis 

of MHC diversity between pure and backcross animals and found significantly higher variant 

numbers within MHC genes of backcross animals relaIve to pure animals. These results 

highlight the importance of maintaining diversity at MHC genes and the potenIal role of 

hybridisaIon in increasing adapIve potenIal in disease suscepIble species. 

 

Bridging the gap between geneIcists and conservaIon acIon is crucial for maximising the 

uptake of genomic resources for the management of threatened species. My thesis showcases 

the implementaIon of reference genomes and other genome-wide data into conservaIon 

recovery programs. By leveraging cuyng-edge genomic technologies alongside exisIng 

genomic resources, I demonstrate the power of large datasets in idenIfying molecular 

informaIon that can be transformed into pracIcal conservaIon recommendaIons and tools.  
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1.1 The Anthropocene and small populaPons 

We are in the middle of a global biodiversity crisis. AnthropogeneIc impacts are key drivers 

behind species’ declines (Jaureguiberry et al., 2022). These declines pose significant threats 

to the funcIoning of a diverse range of ecosystems that support life, including humans (Díaz 

et al., 2019). Today, exIncIons are occurring over shorter Imeframes (Novacek and Cleland, 

2001) with exIncIon rates between 100 to 1,000 Imes higher than baseline rates due to 

habitat loss and fragmentaIon, climate change, invasive species, polluIon, over-exploitaIon, 

and emerging infecIous diseases (Frankham, 2010; Baronsky, 2011; Wintle, 2019). The loss of 

local populaIons results in an overall decline in biodiversity due to the loss of unique geneIc 

or phenotypic traits, even if the species and populaIon recovers or persists elsewhere (Brito 

and Fernandez, 2000). This means we have likely lost more global biodiversity than is currently 

recognised (Exposito-Alonso et al., 2022). In the last 200 years, Australia’s biodiversity has 

undergone one of the worst declines of any country (Woinarski et al., 2015). Since European 

colonisaIon, over 2,000 taxa have been listed as exInct or threatened with exIncIon 

(Environment ProtecIon and Biodiversity Act, 1999). As it is currently unknown how many 

species exist in Australia, this is likely to be an underesImate. Australia is recognised as a 

'megadiverse’ country, meaning it hosts a significant proporIon of Earth’s species and has 

high levels of endemism (Common and Norton, 1992). The island conInent has been 

geographically isolated for over 50 million years, which has led to the evoluIon of numerous 

unique species found nowhere else, with 87% of mammals, 93% of repIles, and 94% of frogs 

in Australia considered endemic (Chapman, 2009).  

 

ExIncIon risk is elevated in small, isolated populaIons owing to a myriad of processes 

(Klütsch and Laikre, 2021). Gilpin and Soule (1986) proposed four different stochasIc 

processes, or “vorIces”, that threaten small populaIons including demographic stochasIcity; 

environmental stochasIcity; geneIc stochasIcity; and loss of adapIve potenIal. 

Demographic stochasIcity is the difference in life-history variables such as sex raIo and age 

structure where variaIon influences birth, mortality, immigraIon, and emigraIon rates. 

Environmental stochasIcity refers to environmental factors such as droughts, flooding, 

bushfires, and disease that can cause large-scale populaIon declines in short Imeframes. 

GeneIc stochasIcity, or geneIc drig, refers to random fluctuaIons in allele frequencies owing 
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to chance events that have more pronounced effects in small populaIons. Loss of adapIve 

potenIal, ogen included under geneIc stochasIcity, refers to the loss of a populaIons or 

species’ ability to respond adapIvely to future environmental changes due to populaIon-

wide loss of geneIc variaIon. The decline to exIncIon of small populaIons from these four 

processes and the interacIons between them is known as an “exIncIon vortex” (Figure 1.1). 

Therefore, characterising and understanding the stochasIc pressures impacIng small, 

threatened populaIons enables researchers and conservaIon managers to develop strategies 

to help manage them.  

 
Figure 1.1. A model of the exIncIon vortex. The vortex shows natural (bioIc and abioIc) and 
anthropogenic factors that work simultaneously to threaten small populaIons. Natural factors 
that are exacerbated by human acIviIes are shown between factors. Once a populaIon 
enters the vortex, the cascade of events resulIng in geneIc drig and bo@lenecks can prevent 
recovery, resulIng in exIncIon. Adapted from (Gilpin, 1986). Generated using canva.com. 
 
Although a range of factors contribute to the exIncIon vortex of small populaIons, one factor 

becoming more prevalent – as habitats are reduced and species that have not coevolved come 

into contact – is infecIous diseases (Myers et al., 2013, Cohen et al., 2020, Guégan et al., 2020, 
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Baker et al., 2022, Menajovsky et al., 2023). Both naIve and invasive species can act as 

reservoirs/hosts of disease through natural or human-mediated dispersal into habitats 

outside their historical range (Crowl et al., 2008, Gaertner et al., 2017, Wilkinson et al., 2018). 

Although an escalaIng threat to biodiversity globally, most studies focus on infecIous 

diseases in human and domesIc animals, with fewer studies undertaken on understanding 

and characterising diseases in wildlife and the adapIve potenIal of endangered species to 

infecIous diseases. Assessing the impacts of emerging infecIous diseases in wildlife 

populaIons can be problemaIc as there is ogen li@le data on the biology, ecology, and 

geneIcs of the host species (Robinson et al., 2010).  

 

The emergence of novel infecIous diseases is becoming one of the most significant stochasIc 

threats faced by wildlife and small populaIons. Notable wildlife diseases include 

chytridiomycosis in amphibians (Weldon et al., 2004), white-nose syndrome in bats (Blehert 

et al., 2009), and avian influenza (Roberton et al., 2006). However, many emerging infecIous 

diseases remain unidenIfied, or poorly understood, due to limited data on the underlying 

pathogens or their hosts. The risks posed by emerging infecIous diseases are amplified by the 

shrinking gap between human and natural environments, thereby increasing the urgency to 

be@er understand wildlife diseases. Understanding the interacIons between wildlife as both 

hosts and vectors of disease is essenIal for One Health, as highlighted by the COVID-19 

pandemic (Hudson et al., 2002, Hu et al., 2013, Brearley et al., 2013, Baker et al., 2022). 

Although infecIous diseases are a naturally occurring process in ecosystems, anthropogenic 

changes to landscapes in combinaIon with changing climate condiIons have emerged as 

significant factors driving the emergence of new infecIous diseases and spillover events 

across species (Baker et al., 2022). Managing declining populaIons in the presence of 

infecIous diseases, in addiIon to all the other drivers of the exIncIon vortex, is sIll a 

burgeoning field and a topic of this thesis. 

 

1.2 Conserving dwindling populaPons 

When anthropogenic factors, such as disease outbreaks, drive small and fragmented 

populaIons into an irreversible exIncIon vortex, intensive management strategies become 

necessary to prevent exIncIons (Figure 1.1). Intensive management can involve 
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translocaIons, breeding in fenced areas of wild habitat, supplementary feeding, capIve and 

hand rearing of young, and capIve/conservaIon breeding (Leus, 2011). In Australia, these 

acIons are ogen managed under a conservaIon acIon/recovery plan that provide structured 

approaches for the conservaIon and recovery of species at risk of exIncIon. ConservaIon 

breeding and release programs (CBRP) have become a valuable tool for managing small and 

fragmented wild populaIons (Conway, 2011, Grueber et al., 2019). Programs can assist 

conservaIon management efforts via scienIfic research, public educaIon, and as geneIc 

reservoirs for reinforcing dwindling wild populaIons (Pritchard et al., 2012, Ochoa et al., 

2016). As such, programs require a mulI-disciplinary approach across science, interacIve 

management, poliIcs, environmental educaIon, habitat preservaIon and habitat restoraIon 

(Mallinson, 1995). Programs typically aim to: (i) establish and grow a capIve insurance 

populaIon, (ii) supplement an exisIng populaIon, and/or (iii) re-establish a populaIon that 

is exInct in the wild. 

 

The development of CBRPs is challenging and has received criIcism due to high costs, the 

diversion of resources away from habitat protecIon, and the potenIal of species adaptaIon 

to capIvity (Balmford et al., 1995, Snyder et al., 1996, Harley et al., 2018). Because of this, 

programs have usually been considered as a last resort and are commonly implemented when 

populaIons are nearing exIncIon. SIll, CBRPs have played a major role in species that would 

otherwise likely have gone exInct, as well as species that have shown a status improvement 

in IUCN Red List reassessments (Hoffmann et al., 2010, Conde et al., 2011, Conde et al., 2013). 

The success of conservaIon breeding programs to stave off exIncIon can be a@ested to the 

number of animals bred for release and the level of geneIc diversity retained by the program 

(Hogg, 2013), with successful cases including the Californian condor (Gymnogyps 

californianus) (Ralls and Ballou, 2004), and the Arabian oryx (Oryx leucoryx) (Price, 1989), and 

more recent cases including the Vietnam pheasant (Lophura edwardsi) (Collar, 2020), and the 

orange-bellied parrot (Neophema chrysogaster) (Pritchard et al., 2022). Given current 

exIncIon trends, the number of species requiring conservaIon breeding programs is likely to 

increase over coming decades (Conde et al., 2013, Steventon et al., 2024). Several key factors 

have been shown to be criIcal to the success of a conservaIon breeding program including 

ongoing investment into infrastructure and commitment to the program (Harley et al. 2018), 

use of molecular geneIcs to understand relaIonships of founding individuals (Hogg et al., 
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2017a), and a commitment to maintaining the species within capIvity unIl the conservaIon 

breeding and release program is no longer needed (Short, 2009). 

 

The value of geneIc informaIon for conservaIon acIons is globally recognised through the 

new Global Biodiversity Framework that has the maintenance of geneIc diversity, of both 

domesIcated and wild species, as a key component of its 2050 goals (ConvenIon on Biological 

Diversity, 2020). ConservaIon geneIcs focuses on understanding the geneIc diversity, 

populaIon structure, and evoluIonary processes of small populaIons or species (Allendorf 

et al., 2012) and can involve: resolving taxonomic uncertainIes; defining evoluIonary 

diverged units; forensic analyses; management of invasive species; molecularly obtaining 

species informaIon (sex, populaIon size, demographic history, maIng system, populaIon 

structure, gene flow, parentage, diet, disease); and geneIc management to minimise 

inbreeding and loss of geneIc diversity in wild and capIve populaIons (Frankham et al., 

2010). The main goal of conservaIon acIon plans is to maintain the long-term viability of a 

species. Maintaining geneIc diversity is an important component of populaIon viability as it 

helps to miIgate negaIve effects associated with inbreeding and provides populaIons with 

the potenIal to adapt to changing environments (Lacy, 1987, Ballou et al., 2010, Frankham et 

al., 2010). Understanding a species’ inherent geneIc diversity, in addiIon to their historical 

diversity and future potenIal, is of utmost importance in species conservaIon. When geneIc 

variaIon is present, populaIons can adapt to environmental stressors and changes, but 

without it, populaIons are more suscepIble to exIncIon risk through loss of geneIc diversity, 

inbreeding depression, and loss of evoluIonary potenIal (Frankham, 2010).  

 

There are two principal types of geneIc diversity: neutral and adapIve geneIc diversity. 

Neutral diversity is ogen considered the variaIon in regions between the funcIonal genes, 

and adapIve diversity is the variaIon within a funcIonal gene. Together, coding and non-

coding variaIons allow species to adapt to both immediate environmental challenges 

(through funcIonal protein changes) and longer-term shigs in gene expression or regulatory 

networks (Kashi and King, 2006, Racimo and Schraiber, 2014). VariaIon detected outside non-

coding regions of the genome (neutral diversity) has formed the foundaIon of conservaIon 

geneIc research (Holderegger et al., 2006). Neutral geneIc variaIon is ogen used to provide 
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esImates on basic features of wildlife populaIons, including inbreeding and geneIc diversity, 

demographic history, taxonomy, evoluIonary significant units, and populaIon structure 

(Frankham, 1996, Reed and Frankham, 2001, Charlesworth et al., 2017, Yıldırım et al., 2018). 

It also provides opportuniIes to detect fine-scale pa@erns of variaIon on an individual level, 

enabling more informed conservaIon decisions of intensely managed species through kinship 

and pedigree analyses (Ballou, 1995, Lacy et al., 1995, Ivy et al., 2009). AdapIve or funcIonal 

geneIc diversity refers to variants within a gene (or quanItaIve trait) that affect an organism’s 

adapIve potenIal. VariaIon within funcIonal regions is essenIal for populaIons to respond 

to natural and anthropogenic factors (Figure 1.1), and influences populaIons’ ability to persist 

despite environmental shigs or changes in selecIve pressures (Holderegger et al., 2006, 

Hoffmann et al., 2017). Neutral geneIc variaIon is ogen used as a proxy for adapIve potenIal 

due to the strong correlaIons that have been shown between whole genome diversity and 

neutral diversity (McLennan et al., 2019, Wright et al., 2020). However, there has been 

discussion that levels of neutral diversity may not be representaIve of adapIve potenIal and 

that geneIc diversity at specific loci may be a more important measure of adapIve potenIal 

(Teixeira & Huber, 2021). For example, Manlik et al. (2019) examined funcIonal genes in the 

major histocompaIbility complex (MHC) immune gene family and neutral microsatellite 

diversity in two bo@lenose dolphin (Tursiops aduncus) populaIons; one with high 

reproducIve success and fitness, Shark Bay; and the other with lower reproducIve success 

and fitness, Bunbury. Their findings showed that the Shark Bay populaIon had higher levels 

of MHC diversity compared to Bunbury, whereas neutral microsatellite diversity was similar 

between the two populaIons, noIng that this study only used 23 microsatellites and so was 

likely to be under-powered. Understanding adapIve diversity provides insight on how 

populaIons might adapt to novel environments and how prone they may be to stochasIc 

events. As threats, like climate change and disease outbreaks, are difficult to miIgate, 

conservaIon strategies that promote adaptaIon and resilience may be more effecIve and 

self-sustaining in the long-term (Kosch et al., 2022). Therefore, it is important to idenIfy, 

characterise and conserve funcIonal diversity to preserve the potenIal for future adaptaIon 

(Hoelzel et al., 2019). It is also important to ensure conservaIon decisions are based on 

genomic data and consider funcIonal geneIc variaIon, as well as assessing populaIon level 

diversity metrics such as genome-wide heterozygosity, inbreeding and populaIon 

differenIaIon. 
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1.3 The conservaPon genomics era 

Since the publicaIon of the human genome in 2003 (ConsorIum, 2004), investment and 

innovaIons in genomic technologies and computaIonal methods have revoluIonised geneIc 

research across the tree of life (Hu et al., 2021). This has sparked what has been termed the 

“genomics era”, enabling geneIc research to expand beyond first-generaIon approaches such 

as microsatellite marker analyses (Supple and Shapiro, 2018). IniIal high throughput 

sequencing (HTS) used short-reads to develop genome-wide markers, through reduced 

representaIon sequencing (RRS), that captured single-nucleoIde polymorphisms (SNPs) 

across putaIvely neutral regions of the genome (Davey et al., 2011). This data has been useful 

for invesIgaIng populaIon geneIc metrics such as heterozygosity, inbreeding, and 

relatedness, and is a cost-effecIve approach for informing conservaIon acIons (Kraus et al., 

2015, Kleinman-Ruiz et al., 2017, Delord et al., 2018). More recently, the advent of long-read 

sequencing, such as PacBio (Pacific Biosciences) high fidelity (HiFi) (California, USA), whole-

genome high-throughput chromosome conformaIon capture (Hi-C), and Oxford Nanopore 

sequencing (Oxford, UK), has facilitated more comprehensive and conIguous reference 

genome assemblies. Combining these with short-read transcriptomics and re-sequenced 

genomes has revoluIonised how we can invesIgate species of conservaIon concern at both 

their neutral and funcIonal diversity (Larson et al., 2019, Lewis et al., 2022).  

 

A reference genome is a set of nucleotide sequences, typically from a single individual, that 

serves as a genetic representation of the structure and organisation of the species' genome 

(Formenti et al., 2022). Although reference genomes have no direct impact on conservation 

outcomes, highly contiguous, accurate, and annotated chromosome-level assemblies can 

greatly enhance genomic studies by providing a foundational blueprint for a suite of 

downstream applications (Hogg, 2024). Reference genomes provide data for (i) population 

analyses, (ii) aligning and calling reduced representation sequencing (RRS) data within the 

same or closely related species to improve the reliability of variant calls and downstream 

inferences (Torkamaneh et al., 2016, Shafer et al., 2017, Galla et al., 2018, Wright et al., 2019), 

(iii) developing targeted single nucleotide polymorphism (SNP) panels (Kraus et al., 2015, 

Wright et al., 2015) and (iv) complete assembly of functional gene families such as MHC 
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(Horton et al., 2004, Jain et al., 2018, Peel et al., 2022). RRS data is commonly used globally 

for the assessment and management of a range of wildlife species, such as the little owl 

(Athene noctua) (Pellegrino et al., 2016), white-tailed deer (Odocoileus virginianus) (Chafin et 

al., 2021), and yellow-footed rock-wallabies (Petrogale xanthopus) (Smith et al., 2023). More 

recently, the combination of high-quality reference genomes and re-sequenced genomes 

data has allowed the identification of functional gene variation that may influence phenotypic 

or disease traits, fitness, and adaptive potential of a species in species (Onley et al., 2021, 

Theissinger et al., 2023), such as the black flying fox (Pteropus alecto) (He et al., 2023a), white 

eared-pheasant (Crossoptilon crossoptilon) (Wu et al., 2024), and fishing cat (Prionailurus 

viverrinus) (Carroll et al., 2024). 

 

GeneIc advancements have also facilitated widespread adopIon of molecular tools, including 

metabarcoding where DNA barcodes are used to idenIfy putaIve species within a mixed 

sample, which has become increasingly common in assessing community diversity and 

abundance across various spaIal scales in the form of dietary analyses (Díaz-Abad et al., 2022, 

Menning et al., 2023), geneIc diversity of populaIons (Adams et al., 2023, Andres et al., 

2023), microbiome studies (Cabodevilla et al., 2023, Meng et al., 2024), and for detecIon of 

rare and invasive species through environmental DNA (eDNA) (Rees et al., 2014, Ardura et al., 

2015, Ruppert et al., 2019, Beng and Corle@, 2020, Lam et al., 2022). eDNA refers to DNA that 

is deposited from an organism into its environment (water, soil, air) that can then be detected 

using molecular approaches such as metabarcoding (Barnes and Turner, 2016). IniIally 

developed to study microbial diversity in the environment, the technique was first proposed 

in the 1980’s as a way of obtaining microorganisms’ DNA from environmental samples (Olsen 

et al., 1986). With the emergence of high-throughput sequencing, relaIvely cheap costs, and 

the non-invasive nature, eDNA invesIgaIons for threatened species management has grown 

exponenIally (Sahu et al., 2023, Takahashi et al., 2023).  

 

The use of eDNA analyses for resolving questions around threatened species distribution and 

site occupancy can significantly enhance the precision of conservation assessments and 

strategies for species recovery. This is achieved through detection of individual species using 

primers or assays designed specifically for that species or DNA metabarcoding to detect entire 
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communities within a taxonomic group, such as vertebrates, insects, or eukaryotes 

(Mauvisseau et al., 2019, Lopes et al., 2021, Valdivia-Carrillo et al., 2021). To develop 

taxonomically universal or specific markers, a representation of the existing nucleotide 

diversity must be considered to ensure (i) variation within markers to distinguish among 

species/taxa and (ii) the development of primers that work for the group or species targeted 

while avoiding the amplification of unwanted taxa. Species delimitation using mitochondrial 

DNA (mtDNA) is a widely used and effective method for identifying and defining species. 

However, relying on a single locus, such as DNA barcoding, can also lead to a bias towards 

overestimating species diversity (Hickerson et al., 2006, Davis et al., 2024). There is often not 

enough representation of the DNA regions in public databases, which adds to the need for 

experiments to increase the representation of species. Even when markers are already 

developed, species-specific reference sequences might be missing from databases and need 

to be produced before the methodology can be used for species detection. 

 

1.4 ImplementaPon space 

Although the usefulness of having geneIc and genomic data for threatened species 

management is widely acknowledged (Hoban et al., 2022), challenges remain in bridging the 

gap between current academic/research knowledge and the pracIcal applicaIon of geneIcs 

in management pracIces and acIons. The data output by geneIc and genomic sequencing 

and use of bioinformaIc sogware ogen requires interpretaIon from experts in the field of 

genomics, resulIng in a disconnect between research invesIgaIon and applied management 

(Hogg, 2024). These discrepancies can stem from mulIple sources including the relaIvely 

young age of conservaIon geneIcs and genomics compared to disciplines like ecology and 

biology, resulIng in limited geneIc literacy of terIary trained managers, and insufficient 

translaIon of findings to policymakers for incorporaIon into guidelines and frameworks (Bri@ 

et al., 2018; Habel et al., 2013; Hoban et al., 2013; Shafer et al., 2015; Klütsch and Laikre 

2021). As a result, there can be discrepancies between the conservaIon prioriIes of managers 

and the research focus of conservaIon geneIcists. With the advent of NGS and transiIon 

from geneIc to genomic studies, there is a growing impetus for scienIsts to use new 

technologies that may not have immediate pracIcal applicaIons. There is also an expectaIon 

for researchers to publish scienIfic arIcles involving novel geneIc and genomic 
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methodologies and these results are not necessarily aimed at answering conservaIon 

quesIons (Taylor et al., 2017). PracIIoners ogen lack access to scienIfic arIcles, making it 

difficult for species managers to remain up to date on conservaIon geneIc research (Hogg et 

al., 2017b). The transiIon from geneIc to genomic studies and the growing reliance on 

bioinformaIc analyses of large datasets puts pressure on researchers to conInually upskill 

(Schweizer et al., 2021). AddiIonally, this approach requires significant compute power to 

execute, that are ogen inaccessible to managers (Fuentes-Pardo and Ruzzante, 2017). 

 

Several studies have suggested the need for collaboraIve meeIng points where geneIc 

knowledge can be translated and pracIcal issues addressed (Cook et al. 2013; Hoban et al. 

2013a, b; Sandström et al. 2016, 2019; Shafer et al. 2015; Holderegger et al. 2019; Hogg, 

2024). TranslaIonal research is an interdisciplinary approach to conservaIon that seeks to 

bridge the gap between scienIfic knowledge and pracIcal applicaIons (Enquist et al., 2017). 

To maximise interdisciplinary contribuIons to threatened species conservaIon, it is desirable 

for researchers and managers to engage directly to implement research findings into 

management (Taylor et al., 2017). Engagement between researchers and pracIIoners starIng 

from study design and then running onto on-ground implementaIon is an effecIve approach 

to close the knowledge-implementaIon gap in the future (Ainsworth et al., 2020, Jarvis et al., 

2020). 

 

Over the last decade, several internaIonal consorIa under the Earth BioGenome Project 

(PRJNA533106) have been established to create high-quality reference genomes and genomic 

data for species across the tree of life (Lewin et al., 2018). In Australia, several naIonal 

iniIaIves (Threatened Species IniIaIve (PRJNA1075750) (Hogg et al., 2022), Oz Mammals 

Genomics (PRJNA1075707) (Eldridge et al., 2020), and Amphibian and RepIle Genome 

IniIaIve (PRJNA1075730) (h@ps://doi.org/10.25953/xer9-2e12)) have also been established 

under Bioplamorms Australia to generate genomic data for Australian wildlife. For example, 

the Threatened Species IniIaIve aims to connect managers with researchers, including 

bioinformaIcians and geneIcists, who are trained in complex areas where they can interpret 

and translate research data outputs. AddiIonally, they are puyng tools in the hands of 

conservaIon managers by developing user-friendly workflows, pipelines, training modules 
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and workshops to improve the integraIon of geneIcs into management acIons (Hogg et al., 

2024). 

 

1.5 RepPles and the plight of freshwater testudines 

Modern repIles are a diverse class of organisms encompassing Squamata (lizards and snakes), 

Testudines (turtles and tortoises), Crocodilia (crocodiles, alligators, caimans, and gharials), and 

Rhynchocephalia (tuatara) (Sues, 2019). Several anthropogeneIc factors are resulIng in 

declines of repIle populaIons worldwide including habitat loss, unsustainable removal for 

food, tradiIonal medicines, fashion, exoIc pet trade, environmental contaminaIon, climate 

change, invasive species, and disease (Gibbons et al., 2000, Todd et al., 2010). Long generaIon 

Imes, limited dispersal capabiliIes and temperature dependant physiological funcIons make 

them ill-adapted and highly suscepIble to environmental change (Li et al., 2024). RelaIve to 

other groups such as birds, mammals, and economically important fish, repIles ogen garner 

fewer conservaIon resources (Olson and Pilliod, 2022). Even when budgets are diverted to 

non-model organisms, species in this class are generally overlooked due to greater interest in 

more ‘iconic’ fauna like mammal and avian species (Small, 2012, Olson and Pilliod, 2022). 

Although interest in the preservaIon of biodiversity, and consequently interest in repIle 

conservaIon, is growing, the idea of repIles as less important, simplisIc, expendable proto-

animals remains deep-rooted in society (de Miranda, 2017, Todd et al., 2010). Consequently, 

many repIle species lack basic informaIon on ecology, status and abundance, and geographic 

distribuIon, impeding conservaIon acIons (Guedes et al., 2023). 

 

Freshwater repIle species are parIcularly at risk of exIncIon. Freshwater environments 

cover 0.8% of the Earth’s surface yet are home to 6% of all species, making them biodiversity 

hotspots (Hawkesworth and Kalin-Arroyo 1995; Dudgeon et al. 2006). One in three freshwater 

species globally are now threatened with exIncIon (Collen et al., 2014).  The high level of 

connecIvity of freshwater ecosystems means that fragmentaIon can have profound effects 

(Revenga et al., 2005) and threats such as polluIon, invasive species, and disease can be easily 

transported across waterbodies (Dudgeon et al., 2006, Darwall et al., 2009). This lends 

urgency to the study of diversity and of the relaIve risk of exIncIon of species in freshwater 

ecosystems. Most freshwater species are endemic to a single river, lake or basin, making them 
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highly specialised to their environment which reduces their ability to escape environmental 

change and increases their sensiIvity to threatened processes (Reid et al., 2019). 

Freshwater turtles (Order Testudines) are long-lived species with species divergence Imes 

daIng back 220-million years (Joyce et al., 2013, Shaffer et al., 2017, Lyson and Bever, 2020, 

Thomson et al., 2021). Turtles have high annual fecundity and high mortality rates in early 

years and late onset of reproducIve maturity (Iverson, 1991). Approximately 60% of all turtle 

species are listed as being endangered, threatened, or vulnerable, making them one of the 

most threatened taxa globally (Figure 1.2) (Van Dyke et al., 2018). 

 

Figure 1.2. Percentage of species threatened by reptile order. EX, extinct; EW, extinct in the 
wild; CR, critically endangered; EN, endangered; VU, vulnerable; DD, data deficient; NT, near 
threatened; LC, least concern. Data adapted from Cox et al. (2022). 

 

Species threatened (%) 
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The testudines suborder Pleurodira consists of side-necked turtles that occupy freshwater 

habitats in the southern hemisphere including Australia, New Guinea, Indonesia, Africa, and 

South America (Bourque, 2016). Many species in this suborder remain underrepresented in 

literature compared to their northern hemisphere counterparts (Suborder Cryptodira) (Card 

et al., 2023). Approximately 45% of Australian freshwater turtle species are listed as 

threatened by the IUCN (Van Dyke et al., 2018), or by the Australian Federal and/or State 

Governments. Major threats include nest predaIon by naIve and introduced predators, 

habitat modificaIon, water quality, road mortality, invasive species, hybridisaIon, and disease 

outbreaks (Van Dyke et al., 2018). A number of diseases that affect turtle survival have been 

documented throughout the literature including Fusarium sp. that cause significant declines 

in turtle hatchling success (Smyth et al., 2020), mycoIc shell disease (Nardoni and MancianI, 

2023), ranavirus (Johnson et al., 2008), herpesvirus (Alfaro-Núñez et al., 2014, Ossiboff et al., 

2015, Sim et al., 2015, Mullin et al., 2020), iridovirus (Chen et al., 1999, Marschang et al., 

1999) and nidovirus (Zhang et al., 2018). 

 

1.6 The Bellinger River turtle  

The Bellinger River turtle (Myuchelys georgesi) is a species of short-necked (Family Chelidae) 

turtle and is one of two turtle species that is listed as criIcally endangered in Australia. The 

species was discovered by Cann (1997) in the Bellinger River and a short secIon of its main 

tributary, the Kalang River in New South Wales, Australia (Figure 1.3), although the species 

has not been observed in the Kalang since 2007 (Georges et al., 2011). The species is a 

medium-sized omnivorous turtle with a current known distribuIon that is restricted to a 60 

km range of the Bellinger catchment in north-eastern New South Wales (NSW), Australia 

(Figure 1.3) (Cann et al., 2015, Zhang et al., 2018). The Bellinger River runs perpendicular 

down the Great Dividing Range, flowing unimpeded to the east for 110 km. The river is 

predominantly freshwater aside from 20 km of estuary at the mouth of the river. The Bellinger 

catchment and several small freshwater catchments in NSW remain isolated and relaIvely 

untouched which has facilitated unique habitat specialisaIon and catchment-specific 

speciaIon (Spencer et al., 2014). M. georgesi has adapted to upstream regions of the Bellinger 

River, preferring deeper waterholes surrounded by bedrock (Spencer et al., 2014). Males 

reach reproducIve maturity at 5 years while females reach reproducIve maturity at roughly 
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7 years of age (Blamires et al., 2005), and the turtles are esImated to live beyond 30 years. 

Females lay one clutch of 10-15 eggs per year on land between October and early November.  

 

In 2005, the populaIon was esImated to be ca 4500 ± 1400 individuals (Blamires et al., 2005). 

Although a relaIvely untouched catchment, the only known populaIon of M. georgesi is 

threatened by riparian habitat loss, predaIon by introduced and naIve predators, reduced 

water quality, hybridisaIon due to human mediated dispersal of the Murray River turtle 

(Emydura macquarii) and a novel disease outbreak (Spencer et al., 2014, Georges et al., 2018, 

Zhang et al., 2018, Chessman et al., 2020).  

 
Figure 1.3. An Inset of Australia with a map of the Bellinger catchment showing the current 
known distribution of the Bellinger River turtle within the Bellinger and Kalang Rivers. Source: 
NSW Department of Climate Change, Energy, the Environment, and Water. 
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In 2015, a novel nidovirus, the Bellinger River virus (BRV), resulted in the death of more than 

90% of individuals, with mortaliIes occurring mostly among adults (Zhang et al., 2018, 

Chessman et al., 2020, Parrish et al., 2024). During this Ime, it is esImated that the populaIon 

declined to less than 150 individuals (Spencer et al., 2018, Chessman et al., 2020). The BRV 

was iniIally detected in the lower reaches of the river before spreading upstream over 2 

months. Disease symptoms included swollen eyelids, sinuses and oral caviIes, conjuncIviIs, 

and tan foci on the skin of the ventral thighs (Figure 1.4) (Zhang et al., 2018). Histopathology 

results of necropsied animals showed severe inflammaIon of the spleen, kidneys, and liver 

(Zhang et al., 2018). The other two locally occurring species (E. Macquarii and Chelonia 

longicollis) did not display symptoms of the disease. Since the 2015 outbreak, two lesser 

outbreaks have occurred in 2022 and 2024 during which a handful of fataliIes were 

documented. It is suspected that these outbreaks are from novel nidovirus strains. Although 

there has been evidence of individuals recovering from la@er outbreaks, there is li@le data on 

subsequent outbreaks. AddiIonally, knowledge on how the outbreaks have affected the 

species’ distribuIon throughout the river remains limited due to accessibility constraints in 

densely vegetated areas and areas of the river that are adjacent to private land. 

 
Figure 1.4. Myuchelys georgesi showing (A) A healthy adult being processed during annual 
surveys. (B) An adult infected with Bellinger River virus showing severe ocular symptoms. 
Images: Shane Ruming. 
 

The high suscepIbility of M. georgesi to BRV and subsequent virus outbreaks puts the species 

at high risk of exIncIon. As a result of the decline, M. georgesi was declared ‘CriIcally 

Endangered’ in both NSW under the Threatened Species ConservaIon Act 1995 (NSW 

(A) (B) 
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ScienIfic Commi@ee 2016); and naIonally under the Environmental ProtecIon and 

Biodiversity ConservaIon Act 1999 (Commonwealth of Australia 1999); in addiIon to the 

IUCN/SSC Tortoise and Freshwater Turtle Specialist Group Drag Red List (Rhodin et al. 2017). 

 

The species is currently managed by NSW Department of Climate Change, Energy, the 

Environment and Water (DCCEEW) and includes a conservaIon breeding and release program 

that commenced in 2015. The first capIve colony was founded at Western Sydney University 

in 2015, and was later relocated to Taronga ConservaIon Society Australia, Mosman, Australia 

in 2015 (N = 16 founding individuals). The Taronga populaIon was founded from emergency 

intakes, with seven females and nine males collected from two sites in upper reaches of the 

Bellinger River where the virus had not yet reached. This was followed by a second intake in 

2017 to Symbio Wildlife Park, Helensburgh, Australia (N = 19) (Figure 1.2A). The Symbio 

populaIon was founded post-virus from six females and thirteen males collected from four 

sites in the lower reaches of the river (Figure 1.1A). To date, the program has conducted four 

rounds of reinforcements by releasing 174 G1 juveniles into the Bellinger River, significantly 

boosIng wild populaIon numbers to an esImated 300 wild individuals. 

 

GeneIc sampling of the species dates back to 1986 (Georges and Adams, 1992) with 

subsequent sampling in 2007 for phylogeneIc and hybridisaIon research (Georges et al., 

2011, Cann et al., 2015, Georges et al., 2018). When established in 2015, the contemporary 

wild populaIon and conservaIon breeding program had limited populaIon geneIc data. This 

lack of data for geneIc management of the species could potenIally have long-term 

implicaIons on the retenIon of geneIc diversity and populaIon viability for the species. Since 

the outbreak, RRS data has been generated for the contemporary wild populaIon followed by 

a call for development of a high-quality reference genome for the species by the recovery 

team in 2020, to undertake and output geneIc and genomic data for the species.  

 

In September of 2022, a review of the Bellinger River turtle conservaIon acIon plan brought 

together managers, researchers, members of the community and other stakeholders for a 

two-day workshop. This collaboraIve meeIng point facilitated a “management driven” 
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research approach through the generaIon of geneIc and genomic management quesIons 

that form the aims and objecIves of this thesis. 

 

1.7 Research Aims: 

The objecIve of this thesis was to establish a research program in collaboraIon with the 

conservaIon managers to ensure that the outcomes were focussed on developing tools for 

future management acIons and providing criIcal research data to inform the current and 

ongoing management of the conservaIon breeding and release program, following the 

principles outlined in Hogg et al. (2017). This was achieved by establishing a collaboraIon 

between the University of Sydney, the University of Canberra and the NSW DCCEEW Saving 

our Species program. This collaboraIon ensured that all research quesIons were informed by 

management quesIons, management funding was able to leverage research funding, and 

research outcomes were communicated directly to the NSW DCCEEW team and the 

conservaIon breeding centres to maximise benefit of the results to the breeding program.  

 

Here, I provide worked examples of how a reference genome, next generaIon sequencing 

data, and bioinformaIc-based tools can be directly applied to conservaIon decisions of 

threatened species. Using the criIcally endangered Bellinger River turtle (M. georgesi) as case 

study, specifically this thesis has the following aims:  

1) To generate a reference genome for a critically endangered species with limited 

genomic data to provide a genomic resource for genetic and genomic analyses and a 

valuable resource for ongoing molecular management of the species. 

2) To use the reference genome and putatively neutral, genome-wide markers to: 

a. Generate baseline population genomic data for monitoring of the wild and captive 

populations 

b. Develop a framework that can be applied across conservation breeding programs 

to provide researchers and captive managers with information on how and when 

to implement genetic and genomic data into the breeding program. 

3) To utilise the reference genome to undertake a novel approach to eDNA assay 

development, that is translatable across taxa, through bioinformatic assembly of a 

complete mitochondrial genome; and  
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4) To employ the reference genome to undertake high-resolution, functional gene 

analyses to annotate and characterise immune gene diversity in a disease susceptible 

species. 

 

This thesis addresses the above objecIve and aims as follows: 

- In Chapter 2, I generate a chromosome-level reference genome for M. georgesi and 

utilise the reference genome together with additional genomic data, reduced 

representation sequencing (RRS), to investigate genetic diversity across time and space 

in captive and wild individuals (N = 166). Using these analyses and the M. georgesi 

conservation breeding program as a case study, I provide a generalised framework for 

researchers and conservation practitioners wanting to integrate genetic and genomic 

data into conservation breeding programs. 

- In Chapter 3, I use the reference genome generated in Chapter 2 to develop an eDNA 

assay by bioinformatically extracting a complete mitochondrial genome. I design two 

sets of PCR primers for Cytochrome Oxidase 1 and Cytochrome B genes that I 

successfully validate across three levels; in silico; in vitro; and in situ.  

- In Chapter 4, I extend beyond neutral diversity investigations undertaken in Chapter 2 

and use whole genome re-sequencing data to explore functional gene diversity, 

specifically the major histocompatibility complex (MHC) immune gene family, in M. 

georgesi. Again, using the reference genome and a targeted gene approach, I undertake 

the first manual MHC gene annotation in a freshwater turtle species. I use 35 re-

sequenced genomes to investigate genome-wide and MHC variation across temporal 

and spatial scales in both pure M. georgesi and second-generation hybrids.  

- In Chapter 5, I provide a synopsis of my work where I draw together the outcomes of 

the individual chapters, highlight the implications of this thesis, address key gaps, and 

provide suggestions for future directions. 

 

Together, this thesis showcases how a reference genome and genomic data can be 

transformed by researchers into applied outcomes for threatened species management and 

help close the space between research and implementaIon.



 

 

 

 

 

 

 

 

 

 Chapter 2 - A genomic framework to assist 

conserva2on breeding and transloca2on success: A 

case study of a cri2cally endangered turtle 
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2.2 Abstract 

ConservaIon breeding programs are an effecIve approach to addressing biodiversity loss. 

CapIve populaIons are managed to maintain geneIc diversity, yet there remains an 

“implementaIon gap” in effecIvely translaIng molecular geneIc data into management. 

Technological advancements are facilitaIng rapid generaIon of geneIc data, increasing 

accessibility for breeding programs. In 2010, Frankham and colleagues proposed a six-stage 

process for establishing successful conservaIon breeding and release programs. Here we 

describe the conservaIon breeding program for the criIcally endangered Bellinger River 

turtle (Myuchelys georgesi) and characterise the value of geneIc sampling for informing 

management acIons. By generaIng a chromosome-level genome and populaIon geneIc 

data, we invesIgated past and present diversity and assessed relatedness among capIve 
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founders. We present a framework modelled on Frankham and colleagues six stages to assist 

managers in implemenIng geneIc data into acIonable conservaIon strategies. This 

framework, and worked case study, for managers aims to be@er guide implementaIon of 

geneIc approaches into conservaIon breeding programs. 

 

2.3 IntroducPon 

The six stages of conservation breeding 

ConservaIon breeding programs are a valuable method for managing threatened species 

(Conway, 2011, Grueber et al., 2019). Such programs can assist biodiversity conservaIon via 

scienIfic research, public educaIon, and as geneIc reservoirs for reinforcing dwindling wild 

populaIons (Pritchard et al., 2012, Ochoa et al., 2016). High-profile cases of successful 

conservaIon breeding and release programs include the black-footed ferret (Mustela 

nigripes) (Wisely et al., 2003), Californian condor (Gymnogyps californianus) (Ralls and Ballou, 

2004), and the Arabian oryx (Oryx leucoryx) (Price, 1989). Despite these examples and other 

notable successes, including several in Australia (Andrew et al., 2018, Scheele et al., 2021, 

Heinsohn et al., 2022), conservaIon breeding programs remain an intensive and expensive 

management approach (Conde et al., 2011).  

 

Frankham et al. (2010) described a six-stage process of establishing successful conservaIon 

breeding and release programs; (1) recognising decline of the wild populaIon and its geneIc 

consequences; (2) founding one or more capIve populaIons; (3) expanding capIve 

populaIons to a secure size; (4) managing the capIve populaIon over generaIons; (5) 

choosing individuals for reintroducIon; and (6) managing the translocated populaIon in the 

wild. PrioriIes throughout this process include developing husbandry techniques, rapid 

reproducIon, disease miIgaIon, and geneIc management (Frankham et al., 2010). 

TradiIonally, geneIc management of capIve populaIons has been based on pedigrees from 

studbook records and the underlying assumpIon that founders are neither related nor inbred, 

which is ogen not the case (Lacy, 1987, Hogg et al., 2019). This assumpIon means iniIal 

breeding events may result in inadvertent inbreeding and diversity loss for populaIons 

already experiencing limited geneIc variaIon (Frankham et al., 2017, Barre@ et al., 2022). 
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Advancements in geneIc sequencing technologies and bioinformaIc tools are making it 

feasible to integrate molecular data into conservaIon breeding programs to determine levels 

of relatedness and geneIc diversity metrics.  

 

High-throughput sequencing has resulted in the generaIon of large amounts of data and the 

emergence of reference genomes for conservaIon management. Reference genomes provide 

data for a range of invesIgaIons including designing species-specific microsatellite markers 

for populaIon analyses, developing targeted single nucleoIde polymorphism (SNP) panels, 

aligning and calling reduced representaIon sequencing (RRS) data within the same or closely 

related species, exploratory genome-wide analyses and high-resoluIon funcIonal gene 

invesIgaIons such as complex immune gene families (Galla et al., 2018, Brandies et al., 2019, 

Peel et al., 2022). The data output by high-throughput sequencing ogen requires 

interpretaIon from experts in the field of genomics resulIng in a “research implementaIon 

gap” (Taylor et al., 2017). TranslaIonal research is an interdisciplinary approach to 

conservaIon that seeks to bridge the gap between scienIfic knowledge and pracIcal 

applicaIons (Enquist et al., 2017). To maximise interdisciplinary contribuIons to conservaIon 

breeding programs, there is growing responsibility for scienIsts to engage with managers 

directly to implement research findings into management. Here, we present a case study that 

epitomises Frankham and colleagues six-stage process of establishing a conservaIon breeding 

and reintroducIon program and show how the integraIon of a mulIdisciplinary approach has 

benefited a criIcally endangered turtle species. 

 

Our case study species 

Turtles are among the most threatened vertebrate taxa globally (Van Dyke et al., 2018). Over 

20% of turtle species are listed as CriIcally Endangered by the InternaIonal Union for the 

ConservaIon of Nature (IUCN; (McCallum, 2021), with declines greatly reducing turtles’ 

contribuIons to ecological processes and food webs (Chessman et al., 2020). Pleurodira, a 

200-million-year-old suborder of freshwater turtles found only in Australia, New Guinea, 

Africa, and South America remains highly under-represented in the peer-reviewed literature. 

Within this suborder, the Bellinger River turtle (Myuchelys georgesi) is a CriIcally Endangered 
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species in the family Chelidae. The species is a medium-sized omnivorous turtle with a current 

known distribuIon that is restricted to a 60 km range of the Bellinger catchment in north-

eastern New South Wales (NSW), Australia (Figure 2.1A) (Cann et al., 2015, Zhang et al., 2018). 

The Bellinger catchment and several small freshwater catchments in NSW remain isolated and 

relaIvely untouched which has facilitated unique habitat specialisaIon and catchment-

specific speciaIon (Spencer et al., 2014). M. georgesi has adapted to up-stream regions of the 

Bellinger River, preferring deeper waterholes surrounded by bedrock (Spencer et al., 2014). 

Although a relaIvely untouched catchment, the only known populaIon is threatened by 

riparian habitat loss as a result of private landownership, predaIon by introduced and naIve 

predators, reduced water quality, hybridisaIon due to human mediated dispersal of the 

Murray River turtle (Emydura macquarii) and a novel disease outbreak (Spencer et al., 2014, 

Georges et al., 2018, Zhang et al., 2018, Chessman et al., 2020).  

 

Figure 2.1. (A) An inset of Australia with a map of the Bellinger River basin showing the 
locaIons of historic (Before: 2007, pink) and contemporary (Ager: 2015-2020, yellow) 
samples, including the founder collecIon locaIons for the two conservaIon breeding 
programs (Taronga: 2015, purple; and Symbio: 2017, blue) (NSW Department of Climate 
Change, Energy, the Environment and Water (DCCEEW) (unpublished data) sample points. 
Note: Sample locaIons have been obscured as Myuchelys georgesi is listed as a Category 2 
species in the DCCEEW sensiIve species data policy. (B) A capIve M. georgesi hatchling and 
adult. Photo: Amy Russell. 
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In 2015, a species-specific nidovirus resulted in the death of more than 90% of individuals, 

with mortaliIes occurring mostly among adults (Figure 2.1B) (Zhang et al., 2018, Chessman et 

al., 2020). During this Ime, it is esImated that the populaIon declined from approximately 

3000 to less than 150 individuals (Spencer et al., 2018, Chessman et al., 2020). To date, there 

has been limited evidence of individuals recovering from the disease and no records of 

breeding in the river since the outbreak. AddiIonally, knowledge on how the outbreak 

affected the species’ distribuIon throughout the river remains limited due to accessibility 

constraints. 

 

Species recovery is currently managed by NSW Department of Climate Change, Energy, the 

Environment and Water (DCCEEW) and includes a conservaIon breeding program that 

commenced in 2015, with a capIve colony founded at Western Sydney University that was 

later relocated to Taronga ConservaIon Society Australia, Mosman, Australia (N = 16 

individuals). The Taronga populaIon was founded from emergency intakes, with seven 

females and nine males collected from two sites in the upper reaches of the Bellinger River 

where the virus had not yet reached (Figure 2.1A). This was followed by a second intake in 

2017 to Symbio Wildlife Park, Helensburgh, Australia (N = 19) (Figure 2.2A). The Symbio 

populaIon was founded post-virus from six females and thirteen males collected from four 

sites in the lower reaches of the river (Figure 2.1A).  

 

The species recovery program mirrors the principles of Frankham et al.’s six-stage process 

(Figure 2.2A) and has developed successful husbandry, breeding, and disease miIgaIon 

protocols (Taronga ConservaIon Society Australia, 2023). While Frankham's stages were 

wri@en in 2010 for reintroducIons, the underlying principles can be applied to various 

conservaIon relocaIon/translocaIon types, including conservaIon introducIons and 

reinforcements (IUCN/SSC, 2013). GeneIc sampling of the species dates back to 1986 (Figure 

2.2A) (Georges and Adams, 1992) but the conservaIon breeding and release program iniIally 

had limited geneIc data. This lack of data for geneIc management of the species could 

potenIally have long-term implicaIons on the retenIon of geneIc diversity and populaIon 

viability for the species. 
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Figure 2.2. (A) Timeline of the collecIon and implementaIon of geneIc data into Myuchelys 
georgesi management including disease outbreaks, founder intakes and capIve release 
events. Numbers in brackets above the Imeline indicate compleIon of Frankham et al. (2010) 
six-stage process for conservaIon breeding and reintroducIon programs; (1) Recognising 
decline of the wild populaIon and its geneIc consequences; (2) Founding one or more capIve 
populaIons; (3) Expanding capIve populaIons to a secure size; (4) Managing the capIve 
populaIon over generaIons; (5) Choosing individuals for reintroducIon; and (6) Managing 
the reintroduced populaIon in the wild. (B) Historic and contemporary samples used for 
comparaIve analyses of wild and capIve individuals.  

 

Here, we generate a comprehensive geneIc toolkit for the Bellinger River turtle, translaIng 

our geneIc findings into management recommendaIons for the conservaIon breeding and 

release program (Table 2.1). To achieve this, we assembled the first chromosome-level 

genome for the suborder Pleurodira and aligned populaIon geneIc data to (1) invesIgate 

historic and contemporary diversity and differenIaIon, (2) idenIfy levels of founder 

relatedness within and between the Taronga and Symbio populaIons, and (3) develop an 

easy-to-follow framework for managers to translate research into management acIons. 
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2.4 Methods 

Reference genome 

Comprehensive details of genome assembly and annotaIon are provided in the 

Supplementary Material. In summary, we conducted high molecular weight DNA extracIons 

from the heart Issue of a male M. georgesi using the Nanobind Tissue Big DNA kit following 

the manufacturer’s protocol (Circulomics, Pacific Biosciences, California, United States of 

America). PacBio HiFi Single-Molecule Real-Time (SMRT) bell libraries were sequenced across 

two SMRT cells on the PacBio Sequel II at the Australian Genome Research Facility (Brisbane, 

Australia). We assembled the HiFi genome using Hifiasm v.0.16.0 (Cheng et al., 2021), and 

scaffolded it using Hi-C data produced on a Illumina Novaseq 6000 and the YaHS v.1.1 

scaffolding pipeline (Zhou et al., 2022). We extracted RNA from brain, liver, and spleen Issue 

of a female M. georgesi using the Qiagen Rneasy Mini Kit (Qiagen, Hidlen, Germany) following 

the manufacturer’s protocol. Transcriptomes were sequenced at the Ramacioy Centre for 

Genomics (The University of New South Wales, Sydney, Australia) on an Illumina NovaSeq 

6000 S1 flow cell as 100 bp paired-end reads. We annotated the genome with FGENESH++ 

using a global transcriptome assembly that was generated from the brain, liver, and spleen 

transcriptomes (Table A1.2.1). 
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Table 2.1. A framework for integraIng geneIc data into conservaIon breeding management, mirroring Frankham et al. (2010) six-stage process 1 
of establishing successful conservaIon breeding and reintroducIon (or other conservaIon translocaIon) program. Bold text highlights the 2 
geneIc contribuIons of our study. Note: The steps in the Myuchelys georgesi case study were not undertaken chronologically at each stage, as 3 
we have retrospecIvely integrated geneIc inputs into the program. We suggest that other conservaIon breeding programs make efforts to follow 4 
the order we recommend. 5 

Stage Genetic input Management outcome M. georgesi program  

1. Recognising 
decline of the wild 
population and its 
genetic 
consequences  

• Biobanking 
• Reference genome generation 
• DNA sampling of declining 

population (blood/tissue) 

• Setting genetic foundations and acquiring samples 
for subsequent steps 

• Baseline analyses investigating wild population 
genetic diversity, differentiation and temporal 
changes wrought by the decline 

• Tissue samples were collected in 1986 (A. Georges; Figure 
2.2B) and biobanked at The University of Canberra 

• A chromosome-level reference genome has been 
assembled and annotated for downstream analyses 

• Commencement of annual surveying and sampling of wild 
population by NSW DCCEEW 

• Baseline analyses of geneRc metrics (HS, HE, HO, FIS, AR, 
PA,Ne, FST)1 

2. Founding one or 
more captive 
populations 

• 20-30 contributing founders  
• DNA sampling of all founders 
• DNA sampling of contemporary 

wild individuals  

• IdenRfying founder relaRonships for baseline 
studbook data 

• Ensuring no hybrids or backcross individuals in 
capRvity 

• Ensuring captive populations are representative 
of wild diversity 

• Two capUve populaUons established from 35 individuals 
(Taronga ConservaUon Society and Symbio Wildlife Park) 

• Tissues collected from wild and founding individuals (NSW 
DCCEEW; Figure 2.2B) 

• The founders gathered by NSW DCCEEW and various 
insUtuUons were sourced from opposite ends of the species 
distribuUon and are housed separately  

• GeneUc analyses idenUfied the presence of hybrids which 
were then removed 

3. Expanding 
captive 
populations to a 
secure size 

• Establishing a studbook with 
known founder relatedness 

• DNA sampling of each generation 
• DNA sampling of new founder 

intakes 

• Provides data for stage 4 • Tissue collected from G1 for parentage analyses (Georges, 
2020) 

• Development of studbook 
• Breeding program successfully increased numbers from 35 

to ca. 299 individuals (including releases) 
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1 NSW DCCEEW New South Wales Department of Climate Change, Energy, the Environment and Water; MK Mean kinship; HS Standardised heterozygosity; HE Expected 6 
heterozygosity; HO Observed heterozygosity; FIS Inbreeding coefficient; AR Allelic richness; PA Private alleles; Ne Effective population size; FST differentiation.  7 

4. Managing the 
captive population 
over generations 

• Maintaining a studbook with 
known founder relatedness 

• Breeding between captive 
populations 

• Introducing genetic material via 
new founders  

• Maintaining/increasing genetic diversity 
• Minimising MK1 
• Monitor for genetic drift  
• Increasing genetic diversity with new individuals 
• Ensuring individuals are representative of wild 

diversity 

• ConUnuaUon of progeny sampling 
• Analyses to monitor geneRc metrics (HS, HE, HO, FIS, AR, PA, 

Ne, FST)1 
• ImplementaRon of founder relatedness results by breeding 

individuals with low MK and integraUng geneUc data into 
studbook  

5. Choosing 
individuals for 
reintroduction/rele
ase 

• Results from analyses in steps 2-4 
i.e. reintroduction/translocation 
cohorts with wide ranging 
diversity 

• Reintroduce/translocate genetically diverse 
individuals 

• Insight on where to reintroduce/translocate 
based on wild diversity and population structure 

• RetrospecUve integraUon of geneUc diversity results from 
this study to inform reintroducUon/translocaUon decisions 

6. Managing the 
reintroduced (or 
translocated) 
population in the 
wild 

• Routine DNA sampling of wild 
population 

• Knowledge of captive and wild 
genetics from earlier stages 

• Maintain wild diversity post-release 
• Ensure wild is not ‘swamped’ by different 

genotypes from a single captive population  
• Ensure captive-released animals are breeding 

with wild animals and contributing to the next 
generation 

• Annual sampling of wild populaUon by NSW DCCEEW 
• GeneRc diversity of wild and capRve populaRons 

undertaken in this study 
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Genetic analyses for management 

Two-week river-wide, randomised, straIfied surveys were conducted in April of 2007 and 

October and November of 2015, 2016, 2019, and 2020 by the NSW DCCEEW. October and 

November coincided with the beginning of the breeding season, at which Ime gravidity of 

adult females could be confirmed. Turtles were idenIfied using scute notching, and their 

carapace width and length were measured. They were also weighed, bled or had skin biopsied, 

body condiIon checked, and swabbed for viral screening (Chessman et al., 2020). DNA 

samples were collected by extracIng blood from the jugular vein or by removing part of the 

trailing webbing of the clawless toe on the hindfoot (Georges et al., 2018). 

 

Blood and skin biopsies from 166 individuals were collected across 33 sites during surveys 

(2007, 2015-2020) for the purposes of populaIon geneIc analyses (Figure 2.1A, Figure 2.2A, 

Table A1.2.6). The populaIon geneIcs samples were stored in 75% ethanol at −20°C in the 

University of Canberra Wildlife Tissue CollecIon (GenBank UC<Aus>). As described in Georges 

et al. (2018), samples were sequenced over mulIple runs using high coverage DArTseqTM 

(Diversity Arrays Technology PL, Canberra, Australia), a form of RRS. We aligned raw DArT 

sequences to the repeat masked genome generated in this study (Figure A1.3.1, Table A1.2.2) 

and called SNPs using Stacks v2.61 (Catchen et al., 2013, Roche@e et al., 2019). The 

‘populaIons’ module was then run with the following parameters: minimum samples per 

populaIon 30% (−r 0.3); minimum minor allele frequency (MAF) of 0.01 (--min_maf 0.01); and 

--write_random_snp.  

 

To parIIon our data, we invesIgated geneIc clusters using a variaIonal Bayesian framework 

in fastSTRUCTURE v1.0 (Raj et al., 2014) and visualised the results using DISTRUCT v1.1 

(Rosenberg, 2004). K=1-4 clusters were tested based on the demographic characterisIcs of 

the species including populaIon size and range (Figure A1.3.2). We used the fastSTRUCTURE 

“chooseK.py” script to decide the opImal K. As no geneIc clusters were detected (opImal 

value of K was one), we parIIoned the SNP dataset output by the ‘populaIons’ module 

according to collecIon Ime relaIve to the disease outbreak and current locaIon (Figure 

2.2B). These predetermined groups were: (1) wild individuals sampled before the disease 
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outbreak in 2007, N = 92 (hereager “Before”); (2) wild individuals sampled ager the disease 

outbreak between 2015-2020, N = 38 (hereager “Ager”); (3) Taronga founders sampled in 

2015, N = 16; and (4) Symbio founders sampled in 2017, N = 19. Variant filtering was carried 

out on three datasets: (i) all groups consisIng of the four predetermined groups (N = 166), (ii) 

wild groups only (Before and Ager; N = 131), and (iii) capIve populaIons only (Taronga and 

Symbio; N = 35). The SNP datasets were filtered on minimum average read depth (>2.5x), 

coverage difference between the reference and alternate alleles (<80%), call rate (>75%), 

retenIon of loci with heterozygosity <80%, and reproducibility (>90%) calculated using 51 

technical replicates performed by DArT. Where samples were grouped across different 

sequencing plates, we found no evidence to suggest that batch effects influenced our results 

(Figure A1.3.3). 

 

To invesIgate variaIon in the ‘wild’ and ‘all groups’ datasets, we undertook exploratory 

principal coordinates analyses (PCoA) using Euclidean distance via the R v4.3.0 package dartR 

v1.9 (Gruber et al., 2018, R Core Team, 2023) and visually inferred putaIve geneIc 

differenIaIon between groups using eigenvalues in adegenet v2.1.3 (Jombart, 2008). We also 

applied a PCA to the dataset using the glPca() funcIon in adegenet. We calculated pairwise 

fixaIon indices (FST) between all groups using hierfstat v0.5-11 (Goudet 2005). To idenIfy 

relaIonships between geographic distance and geneIc distance we used the Before dataset 

to perform an isolaIon-by-distance (IBD) mantel test in dartR using the gl.ibd() funcIon with 

999 permutaIons. 

 

We calculated standardised heterozygosity (Hs) using the genhet funcIon in R (Coulon, 2010) 

for all groups (where 1 is the average and so a value greater than 1 is more diverse than 

average); observed (Ho) and expected heterozygosity (HE) using GenAlEx v6.5 (Peakall and 

Smouse, 2006) and visualised individual Ho distribuIons by group using the boxplot() 

funcIons in R. We calculated autosomal Ho and HE (Schmidt et al., 2021) by re-running the 

Stacks ‘populaIons’ module with the parameter: minimum samples per populaIon 75% (−r 

0.75), and without the parameters: minimum minor allele frequency (MAF) of 0.01 (--

min_maf 0.01); and --write_random_snp to retain both variant and invariant loci (Schmidt et 



49 

 

al., 2021). We filtered the Stacks output on minimum average read depth (>2.5x), coverage 

difference between the reference and alternate alleles (<80%), call rate (>75%), and 

reproducibility (>90%) calculated using 51 technical replicates performed by DArT. Loci on sex 

chromosomes (scaffold 4) were removed from the dataset (MarInez et al., 2008). The 

resulIng 11,208 loci (at both variant and invariant sites) were used to calculate autosomal Ho 

and HE using GenAlEx v6.5 (Peakall and Smouse, 2006). 

 

We performed a t-test to test whether Hs was significantly different between wild groups 

before and ager the disease and used the Bartle@’s test of homogeneity of variances base 

funcIon to test whether individual observed heterozygosity was significantly different from 

expected heterozygosity in R. We calculated inbreeding coefficients (FIS) and the associated 

95% CI using the diveRsity v1.9.9 package (Keenan et al., 2013) and PopGenReport v3.0.7 

(Adamack and Gruber, 2014) to calculate allelic richness (AR) in R. We calculated the number 

of private alleles in each group compared to all other groups and pairwise private alleles 

between groups using the gl.report.pa() funcIon in the dartR package. To calculate molecular 

relatedness, we ran simulaIons in COANCESTRY v1.0.1.10 (Wang, 2011) to determine the 

most appropriate moments esImator as per Hogg et al. (2019). We selected TrioML for final 

analyses. We set COANCESTRY parameters to account for inbreeding, with the number of 

reference individuals and bootstrapping samples set to 100 for all groups and between capIve 

groups. We calculated mean kinship (MK) by dividing the TrioML value by two, represenIng 

the average relaIonship of each animal to all others within the sample set. We esImated MK 

for individuals within each group (MKWITHIN) and between capIve groups (MKBETWEEN) using the 

capIve dataset. We calculated effecIve populaIon size (Ne) for wild groups using NeEsImator 

v2.1 (Do et al., 2014) with values reported for the no singleton alleles analysis and the 

associated jack-knifed 95% confidence intervals (Jones et al., 2016). We excluded capIve 

groups from Ne analyses due to small sample sizes resulIng in infinite confidence intervals.   
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2.5 Results 

Reference genome 

The final genome assembly was 2.0 Gb in size, consisted of 129 scaffolds, had a conIg N50 of 

56.12 Mb, and scaffold N50 of 123.4 Mb (Figure A1.3.1A, Table A1.2.2). BUSCOv5.2.2 

idenIfied 95.4% complete vertebrata genes, 94.9% of which were single copy and 0.5% were 

duplicated, 2.1% were fragmented, and 2.5% were missing (Figure A1.3.1A, Table A1.2.2). The 

genome staIsIcs and disInct chromosome-length scaffolds (Figure A1.3.1B) confirm 

chromosome level-completeness. We used this genome to align and call variants using the 

populaIon geneIcs data. Comprehensive details of genome assembly and annotaIon are 

provided in the Supplementary Material. 

 

Genetic analyses for management 

We aligned the high density DArTseq data to the reference genome. Our iniIal analyses 

showed evidence of an E. macquarii (N = 1), M. georgesi and E. macquarii hybrid (N = 1), and 

backcross (N = 2) individuals in the wild groups (Figure A1.3.4) (Georges et al., 2018). In 

accordance with earlier findings, we did not detect hybrids in either capIve populaIon having 

been idenIfied and removed when the populaIons were founded (Georges et al., 2018). The 

E. macquarii, M. georgesi and E. macquarii hybrid, and backcross individuals were removed 

from the dataset and SNPs were re-called. The re-called dataset yielded a Stacks output of 

2,172 SNPs. Refiltering on SNP calls for each group in R resulted in reduced representaIon 

datasets of 460 genome-wide SNPs in the ‘all groups’ dataset, 473 genome-wide SNPs in the 

‘wild’ dataset, and 227 genome-wide SNPs in the ‘capIve’ dataset. Our exploratory PCoA using 

the wild only dataset revealed minor levels of geneIc structuring between Before and Ager 

individuals, with up to 3.5% of variance explained by PCo I and 2.5% by PCo II (Figure 2.3A). 

The addiIon of capIve individuals in the second PCoA, revealed clustering of capIve groups 

with Before individuals (Figure 2.3B). Up to 5.3% of the variaIon was explained by PCoI, and 

PCo II (3.7% variaIon) with both axes primarily separaIng out Ager individuals (Figure 2.3B). 

An almost idenIcal clustering result was seen when a PCA was applied to the dataset (data 

not shown).   
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Figure 2.3. (A) Principal coordinates analysis (PCoA) of wild individuals before and ager the 
disease outbreak (N = 131) using 474 genome-wide SNP markers. (B) PCoA of genome-wide 
diversity of all individuals (N = 166) using 460 SNP markers.  
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We found no notable differences in Hs between capIve and wild groups (Table 2.2A) and no 

significant differences in the wild across Ime (t=-0.902, df=128, P=0.369). SNP and autosomal 

HO and HE was similar across all groups (Table 2.2A, Figure A1.3.5) with significantly higher 

observed than expected heterozygosity across all groups, indicaIng an excess of 

heterozygotes. There were no staIsIcally significant levels of inbreeding (FIS) observed as 

confidence intervals encompassed zero for all groups (Table 2.2A). AR was also similar with no 

disInct differences across groups (Table 2.2A). PA were only present in the Before group when 

comparing across all groups (Table 2.2A). Pairwise PA numbers were consistently higher for 

Before and lowest for Taronga and Symbio, respecIvely (Table A1.2.3). MKWITHIN ranged from 

0.019±0.048 to 0.048±0.150, with the highest value observed in the Ager populaIon (Table 

2.2A).  MKBETWEEN for Taronga and Symbio using the capIve dataset was 0.012±0.040, where 

0.1250 is the equivalent of a half-sibling relaIonship. Ne esImates for Before and Ager were 

148.9 (120.4-191.8) and 11.9 (8.2-17.1) respecIvely (Table 2.2A). FST values between all 

groups ranged from 0.005 (0.001-0.009) to 0.027 (0.020-0.034), with staIsIcally significant 

FST observed between the Before and Ager groups (Table 2.2B). Our IBD mantel test found no 

correlaIon between geographic distance and geneIc distance in the species (r = 0.364, P = 

0.258).
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Table 2.2. (A) Population genetic indices of our sample groups, including standardised (HS), observed (HO), and expected (HE) SNP and autosomal 1 
heterozygosity, inbreeding coefficient (FIS), allelic richness (AR), private alleles (PA), mean kinship within populations (MKWITHIN), and effective 2 
population size (Ne). SD = standard deviation, CI = 95% lower and upper confidence intervals. Significantly higher HO to HE denoted by *. (B) 3 
Population differentiation (FST) including 95% CI between all groups. 4 

 (A) 5 

 6 

(B) 7 

 

 
Before After Symbio 

After 0.026 (0.020-0.031) 
  

Symbio 0.005 (0.001-0.009) 0.027 (0.020-0.034) 
 

Taronga 0.010 (0.004-0.016) 0.002 (-0.002-0.006) 0.019 (0.011-0.027) 

 

Group n HS  (± SD) 
SNP 

HO  (± SE)  
SNP 

HE  (± SE)  
SNP 

HO (± SE) 
Autosomal 

HE (± SE) 
Autosomal 

 FIS  (95% CI) AR PA MKWITHIN (± SD) NE (95% CI) 

Before 92 1.007 (0.097) 0.290 (0.009)* 0.280 (0.008) 0.0180 (0.0007)* 0.0148 (0.0005) -0.035 (-0.051--0.020) 1.727 11 0.019 (0.047) 148.9 (120.4-191.8) 

After 38 0.990 (0.097) 0.286 (0.010)* 0.262 (0.008) 0.0170 (0.0006)* 0.0138 (0.0005) -0.094 (-0.125--0.064) 1.688 0 0.048 (0.150) 11.9 (8.2-17.1) 

Symbio 19 0.969 (0.102) 0.279 (0.011)* 0.252 (0.009) 0.0174 (0.0007)* 0.0136 (0.0005) -0.181 (-0.149--0.075) 1.669 0 0.023 (0.072) - 

Taronga 17 1.009 (0.098) 0.293 (0.012)* 0.248 (0.009) 0.0165 (0.0007)* 0.0130 (0.0005) -0.108 (-0.253--0.121) 1.658 0 0.027 (0.076) - 
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2.6 Discussion  

A worked example of how conservation managers can apply the framework  

Please refer to Table 2.1 for a summary of the framework for integraIng geneIc data into 

conservaIon breeding management, parIcularly in relaIon to the geneIc input, 

management outcomes and how this applies to our case study. 

 

Stage 1–Recognising decline of the wild population and its genetic consequences 

“When recognising declines in wild popula;ons, the collec;on and preserva;on of DNA 

samples, such as blood and ;ssue, in a biobank can provide essen;al gene;c data for future 

research” (Frankham et al., 2010). Through collecIon and preservaIon of DNA, we can also 

idenIfy geneIc consequences resulIng from threatening processes through analysis of 

temporal data, as well as sample provision for development of a reference genome for neutral 

and adapIve genomic invesIgaIons (Sunde et al., 2022). 

 

The reference genome for M. georgesi was created using tissue collected and stored in a 

biobank from 1986. The sampling by managers in 2007 and 2015-2022 (Figure 2.2B) has 

provided population genetic data for researchers to investigate the genetic consequences of 

the nidovirus outbreak and other threatening processes, including evidence of shifts in wild 

genetic diversity since the disease event (Table 2.2A, Figure 2.3A). We developed and utilised 

our reference genome during establishment stages 2 and 6 for Symbio and Taronga, 

respectively. If financial resources and collaborative opportunities are available, we 

recommend that a reference genome be developed during stage 1 for conservation breeding 

programs so genetic output can be utilised as early as possible and to improve the reliability 

of RRS data variant calls to improve downstream inferences (Torkamaneh et al., 2016, Shafer 

et al., 2017, Wright et al., 2019). We also recommend samples from the declining wild 

populaIon be collected to provide baseline geneIc data and to readily assess geneIc 

consequences of populaIon declines. This may encompass decreases in diversity, the risk of 

bottlenecks, the potential for inbreeding depression, and the occurrence of genetic drift. 



55 

 

Addressing these issues early is crucial to prevent the need for more extensive interventions 

due to a potential delayed response in observable genetic changes.  

 

We examined population genetic data from samples that were previously sequenced for 

earlier analyses (Georges et al., 2018) (Figure 2.2B). Using our reference genome and set of 

reliable genome-wide SNP markers, we found no significant differences in Hs between all 

groups (P=0.369) indicating consistent levels of heterozygosity in the population since the 

nidovirus outbreak. SNP and autosomal observed heterozygosity were significantly higher 

than expected heterozygosity across all groups (Table 2.2A). While bottlenecks typically 

reduce both Ho and HE without necessarily causing a deviation between them, this pattern 

may reflect a loss of rare alleles that disproportionately lowers HE, or a transient excess of 

heterozygotes due to the population not yet reaching Hardy-Weinberg equilibrium following 

the mortality event. However, the large drop in Ne suggests a bottleneck is likely. The 

relatively low genome-wide diversity compared to other species also suggests historical 

bottlenecks have already occurred in this species (Georges, 2020). It has also been suggested 

that associative overdominance (neutral loci becoming effectively over-dominant as a result 

of disequilibrium with a locus under selection)  may conserve genetic variation in small 

populations compared to expectations from neutral theory (Frydenberg, 1963, Rumball et al., 

1994, Gilligan et al., 2005, Schou et al., 2017), potentially contribuIng to the significantly 

higher levels of observed to expected heterozygosity in all groups however, long-term 

monitoring is needed to confirm this. Notably higher SNP heterozygosity compared to 

autosomal heterozygosity esImates are due to the inclusion of  invariant sites and the species 

small populaIon size (Schmidt et al., 2021), with autosomal heterozygosity esImates likely 

providing a more accurate representaIon of low genome-wide diversity in the species 

(Schmidt et al., 2021). AR was consistent across groups, with slightly lower values observed 

for the Ager, Symbio, and Taronga groups compared to Before (Table 2.2A). The lower 

number of unique PA in the Ager group compared to Before highlights potenIal losses in 

alleles overIme, although discrepancies in sample size may not have captured the range of 

alleles currently present in the wild (Table A1.2.3). Although alleles present in the Ager group 

do not appear to be captured in capIvity, each capIve populaIon contains mulIple alleles 

not observed in the current wild populaIon (Table A1.2.3). As there has been minimal 
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evidence of wild clutches hatching since the outbreak, the After group may still reflect the 

diversity of the larger pre-disease population suggesting that genetic consequences of the 

outbreak may not be evident until post-disease G1 individuals can be analysed. We have 

advised species managers that continual monitoring once wild individuals start reproducing 

will be crucial in identifying long-term trends.  

 

In this case study, we demonstrate the value of biobanking during the early stages of a wild 

population decline, and we advocate for continual monitoring in threatened species including 

DNA samples collection and biobanking to capture temporal trends in genetic diversity. 

 

Stage 2–Founding one or more captive populations 

“When founding one or more captive populations, a fully representative sample that 

encompasses wild diversity is needed to maximise captive population viability” (Frankham et 

al., 2010). Frankham and colleagues proposed that 20-30 contributing founders are sufficient 

to create a genetically diverse population that is representative of wild diversity, although 

molecular analyses are needed to confirm this hypothesis. DNA samples from, (1) all founders 

are needed and, if feasible, (2) contemporary samples collected across the wild population 

should be sequenced. The data generated from these samples can be used in stages 3 and 4 

for, (1) diversity and founder kinship analyses that can inform management decisions to 

maximise diversity in captivity, prevent inbreeding and to detect hybrids, or backcross, 

individuals among founders, and (2) contemporary wild samples that provide information to 

ensure that the genetic diversity of the wild population is reflected in captive individuals. 

 

In line with stage 2 management outcomes, we observed minor but non-significant shigs in 

geneIc structure since the outbreak, where Taronga and Symbio are shown to be most 

representaIve of historical diversity (Before) (Figure 2.3B). The clustering of capIve groups 

with Before in the PCoA suggests that Taronga and Symbio represent the geneIc profile of the 

once larger populaIon which may be useful in reinforcing the current wild populaIon. The 

small number of Taronga individuals that clustered with Ager suggests greater representaIon 
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of current wild variaIon within Taronga that is consistent with the low FST values between the 

two groups (Table 2.2B). However, as only a small amount of variaIon is explained by the PCoA 

axes (<4%), long-term analyses of the offspring of the outbreak survivors will be useful in 

confirming these trends. MKWITHIN in the wild is higher ager the disease outbreak with Taronga 

and Symbio falling between historical and contemporary levels. PopulaIons that sustain high 

MKWITHIN over generaIons are expected to experience more rapid changes in allele 

frequencies and lower adaptaIon potenIal in future (Frankham, 1996). In this instance, the 

conservaIon breeding program will play a crucial role in strengthening the wild populaIon 

post-bo@leneck by providing opportuniIes to mate with unrelated individuals, miIgaIng 

future inbreeding. 

 

In our case study, molecular analyses to assess genetic representation of the captive 

populations was conducted post-founding due to a lack of genetic resources at the time. 

Ideally, stage 2 should be implemented at founding to quickly address genetic concerns prior 

to breeding. In situations where genetic analysis cannot occur at the time of founding, we 

recommend collection of DNA from all founders for future analysis. 

 

Stage 3 –Expanding captive populations to a secure size 

“During the expansion phase of conserva;on breeding, priority is on rapid popula;on growth 

rather than intense gene;c management” (Frankham et al., 2010). During stage 3, 

maintaining an accurate studbook is crucial but may not be effecIve enough to miIgate long-

term founder effects and prevent inbreeding depression when assuming founders are 

unrelated (Ivy and Lacy, 2010, Ivy et al., 2009). During this stage, DNA samples from each 

generaIon and new intakes are essenIal for molecular idenIficaIon of relaIves to prevent 

long-term founder effects and inbreeding in subsequent stages (Hogg et al., 2019). This is 

important in cases where paternity determinaIon can be difficult, including group-housed 

enclosures, in species where females retain sperm (Gist and Jones, 1987, Sever and Hamle@, 

2002), and when mixed parental clutches are present. This informaIon allows for more 

informed geneIc selecIon of mates and alleviates the impact of founder effects in subsequent 

generaIons. AddiIonally, this informaIon allows managers to monitor novel geneIcs 
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introduced into the populaIon through new intakes and provides data for long-term 

monitoring of geneIc drig. 

 

Through expert collaboration and development of effective breeding protocols (Taronga 

Conservation Society Australia, 2023), the number of M. georgesi individuals in captivity has 

rapidly grown from 35 to ca. 299 individuals in eight years, increasing the global population 

size from <150 to approximately 450 individuals. Throughout stage 3, a studbook has been 

maintained to inform breeding, established before the availability of genetic data. Before our 

study, the DNA sequences of Taronga’s founders and offspring were used for internal 

parentage analysis to inform the studbook (Georges, 2020). As the turtles are typically housed 

in groups where females have been observed to retain sperm, determining paternity through 

traditional means may sometimes be challenging with the absence of molecular information. 

Due to low numbers in the wild, there have been no new founder intakes to the captive 

program. In accordance with the species’ conservation action plan (Jakob-Hoff et al., 2017), 

we anticipate DNA from new wild individuals adopted into the breeding program will be 

analysed and integrated into the studbook (Table A1.2.4, Table A1.2.5). 

 

Our case study and previous work demonstrates that rapid population growth can go hand in 

hand with the integration of traditional pedigree and molecular genetic data. 

 

Stage 4  – Managing captive populations over generations  

“Loss of gene;c diversity and inbreeding is exacerbated over genera;ons in small cap;ve 

popula;ons” (Frankham, 1995). When managing cap;ve popula;ons over genera;ons, focus 

shi`s from rapid reproduc;on in stage 3 to mi;ga;ng gene;c issues in stage 4” (Frankham et 

al., 2010). Samples collected in stage 3 can be used to explore a standardised set of geneIcally 

measured EssenIal Biodiversity Variables in stage 4 (HS, HE, HO, FIS, AR, PA, Ne and FST) to 

provide comparable data for monitoring and management (Hoban et al., 2022). It may be 

preferable to undertake these analyses during stage 3 to idenIfy geneIc changes early on and 

ascertain if geneIc intervenIons are required, such as the introducIon of new individuals to 
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increase geneIc diversity, or breeding between populaIons to reduce inbreeding (Hoffmann 

et al., 2021, Kinghorn and Kinghorn, 2021). In cases where founder relaIonships are unclear 

during iniIal breeding, it is essenIal to retrospecIvely incorporate these data to help inform 

future breeding decisions (Hogg et al., 2019), and to apply geneIc principles such as not 

breeding individuals captured close together, unIl geneIc data can be incorporated.  

 

After population expansion and establishment of a studbook in stage 3, M. georgesi managers 

sought genetic expertise for continued genetic monitoring of captive individuals. This was an 

opportune time as individuals only had one generation of captive ancestry, allowing our data 

to be proactively implemented to mediate future genetic issues. Given that the lifespan of M. 

georgesi likely surpasses 30 years and individuals typically do not reach sexual maturity until 

approximately 6-12 years of age, this may prove more challenging in species with shorter 

lifespans and short generation times. With access to genetic data, our analyses revealed 

consistent genetic diversity metrics in both Taronga and Symbio, with Taronga showing 

slightly higher diversity metrics throughout all analyses (Table 2.2A, Table 2.2B).  

 

MK values are useful for determining how related individuals are within, and between, 

populations and for indicating which animals should be considered for breeding/translocation 

to minimise relatedness and maximise genetic diversity (Frankham et al., 2017b). When 

choosing breeding pairs, individuals with high MK estimates should not be paired, and 

breeding of their progeny should be carefully considered. To assist the stage 4 outcome of 

managing captive populations over generations using our MK analyses (Table A1.2.4, Table 

A1.2.5), we suggest breeding individuals that are on average less related to each other within 

Taronga and Symbio to prevent founder effects and inbreeding depression (Lacy, 1987, 

Frankham, 2008, Frankham et al., 2010). As we observed lower levels of MK between 

(MKBETWEEN) Taronga and Symbio compared to within (MKWITHIN) (Table 2.2A, Table A1.2.4, 

Table A1.2.5), we have also suggested to the recovery team and captive managers that 

breeding between Taronga and Symbio (when sexually mature) could result in a decrease in 

average kinship, a reduction in inbred individuals, and an increase in diversity (Hoffmann et 

al., 2021, Kinghorn and Kinghorn, 2021), as observed in other species (del Mar Ortega-

https://www.sciencedirect.com/science/article/pii/S2351989421004194?ref=pdf_download&fr=RR-2&rr=81de8c521cdbaae3#bib29
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Villaizan et al., 2011, Thavornkanlapachai et al., 2021). Given that only Taronga individuals 

have reached reproductive maturity and animals born in captivity (G1) have yet to breed, 

genetic monitoring of each generation is necessary to detect any genetic drift in captivity 

(Gilligan and Frankham, 2003) in addition to diversity and MK monitoring. This is being 

implemented through genetic sampling of captive born individuals. 

 

We demonstrate in our case study how the use of genome-wide SNP data can provide fine-

scale insights to support mitigation of genetic issues in captive populations. The generation 

of a reference genome in this study will also provide support for future investigations into 

adaptive potential including immune gene diversity. 

 

Stage 5  – Choosing individuals for reintroduction/release  

To choose individuals most suitable for release, geneIc informaIon from stages 2-4 can be 

used to select individuals with wide-ranging levels of differenIaIon and/or low levels of 

relatedness. Before translocaIng capIve individuals, it is essenIal to understand the geneIc 

metrics of both the wild and capIve populaIon to prevent the introducIon of idenIcal or 

closely related genotypes from capIvity into the wild, parIcularly when there may be more 

diverse individuals available in capIvity (Hogg et al., 2020). Analyses of wild populaIons in 

stages 1-2 can be used to inform release site selecIon by releasing individuals at sites where 

geneIc differenIaIon within a species or populaIon is high and inbreeding or outbreeding 

depression is unlikely (Grueber et al., 2018, Nistelberger et al., 2023). We recommend 

performing this geneIc admixture to maximise diversity in the wild but using populaIons that 

have exchanged genes within the last 500 years and where there is li@le evidence of local 

adaptaIon to minimise the risk of outbreeding depression (Frankham et al., 2011). 

 

For M. georgesi, the availability of contemporary wild samples meant that we could identify 

that the combined captive populations are representative of historical wild diversity before 

the outbreak (Figure 2.3B) (stage 2). As such, releases from both Taronga and Symbio will be 

essential in supplementing pre-disease diversity into the contemporary wild population. 
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Additionally, our MK estimates provide data for breeding decisions in the captive breeding 

program and minimising the release of inbred individuals into the wild (Table A1.2.4, Table 

A1.2.5). To date, site selection for release has not been genetically informed due to 

insufficient data and has instead been selected based on ease of access and ability to obtain 

landholder approvals.  

 

Our case study supports the use of genetically informed translocations by providing insight 

on the genetics at different sites throughout the river (Figure 2.1, Figure 2.3B). For example, 

the release of Taronga and eventually Symbio individuals at the opposing end of the river 

from their collection site (Figure 2.1A) could facilitate admixture with genotypes in lower and 

upper regions, respectively.  

 

Stage 6 – Managing the reintroduced population in the wild 

Due to persistent threats in their natural environment, reintroducIon of certain species or 

reinforcement of wild populaIons might not be possible for an extended period. However, 

over Ime, capIve populaIons may undergo geneIc changes that make them be@er suited to 

their capIve condiIons but less adapted to the challenges of the wild (Frankham, 2008, 

ChrisIe et al., 2012). This adaptaIon to capIvity can result in reduced fitness in the wild due 

to a loss of geneIc diversity, the accumulaIon of deleterious mutaIons, or the fixaIon of 

alleles that are advantageous in capIvity but not in the wild (Lacy, 1987, Frankham et al., 

2017). To minimise geneIc adaptaIon to capIvity and ensure long-term viability of the 

remaining wild populaIon (Frankham, 2008, Crates et al., 2023), it is commonly suggested 

that releases be carried out within a few generaIons (Williams and Hoffman, 2009). To 

evaluate the effects of conservaIon translocaIons on geneIc diversity, it is crucial to have 

ongoing monitoring of the reintroduced or reinforced populaIon, at least unIl the populaIon 

is self-sustaining with an improved conservaIon status (IUCN/SSC, 2013). Apart from 

techniques like radiotracking, this requires the collecIon of DNA samples from the wild 

populaIon over numerous generaIons and analysing them for any changes. For example, this 

can be achieved by mirroring the temporal comparaIve analyses in this study (2.2A, Table 

2.2B).  
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It is recommended that 1-10 individuals every 2-3 generations is sufficient in increasing 

genetic diversity (Allendorf, 1983, Lacy, 1987, Lande and Barrowdough, 1987, Backus et al., 

1995). Prior to reinforcing the wild population, the M. georgesi recovery program undertook 

measures including predator management, habitat restoration, water quality assessments, 

and community engagement to minimise environmental stressors (Jakob-Hoff et al., 2017). 

The program has conducted four rounds of reinforcements by releasing 82 F1 juveniles of 

unknown sex into the Bellinger River (Figure 2.2A), significantly boosting wild population 

numbers.  

 

To evaluate the short-term survival and movement of the released individuals, a select 

number have been radio tracked. Additionally, annual surveys are conducted to sample 

animals, with DNA biobanked for future sequencing. Given that genetic changes may not be 

immediately apparent in a long-lived species, long-term monitoring with a focus on sampling 

new and juvenile individuals, is critical for detecting alterations in the species. Long-term 

genetic monitoring will also play a critical role monitoring levels of hybridisation and 

introgression which simultaneously threatens the persistence and locally adapted genetic 

identity of the species (Georges et al., 2018). 

 

Integration of genetic data into management actions 

In combinaIon with husbandry, breeding, and disease miIgaIon, incorporaIng geneIc data 

throughout conservaIon breeding establishment and management is valuable for maximising 

long-term viability in capIvity and to guide conservaIon translocaIons to the wild. Here we 

have provided a worked example of geneIcists working with an established breeding program 

to answer geneIc quesIons posed by managers using DNA samples they provided. We 

communicated our findings to managers during scheduled meeIngs and in-person workshops 

where our recommendaIons have been integrated into the species ConservaIon AcIon Plan 

(Jakob-Hoff, unpublished).  
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In summary, for the Bellinger River turtle we recommend that genetic diversity be 

maintained, or potentially increased, by: 

(i) Breeding individuals that are on average less related to each other within Taronga 

and Symbio to prevent founder effects and inbreeding depression. 

(ii) Breeding between Taronga and Symbio to minimise founder effects and 

inbreeding depression.  

(iii) Encouraging translocations from both Taronga and Symbio to ensure 

representation of genotypes from both captive populations in the wild. 

(iv) Alternating or varying release locations during each release round to facilitate 

genetic admixture between captive bred and wild individuals as there is some 

genetic differentiation between the wild and captive populations (Figure 2.3). 

 

Here we aimed to provide a generalised checklist based on our own example of geneIc data 

integraIon, that can be adapted for other conservaIon breeding programs. IntegraIon of 

geneIcs into management acIviIes may need to occur retrospecIvely depending on the 

establishment stage of the conservaIon breeding program when the geneIc data is generated 

(Table 2.1). InsIgaIng discussions between scienIsts and managers can facilitate producIve 

dialogue, allowing for a be@er comprehension and adaptaIon of each other's work and tools 

(Hogg et al., 2017b). This cyclical approach leads to ongoing improvement and enhancement 

of conservaIon strategies. 

 

Future directions 

As emerging infecIous diseases are causing rises in exIncIon risk (Piotrowski et al., 2004, 

Blehert et al., 2009), our capacity to understand geneIcs and genomics is also increasing. The 

DNA of disease-suscepIble species provides valuable insight on species resilience, with 

genomics giving us the tools to unlock the answers. For M. georgesi, as translocaIon 

candidates are juveniles, there remains an unknown risk that once individuals mature, they 

will succumb to the virus in the wild, compromising the translocaIon program. Another 

unknown threat is whether the few adult survivors of the virus are geneIcally predisposed to 

resist the virus, or they merely avoided exposure (Zhang et al., 2018). To answer these 
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quesIons, our high-throughput sequencing efforts and chromosome-level genome provides 

a valuable genomic tool for future funcIonal gene research on M. georgesi and other 

Australian turtle species. Beyond neutral diversity invesIgaIons, high-throughput and 

genome-wide sequencing provides high-resoluIon data for immune-gene invesIgaIons, that 

rely on high-quality assemblies and genome-wide data (Peel et al., 2022). Each year the cost 

of sequencing and bioinformaIc analyses becomes cheaper and more streamlined permiyng 

studies like ours (Wright et al. 2019). Once streamlined sampling and basic geneIc 

management become convenIonal pracIce in breeding programs, geneIc research can 

progress towards higher resoluIon conservaIon efforts aimed at preserving the adapIve 

potenIal and funcIonal diversity within capIve programs. 
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 Chapter 3 - A genomic-based workflow for eDNA assay 

development for a cri2cally endangered turtle, 

Myuchelys georgesi 
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3.2 Abstract 

Environmental DNA (eDNA) analysis has become a popular conservaIon tool for detecIng 

rare and elusive species. eDNA assays typically target mitochondrial DNA (mtDNA) due to its 

high copy number per cell and its ability to persist in the environment longer than nuclear 

DNA. Consequently, the development of eDNA assays has relied on mitochondrial reference 

sequences available in online databases, or in cases where such data are unavailable, de novo 

DNA extracIon and sequencing of mtDNA. In this study, we designed eDNA primers for the 

criIcally endangered Bellinger River turtle (Myuchelys georgesi) using a bioinformaIcally 

assembled mitochondrial genome (mitogenome) derived from a reference genome. We 

confirmed the accuracy of this assembled mitogenome by comparing it to a Sanger-sequenced 

mitogenome of the same species, and no base pair mismatches were detected. Using the 

bioinformaIcally extracted mitogenome, we designed two 20 bp primers that target a 152-

base-pair-long fragment of the cytochrome oxidase 1 (CO1) gene and a 186-base-pair-long 

fragment of the cytochrome B (CytB) gene. Both primers were successfully validated in silico, 

in vitro, and in situ.  
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3.3 IntroducPon  

In recent years conservaIon geneIcists have made substanIal progress in understanding how 

to apply geneIc data to conservaIon acIons for threatened species (Hohenlohe et al., 2021). 

The prevalence of cost-effecIve, non-invasive molecular tools like environmental DNA (eDNA) 

assays have become increasingly common in detecIng invasive species, assessing community 

diversity across various spaIal scales, and monitoring rare or crypIc species (Rees et al., 2014, 

Ardura et al., 2015, Ruppert et al., 2019, Lam et al., 2022). eDNA refers to extra organismal 

geneIc material the comprises of molecules that have been shed into the environment by 

decaying bodies, leaves, blood, pollen, seeds, urine, faces, skin, hairs, and other types of 

organismal material (Freeland, 2017), that can be extracted from environmental samples such 

as soil, water and air (Barnes et al., 2014, Rees et al., 2014). The presence of eDNA can be 

detected using DNA metabarcoding for detecIon of enIre communiIes or species-specific 

primers or assays to detect a target species (Mauvisseau et al., 2019, Lopes et al., 2021, 

Valdivia-Carrillo et al., 2021). eDNA assays commonly target and amplify a short fragment of 

mitochondrial DNA (mtDNA) through polymerase chain reacIon (PCR). mtDNA is commonly 

targeted as it is highly abundant in cells and can persist in environments longer than nuclear 

DNA (nuDNA) (Wilcox et al., 2016, Bylemans et al., 2018).  

 

The development of species-specific eDNA markers relies on the species’ mtDNA being 

sequenced. ConvenIonal methods for acquiring mtDNA sequence data have involved Issue 

acquisiIon, DNA extracIon, designing universal primers or primers of a closely related 

species, long-range polymerase chain reacIons (PCRs), shotgun sequencing, followed by 

bioinformaIc assembly (Kundu et al., 2020, Chen et al., 2021, Tessler et al., 2023). The advent 

of high-throughput parallel sequencing (HTS), reducIons in sequencing costs, and lower input 

DNA requirements, as well as improved bioinformaIc pipelines, have given rise to the 

genomics era where tradiIonal geneIc approaches are being replaced by whole-genome 

approaches to conservaIon geneIc research (Satam et al., 2023). While genomic data alone 

have no direct impact on conservaIon outcomes, they provide a foundaIonal blueprint that 

that can be harnessed by geneIcists and conservaIonists for a range of downstream 

applicaIons (Hogg et al., 2022). These can include; aiding in the idenIficaIon of geneIc 
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variants for populaIon geneIc analyses (Brandies et al., 2019); invesIgaIons into funcIonally 

important geneIc variaIon such as immune genes (Peel et al., 2022), development of PCR 

primers and recently in silico extracIon of complete mitochondrial genomes (hereager 

“mitogenomes”) (Meng et al., 2019, Uliano-Silva et al., 2021). 

 

The Bellinger River turtle (Myuchelys georgesi) is a species of short-necked turtle (Family 

Chelidae) and is one of two turtle species that is listed as CriIcally Endangered in Australia 

under the Environmental ProtecIon and Biodiversity ConservaIon Act 1999 (Commonwealth 

of Australia 1999). The species has a current known distribuIon that is restricted to 60 km of 

the Bellinger River and a short secIon of its main tributary, the Kalang River, in north-eastern 

New South Wales (NSW), Australia (Cann et al., 2015). However, the species has not been 

recorded in the Kalang since 2007 (Georges et al., 2011). M. georgesi is a rare and crypIc 

species that has adapted to up-stream regions of the Bellinger River, preferring deeper 

waterholes surrounded by bedrock making them difficult to survey using convenIonal diving 

and trapping methods (Spencer et al., 2014). In 2015, a novel nidovirus outbreak resulted in 

the esImated death of more than 90% of individuals, further contribuIng to the species’ 

rarity (Zhang et al., 2018, Chessman et al., 2020). The species also faces threats from 

compeIIon with another locally occurring species, the Murray River turtle (Emydura 

macquarii). ImplementaIon of eDNA analyses in both known and data deficient areas of the 

catchment (e.g. Kalang River) is currently listed in the species ConservaIon AcIon Plan to 

inform survey site selecIon (Jakob-Hoff R et al., unpublished), yet no such tool currently exists.  

 

Given the growing applicaIon of both eDNA and genomic data in conservaIon management, 

we used a PacBio HiFi reference genome to develop species-specific eDNA markers for M. 

georgesi. We also provide comprehensive methodologies and a visual workflow for other 

threatened species, with reference genomes or genomic data, that would benefit from an 

eDNA assay using this approach.  
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3.4 Methods  

Mitogenome Assembly 

We previously assembled a chromosome-level reference genome for M. georgesi using PacBio 

High Fidelity (HiFi) (CA, United States) sequencing (Nelson et al., 2024). HiFi sequencing is a 

type of long-read data that is generated by circular consensus sequencing (CCS). Raw CCS 

reads can be as long as 15,000 to 20,000 base pairs, allowing full-length mitogenome 

sequences to be captured within a single read. To generate HiFi sequence data, high molecular 

weight DNA was extracted from the heart Issue of a male M. georgesi using the Nanobind 

Tissue Big DNA kit following the manufacturer’s protocol (Circulomics, Pacific Biosciences, 

California, United States of America). PacBio HiFi Single-Molecule Real-Time (SMRT) bell 

libraries were sequenced at the Australian Genome Research Facility (Brisbane, Australia). The 

HiFi genome was assembled using Hifiasm v.0.16.0 (Cheng et al., 2021). To obtain a complete 

mitogenome (i.e., the enIre mitochondrial DNA), we bioinformaIcally extracted the mtDNA 

sequence from the HiFi genome fasta file (a text-based file format containing nucleoIde 

sequences) using MitoHifi v2 (Uliano-Silva et al., 2021). The -c flag was used to idenIfy and 

annotate the mitogenome from genome scaffolds, rather than assembling it from raw reads 

with the -r flag. MitoHiFi also requires a mitochondrial reference sequence as input in either 

fasta or GenBank format (e.g. h@ps://www.ncbi.nlm.nih.gov/genbank/samplerecord/). 

MitoHiFi provides an internal script (findMitoReference.py) that can be used to find and 

download the most closely related mitogenome for the species of interest. For this study, we 

manually obtained reference sequences from the NCBI for the Green Sea Turtle (Chelonia 

mydas) (NC_000886) (Kumazawa and Nishida, 1999), Murray River Turtle (Emydura 

macquarii) (NC_041302.1) (unpublished), and a previously Sanger sequenced M. georgesi 

mitogenome (NC_042474.1) (unpublished). These sequences were used to evaluate whether 

levels of divergence between reference and target species affected assembly quality. The 

mitogenome was visualised using Proksee (Grant et al., 2023) (Figure 3.1). To confirm efficacy 

of the bioinformaIcally extracted mitogenome, we used MEGA11 (Tamura et al., 2021) to 

align the assembly to a Sanger sequenced M. georgesi mitogenome for structural comparison 

and mismatches between sequences (NC_042474.1). 

https://www.ncbi.nlm.nih.gov/genbank/samplerecord/
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Species-specific primer development and validation 

Using the annotated fasta file output by MitoHiFi, we located geneIc sequences labelled  

“CO1” and “CytB” and used the complete sequence (Figure A2.3.1, Figure A2.3.2) as input into 

Primer3Plus v3.3.0 (Untergasser et al., 2012) to design forward and reverse primer sequences 

with 0 base pair mismatches with the CO1 and CytB gene sequences. These genes were used 

as they are known to be highly variable among closely related species providing greater 

specificity for species-specific eDNA assays compared to mitochondrial genes with lower inter-

specific variaIon (Moritz et al., 1987, Meyer, 1994, Johns and Avise, 1998, Hebert et al., 2003). 

Forward and reverse primers output by Primer3Plus were individually input into OligoAnalyzer 

(h@ps://sg.idtdna.com/calc/analyzer) for quality checks using the hairpin and homodimer 

opIons to ensure efficiency and sensiIvity of primer binding. To ensure primer stability and 

minimise the likelihood of hairpin structure formaIon (when complementary base-pair 

sequences create a loop), we used a ΔG (Gibbs free energy change) threshold of -4.5 kcal/mol. 

For homodimers (annealing of idenIcal primer sequences) we ensured primers had no more 

than 3 complementary bases. The melIng temperature (Tm) for all primer sequences fell 

between 59.6°C – 60.1°C . Final primer pairs are provided in Table 3.1 and Table A2.2.1. The 

specificity and sensiIvity of primer sets were evaluated at three stages: in silico, in vitro, and 

in situ. 

 

In silico validation 

To confirm specificity in silico, the alignment search tool Basic Local Alignment Search Tool 

(BLAST) was used to confirm percent of sequence similarity with other species 

(h@ps://blast.ncbi.nlm.nih.gov/). To visually confirm specificity and opImal primer design 

against another locally occurring species (E. macquarii) we used MEGA v11 to align both our 

assembled and E. macquarii mitogenomes (NC_041302.1) and ensured 2-3 mismatches 

between primer design sequences (De Brauwer et al., 2022b). Custom primer sets were 

ordered using ThermoFisher ScienIfic (MA, United States) custom DNA oligos synthesis 

service. 
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In vitro validation 

To evaluate specificity and amplificaIon efficiency in vitro, we carried out tests using Issue-

derived DNA from M. georgesi and E. macquarii (Table A2.2.2) using convenIonal PCR. Heart 

Issue belonging to a female M. georgesi that required medical euthanasia in 2021 (C10031) 

was flash frozen at -80°C at Taronga Zoo and stored at -80°C at the University of Sydney. E. 

macquarii skin Issue was acquired from the trailing webbing of the hindfoot of a wild 

individual in 2015 (UC<Aus>AA063724) and stored at -80°C  in the University of Canberra 

Wildlife Tissue CollecIon (GenBank UC<Aus>). To prevent contaminaIon during lab 

procedures, equipment was decontaminated in an autoclave and benchtops cleaned with 80% 

ethanol. DNA (A2.2.3) was extracted using the Qiagen DNeasy Mini Kit (Qiagen, Germany) 

following the manufacturer’s protocol, except for a final eluIon in 100 µL buffer AE (Qiagen). 

Quality (fragmentaIon) and concentraIon of DNA were assessed using a combinaIon of a 

Nanodrop 2000 Spectrophotometer (ThermoFisher ScienIfic) and 1.5% agarose/TBE gel 

electrophoresis stained with SYBR safe (Life Technologies), alongside a 1 kb size standard 

(Bioline) and run for 55 min at 100 V. Samples yielding high concentraIons of DNA were used 

for subsequent PCR amplificaIon assays. 

 

For PCR set-up, 0.25 µM of CytB and CO1 forward and reverse primers were used. 0.25 µM of 

12Sv5F/12Sv5R universal vertebrate primers were used as a posiIve control by amplifying a 

~100 bp fragment of the V5 loop of the 12S mitochondrial gene (Riaz et al., 2011). The final 

PCR reacIon consisted of 3 µL of M. georgesi DNA template or negaIve extracIon control (E. 

macquarii DNA template, ddH2O), 25 µL of Bioline MyTaq Mix (Bioline, UK), 2.5 µM of forward 

and reverse primers (either 12Sv5, CytB or CO1), and 17 µL of nuclease free water to make a 

total volume of 50 µL. 

 

Real-Ime PCR cycling was carried out on a T100 Thermal Cycler (BioRad). Cycling condiIons 

were 10 min for enzyme acIvaIon at 95°C , 35 cycles of denaturaIon at 95°C for 30 sec, 

annealing at 50°C  for 30 sec, extension at 72°C  for 30 sec, and a final extension at 72°C  for 10 

min. AmplificaIon was confirmed using 1.5% agarose/TBE gel electrophoresis stained with 

SYBR safe (Life Technologies), alongside a 1 kb size standard (Bioline) and run for 55 min at 
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100 V. Bands were visualised under ultraviolet light using a ChemiDoc XRS+system (BioRad) 

and images were analysed with ImageLab (BioRad).  

 

In situ validation 

M. georgesi eDNA water samples (posiIve controls) were obtained from three 4000 L, closed-

system tanks at Symbio Wildlife Park in Helensburgh, Australia, each housing four or five 

animals. From each tank, two 500 mL water samples were collected. For negaIve controls, we 

collected two 500 mL water samples from a 2000 L pond containing four E. macquarii and two 

Eastern long-necked turtles (Chelondina longicollis). We transported the water samples on ice 

and stored them briefly at -2 °C before filtering within 1-2 hours of collecIon. NegaIve control 

samples were handled and stored separately to prevent contaminaIon.  

 

A 47 mm Whatman membrane filter paper with a pore size of 0.45 µm was dampened with 

deionised water before the 500 mL water samples were filtered through. The filtraIon system 

included a 50 mm Büchner funnel, adaptor, 500 mL Büchner flask, rubber tubing and a 

diaphragm pump (KNF, California, USA). The filter papers were then placed in individual 

resealable bags and frozen at -80°C  prior to DNA extracIon the following day. 

 

eDNA extracIons were conducted on samples (Table A2.2.2) using Qiagen’s DNeasy Blood & 

Tissue Kit (Qiagen, Germany). DNA extracIon followed the protocol of Renshaw et al. (2015) 

with minor adjustments. Briefly, each filter paper was halved and finely cut before being 

placed in separate 2 mL screw-cap tubes. 540 µL buffer ATL and 60 µL (rather than the 

recommended 180 and 20 µL, respecIvely) of Proteinase K were added to submerse each half 

filter and incubated at 65°C  for one hour. Following lysis, the paper was Ightly pressed to the 

bo@om of the tube, and supernatant transferred to a new 2 mL screw-cap tube. 630 µL Buffer 

AL and 630 µL of ethanol were added and mixed thoroughly with a vortex. The lysates from 

each half were then combined by passing the mixtures through the same DNeasy Mini spin 

column, resulIng in six rounds of centrifugaIon and discarded flow-through. Total eDNA was 

rinsed with 500 µL of AW1 and AW2 soluIons respecIvely and eluted in 100 µL buffer AE 
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(Qiagen). eDNA concentraIon was quanIfied using a Nanodrop 2000 Spectrophotometer 

(ThermoFisher ScienIfic). All eDNA extracIons were placed in a freezer (-20°C ) for 12 hr unIl 

PCR analysis. 

 

Following our in vitro validaIon protocol, 0.25 µM of CytB and CO1 forward and reverse 

primers were used for PCR set-up. 0.25 µM of 12Sv5F/12Sv5R universal vertebrate primers 

were used as a posiIve control. PCR mixes consisted of 3 µL of M. georgesi eDNA template or 

negaIve extracIon control (E. macquarii and C. longicollis eDNA template or ddH2O), 25 µL of 

Bioline MyTaq Mix (Bioline, UK), 2.5 µM of forward and reverse primers, and 17 µL of nuclease 

free water to make a total volume of 50 µL. Real-Ime PCR cycling, agarose gel electrophoresis, 

and image analysis was conducted using the same methods described in in vitro validaIon 

above. 

 

3.5 Results  

Myuchelys georgesi mitogenome  

The complete mitochondrial sequence was extracted from scaffold 9 of our reference 

assembly and yielded a complete length of 16,490bp (Figure 3.1). The same mitogenome was 

assembled when the Green Sea Turtle, Murray River Turtle and Bellinger River Turtle 

mitogenomes were used as reference sequences, confirming that varying levels of divergence 

between reference input and target species does not affect final assembly quality. The size 

and structure of the mitochondrial genome is comparable to other chelid turtles (Fielder et 

al., 2012, Zhang et al., 2017), which includes 37 genes consisIng of 22 transfer RNA (tRNA) 

genes, 13 protein coding genes, 2 ribosomal RNA (rRNA) genes, plus a non-coding region (CR) 

(Table A2.2.4). AddiIonal details can be found in the Appendix 2. Visual alignment of the 

bioinformaIcally assembled mitogenome to the Sanger sequenced M. georgesi mitogenome 

(NC_042474.1) using MEGA v11 showed a 100% sequence idenIty match, confirming efficacy 

of the in silico-based mitogenome. 
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Figure 3.1. The mitochondrial genome of Myuchelys georgesi extracted using MitoHiFi 
(Uliano-Silva et al., 2021). tRNAs are labelled according to their single-le@er abbreviaIon. 
Arrows indicate direcIon of gene transcripIon. Protein coding genes are shown in yellow, 
rRNA genes in pink, tRNA genes in blue, and the 920bp non-coding region between P and F in 
white. The GC-skew depicIng the deviaIon from the average in the complete mitogenome is 
depicted in green (posiIve) and maroon (negaIve), and the GC content is depicted in black. 
The figure was generated using the CGview server 
(h@p://stothard.afns.ualberta.ca/cgview_server/). M. georgesi photo credit to Paul Fahy. 

 

Primer design and validation 

In silico primer assessment found greater species-specificity of the CO1 primers compared to 

CytB as BLAST results returned lower percentage idenIty with other species. Both CO1 and 
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CytB primers successfully amplified M. georgesi Issue samples (Figure 2A; lanes 1–2, 4–5, 7–

8). Both sets of primers showed no amplificaIon on E. macquarii Issue (Figure 2A; lanes 10–

11 and 13–14), confirming the species-specificity of the primers against the other established, 

locally occurring species. The 12Sv5 posiIve control amplified across both species, indicaIng 

the presence of mitochondrial DNA in the Issues (Figure 2A; lanes 3, 6, 9, 12 and 15), while 

no amplificaIon was observed for the ddH2O negaIve controls (Figure 3.2A; lanes 16–17). In 

situ evaluaIon showed PCR products for both primers successfully amplified M. georgesi 

eDNA collected on cellulose ester filters from tank water (Figure 3.2B; lanes 1–2, 4–5, 7–8). 

Primer sets did not amplify eDNA from tank water containing E. macquarii or C. longicollis 

(Figure 2B; lanes 10–11), confirming species-specificity of primers against other locally 

occurring species. AmplificaIon of the posiIve 12Sv5 control across tank water confirmed the 

presence of mtDNA in all samples (Figure 2B; lanes 3, 6, 9 and 12) while no amplificaIon was 

observed for the ddH2O negaIve control (Figure 2B; lanes 13–14). 



76 

 

 

Figure 3.2. 1.5% agarose gel and TBE stained with SYBR safe, showing (A) in vitro amplicon 
products of Issue derived DNA for Myuchelys georgesi with CytB, CO1 and 12Sv5 control 
(lanes 1–9), Emydura macquarii with CytB, CO1 and 12Sv5 control (lanes 10–15), and ddH2O 
with CytB and CO1 (16–17). (B) In situ amplicon products of tank water derived eDNA for M. 
georgesi with CytB, CO1 and 12Sv5 control (lanes 1–9), E. macquarii and Chelondina longicollis 
with CytB, CO1 and 12Sv5 control (lanes 10–12), and ddH2O with CytB and CO1 (lanes 13–14).  
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Controls (B)(A)

300 bp
200 bp
100 bp
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Controls (B)(A)
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E. macquarii
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1 2 3

1 2 3
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Table 3.1. Primers designed (CytB and CO1) and used (12S) in this study for amplificaIon of 
Myuchelys georgesi mitochondrial eDNA. Tm MelIng temperature 

 

 

3.6 Discussion 

We developed the first eDNA markers for detecIon of M. georgesi using an exisIng long-read 

PacBio HiFi reference genome. The 100% sequence idenIty match between the Sanger 

sequenced and bioinformaIcally assembled mitogenome (NC_042474.1) and successful 

amplificaIon of mtDNA across in silico, in vitro, and in situ validaIons highlights the efficacy 

of genomic data-derived mitogenome assemblies, without the need for targeted 

mitochondrial DNA Issue extracIon and sequencing.  

 

We provide comprehensive methodologies for our workflow for other taxa that may benefit 

from this approach (Figure 3.3). ConvenIonal approaches rely on the availability of 

mitochondrial sequence data from online databases or de novo extracIon, sequencing and 

assembly when sequence data is not available (Schmidt et al., 2016, Zhang et al., 2017, Kundu 

et al., 2019, Frandsen et al., 2020, Kundu et al., 2020, Chen et al., 2021). For conservaIon 

programs with genomic resources but lacking mitochondrial or nuclear sequence data, 

bioinformaIcs offers an avenue for developing a widely used conservaIon geneIc tool.  

 

Gene Name Forward/
Reverse 

Nucleotide sequence Primer 
length (bp) 

Amplicon 
size (bp) 

Tm (°C ) 

CytB MG_CB Forward 

Reverse 

AATCTCCCACATCCAACGAG 

ATGCGGTGGCTATGACTAGG 

20 186 59.9 

60.1 

CO1 MG_C1 Forward 

Reverse 

ACATTGGCACCCTCTACCTG 

AATTAAGGCGTGGGCTGTAA 

20 152 60 

59.6 

12S 12Sv5 Forward 

Reverse 

TAGAACAGGCTCCTCTAG 

TTAGATACCCCACTATGC 

18 ~100 (Riaz et 
al., 2011) 
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When developing a species-specific eDNA assay, it is essenIal to have DNA sequence 

informaIon unique to your target organism. The most efficient approach is idenIfying if 

relevant sequence data is available in online repositories (Figure 3.3; step 1) such as the 

NaIonal Centre for Biotechnology InformaIon (NCBI), the Barcode of Life Data System 

(BOLD), and the European Molecular Biology Laboratory online repositories. The Sanger 

sequenced M. georgesi mitogenome used as our posiIve control for the bioinformaIc 

mitogenome extracIon was obtained from the NCBI database using ‘Myuchelys georgesi 

mitochondrion’ as search terms. When relevant mitochondrial sequence data are not 

available in online repositories or if gene regions are missing for species or taxa (Freeland, 

2017, Nordstrom et al., 2022),  genomic data (reference genome or raw HTS) provides an in 

silico alternaIve (Figure 3.3; step 2). For example, the availability of a reference genome has 

allowed for bioinformaIc extracIon of the mitogenomes for several crypIc and threatened 

species lacking mitochondrial sequence data including the Kroombit Inker frog (Taudactylus 

Pleione) (Farquharson et al., 2023), blue-tailed skink (Cryptoblepharus egeriae) (Dodge et al., 

2023), Lister’s gecko (Lepidodactylus listeri) (Dodge et al., 2023), and southern stu@ering 

barred frog (Mixophyes balbus) (Tang et al., 2024), providing capacity for the development of 

species-specific eDNA assays in the future. Although our approach leverages PacBio HiFi 

sequencing data and MitoHiFi mitochondrial genome assembly program for bioinformaIc 

extracIon (Figure 3.3; step 3a), a suite of bioinformaIc tools are available for extracIon and 

assembly of mitogenomes from a range of HTS data types (Table 3.2). AddiIonally, some of 

these tools can take raw HTS sequencing data as input and do not require a reference genome.  



79 

 

Table 3.2. BioinformaIc tools for complete mitochondrial genome assembly using next 
generaIon sequencing (NGS) data (including whole genomes) for downstream eDNA assay 
development. (WGS) Whole genome sequencing. CCS Close consensus sequencing, CLR 
conInuous long reads. 
 

 

If mitochondrial or genomic sequence data does not exist (Figure 3.3; step 1 and 2), 

convenIonal approaches involving acquisiIon of geneIc material; DNA extracIon; 

sequencing; and assembly are needed to undertake species’ assay design (Figure 3.3; step 3b). 

Although targeted mitochondrial sequencing may be effecIve when programs have limited 

funds available (Schmidt et al., 2024), these approaches ogen require substanIal Ime and 

resources to undertake so likely cost the same as whole genome sequencing when labour 

costs are accounted for. For example, compleIon of the exisIng M. georgesi mitogenome 

following the methods of Zhang et al. (2017) used Sanger sequencing and long-range PCR, 

took 12 weeks to complete, cosIng $15,000 AUD in labour and $1500 in lab consumables 

(Arthur Georges pers comm., 2024). By-passing these steps, when genomic data is available, 

can save conservaIon programs Ime and money that can be invested elsewhere. For 

example, bioinformaIc extracIon of the mitogenome from a 1.9GB genome required 30 

minutes, 1 CPU, and 5.3GB of memory, offering a high cost-effecIveness in terms of labour, 

data acquisiIon and analysis. As the costs associated with genome assembly decrease, a 3GB 

long-read genome can cost ~$5,005 in sequencing, ~$600 in labour and ~$200 in consumables 

(Elspeth McLennan pers comm., 2024). AddiIonally, compleIon of a reference genome can 

only require 2 days of laboratory work, 6 weeks of sequencing, and 2 days for bioinformaIc 

Name Data input described Reference 

MitoHiFi PacBio high fidelity (HiFi)(CCS) WGS data (Uliano-Silva et al., 2021) 

PMAT PacBio high fidelity (HiFi)(CCS) WGS data (Bi et al., 2024) 

SMART Low-coverage WGS (Alqahtani and Măndoiu, 2020) 

MitoZ Short WGS raw reads (Meng et al., 2019) 

Norgal Short WGS raw reads (Al-Nakeeb et al., 2017) 

MITObim Short WGS raw reads (Hahn et al., 2013) 
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assembly. Although costs are not directly comparable, investment in genomic data provides a 

resource for a plethora of downstream applicaIons beyond mitochondrial and eDNA 

(FormenI et al., 2022, De León et al., 2023, Schneider, 2023, Brandies et al., 2019).  

 

The key aspect of an eDNA assay is primer design (Figure 3.3; step 4). As menIoned in step 1, 

primers are ogen developed using available reference sequences in online databases 

however, regions may be missing for species or taxa (Freeland, 2017, Nordstrom et al., 2022). 

For example, 12S, 16S, 18S sequence data is less ogen available compared to COI and CytB 

sequence informaIon (Lacoursière-Roussel et al., 2016). An advantage of a reference 

genome-derived approach is that it provides researchers and managers with a complete or 

close to complete mitochondrial sequence. This enables the design of molecular markers for 

any gene in the mitogenome and provides the opIon to expand into nuclear marker design 

(McCauley et al., 2024). In silico, in vitro, and in situ validaIon methodologies (Figure 3.3; step 

4A-C) should follow a standardised approach (Nordstrom et al., 2022). Since the rapid uptake 

of eDNA analysis, comprehensive eDNA guidelines for assay development and validaIon have 

been developed to assist researchers and managers in developing eDNA across a range of taxa 

and ecosystems that can be adapted to the habitat and biology of the target species (Goldberg 

and Strickler, 2017, De Brauwer et al., 2022a, De Brauwer et al., 2022b). 

 

In summary our methodologies and workflow for M. georgesi consist of four stages; (i) 

idenIfying availability of a mitogenome (Figure 3.3; step 1); (ii) idenIfying availability of a 

reference genome or genomic data when mitochondrial sequence does not exist in online 

repositories (Figure 3.3; step 2); (iii) bioinformaIc assembly of a mitogenome from a reference 

genome (Figure 3.3; step 3a); and (iv) primer design and in silico, in vitro, and in situ validaIon 

(Figure 3.3; step 4).  
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Figure 3.3. Reference genome derived eDNA assay workflow used for species-specific primer development in Myuchelys georgesi. NCBI NaIonal 
Center for Biotechnology InformaIon, BLAST Basic Local Alignment Search Tool, MEGA Molecular EvoluIonary GeneIc Analysis, PCR Polymerase 
Chain ReacIon. Steps undertaken in this study are denoted by *. Image created using Biorender.com and Canva.com.
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Our results provide M. georgesi managers with an eDNA assay that can be implemented into 

species monitoring. The assay can assist managers in resolving quesIons around distribuIon 

within the Bellinger River catchment, including reaches in the upper catchment and the Kalang 

River, and inform survey site selecIon through idenIficaIon of occupancy hotspots. Future 

work is needed to evaluate efficacy of primers on Bellinger River water samples as 

environmental barriers such as water flow, sediment composiIon, and microbial and enzyme 

acIvity (Barnes et al., 2014, Stoeckle et al., 2017, Stewart, 2019) may influence detecIon. The 

technique will be useful for iniIally be used to idenIfy areas to perform more intensive diving 

and trapping surveys, providing the species with a mulIfaceted detecIon and survey 

approach (Villacorta-Rath et al., 2022, Lam et al., 2022, Nordstrom et al., 2022, Carvalho et 

al., 2022). 

 

As conservaIon geneIcs moves into the genomics-era, genomic data is becoming increasingly 

available for non-model organisms, making it important to leverage and apply the informaIon 

genomic resources provide. We use a reference genome-based approach to develop an eDNA 

assay for M. georgesi. The development of species-specific eDNA primers provides a valuable 

tool for managers in assessing populaIon dynamics of this rare species, supporIng informed 

management decisions and guiding future conservaIon efforts.   
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Chapter 4 - Insights into whole-genome and MHC 

diversity of a critically endangered turtle 
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4.2 Abstract 

Small, isolated populaIons are ogen vulnerable to increased inbreeding and geneIc drig, 

both of which elevate the risk of exIncIon. The criIcally endangered Bellinger River turtle 

(Myuchelys georgesi) is restricted to a single river catchment in New South Wales, Australia. 

The only extant wild populaIon and the capIve breeding program face significant threats 

from viral outbreaks, most notably a nidovirus outbreak in 2015 that caused a 90% populaIon 

decline. To be@er understand the factors contribuIng to this species' disease suscepIbility, 

we analysed 35 re-sequenced genomes to assess genome-wide diversity in pure M. georgesi 

(N = 31) and disease-resilient offspring of F1 hybrids (M. georgesi × Emydura macquarii) 

backcrossed to pure M. georgesi (N = 4). We manually annotated the major histocompaIbility 

complex (MHC), idenIfying five MHC class I and ten MHC class II genes and invesIgated 

geneIc diversity across both classes. Our results show that both genome-wide diversity and 

immunogeneIc diversity at MHC loci are lower in pure M. georgesi compared to the disease-

resilient hybrids. However, the variaIon observed within the core MHC region, extending 
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across chromosome 10, exceeds that of all other macrochromosomes. AddiIonally, no 

significant short-term changes in either genome-wide or immunogeneIc diversity were 

detected following the 2015 nidovirus outbreak. Demographic history reconstrucIons 

indicate a sustained, long-term decline in effecIve populaIon size since the last interglacial 

period, accompanied by more recent steep declines. These pa@erns suggest that prolonged 

isolaIon and reduced populaIon size have significantly influenced the dynamics of genome-

wide diversity. It is likely that contemporary stressors, including the recent nidovirus outbreak, 

are acIng on an already geneIcally depleted populaIon. This study provides a more thorough 

understanding of both genome-wide and immune gene diversity to inform future 

conservaIon management acIons for the species. 

 

4.3 IntroducPon 

The emergence of novel infecIous diseases is a major threat faced by species of conservaIon 

concern (Smith et al., 2009, Daszak et al., 2000). Warming climates, polluIon,  and introduced 

species that harbour invasive pathogens are facilitaIng the spread of disease across wildlife 

populaIons (Anderson et al., 2004). Managing declining populaIons in the presence of 

infecIous disease, in addiIon to other anthropogenic threats, is of growing conservaIon 

concern. Understanding the mechanisms of resilience and resistance, and the degree to 

which populaIons can adapt to change is a key step towards prevenIng exIncIons (Auteri 

and Knowles, 2020). Another important aspect of conservaIon management is maintaining 

the adapIve potenIal of a species. AdapIve potenIal is the ability of a populaIon or species 

to adapt to changing environmental condiIons, such as disease, habitat modificaIons, and 

climate change (Holderegger et al., 2006, Hoffmann et al., 2017). Species recovery programs 

are increasingly using genomic data to understand the adapIve potenIal of populaIons 

through funcIonal gene analyses (McLennan et al., 2024), with growing emphasis on how 

managers can maintain or potenIally increase adapIve potenIal in wild populaIons and 

conservaIon breeding programs (Farquharson et al., 2022). Advances in sequencing 

technologies and bioinformaIc tools, and reducIons in sequencing costs, have made whole-

genome data more accessible for threatened species recovery programs. The combinaIon of 

high-quality reference genomes with whole-genome sequencing data facilitates high-
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resoluIon analyses of neutral geneIc variaIon, while also enabling the characterizaIon of 

funcIonal gene families and the reconstrucIon of historical demographic trends (Theissinger 

et al., 2023). For example, Magid et al. (2022) used 66 re-sequenced genomes to invesIgate 

TLR immune gene diversity in shore plovers (Thinornis novaeseelandiae) and found low levels 

of diversity.  

 

The major histocompaIbility complex (MHC) is a crucial gene family within the adapIve 

immune system, primarily responsible for anIgen presentaIon (Piertney and Oliver, 2006). 

MHC molecules bind and present pathogen-derived pepIdes to T cells, facilitaIng the 

recogniIon and iniIaIon of immune responses to pathogens and ensuring the specificity of 

adapIve immunity (Nee�es et al., 2011). VariaIon within MHC genes has frequently been 

linked with species’ suscepIbility to disease. Higher levels of heterozygosity at MHC loci is 

thought to enhance a hosts ability to respond to a broader range of pathogen-derived 

anIgens (Hughes and Yeager, 1998, Penn et al., 2002). For example, Schmid et al. (2023) found 

that allelic diversity correlated with coronavirus suscepIbility in Hipposideros bat species. The 

associaIon between MHC genes and disease resilience has been observed across mulIple 

wildlife species including the northern leopard frog (Rana pipiens) (Trujillo et al., 2021), 

guignas (Leopardus guigna) (Napolitano et al., 2023) and desert bighorn sheep (Ovis 

canadensis nelsoni) (Dugovich et al., 2023), with disease-resilient populaIons exhibiIng 

greater heterozygosity at MHC loci. The importance of the MHC in the immune cascade makes 

them excellent candidates to start to understand a populaIons’ adapIve geneIc diversity. For 

many threatened species, the lack of a high-quality reference genome has limited our ability 

to invesIgate the repertoire and variaIon present within the MHC region. Studies on the MHC 

region in non-avian repIles have been carried out in the komodo dragon (Varanus 

komodoensis) (Reed and Se@lage, 2021) and the tuatara (Sphenodon punctatus) (Miller et al., 

2015). Recent genomic analyses in two anolis lizard species (Anolis carolinensis and Anolis 

sagrei) (Card et al., 2022) and the Chinese alligator (Alligator sinensis) (He et al., 2022b), have 

provided a more comprehensive characterisaIon of repIle MHC. 
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The criIcally endangered Bellinger River turtle (Myuchelys georgesi) is restricted to a 60 km 

stretch of Bellinger River, on the mid-north-coast of NSW, Australia and has undergone 

declines of over 90% because of disease outbreaks in recent years (Zhang et al., 2018, 

Chessman et al., 2020). The species consists of a single wild populaIon making it highly 

suscepIble to stochasIc events. Survival of the species may depend upon its adapIve 

potenIal and geneIcally informed management acIons. Our previous work has shown the 

species exhibits low genome-wide variaIon, as measured by reduced representaIon 

sequencing data (Nelson et al., 2024). This reduced variaIon at 460 neutral markers is likely a 

consequence of the species restricted geographic range, limited dispersal capacity, and long 

generaIon Ime (Spencer et al., 2014, Spencer et al., 2018, Chessman et al., 2020, Nelson et 

al., 2024). AddiIonal analyses hypothesize that the species has undergone a number of 

historical bo@lenecks, which have likely contributed to its low geneIc diversity and ongoing 

disease suscepIbility (Georges, 2020). 

 

In 2015, a species-specific nidovirus outbreak (the Bellinger River virus; BRV) caused the 

populaIon to crash from ca. 4000 to ca. 200 individuals and resulted in a significant decline 

in geneIc diversity, as measured by reduced representaIon sequence data (Zhang et al., 2018, 

Chessman et al., 2020, Nelson et al., 2024). The near exIncIon of the species led to urgent 

conservaIon efforts including the development of a M. georgesi conservaIon acIon plan 

(Jakob-Hoff et al., 2017), a range of community engagement iniIaIves, habitat restoraIon 

projects, and the establishment of a conservaIon breeding program comprised of two 

populaIons founded from 16 and 19 wild individuals, respecIvely. Since 2015, two lesser-

documented viral outbreaks have occurred in the river, one in January 2022 (Parrish et al., 

2024) and a second in May 2024 (NSW DCCEEW, pers. comm., 2024). The ongoing disease 

outbreaks put the species at high risk of exIncIon and require invesIgaIon into potenIal 

geneIc mechanisms that have led to this suscepIbility.  

 

In contrast, the Murray River turtle (Emydura macquarii) appears to be resilient to the viruses 

that infected M. georgesi. E. macquarii is widespread along the east coast of Australia and it 

is hypothesized that it was introduced to the Bellinger River by humans over the past two 
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decades (Spencer et al., 2018). E. macquarii is known to hybridise with M. georgesi (Georges 

et al., 2018). Pure E. macquarii, F1 (pure M. georgesi x pure E. macquarii) and backcross F2 

hybrids (pure M. georgesi x F1 hybrid) have tested posiIve to the recent viruses, but do not 

exhibit symptoms or succumb to the disease (Zhang et al., 2018). Given the high suscepIbility 

of M. georgesi to nidovirus infecIons, conservaIon managers are looking for long-term viable 

opIons without the need for conInual intensive management. A common strategy to 

enhance geneIc diversity and potenIally miIgate disease suscepIbility is the introducIon of 

individuals from geneIcally diverse or disInct populaIons (Frankham, 2015, Frankham et al., 

2017). Since this is not feasible for M. georgesi, alternaIve strategies may be required to 

enhance geneIc diversity for long-term populaIon viability such as interspecific hybridisaIon 

(Baack and Rieseberg, 2007), or the reintroducIon of historical geneIc variaIon lost over Ime 

through methods such as back-breeding, cloning, or genome ediIng (Shapiro, 2017). 

 

In this study, we undertook the first MHC gene annotaIon in a freshwater turtle species by 

characterising the geneIc features of MHCI and MHCII genes in M. georgesi. Using whole 

genome re-sequencing of 12 contemporary turtles sampled ager the disease outbreak, 19 

historic turtles sampled before the disease, and four disease-resilient second-generaIon 

hybrids we invesIgated pa@erns of genome-wide and immunogeneIc diversity between (i) 

pre and post disease animals and (ii) pure M. georgesi and F2 hybrids. 

 

4.4 Methods 

Immune gene annotation 

We used a homology-based approach via BLAST v2.3.30 (Camacho et al., 2009) to manually 

characterise all MHC class I and II genes in the M. georgesi genome. To annotate class I genes 

we acquired query sequences from the NaIonal Centre for Biotechnology InformaIon (NCBI) 

including the tawny dragon (Ctenophorus decresii) (KY905241.1), caiman (Caiman crocodilus) 

(KF769542.1), marine iguana (Amblyrhynchus cristatus) (EU839663.1), galapagos land iguana 

(Conolophus subcristatus) (EU604313.1), tuatara (Sphenodon punctatus) (DQ145788.1), and 

green sea turtle (Chelonia mydas) (OK135213.1) (Tabls S1). To annotate class II genes we 
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acquired query sequences from NCBI including the Chinese sogshell turtle (Pelodiscus 

sinensis) (MT834970.1), marine iguana (Amblyrhynchus cristatus) (FJ623752.1), and green-

rumped parrotlet (Forpus passerines) (EF710746.1) (Table A3.1.1). Query sequences were 

used to search the M. georgesi genome (rMyuGeo1.pri.20230808) and a global transcriptome 

(Nelson et al., 2024) using BLASTn and tBLASTn, respecIvely with an e-value threshold of 1e-

10). Exon splicing sites were manually checked by visualising against the reference genome, 

global transcriptome and automated annotaIon in IGV v.2.16.0 (Robinson et al., 2011). 

NucleoIde sequences for each gene were then extracted from the reference genome using 

bedtools v2.29.2 (Quinlan and Hall, 2010) and input into MEGA v11 (Tamura et al., 2021). 

NucleoIde sequences were converted to protein sequences to ensure no stop codons were 

present within the coding sequence. NucleoIde similarity between genes was calculated 

using EMBL-EBI Clustal Omega (Madeira et al., 2019). To idenIfy both classical and non-

classical MHC genes, we analysed gene expression by aligning transcripts from brain, liver, and 

spleen Issues to MHC genes using IGV v.2.16.0. PhylogeneIc relaIonships were esImated for 

each class using sequences acquired from a maximum likelihood (ML) analysis performed in 

IQ- TREE2 (Minh et al., 2020). When possible, complete coding sequences for repIles and 

amphibians were acquired from NCBI (Table A3.1.2, Table A3.1.3). The ModelFinder opIon (-

m MFP) within IQTREE2 was used to select the best-fiyng subsItuIon model according to the 

Bayesian informaIon criterion (Kalyaanamoorthy et al., 2017). Node support was assessed 

using the ultrafast bootstrap (-bb 1000) approximaIon and the like approximate likelihood- 

raIo test (-alrt 1000) (Guindon et al., 2010, Hoang et al., 2018). 

 

Re-sequenced genome sampling, extraction, and sequencing 

Re-sequenced genomes were generated using samples collected by the NSW Department of 

Climate Change, Energy, the Environment, and Water (DCCEEW) during surveys before the 

disease outbreak in April 2007, ager the outbreak in November 2019, and opportunisIcally 

from second-generaIon hybrids in November 2019 (Table A3.1.4). DNA samples were 

collected by removing part of the trailing webbing of the clawless toe on the hindfoot or by 

extracIng blood from the jugular vein (Georges et al., 2018) (Table A3.1.4). Samples were 

stored in 75% ethanol at −20°C in the University of Canberra Wildlife Tissue CollecIon 
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(GenBank UC<Aus>). For DNA extracIons we performed a high salt method on 19 skin Issue 

biopsies and 16 dried bloods on Whatman card samples following a modified protocol from 

Aljanabi and MarInez (1997). DNA concentraIon and quality were assessed using a Nanodrop 

2000 Spectrophotometer (ThermoFisher ScienIfic) and 0.95% agarose gel electrophoresis for 

30 minutes at 90V. To maximise DNA quality for WGR, we undertook an addiIonal DNA repair 

step using a FFPE DNA repair protocol (New England Biosciences). Repaired DNA 

concentraIon and quality were assessed using a Nanodrop 2000 Spectrophotometer 

(ThermoFisher ScienIfic) and 0.95% agarose gel electrophoresis for 30 minutes at 90V. 

Samples were sent to Ramacioy Centre for Genomics (University of New South Wales, 

Australia) for WGS on an Illumina NovaSeq 6000, using a TruSeq DNA PCR free library prep kit 

across six lanes. 

 

Re-sequenced genome alignment and variant calling 

Raw fastq reads for 35 individuals were quality checked and trimmed using fastqc v0.11.8 

(Andrews, 2010) and trimmomaIc v0.39 (Bolger and Giorgi, 2014) with the parameters 

ILLUMINACLIP:TruSeq3-PE.fa:2:30:10 SLIDINGWINDOW:4:5 LEADING:5 TRAILING:5 

MINLEN:25. Reads were aligned to the reference genome (Nelson et al., 2024; 

rMyuGeo1.pri.20230808) using Burrows-Wheeler aligner (BWA) v0.7.17 (Li and Durbin, 2009) 

‘mem’ funcIon with default parameters. The resulIng alignment files were sorted into bam 

format using samtools sort v1.6 and alignment rates calculated using samtools flagstat v1.6 

(Li et al., 2009). As individuals were sequenced across mulIple lanes, bam files pertaining to 

a single individual were merged using samtools merge and duplicates marked and removed 

using picard v2.21.9 MarkDuplicates (h@p://broadinsItute.github.io/picard/). For 

downstream analyses, we parIIoned our data into three putaIve groups (two temporal, 

reflecIve of groups invesIgated by Nelson et al, 2024); wild individuals sampled before the 

disease outbreak in 2007, N = 19 (hereager “Before”); wild individuals sampled ager the 

disease outbreak between 2015-2020, N = 12 (hereager “Ager”); and offspring of F1 hybrids 

(M. georgesi × Emydura macquarii) backcrossed to pure M. georgesi N = 4 (hereager 

“Backcross”). 
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Genome-wide diversity  

Coverage, genome-wide diversity, individual-level observed and expected autosomal 

heterozygosity and runs of homozygosity (ROH) were calculated across each genome using 

ROHan (Renaud et al., 2019). ROHan combines a local Bayesian model and hidden Markov 

model (HMM) to idenIfy autosomal heterozygosity and ROHs from bam files of individually 

mapped genomes (Renaud et al., 2019). Analyses were run on the nine macrochromosomes, 

excluding the sex chromosome (scaffold 4), with the parameters --rohmu 5e-5, --TsTv 1.965, -

t 4 and –size 100,000 (100kb windows) on an Amazon Web Services ubuntu 20.04 LTS cloud 

machine (r5.8x large, 32 vCPU, 256 Gb RAM, 1TB a@ached storage). Inbreeding coefficient 

based on ROH (FROH) (McQuillan et al., 2008) and average individual-level heterozygosity was 

calculated for each group using the hmmrohl and summary texts output by ROHan, 

respecIvely. Results were visualised in R v4.3.0 using dplyr() v1.1.2. and ggplot2() v3.5.0. We 

used a Bartle@’s test of homogeneity of variances base funcIon to test whether observed 

heterozygosity was significantly different from expected heterozygosity with a significance 

threshold of α=0.05.  

 

Demographic reconstructions 

Changes in ancient effecIve populaIon size (Ne) over Ime were assessed with the pairwise 

sequenIally Markovian coalescent (PSMC) model (Li and Durbin, 2011) using bam files for 31 

pure M. georgesi. Files were filtered on sites with a coverage below one third or two Imes 

the sample’s average coverage were removed. For Ne esImates we used scaffolds > 50kb and 

excluded the sex chromosome. Consensus genome sequences in fastq format were generated 

using the ‘mpileup’ command in BCFtools 1.3.1 and the included script ‘vcfuIls.pl’. PSMC 

v0.6.5-r67 was run with the following default parameters, -N25 -t15 -r5 -p "4+25*2+4+6". 

Results were scaled by a mutaIon rate of 4.61 x10-9 subsItuIons per site per generaIon 

based on esImates for Chrysemys picta (Bergeron et al., 2023). As precise details of the life 

history of M. georgesi are not available, we used a generaIon Ime of 14 years based on 

manager recommendaIons. To invesIgate recent historical pa@erns of demography we 

calculated Ne using GoNe (SanIago et al., 2020). We used `bcgools merge` to combine all 

single-sample gVCFs into a populaIon-level gVCF, followed by `bcgools call` to retain only 



92 

 

variable sites. For stringent filtering, we kept variants with a minor allele frequency > 0.04, an 

average depth between 5 and 200, a genotype quality of at least 10, a minimum quality score 

of 10, and no more than 10% missing data. We conducted mulIple iteraIons of GoNe to 

determine the opImal values for hc (0.01, 0.05, 0.1) and various recombinaIon rate esImates 

(1, 2, 3). The opImal values were idenIfied as a recombinaIon rate of 3 cM/Mb and an hc of 

0.01. Ne outputs were visualised using ggplot2() v3.5.0 in R v4.3.0. 

 

MHC gene analyses 

To invesIgate temporal MHC diversity, we generated a joint-genotyped file using gatk 

GenomicsDBImport to generate a sample database and gatk GenotypeGVCF to generate a 

whole genome joint genotyped mulI sample vcf file. We filtered the joint genotyped mulI 

sample vcf to include only biallelic SNPs found within MHC exons (see results) using  vcgools 

v0.1.14 (Danecek et al., 2011) and gatk VariantFiltraIon and SelectVariants v4.2.0.0 (McKenna 

et al., 2010). We then used gatk VariantFiltraIon (McKenna et al., 2010) to remove variants 

with QUAL < 80, MQ <40, -12.5 < MQRankSum <12.5 and -8 < ReadPosRankSum < 8 and 

bcgools v1.3.1 (Danecek et al., 2021, Li, 2011) to remove sites with an average depth across 

all samples of < 10 and sites with an allelic balance > 0.9. Next, we used vcgools to retain SNPs 

present at a MAF <0.01. Finally, we We then calculated the number of SNPs in each gene and 

determined if they resulted in synonymous or non-synonymous amino acid subsItuIons using 

Geneious Prime 2020 (h@ps://www.geneious.com/) To idenIfy full length allele sequences for 

each MHC gene in each individual, we undertook phasing. First, we used gatk 

FastaAlternateReferenceMaker (v4.2.0.0) (McKenna et al., 2010) to generate single sample 

consensus fasta sequences for each gene. SeqPHASE (Flot, 2010) was used to convert the fasta 

sequences into phase format then PHASE (v.2.1.1) (Stephens et al., 2001, Stephens and 

Scheet, 2005) was run to generate alleles and SeqPHASE (Flot, 2010) used to convert phase 

output into phases fasta sequences to give 70 sequences for each gene (two per individual). 

To assess interspecific geneIc differenIaIon within the 15 annotated genes, we used variants 

across the complete MHC I and MHC II exon sequences in temporal (Before and Ager) and all 

groups (Before, Ager, and Backcross). We calculated observed (Ho) and expected 

heterozygosity (HE) for each gene across all groups using GenAlEx v6.5 (Peakall and Smouse, 
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2006) and visualised average individual Ho by group using the boxplot() funcIons in R. We 

used the Bartle@’s test of homogeneity of variances base funcIon to test whether individual 

observed heterozygosity was significantly different from expected heterozygosity in R. To 

assess geneIc differenIaIon among individuals, we generated principal component analysis 

(PCoA) plots using our genome-wide (pure and backcross) and MHC (pure only) joint 

genotyped VCFs, using the adegenet package (Jombart, 2008) in R (v4.1.1) (R Core Team, 

2023). 

 

4.5 Results 

MHC annotation 

Through manual annotaIon of immune-related genes, we idenIfied five MHC class I loci 

(Myge-UA, Myge-UB, Myge-UC, Myge-UD, Myge-UE; labelled from most to least number of 

detected variants),  and ten MHC class II loci (Myge-DAA1, Myge-DAB1, Myge-DAA2, Myge-

DAB2, Myge-DAA3, Myge-DAB3, Myge-DAA4, Myge-DAB4, Myge-DAA5, Myge-DAB5), all 

located within a 272,213 bp region on chromosome 10. The gene nomenclature adheres to 

the convenIons established by Miller et al. (2005) and Miller et al. (2015) for a repIlian 

species, however, limited annotaIons and published sequences in other repIle species made 

comparaIve interpretaIon challenging. The M. georgesi MHC class II genes are densely 

clustered, consisIng of alpha (here labelled DAA) and beta (here labelled DAB) chains encoded 

on the 3’ to 5’ and 5’ to 3’ strands, respecIvely (Table 4.1). Structurally, the class II genes 

exhibit high conservaIon, except for Myge-DAB5 which shows a putaIve loss of exon 5 with 

no transcripIonal evidence across three Issue types (Figure 4.1). Similarly, MHC class I genes 

display a largely conserved architecture, except for Myge-UA, which has notably larger introns 

1 and 2 compared to other MHC class I genes and contains an addiIonal exon (Figure 4.1, 

Table A3.1.5). DifferenIaIon analyses revealed high sequence similarity between Myge-UB 

and Myge-UE, whereas Myge-UD, Myge-UA, and Myge-UC exhibited closer sequence 

similarity (Table Table A3.1.6A). As expected, lower levels of differenIaIon were observed 

within the MHC II alpha (DAA) and beta (DAB) gene groups compared to between these gene 

groups (Table A3.1.6B). Transcriptome data did not provide a clear disIncIon between 

classical and non-classical Class I genes, as transcript levels across the three Issue types 
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(brain, liver, and spleen) were consistent for all genes, suggesIng that addiIonal Issue types 

may be needed to idenIfy if any of the idenIfied Class I genes may have non classical 

funcIons. 

Table 4.1. Manually annotated MHC I and MHC II genes on chromosome 10 used for 
downstream analyses. Start and end coordinates refer to whole genome coordinates. 
Coordinates for each exon are presented in table A3.1.5. 
  

Class Gene Chromosome Exons Start End Strand 

MHC I Myge_UB 10 8 30471574 30493484 - 

 Myge_UE 10 7 30500310 30508525 - 

 Myge_UC 10 7 30533405 30538940 - 

 Myge_UD 10 7 30567953 30577665 - 

 Myge_UA 10 7 30583497 30591368 - 

MHC II Myge_DAA1 10 4 30660982 30663487 - 

 Myge_DAB1 10 6 30665109 30669452 + 

 Myge_DAA2 10 4 30677698 30680223 - 

 Myge_DAB2 10 6 30681654 30686193 + 

 Myge_DAA3 10 4 30698489 30700988 - 

 Myge_DAB3 10 6 30702397 30706348 + 

 Myge_DAA4 10 4 30717695 30720191 - 

 Myge_DAB4 10 6 30721446 30725542 + 

 Myge_DAA5 10 4 30735202 30737782 - 

 Myge_DAB5 10 5 30739701 30743969 + 
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Figure 4.1. Genomic architecture of Major HistocompaIbility Complex (MHC) genes. (A) 
Genomic architecture of the core Major HistocompaIbility Complex (MHC) region, including 
class I and class II genes, on chromosome 10. (B) and (C) Genomic coordinates and structural 
organisaIon of manually annotated Myuchelys georgesi (Myge) MHC genes presented as 
open reading frames (ORFs), in order of genomic posiIon along chromosome 10. 

 

To contextualise the geneIc relaIonships among MHC homologs in M. georgesi and extend 

these comparisons across non-avian and avian repIles, we constructed phylogeneIc trees 

using complete coding sequences of MHC I and MHCIIB sequences, following the approach of 

He et al. (2022b). The resulIng phylogenies revealed that M. georgesi and members of the 

Crocodilia form a monophyleIc group, disInct from other repIlian orders, including 
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Squamata, Amphibia, Aves, and Rhynchocephalia in the MHC class I tree, and from Squamata, 

Aves and Rhynchocephalia in the MHC class II tree (Figure A3.2.2, Figure A3.2.3).  

 

Genome-wide diversity and demographic history 

All whole-genome samples had an average alignment rate of 99.6% and 99.5% for pure and 

backcross animals, respecIvely, across ten macrochromosomes. ROH were distributed across 

all macrochromosomes (Figure 4.2A). The longest ROH was idenIfied on chromosome 5 in 

purebred individuals and covered 36% of the chromosome's total length (Figure 4.2A). In 

contrast, chromosome 10 exhibited the lowest density of ROH relaIve to its size (Figure 4.2A), 

with the MHC region located outside of ROH for almost all individuals (Figure 4.2B). The pure 

samples had 90% of their genome in ROH, characterised by short (<2 Mb) and long (>2 Mb) 

ROH as defined by Ceballos et al. (2018), whereas only an extremely small number of short 

ROH were detected in backcross individuals (Figure 4.2A, Table A3.1.7, Figure A3.2.4, Figure 

A3.2.5). Small ROH measuring 0-500 kb, 500-100 b, and 1000-2000 kb had similar frequencies 

across groups (Figure A3.2.5A). Although the counts of small and long ROH were fairly similar, 

the proporIon of the genome in long runs was considerably higher than in small runs. The 

inbreeding coefficient based on ROH (FROH) was significantly greater in ROH >2000kb (78%) 

for both temporal groups, where FROH is expressed as the percentage of the total length of 

the 9 macrochromosomes (Figure A3.2.5B). This is consistent with the expectaIon that larger 

ROH occupy a greater proporIon of the genome. The Before and Ager samples had an 

idenIcal proporIon of the genome in ROH and comparable ROH lengths. The average number 

of ROH per individual was also consistent between the two temporal groups. No significant 

differences in nucleoIde diversity across the genome were observed between the Before and 

Ager individuals, regardless of whether ROH were included or excluded. Both temporal groups 

displayed significantly lower nucleoIde diversity compared to the backcross individuals (Table 

A3.1.7). 
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Figure 4.2. Runs of homozygosity (ROH) heatmap illustraIng (A) the chromosomal distribuIon, length, and the proporIon of the genome in ROH 
across nine Myuchelys georgesi macrochromosomes in Before (individuals 1–19), Ager (individuals 20–31), and backcross hybrids (individuals 32–
35). (B) Enlarged view of chromosome 10. Major histocompaIbility complex (MHC) core region marked by a red arrow and parallel lines.
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We idenIfied significantly lower levels of genome-wide heterozygosity in pure versus 

backcross animals (Pure: 1.18x10-4; Backcross: 6.8x10-3, t=-16.01, P=0.001) (Figure 4.3A). No 

significant difference was observed between temporal groups (Before: 1.17x10-4; Ager: 

1.21x10-4, t=-1.40, P=0.1745) (Figure 4.3B).  

 

Figure 4.3. Genome-wide heterozygosity esImates for Myuchelys georgesi calculated using 
Rohan. Boxes represent the interquarIle range (IQR) with whiskers extending to the upper 
and lower ranges and the bold line represenIng the group mean. (A) Autosomal 
heterozygosity esImates for all groups including Before, Ager, and Backcross. (B) Rescaled 
autosomal heterozygosity esImates of pure M. georgesi Before and Ager groups plo@ed in A. 

 

Our demographic history reconstrucIons using PSMC analysis indicate a gradual, long-term 

decline in effecIve populaIon size beginning approximately 110,000 years ago, coinciding 

with the last glacial period (Figure 4.4A). The largest effecIve populaIon size esImates 

correspond to a period before the last interglacial, around 110,000 years ago. These esImates 

were consistent across all 31 individuals analysed. EsImates predaIng this Imeframe are 

likely less reliable due to including the accumulaIon of errors in coalescent events in deep 

Ime and limited resoluIon in ancient periods; therefore, they should be approached with 

cauIon. GoNe analyses showed there has been a decline in effecIve populaIon size from an 

esImate Ne of 700, 50 generaIons ago to 100 in the current generaIon (Figure 4.4B).   
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Figure 4.4. Changes in effecIve populaIon size (Ne) over Ime esImated using (A) PSMC and 

(B) GoNe for Myuchelys georgesi. The x axes indicate Ime before present in years, and the y 

axis indicates the effecIve populaIon size. A generaIon Ime of 14 years was used for both 

analyses. For PSMC analyses, axes were scaled by mutaIon rate of 4.61 x10-9 subsItuIons per 

site per generaIon. PSMC Rectangles correspond to the last inter-glacial (red, warm) and 

glacial period (blue, cold). VerIcal do@ed line represents arrival of humans to Australia.  

 

MHC diversity 

Following the idenIficaIon and filtering of MHC variants, we idenIfied 257 biallelic SNPs 

across all MHC exons in the Before group, including 121 SNPs in class I and 136 SNPs in class 

II genes (Table 4.2). In the Ager group, 246 biallelic SNPs were idenIfied across all MHC exons, 

comprising 120 SNPs in class I and 124 SNPs in class II genes (Table 4.2). The SNPs were 

unevenly distributed among MHC genes, with the highest number of variants contained in 

Myge-UA (N = 66) and the lowest number of variants contained in Myge-DAB3 which was 

monomorphic (Table 4.2). Overall, the 14 genes with variants had an average of 18 exonic 

SNPs (range: 3-66), most of which were in exons 2, 3 and 4 across both classes. Among the 

257 SNPs idenIfied in the 'Before' animals, 171 (67%) were predicted to result in non-

synonymous subsItuIons. In the 'Ager' animals, 154 of the 246 (63%) detected variants were 

also predicted to be non-synonymous. Non-synonymous variaIon was observed across 14 

genes in the 'Before' group and 13 genes in the 'Ager' group, respecIvely. A total of 15 and 
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14 alleles were observed in MHC I and 35 and 24 alleles were observed in MHC II in Before 

and Ager groups, respecIvely (Table 4.2). The Before populaIon had one private allele in 

Myge-UE and 11 private alleles across Myge-DAA1, Myge-DAA2, Myge-DAB4, Myge-DAA5, 

Myge-DAB5 that were unique to that populaIon. We found no significant differences in allelic 

diversity between temporal groups (MHC I: t = 1.8711, df = 8, p-value = 0.09823; MHC II: t = 

1.688, df = 16, p-value = 0.1108) (Table 4.2). On average, class I genes had higher numbers of 

SNPs, non-synonymous SNPs, and fewer alleles compared to class II. SNP HO and HE was similar 

across temporal groups (Figure 4.5, Table A3.1.8) with slightly lower observed than expected 

heterozygosity at MHC loci. Higher number of variants corresponded with higher levels of 

heterozygosity across both classes in pure M. georgesi. Significantly higher observed than 

expected heterozygosity was observed across Backcross MHC loci, indicaIng an excess of 

heterozygotes expected with early generaIon hybrids (Feuerstein et al., 2024). Overall 

heterozygosity across all MHC genes were significantly higher for backcross animals compared 

to pure M. georgesi (Figure 4.5, Table A3.1.8). PCoA analyses revealed no clear temporal 

differenIaIon in MHC genes, although clustering of individuals was observed, potenIally 

reflecIng the presence of shared alleles (Figure A3.2.6). Slightly greater differenIaIon was 

observed in the "Before" group for MHC I genes (Figure A3.2.6A), indicaIng a minor degree 

of temporal structuring. In contrast, genome-wide analyses showed no discernible clustering 

pa@erns. The inclusion of backcross individuals resulted in Ighter clustering of purebred 

animals, reflecIng the nearly idenIcal genome-wide diversity within the species and the 

absence of disInct geneIc structuring (Figure A3.2.7A). This observaIon was further 

validated by the exclusion of backcross individuals, which revealed no significant clustering or 

differenIaIon among pure groups, suggesIng minimal geneIc divergence over Ime (Figure 

A3.2.7B).  
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Table 4.2. Temporal diversity staIsIcs for each MHC gene invesIgated including number of non-synonymous SNPs (ns); raIo of synonymous to 
non-synonymous SNPs (dN/dS); number of alleles; and allelic diversity. Before N = 19, Ager N = 12. 

 

Class Gene 
ORF 

length 
(bp) 

Before 
SNPs 

After 
SNPs 

Before 
SNPs (ns) 

After 
SNPs (ns) 

Before 
dN/dS 

After 
dN/dS 

Before 
no. 

alleles 

After 
no. 

alleles 

Before 
allelic 

diversity 

After 
allelic 

diversity  
MHC I Myge-UA 1063 66 66 40 40 0.606 0.606 3 3 0.610 0.513  

 Myge-UB 1124 23 23 16 16 0.696 0.696 2 2 0.492 0.444  

 Myge-UC 1096 18 18 15 15 0.833 0.833 4 4 0.495 0.513  

 Myge-UD 1096 8 8 6 6 0.750 0.750 2 2 0.499 0.444   
Myge-UE 1196 6 5 1 0 0.167 0.000 4 3 0.512 0.405  

MHC II  Myge-DAA1 774 16 13 13 9 0.813 0.563 7 5 0.697 0.506  
 

Myge-DAB1 805 12 12 1 1 0.083 0.083 2 2 0.493 0.444  

 Myge-DAA2 774 3 3 3 3 1.000 1.000 3 2 0.370 0.180  

 Myge-DAB2 807 16 11 12 9 0.750 0.563 3 3 0.553 0.537  

 Myge-DAA3 774 4 4 4 4 1.000 1.000 2 2 0.347 0.297  

 Myge-DAB3 804 0 0 N/A N/A N/A N/A N/A N/A N/A N/A  

 Myge-DAA4 775 29 27 22 21 0.759 0.724 3 3 0.590 0.509  

 Myge-DAB4 807 17 15 13 11 0.765 0.647 5 4 0.674 0.675  

 Myge-DAA5 751 27 27 17 17 0.630 0.630 7 4 0.763 0.555  

  Myge-DAB5 777 12 12 8 8 0.667 0.667 3 2 0.562 0.486  
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Figure 4.5. Observed (HO) and expected (HE) heterozygosity staIsIcs of MHC I (A) and MHC II 
(B) in pure Myuchelys georgesi; Before (N = 19) and Ager (N = 12); and Backcross 
(Introgressed) (N = 4). Standard error bars are shown in light grey. Breakdown of gene metrics 
presented in Table A3.1.8. 
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4.6 Discussion 

Here we provide a criIcal first step towards understanding the genome-wide and immune 

gene diversity in the Bellinger River turtle. We found low levels of genome-wide diversity in 

pure M. georgesi compared to backcross animals and evidence of long-term, conInual 

declines in effecIve populaIon size. We present the first comprehensive overview of the 

locaIon and structure of the MHC region in a freshwater turtle species. Based on our manual 

annotaIons of the MHC genes, we observed relaIvely low levels of geneIc variaIon within 

this gene region in pure M. georgesi relaIve to disease-resilient hybrids. However, 

chromosome 10, which encompasses the MHC region, exhibited higher levels of variaIon 

compared to other macrochromosomes. Consistent across both genome-wide and immune 

gene analyses, no significant changes in geneIc diversity were detected before and ager the 

disease outbreak. 

 

Leveraging a chromosome-level genome assembly and RNAseq data, we idenIfied MHC genes 

localised within a single core region, consistent with observaIons in many amniote species 

(Figure 4.1A). Like M. georgesi, these studies revealed a single-core MHC region with linked 

class I and class II subregions. While the relocaIon of MHC genes to other genomic regions 

has been observed in repIles—for instance, the displacement of class I and class II genes from 

the core MHC region in tuatara (Sphenodon punctatus) and anole (Anolis carolinensis) (Miller 

et al., 2015, Gemmell et al., 2020, Card et al., 2022) —we did not find evidence for extensive 

duplicaIon of funcIonal MHC genes outside of the core region, aside from incomplete 

pseudogenes lacking major exons. This suggests a highly conserved MHC region with potenIal 

constraints on duplicaIon to other regions of the genome in M. georgesi. The genomic 

organisaIon of each class forms two disInct clusters observed within the single-core MHC 

region as observed in the Chinese alligator  (He et al., 2022b) and komodo dragon (Reed and 

Se@lage, 2021), with no interspersal of classes as observed in the tuatara (Gemmell et al., 

2020), and some amphibian and mammalian species (He et al., 2023b, Peel et al., 2019). These 

topologies align with the known evoluIonary relaIonships within RepIlia (Zardoya and 

Meyer, 2001), supporIng both the conservaIon of MHC loci and their divergence along 

lineage-specific trajectories. PhylogeneIc analyses of immune genes similarly reflect these 

established relaIonships, with both MHC classes showing the closest divergence from 
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Crocodilia (Figure A3.2.2, Figure A3.2.2). This raises the quesIon of whether these clades 

represent classical and non-classical genes or suggest specialised roles within the M. georgesi 

immune system. In humans, for instance, classical HLA (human leukocyte anIgen) class Ia 

genes, such as HLA-A, are involved in anIgen presentaIon to immune cells, are highly 

polymorphic, and play a criIcal role in adapIve immunity (Le Bouteiller and Lenfant, 1996). 

In contrast, non-classical HLA class Ib genes such as HLA-G and HLA-E exhibit specialised 

immunomodulatory funcIons, are highly conserved and characterised by limited 

polymorphism, and are predominantly expressed in immunologically significant Issues 

(LeMaoult et al., 2003). Consistent with the genomic architecture observed in amphibians, 

MHC class I introns in M. georgesi are notably longer than those of MHC class II, where MHC 

II DAA and MHC II DAB are Ightly linked (He et al., 2023b). These key features suggest that 

the MHC region in M. georgesi is relaIvely simple as the core MHC I and MHC II regions Ightly 

clustered and adjacent in the genome. This simplified genomic arrangement appears to have 

been largely conserved throughout the evoluIonary history of tetrapods, including avian-

repIles (He et al., 2022a), non-avian repIles (Miller et al., 2015, Card et al., 2022, He et al., 

2022b), and mammals (Silver et al., 2024), parIcularly in MHC II genes. 

 

Our demographic reconstrucIons indicate that the effecIve populaIon size of M. georgesi 

has been declining since the last interglacial period (Figure 4.4), potenIally due to limited 

gene flow and accumulaIon of ROH. Based on mitochondrial data, M. georgesi is esImated 

to have diverged from its closest relaIve, E. macquarii, approximately 6.1 million years ago 

during a period of aridificaIon (Le et al., 2013). Geographic isolaIon and habitat 

fragmentaIon likely contributed to the demographic trends idenIfied in our PSMC analyses. 

The low Ne esImates (<500) from approximately 10,000 years ago (Figure 4.4A) suggest that 

climaIc changes during the last glacial period may have influenced the geneIc structure of 

M. georgesi, similar to pa@erns observed in other freshwater turtle species. However, unlike 

these common turtle species, which eventually reach an equilibrium in Ne (Hilgers et al., 

2024), M. georgesi has conInued to experience an ongoing decline. The glacial period likely 

reduced habitat availability and fragmented freshwater populaIons, leading to isolaIon, 

speciaIon, and long-term declines in effecIve populaIon size. The species isolaIon, 

combined with life-history traits, have likely intensified the impact of accumulated inbreeding, 
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resulIng in reduced fitness and an elevated risk of exIncIon over Ime (Frankham et al., 

2017). The long-term isolaIon and gradual decline in effecIve populaIon size represent key 

findings for the species, likely exacerbaIng the criIcally low levels of contemporary genome-

wide diversity observed in heterozygosity and ROH analyses. Consequently, this accumulaIon 

of inbreeding effects, compounded by geographic barriers to dispersal, may have driven the 

species into an exIncIon vortex well before the onset of the Anthropocene. This is supported 

by the large proporIon of the genome found in ROH (Figure 4.2A), as long-term inbreeding 

and gene flow can directly influence ROH abundance (Ceballos et al., 2018, Foote et al., 2021, 

Mooney et al., 2021, Hewe@ et al., 2023). Short ROH are indicaIve of background relatedness 

or inbreeding resulIng from distant common ancestry, while long ROH reflect recent parental 

relatedness or occur in genomic regions with low recombinaIon rates (McQuillan et al., 2008, 

Pemberton et al., 2012). In M. georgesi, the ROH distribuIon includes both short (<2 Mb) and 

long (>2 Mb) segments (Figure 4.2A, Figure A3.2.4, Figure A3.2.5). The elevated levels of 

homozygosity observed in the contemporary populaIon are likely the consequence of both 

historical inbreeding among distant ancestors and recent background relatedness. This is 

further supported by the recent declines idenIfied through GoNe analyses, which have likely 

contributed to the significant proporIon of the genome comprising of long ROH (Figure 4.4B, 

Table A3.1.7, Figure A3.2.5B) (Pemberton et al., 2012, Kardos and Shafer, 2018). ROH, which 

are typically regions idenIcal by descent (Ceballos et al., 2018), are likely absent in backcross 

animals due to increased geneIc diversity and reduced inbreeding in parental E. macquarii. 

AddiIonally, the geneIc divergence (7.8%) between M. georgesi and E. macquarii likely 

contributes to the prevalence of heterozygous offspring, as sequence differenIaIon between 

the species prevents the formaIon of homozygous regions (Fielder et al., 2012). The absence 

of significant differences in both the number and length of ROH and in autosomal 

heterozygosity across temporal groups suggests that genomic signatures associated with the 

recent disease outbreak are not yet detectable at the genome-wide level in a species with 

long generaIon Imes. However, these signatures may emerge in subsequent generaIons, 

potenIally increasing the species' trajectory towards exIncIon, emphasising the importance 

of ongoing geneIc monitoring. 
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Here we found significantly higher levels of expected (HE) than observed (HO) at MHC loci. We 

previously found higher HO than HE heterozygosity in the species using 460 putaIvely neutral 

SNP markers (Nelson et al., 2024). Although neutral geneIc variaIon is frequently employed 

as a proxy for adapIve potenIal, our findings support the argument that neutral diversity may 

not fully capture adapIve potenIal, and that geneIc diversity at specific funcIonal loci are a 

more informaIve indicator of a populaIon’s adapIve potenIal (Teixeira and Huber, 2021, 

Holderegger et al., 2006).  

 

MHC variants play a criIcal role in a wide range of biological traits. For instance (i) immune 

recogniIon where a single amino acid change in the anIgen-binding region of the DRB*1302 

allele in humans abolishes malaria recogniIon (Frank, 2002, Summers et al., 2003); (ii) 

suscepIbility to infecIous and autoimmune diseases, as observed in MHC IIB heterozygotes, 

which exhibit lower Ranavirus infecIon intensity compared to homozygotes in larval wood 

frogs (Rana sylva;ca) (Savage et al., 2019); (iii) individual odours and maIng preferences seen 

in song sparrows (Melospiza melodia) (Grieves et al., 2019) and other aves (Leclaire et al., 

2014), where preen oil odour is used to discern MHC similarity and diversity of potenIal kin 

or mates and; (iv) pregnancy outcomes observed in giant pandas (Ailuropoda melanoleuca), 

where maIng pairs with MHC dissimilarity exhibit higher reproducIve success (Sommer, 

2005, Zhu et al., 2019). High levels of inbreeding ogen lead to an overall decrease in MHC 

variants, loss of rare and potenIally advantageous alleles, and a decreased ability to adapt to 

novel or rapidly evolving pathogens (AlIzer et al., 2003, Spielman et al., 2004). Despite the 

low genome-wide diversity observed in M. georgesi, MHC core regions remains relaIvely 

conserved, displaying a uniform architecture and notable number of polymorphisms when 

compared to broader taxa (Silver et al., 2024). The lack of ROH seen in the core MHC region, 

and chromosome 10 in general, relaIve to other macrochromosomes suggests that 

maintenance of the MHC core region has disrupted ROH. This may indicate balancing selecIon 

maintaining MHC diversity, as geneIc diversity across the genome was lost (Oliver and 

Piertney, 2012, Buzan et al., 2022). Consequently, low levels of variaIon in MHC genes may 

not be the primary driver contribuIng to the species' disease suscepIbility as iniIally 

hypothesised. Instead, the interspecific diversity introduced by E. macquarii across the 

genome more broadly, may be a significant contributor to disease resilience as reflected in 
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the higher survival rates observed during surveys of backcross individuals compared to their 

pure M. georgesi counterparts (Parrish et al., 2024, Yang et al., 2024). 

 

Individuals from the Ager disease group exhibit a reduced number of SNPs, non-synonymous 

mutaIons, and alleles at six out of the 15 MHC genes when compared to the Before group. 

These observaIons may reflect a possible sampling arIfact or could represent early evidence 

of allele loss in the wild, with some of the remaining alleles potenIally conferring resistance 

to recent nidovirus infecIons, as seen in amphibians with chytridiomycosis (Fu et al., 2023). 

However, longer-term monitoring of subsequent generaIons will be necessary to validate 

these findings.  

 

Several limitaIons must be considered when interpreIng these results. The first limitaIon is 

the scarcity of complete coding sequences for testudines and other repIlian species, which 

hinders the ability to draw high-resoluIon conclusions about the evoluIonary histories and 

classificaIon of MHC homologs in M. georgesi and testudines more broadly. Compared to the 

extensive genomic and immunological resources available for other tetrapod clades, such as 

marsupials (Belov et al., 2013), repIles, parIcularly testudines, sIll lack comprehensive 

immune gene resources. This deficiency in data restricts the ability to resolve evoluIonary 

relaIonships of ancient lineages effecIvely. As next-generaIon sequencing (NGS) becomes 

more common for non-model organisms, the increasing availability of genomic data and 

resources will help address the current deficiency in MHC nomenclature and classificaIon. 

 

Second is the accuracy of mapping of backcrossed E. macquarii to the M. georgesi genome. A 

significant limitaIon is the lack of annotated MHC genes for E. macquarii, hindering the 

accurate comparison of geneIc diversity between the two species. Despite achieving high 

mapping rates for both pure and backcross animals, the lack of MHC locus annotaIons in E. 

macquarii makes it difficult to accurately assess locus homology, which is criIcal for 

understanding the geneIc dynamics of hybridisaIon. Our assumpIon that both species share 

a similar number of loci may not hold, as differences in genome structure, such as duplicaIons 

or gene family expansions, regions with complex architecture, and differences in repeat 
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content between species may lead to underrepresentaIon or misidenIficaIon of loci in one 

or both species. Furthermore, it is challenging to determine whether discrepancies in results 

arise from misalignments caused by structural variaIons or paralogous sequences that have 

interfered with correct locus idenIficaIon. The presence of uncharacterized E. macquarii 

MHC loci could have influenced the comparaIve pa@erns of MHC diversity observed in this 

study. Without further invesIgaIon, it is challenging to determine whether the observed 

variaIon within annotated genes is contribuIng to disease resilience or if it is primarily due 

to differences in MHC copy number in E. macquarii.  

 

To address these limitaIons, future research should focus on annotaIng MHC genes in E. 

macquarii using long read sequencing to allow for a more accurate comparison of the genomic 

effects of hybridisaIon, both across the genome and specifically within MHC loci. AddiIonally, 

sampling first-generaIon hybrids and addiIonal backcross individuals will offer a more 

comprehensive view of genomic dynamics, facilitaIng a deeper understanding of the extent 

of introgression and its potenIal implicaIons for genome-wide and immune funcIon, and 

overall fitness. 

 

4.7 Conclusion 

Our study reveals higher levels of diversity at MHC genes compared to neutral SNPs across the 

genome of this criIcally endangered turtle. Using re-sequenced genomes, we have been able 

to reconstruct the populaIon's demographic history showing a marked ongoing, gradual 

decline in effecIve populaIon size, indicaIng a long-standing trajectory towards geneIc 

depleIon. Genome-wide diversity appears to have diminished over Ime and will possibly be 

exacerbated by the significant populaIon crash caused by the 2015 nidovirus outbreak 

although the species’ long generaIon Ime is likely masking any further declines at this Ime. 

Here we have presented a foundaIonal comprehensive overview the MHC region in a 

freshwater turtle species providing baseline informaIon for future studies in testudines. Our 

findings emphasise the urgent need for conservaIon strategies that address the long-term 

impacts of genomic erosion and prioriIse the preservaIon of the remaining MHC gene 

diversity.  
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 Chapter 5 - General discussion, future directions and 

conclusions 
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In this thesis, I demonstrate the applicaIon of genomic technologies, including the use of a 

reference genome and next-generaIon sequencing (NGS), to address specific conservaIon 

needs and management-driven quesIons for the conservaIon breeding and recovery 

program of the Bellinger River turtle M. georgesi. Although this body of work focuses on a 

single species, the approaches and methodologies outlined (Figure 5.1) have broad 

applicability across diverse taxa, offering valuable insights for conservaIon planning for 

species facing similar challenges. 

 

Figure 5.1. Overview of the key management focus areas and associated data types uIlised 
throughout this thesis. All data chapters leveraged the reference genome assembled in 
Chapter 2 as a fundamental resource. The methodologies presented in this thesis are designed 
to be broadly applicable across diverse taxa, with relevance extending beyond Myuchelys 
georgesi. 
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My main findings were: 

(a) The wild population of M. georgesi shows low but stable genetic diversity, with no 

detectable bottleneck from the 2015 Bellinger River virus outbreak, and the combined 

captive populations effectively represent historical diversity, with lower mean kinship 

observed between populations than within each. 

(b) I developed a framework extending on the six-stage model by Frankham and colleagues, 

providing managers with steps for integrating genetic data into conservation breeding 

programs. This was published in Conservation Science and Practice in 2024 (Chapter 2). 

(c) I constructed a mitogenome for eDNA primer development, improving molecular 

monitoring of M. georgesi in the Bellinger River. This work has been accepted in Ecology 

and Evolution (Chapter 3). 

(d) I annotated the Major Histocompatibility Complex (MHC), identifying five MHC class I 

and ten MHC class II genes on chromosome 10 and show that M. georgesi has a simple, 

conserved MHC core region. This work is under review in Immunogenetics (Chapter 4). 

(e) Comparisons with disease-resilient hybrids show lower genome-wide and MHC 

diversity in pure M. georgesi, with no significant short-term genetic changes post-2015 

virus outbreak (Chapter 4).  

(f) Demographic history reconstructions indicate a gradual decline in effective population 

size since the last interglacial period, shaped by historical and environmental 

pressures (Chapter 4). 

 

These findings provide valuable geneIc and genomic insights for M. georgesi and represent a 

significant addiIon to the molecular data available for freshwater turtles (testudines). The 

methods employed to achieve these findings demonstrate how genomics can be effecIvely 

leveraged to answer conservaIon quesIons for populaIons in decline. In this chapter, I 

generalise the findings for M. georgesi where possible to establish relevance to conservaIon 

efforts more broadly, explore limitaIons and avenues for future research, and provide 

concluding remarks. 
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5.1 Management recommendaPons and their implementaPon for Myuchelys georgesi 

A fulfilling aspect of this thesis has been the development of collaboraIve relaIonships with 

the recovery team and managers, including capIve managers at Symbio Wildlife Park and 

Taronga ConservaIon Society Australia, and the NSW DCCEEW field teams, who have 

supported this research and facilitated its integraIon into pracIcal management strategies 

(Figure 5.2) by recognising the criIcal role of geneIc data in conservaIon planning and 

integraIng genomic objecIves into the Bellinger River Turtle conservaIon acIon plan in 2022 

(Jakob-Hoff et al., unpublished). The mulIple complementary perspecIves brought to the 

table by researchers, policy makers and on ground management teams was an essenIal 

element in the success of this project.  

 

Figure 5.2. Mean kinship table for 19 Bellinger River turtles at the capIve breeding facility at 

Symbio Wildlife Park, Helensburgh, New South Wales, Australia  
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Throughout Chapters 2 to 4, I employed a range of genomic technologies and bioinformaIc 

methodologies to generate geneIc data to inform and achieve the objecIves established at 

the workshop which included deciphering capIve founder relaIonships (Chapter 2), 

developing eDNA primers (Chapter 3), and characterising MHC diversity (Chapter 4) (Jakob-

Hoff et al., unpublished). Several of my findings have informed key recommendaIons aimed 

at managing the geneIc integrity of capIve and wild populaIons.  

 

Recommendation: Maintaining genetic diversity in captivity 

(i) Breed individuals within both Taronga and Symbio that have low mean kinship, 

including across captive populations to minimise founder effects and prevent 

inbreeding depression. 

When appropriately managed to maintain geneIc diversity and minimise inbreeding, CBRP 

can be a valuable for dwindling populaIons. Although capIve breeding removes species from 

their threatening processes, capIve breeding programs ogen limit populaIon sizes, which—

especially if sourced from bo@lenecked populaIons—can compromise the maintenance of 

geneIc diversity if not managed effecIvely. Furthermore, unequal founder contribuIons can 

create a conflict between minimising mean kinship and minimising inbreeding. For example, 

maIngs between underrepresented and overrepresented founder lines may reduce 

inbreeding in the short term, but they constrain future opIons for expanding the 

underrepresented lineage without simultaneously increasing the contribuIon of the 

overrepresented lineage. My results have shown significantly low levels of genome-wide 

diversity in M. georgesi, likely due to long-term geographic isolaIon and historical bo@lenecks 

(Chapter 2, Chapter 4), therefore careful geneIc management and breeding decisions are 

needed to prevent further declines in diversity. Methods for demographic and geneIc 

recovery typically involve reinforcement translocaIons sourcing individuals from different 

populaIons (Glassock et al., 2021; Grueber et al., 2017; Heber et al., 2013; McLennan et al., 

2020, Magid et al., 2022). As M. georgesi has only one extant wild populaIon, animals cannot 

be sourced from other populaIons to boost geneIc diversity, therefore it is essenIal to 

implement a carefully managed breeding program within the single exisIng populaIon to 

maintain geneIc diversity.  
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I have shown that there are lower levels of empirical mean kinship across capIve populaIons 

relaIve to within each populaIon (Chapter 2). I recommend prioriIsing breeding pairs with 

the lowest mean kinship within each capIve group, as well as across populaIons, to maximise 

geneIc diversity in future capIve generaIons. By focusing on low-kinship pairings idenIfied 

in this study, there is potenIal to counteract geneIc drig, enhance disease resilience, and 

prevent further diversity loss. Although immediate increases in geneIc diversity may be 

limited due to the long generaIon Imes of M. georgesi, admixture over successive 

generaIons could strengthen the populaIon’s geneIc resilience.  

 

Since the commencement of this work, the wild populaIon of M. georgesi has nearly doubled, 

thanks to the successful release of capIve-bred individuals from Taronga highlighIng the 

importance of this research as a geneIc reference for the expanding populaIon. 

Consequently, I recommend ongoing, long-term geneIc monitoring to ensure that no geneIc 

drig occurs in the wild due to overrepresentaIon of Taronga-bred individuals. This will provide 

the opportunity to study the impact of capIve breeding and release on geneIc diversity, 

parIcularly whether these efforts have altered, enhanced or stabilised geneIc diversity as the 

wild populaIon grows. 

 

Recommendations: Genetically informed releases 

(ii) Translocate from both Taronga and Symbio to ensure representation of genotypes 

from both captive populations in the wild (Chapter 2). 

(iii) Vary release locations in each round to promote genetic admixture between 

captive-bred and wild individuals, addressing existing genetic differentiation 

between these populations (Chapter 2). 

(iv) Uptake of molecular monitoring of M. georgesi to resolve questions around 

distribution and inform release site selection using eDNA (Chapter 3).  

In this study, I demonstrated that the combined geneIc diversity of the capIve populaIons 

effecIvely represents the historical diversity observed in wild populaIons prior to the disease 
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outbreak. To ensure that this diversity is maintained in the wild, I recommend reintroducIons 

of individuals from Symbio, as this would incorporate genotypes from both capIve 

populaIons into the wild populaIon. Introducing individuals from Taronga Zoo and, 

subsequently, Symbio at release sites on opposite ends of the river from their original 

collecIon points could facilitate natural admixture, promoIng geneIc diversity across upper 

and lower river regions. AddiIonally, I suggest adopIon of eDNA detecIon tools developed 

in Chapter 3 to opImise both survey and release site selecIon. These tools can help idenIfy 

areas where more intensive surveys—such as diving and trapping—are warranted, including 

locaIons like the Kalang River, to address quesIons regarding the species’ current 

distribuIon. This approach will enable more precise idenIficaIon of suitable habitats, 

ensuring that turtles are released in areas that encompass their maximum historical range, 

thereby maximising geneIc admixture across the species' distribuIon (Chapter 3). 

 

Management beyond neutral diversity 

Spencer et al. (2018) proposed that low geneIc diversity may contribute to M. georgesi’s 

heightened suscepIbility to disease, prompIng the incorporaIon of MHC-related objecIves 

into the species' conservaIon acIon plan. Addressing complex quesIons concerning geneIc 

diversity and funcIonal gene families, and their associaIons with specific traits, such as 

disease suscepIbility, ogen requires a high-quality reference genome (Chapter 2) (Peel et al., 

2022), whole-genome resequencing data (WGR) (Chapter 4) or targeted sequencing (Fuentes-

Pardo and Ruzzante, 2017). AddiIonally, baseline data on funcIonal genes in the species or 

closely related species, such as immune gene annotaIons, are needed before downstream 

correlaIons between geneIc diversity and suscepIbility can be made. This work provides the 

first detailed understanding of immunogeneIc architecture in a freshwater turtle species and 

offers markers for future monitoring of immune diversity in both wild and capIve M. georgesi 

populaIons (Chapter 4). The WGR I generated idenIfied significant differences in geneIc 

variaIon between purebred and hybrid individuals.  

 

The observed resilience of disease-resistant hybrids (Parrish et al., 2024) highlights potenIal 

benefits of hybrid vigour as a potenIal future management strategy, through introducIon of 
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addiIonal loci or disease resilient alleles (In Chapter 4). Human-mediated outbreeding - using 

the species' closest relaIve (E. macquarii) - could serve as a geneIc rescue strategy for M. 

georgesi. However, this approach warrants cauIon, as the benefits of hybrid vigour, including 

the introducIon of addiIonal loci, ogen diminish in subsequent generaIons due to the risk 

of epistaIc interacIon breakdown and a return to higher homozygosity levels (Frankham et 

al., 2011, Nichols et al., 2024). For this strategy to sustain elevated geneIc diversity over the 

long term, the consistent introducIon of new individuals would be necessary. AddiIonally, 

such a program would require careful management and conInuous monitoring of 

developmental and reproducIve outcomes to prevent hybrid swamping, which could lead to 

the eventual loss of the parental M. georgesi genome (Tensen and Fischer, 2024). 

 

As geneIc and genomic technologies progress, alternaIve geneIc rescue techniques may 

allow the reintroducIon of geneIc variaIon that once existed in the historical populaIons or 

from other species using syntheIc biology methods (Kosch et al., 2022). Recent advancements 

in gene-ediIng technologies, parIcularly through clustered regularly interspaced short 

palindromic repeats (CRISPR-Cas9) technology, have shown substanIal potenIal in model 

organisms (Chojnacka-Puchta and Sawicka, 2020, Zhang et al., 2021) and may soon be 

adaptable for enhancing disease resistance in non-model species, such as M. georgesi, 

through the introducIon of disease resilient alleles from E. macquarii. Given the criIcally low 

geneIc diversity and the high homozygosity (90%) in the species’ genome, future investment 

in both hybridisaIon and biotechnology approaches is recommended, though both require 

further research and refinement.  

 

The long-term decline in effecIve populaIon size idenIfied using WGR data in Chapter 4, has 

likely led to the low levels of geneIc diversity that is unlikely to recover through tradiIonal 

management techniques alone. Life-history traits—such as low reproducIve rates, delayed 

maturaIon, and extended generaIon Imes—present substanIal obstacles to demographic 

and geneIc recovery, increasing the likelihood of ongoing decline in an exIncIon vortex for 

the species (Howey and Dinkelacker, 2013). Therefore, approaches incorporaIng hybridisaIon 

or advanced biotechnology may be essenIal for the long-term viability of M. georgesi. 
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5.2 Genomic resources for species management 

A genetic roadmap for dwindling populations  

Although the value of geneIc and genomic data in managing threatened species is well-

recognised, translaIng this research into acIonable conservaIon strategies remains a 

significant challenge. A key barrier is that pracIIoners ogen lack access to up-to-date, peer-

reviewed literature, which hinders their ability to stay informed about recent advancements 

in the field, and when and how to effecIvely integrate geneIc data into CBRPs. To address 

this, the framework I developed in Chapter 2 provides guidance for translaIng geneIc 

research into pracIcal management acIons. This framework includes a generalised checklist, 

informed by my example of integraIng geneIc data into the M. georgesi CBRP, which can be 

adapted for use in other species. The framework is structured around Frankham's six stages 

of establishing a capIve breeding program, allowing it to accommodate each stage of the 

program's development. This structure also provides flexibility for the retrospecIve 

integraIon of geneIc data where needed, ensuring that geneIc insights can be effecIvely 

incorporated at various stages in the program. It serves as a pracIcal tool for managers to 

be@er understand the geneIc consideraIons involved in breeding programs and to approach 

researchers with the relevant experIse to undertake necessary analyses. AddiIonally, the 

framework offers geneIcists a structured set of guidelines on how to align their work with 

conservaIon management goals, ensuring that geneIc data is effecIvely uIlised to improve 

species conservaIon. This roadmap helps bridge the gap between scienIfic research and on-

the-ground conservaIon efforts, making geneIc insights more accessible and applicable in 

real-world management contexts. 

 

For dwindling populaIons, I show how a high-quality reference genome for the species of 

interest is a useful tool for high-resoluIon genomic invesIgaIons and how it can provide a 

blue-print for undertaking analyses to answer management-driven quesIons. Despite the 

importance of such a resource, prior to this study, no chromosome-level reference genome 

was available for any of the approximately 60 species within the family Chelidae. Using a 

preserved sample from 1986—demonstraIng the efficacy of long-term biobanking—I 



118 

 

successfully generated a chromosome-level genome assembly (Chapter 2). This assembly now 

represents a pivotal genomic resource for advancing evoluIonary, ecological, and 

conservaIon research in this lineage of side-necked turtles and for testudines more broadly. 

During this thesis I built on the reference genome I generated (Fig 5.1), and then leveraged 

two other next-generaIon sequencing (NGS) approaches—reduced representaIon 

sequencing (RRS) (Chapter 2) and whole-genome resequencing (WGR) (Chapter 4)—as well 

generaIng mitochondrial data (Chapter 3) to accompany the reference genome for 

downstream applicaIons, highlighIng the advantages of having a reference genome.  

 

Conservation genomics of freshwater testudines 

RepIle populaIons are rapidly declining due to anthropogenic threats such as climate change, 

habitat destrucIon, polluIon, and disease. With their long generaIon Imes, limited dispersal 

abiliIes, and temperature-dependent physiology, repIles are especially vulnerable to 

environmental changes (Li et al., 2024). However, repIles ogen receive less conservaIon 

a@enIon compared to other taxa, resulIng in limited data availability in the scienIfic 

literature and online databases (Olson and Pilliod, 2022). The importance of genomic 

approaches is amplified as emerging infecIous disease, as rising temperatures and 

environmental stressors can facilitate the spread of pathogens, while also exacerbaIng the 

physiological burden on already vulnerable populaIons. Genomic tools provide a crucial 

framework for understanding how host-pathogen interacIons evolve under these condiIons 

and for anIcipaIng which species or populaIons may be most at risk.  

 

The data I generated for M. georgesi significantly enhances the genomic data available for 

testudines. As the most complete genome for this group to date, it provides a criIcal reference 

for studying geneIc diversity, genomic structure, and phylogeneIc relaIonships among 

species within this suborder for testudines species more broadly, especially those lacking 

comprehensive genomic resources. The data can be used to gain a deeper understanding of 

lineage divergence and evoluIonary adaptaIons and help elucidate how environmental 

pressures, such as disease, influence geneIc diversity and evoluIonary mechanisms. For 

example, idenIficaIon of conserved geneIc elements across side-necked turtles may indicate 
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funcIonal constraints crucial for adapIve potenIal, which can be used to inform geneIc-

based conservaIon breeding decisions. 

 

The immune gene annotaIons generated for M. georgesi represent the first for a Testudines 

species, offering novel insights into MHC evoluIon. This dataset provides a criIcal baseline 

for comparaIve studies, enabling the idenIficaIon of geneIc markers associated with 

immune responses. This is parIcularly relevant as the emergence of novel infecIous diseases 

becomes an increasingly significant stochasIc threat to wildlife, especially small and 

vulnerable populaIons. Furthermore, my results can inform conservaIon strategies for other 

threatened repIle species by providing reference points for geneIc diversity and inbreeding 

levels (Chapter 2), as well as idenIfying criIcal loci that can be monitored for adapIve traits 

(Chapter 4).  

 

As conservaIon strategies increasingly prioriIse geneIc diversity at adapIve loci to foster 

disease-resilient populaIons through carefully managed breeding programs (Chhina et al., 

2024), the role of genomics in understanding species resilience, tracking pathogen evoluIon, 

and informing species management will become criIcal in addressing the growing prevalence 

of disease-driven declines in wildlife populaIons globally. By integraIng the genomic data 

generated in this study into the expanding collecIon of publicly accessible genomic resources 

in online databases, this work contributes valuable data for the conservaIon of other at-risk 

populaIons facing similar disease threats, providing a foundaIon for further research and 

management strategies. 

 

5.3 Key limitaPons  

The generation time of Myuchelys georgesi 

The relaIvely long generaIon Ime of M. georgesi limits the feasibility of short-term temporal 

analyses, making it challenging to track changes in geneIc diversity, populaIon structure, and 

adapIve potenIal across generaIons within a limited Imeframe. Longitudinal studies 

encompassing mulIple generaIons are essenIal for detecIng and interpreIng evoluIonary 
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responses to selecIve pressures, such as the 2015 disease outbreak and subsequent 

outbreaks, over Ime. Without such long-term data, conclusions about the potenIal for 

adapIve changes in response to conservaIon acIons remain speculaIve. 

 

eDNA markers in the field 

 Although eDNA markers were developed as part of this research, they have not yet been 

tested in the river. Field trials of these markers are crucial to validate their effecIveness for 

species detecIon and monitoring of populaIon distribuIon. The lack of field validaIon leaves 

uncertainty regarding the pracIcal uIlity of these markers under real-world condiIons, 

potenIally delaying their applicaIon in ongoing conservaIon monitoring efforts. 

 

Metadata and disease resilience 

Our study lacked metadata on individual resilience to disease, meaning we could not correlate 

alleles with disease resilience. IdenIfying resilient individuals and correlaIng their genotypes 

with levels of resilience would be invaluable for management strategies aimed at decreasing 

disease suscepIbility. The absence of these data limits our understanding of geneIc factors 

that may contribute to disease resilience, parIcularly in pure populaIons of M. georgesi, 

thereby constraining adapIve potenIal breeding decisions in the CBRP. 

 

Hybrid analyses 

Determining whether discrepancies between pure and backcross animals arise from 

misalignments due to structural variations or interference from paralogous sequences 

affecting accurate sequence alignment across backcross genomes can be difficult with short-

read data. Synteny analyses between pure species could offer valuable insights into 

chromosomal rearrangements. Additionally, this study uses short-read data to focus on 

biallelic SNPs as proxies for genetic diversity. Exploring structural variants and indels 

represents another promising approach to gain deeper insights into genomic diversity within 

and between species. These elements can span multiple alleles, genes, and gene regions 

simultaneously, potentially exerting a more substantial influence on fitness (Wold et al., 
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2021). As we did not conduct large-scale, high-resolution MHC analyses in hybrids—due to 

the potential for bias from unidentified copy number variants or unannotated loci in pure E. 

macquarii—future functional studies are needed. Specifically, annotating MHC genes in E. 

macquarii and applying targeted amplicon sequencing would enable more detailed and 

accurate comparisons of the genomic impacts of hybridisation at MHC loci, including gene 

duplications, copy number variation, and expansions in gene families (Peel et al., 2022). 

Additionally, greater sequencing effort of first-generation hybrids and additional backcross 

individuals will offer a comprehensive view of genomic dynamics, facilitating a deeper 

understanding of the extent of introgression and its potential implications for genome-wide 

and immune function, and overall fitness across a larger sample set. 

 

5.4 Where to from here? 

The emergence of novel infecIous diseases is rapidly becoming a major stochasIc threat to 

wildlife, parIcularly for small and vulnerable populaIons. Detailed immune gene 

characterisaIon across diverse taxa is increasingly important to understand and miIgate 

these risks – this study provides a foundaIonal resource toward that goal. The 

characterisaIon of the core MHC region presented here offers the first complete MHC 

reference for a testudines species, filling a criIcal gap in repIlian genomics for future studies. 

Due to the limited availability and quality of immune gene data in other testudines, this 

research lays essenIal groundwork for comparaIve analyses that were not possible unIl now. 

These baseline data are parIcularly valuable as they enable future studies to idenIfy disease 

resistance mechanisms and support conservaIon strategies for turtles and repIles facing 

similar disease threats.  

 

As new disease outbreaks conInue to emerge in the Bellinger River, conInual research on the 

immune responses of M. georgesi will be increasingly criIcal. Future research should focus on 

genome-wide and immune-related gene diversity, parIcularly in pure E. macquarii, as 

undertaken by Bentley et al. (2022) in green sea turtle (Chelonia mydas) and leatherback turtle 

(Dermochelys coriacea). ComparaIve synteny analyses between E. macquarii and M. 

georgesi, including assessments of structural rearrangements in hybrid and backcross 
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individuals, would provide further insight into geneIc diversity and the mechanisms 

underlying E. macquarii’s resilience and M. georgesi’s suscepIbility to disease. Future 

research should also prioriIse the collecIon of samples and accompanying metadata, from 

M. georgesi that exhibit heightened resilience to recent viral outbreaks and those that 

succumb to disease. Such a sample set could be used to idenIfy potenIal alleles or variants 

associated with pathogen resilience, enabling the development of management strategies 

that target resilience at a funcIonal level, extending beyond neutral geneIc markers alone 

(Chapter 1). 

 

Lastly, hybridisaIon between M. georgesi and E. macquarii, raises significant quesIons about 

species boundaries and conservaIon prioriIes. Given their ability to hybridise easily, it 

prompts the quesIon of whether these species should be considered separate, especially if 

gene flow is frequent and results in viable offspring. As hybrids likely fill similar ecological roles 

as pure M. georgesi individuals, E. macquarii offers a potenIal source of geneIc variaIon, 

making hybridisaIon a possible strategy for geneIc rescue in criIcally endangered species. 

However, the conservaIon concern lies in the potenIal loss of the unique geneIc and 

evoluIonary lineage of M. georgesi and the risk that ongoing hybridisaIon could undermine 

local adaptaIons. These consideraIons highlight the complexity of managing hybrid 

populaIons and emphasise the need for conservaIon planning that balances geneIc, 

ecological, and evoluIonary consideraIons among managers, scienIsts, and the local 

community. 

 

5.5 Conclusion 

The collaboraIve framework established in this thesis has enabled a research program that 

closely aligns with conservaIon management objecIves, ensuring that the geneIc findings 

directly support acIonable strategies for future conservaIon efforts. This body of work 

provides essenIal genomic data to guide the ongoing and future management of the M. 

georgesi CBRP. The collaboraIon between the University of Sydney, the University of 

Canberra, and the NSW DCCEEW has ensured that research objecIves were aligned with 

management needs. This work demonstrates how a reference genome and accompanying 

genomic data can be effecIvely harnessed and translated into acIonable management 
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outcomes. Beyond generaIng genomic data, tools, and recommendaIons for M. georgesi, 

this thesis offers valuable examples, methodologies, a framework, and novel genomic insights 

to assist researchers and conservaIon pracIIoners working on other testudines, repIles, and 

threatened species more broadly.  

 

As we conInue to expand the global database of genomic resources for both threatened and 

non-threatened species, it is vital for researchers and conservaIon managers to work together 

to uIlise this data effecIvely to achieve conservaIon outcomes. As the global biodiversity 

crisis intensifies, the role of genomics within a mulIdisciplinary conservaIon framework 

becomes ever more essenIal for safeguarding the biodiversity of our planet. Although 

genomic data alone cannot rescue species such as M. georgesi, our conservaIon strategies 

are increasingly reliant on empirical data and evidence-based approaches. The more 

comprehensive our understanding, the more effecIvely we can advocate for endangered 

species, gain poliIcal support and funding for conservaIon iniIaIves, and inform the 

development of conservaIon acIon plans.   
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Appendix 1: Supplementary Material to Chapter 2 

This appendix relates to Chapter 2 – A genomic framework to assist conservaIon breeding 

and translocaIon success: A case study of a criIcally endangered turtle 

 

A1.1 Supplementary methods 

A1.1.1 Genome  

Sample collection  

Heart tissue from a wild male Bellinger River Turtle (Myuchelys georgesi) medically 

euthanised in 1986 (UC_0152) and stored at -80°C in the University of Canberra Wildlife 

Tissue Collection was used for Pacific Biosciences (PacBio) HiFi sequencing for the generation 

of a reference genome. Heart tissue belonging to a female that required medical euthanasia 

in 2021 (C10031) was flash frozen at -80°C at Taronga Zoo and was used for the Arima Hi-C 

sequencing to scaffold the reference genome. Brain, liver, and spleen tissues from the same 

individual (C10031) were also collected and flash frozen at -80°C for RNA sequencing of 

transcriptomes for annotation of the reference genome.  

 

Genome sequencing, assembly, and annotation 

High molecular weight (HMW) DNA was extracted from the male heart Issue (UC_0152) using 

the Nanobind Tissue Big DNA kit (Circulomics, Pacific Biosciences, California, United States of 

America) following the manufacturer’s protocol and quality assessed using a Qubit 2.0 

Fluorometer (Thermo Fisher) and 1% agarose gel electrophoresis (90V for 30 minutes). The 

HMW DNA was submi@ed to the Australian Genome Research Facility (AGRF, Brisbane, QLD) 

for PacBio HiFi sequencing. DNA was sheared using the Megaruptor2 kit (Diagenode) to 

generate 15-20kb fragments. The BluePippin Single-molecule real-Ime (SMRTbell) library kit 

was used to select DNA fragments greater than 15kb for input to the Single-Molecule Real-

Time SMRTbell express template prep kit 2.0 (PacBio). The resulIng PacBio HiFi SMRTbell 

libraries were sequenced across two SMRT cells on the PacBio Sequel II. This resulted in 40Gb 

of raw data. To scaffold the genome, a whole-genome high-throughput chromosome 

conformaIon capture (Hi-C) library was prepared using heart Issue (C10031) with the Arima 
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Hi-C 2.0 kit according to the manufacturers protocol and sequenced as 150 bp paired end 

reads on an Illumina Novaseq 6000 plamorm at the Biomolecular Resource Facility (Canberra, 

Australia), and resulted in approximately 80Gb of raw Hi-C paired-end sequence data. All data 

is summarised in Table A1.2.1.  

 

Bedtools v2.30.0 (Quinlan and Hall, 2010) and HiFiAdapterFilt v2.0 (Sim et al., 2022) was used 

to filter for Q20 HiFi reads and remove adapter sequences, respecIvely. Hifiasm v0.16 (Cheng 

et al., 2021) was used to perform de novo genome assembly using the filtered reads on the 

Nimbus cloud service provided by Pawsey SupercompuIng Centre, Perth, Australia (virtual 

machine – 64 vCPUs; 256GB RAM; 3TB Storage). Two parameters were altered for the 

assembly; rounds of assembly graph cleaning (-a) was increased to 6; and the similarity 

threshold for duplicate haploIgs (-s) was set to 0.65. The remaining parameters were leg as 

default. Raw Hi-C data were mapped to the PacBio HiFi assembly using BWA v0.7.17 following 

the Arima Hi-C mapping pipeline v02 

(h@ps://github.com/ArimaGenomics/mapping_pipeline). To generate the scaffolded genome 

the resulIng BAM file and PacBio HiFi genome FASTA file was input into the YaHS v.1.1 

scaffolding pipeline (Zhou et al., 2022) using default parameters. Juicer Tools v1.19.02 (Durand 

et al., 2016b) was then run to generate genome-wide contact frequency informaIon which 

was visualised as a contact map using Juicebox v2.20 (Durand et al., 2016a). The contact map 

was manually curated by adjusIng three misassembles resulIng in the final 129 scaffold 

assembly which was output as a FASTA file. 

 

BBmap (Bushnell, 2014) was used to generate genome assembly staIsIcs and BUSCO 

(Benchmarking Universal Single-Copy Orthologs) v5.2.2 (Simão et al., 2015) to assess 

funcIonal completeness on Galaxy Australia (usegalaxy.org.au) by searching the genome for 

complete single-copy gene orthologs against the vertebrata database (odbv10).  

 

For repeat idenIficaIon, genome annotaIon, and to improve transcriptome alignment rates, 

a de novo database was generated using RepeatModeler v2.0.1 (Flynn et al., 2020). The 

database was then used to predict, annotate, and mask repeIIve elements in the genome 

https://usegalaxy.org.au/
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using RepeatMasker v4.0.9 (Smit et al., 2015). The genome was annotated using FGENESH++ 

v7.2.2 (Solovyev et al., 2006) on the Pawsey SupercompuIng Centre’s cloud machine using 

transcriptome data and opImised gene finding parameters from the green sea turtle 

(Chelonia mydas) supplied matrix (Sogberry) using non-mammalian seyngs. 

 

Transcriptome sequencing, assembly, and annotation 

Total RNA (excluding micro-RNA) was extracted from brain, liver, and spleen Issue (individual 

C10031) using the Qiagen RNeasy Mini Kit before quanIfying it using the Agilent Bioanalyzer 

RNA 6000 Nano kit. TruSeq Stranded mRNA-seq library preparaIon was undertaken on the 

three Issue types at the Ramacioy Centre for Genomics (University of New South Wales, 

NSW, Australia), and sequenced as 100 bp paired-end reads on a NovaSeq 6000 S1 flow cell. 

This generated 24.9Gb of raw data (Table S1).  

 

FastQC v0.11.8 (Andrews, 2010) was used to quality check the raw RNA-seq data and 

TrimmomaIc v0.39 (Bolger and Giorgi, 2014) was used to trim the reads using default Trinity 

parameters. Illumina TruSeq sequencing adapters and reads below 25 bp were then removed 

from the dataset. Reads were also quality trimmed and removed if the average quality score 

fell below 5, both within a 4 bp sliding window and at the 5’ and 3’ ends of the read. 99.99% 

of reads were retained post-trimming.  

 

To construct the global transcriptome, trimmed reads from the brain, liver, and spleen Issues 

(C10031) were aligned to the repeat masked genome using hisat2v.2.1.0 with default 

parameters. The resulIng SAM files were sorted using SAMtools v1.9 (Li et al., 2009) to 

produce BAM files which we then input to StringTie v2.1.6 (Pertea et al., 2015) to assemble 

transcripts. Aligned reads from the three Issue types were merged into the global 

transcriptome using tama merge (Kuo et al., 2020) with a 5’ threshold of 3 and a 3’ threshold 

of 500. Transcripts found only in a single Issue type or that had low expression (a fragments 

per kilobase of transcript per million [FPKM] of < 0.1) were removed. CPC2 beta (Kang et al., 

2017) was then used to predict if a transcript was a coding RNA. To idenIfy candidate coding 

regions and open reading frames within the transcripts TransDecoder v2.0.1 (Haas and 
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Papanicolaou, 2016) was used with default parameters. To assess funcIonal completeness of 

the candidate pepIde sequences we used BUSCOv5.2.2 against the vertebrata database 

(odbv10) (Manni et al., 2021).  

 

Assembly and annotation statistics 

The final genome assembly was 2.0Gb in size, consisted of 129 scaffolds and 186 conIgs, had 

a scaffold N50 of 123.5Mb, and a conIg N50 of 56Mb (Figure A1.3.1). The largest scaffold was 

311.5Mb and longest conIg was 121.5Mb. BUSCOv5.2.2 idenIfied 95.4% complete vertebrata 

genes, 94.9% of which were single copy and 0.5% were duplicated, 2.1% were fragmented, 

and 2.5% were missing (Table A1.2.2, Figure A1.3.1A). Repeat analysis idenIfied a total of 

745Mb of non-redundant repeIIve sequences, accounIng for 37.64% of the genome (Table 

S3). The Hi-C contact map suggests that the genome is chromosome-level based on the length 

and completeness of our scaffold. AddiIonally our  genome has a chromosome configuraIon 

that is consistent with other turtle species (Figure A1.3.1B) (Todd et al., 2022). The global 

transcriptome had 95.9% complete vertebrata genes. In total, FGENESH++ annotated 24,782 

non-redundant protein-coding genes. All staIsIcs are summarised in Table S2. 

 

Reduced representation sequencing and filtering 

DNA was extracted using the Qiagen DNeasy Blood & Tissue Kit and sequenced using 

DArTseqTM (Diversity Arrays Technology Pty Ltd; DArT) (Kilian et al., 2012). DNA fragments 

were double digested using the restricIon enzymes PstI and SphI sequenced on an Illumina 

HiSeq 2500, resulIng in 77 bp or 83 bp single-end reads. Raw DArTseq reads were used as 

input into Stacks v.2.53 for variant calling (Catchen et al., 2013, Roche@e et al., 2019). Reads 

were cleaned with process_radtags to remove uncalled bases or low-quality scores, barcodes, 

and truncate reads to 60 bp for consistency and to ensure removal of adaptor contaminaIon. 

Adapter contaminaIon was removed using TrimmomaIc v0.39 (Bolger and Giorgi, 2014) via 

the ILLUMINACLIP parameter. Single-end reads were aligned to the reference genome 

generated in this study using Burrows-Wheeler aligner (BWA) v.0.7.17 ‘aln’ funcIon (Li and 

Durbin, 2009). To remove adapters from 4 bp and >4 bp barcode reads, -B 4 and -B 5 

parameters of BWA were used, respecIvely. The BWA ‘samse’ funcIon was used to produce 
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alignments in SAM format, before being converted to BAM format and sorted and indexed 

using SAMtools v.1.7. The ‘gstacks’ module was used to call SNPs across the sorted BAM files 

using default parameters. The ‘populaIons’ module was then run with the following 

parameters: minimum samples per populaIon 30% (−r 0.3); minimum minor allele frequency 

(MAF) of 0.01 (--min_maf 0.01); and --write_random_snp.  

 

A custom R v4.3.0 script, following Wright et al. (2019), was used to perform further filtering 

as follows. To extract genotypes and associated locus metadata, the Stacks VCF file was 

converted using the vcfR package (Knaus and Grünwald, 2017, Jombart, 2008). Filtering was 

carried out on three datasets: (i) all groups consisIng of the four predetermined groups (N = 

166), (ii) wild groups only (N = 131), and (iii) capIve populaIons only (N = 35). The SNP 

datasets were filtered on minimum average read depth (>2.5x), coverage difference between 

the reference and alternate alleles (<80%), call rate (>75%), heterozygosity (<80%), and 

reproducibility (>90%) calculated using 51 technical replicates performed by DArT that were 

merged in R. The gl.report.ld() funcIon was used in dartR to calculate pairwise populaIon 

based Linkage Disequilibrium across all loci. As only 0.01% of pairwise comparisons fell above 

the D staIsIc threshold of 0.2, LD was not considered to influence the results of the analysis. 

The average depth of SNP alleles was 8.1x. The final reduced representaIon dataset included 

460 genome-wide SNPs in the ‘all groups’ dataset, 473 neutral SNPs in the ‘wild’ dataset, and 

227 genome-wide SNPs in the ‘capIve’ dataset. The ‘all groups’ dataset used to calculate 

geneIc diversity metrics had a final missing data value of 6.63%.  
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A1.2 Supplementary tables 

Table A1.2.1. Data used for analyses. 

 

 

Table A1.2.2. Genome assembly and annotaIon staIsIcs and repeat composiIon. (C) 
Complete, (S) Single-copy, (D) Duplicated, (F) Fragmented, (M) Missing. 

 

Genome assembly quality metrics    

 HiFi Read coverage  25X 

 Number of contigs  186 

 Contig N50 (Mb)  56.18 

 Longest contig (Mb)  121.5 

 Number of scaffolds  129 

 Scaffold N50 (Mb)  123.5 

 Largest scaffold (Mb)  311.5 

 Size of final assembly (Gb) 2.0 

 GC content (%)  43.21 

BUSCO completeness % (vertebrata) N = 3354 C S D F   M 

Genome 95.4 94.9 0.5 2.1 2.5 

Global transcriptome  95.9 27.8 68.1 1.5 2.6 

Annotated genes     24, 782 

Sequencing Platform Tissue type Total raw 
data (Gb) 

Year sampled n 

HiFi long reads PacBio Sequel II Heart 37 1986 1 

Arima Hi-C scaffolding Illumina NovaSeq 6000 Heart 80 2022 1 

RNA seq short reads Illumina NovaSeq 6000  Heart, liver, spleen 24.9 2021 3 

DArT seq short reads HiSeq 2500 Blood, skin 9.8 2007, 2015-2020 166 
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Table A1.2.3. Pairwise private alleles, based on the ‘all groups’ SNP dataset. Pop = populaIon, 
N = sample size, fixed = fixed differences, priv1 = private alleles in pop1, priv2 = private alleles 
in pop2, Chao1 = private alleles in pop1 with correcIon for sample size, Chao2 = private alleles 
in pop2 with correcIon for sample size, Total = total number of private alleles for both 
populaIons 

 

pop1 pop2 N1 N2 fixed priv1 priv2 Chao1 Chao2 Total 

After Before 38 93 0 3 22 0 0 25 

After Symbio 38 19 0 46 8 0 0 54 

After Taronga 38 17 0 51 4 0 0 55 

Before Symbio 93 19 0 60 3 0 0 63 

Before Taronga 93 17 0 68 2 0 0 70 

Symbio Taronga 19 17 0 32 23 0 0 55 
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Table A1.2.4. Mean kinship values between 19 Bellinger River turtles housed at Symbio Wildlife Park. A value of 0 is unrelated. Pairs that we 
recommend are most suitable to breed have been highlighted in green (0-0.009), pairs that can be bred if no other opIons are available are 
highlighted in yellow (0.01-0.099), and pairs that should be avoided are highlighted in red (0.1-0.9). If any closely related same-sex individuals are 
idenIfied as unsuitable to pair, don’t breed these individuals with the same partner i.e. a pair of closely related males should not be paired with 
the same female. 

  4805 4856 4860 4861 4866 4867 4876 4879 4880 4881 4883 4884 4886 4904 4935 4936 4939 4940 

4856 0                                   

4860 0 0.055                                 

4861 0 0 0.058                               

4866 0.010 0.037 0.009 0                             

4867 0 0 0.068 0.068 0.003                           

4876 0.010 0.085 0.030 0 0.063 0.021                         

4879 0 0.044 0.010 0.007 0 0.034 0.009                       

4880 0 0.055 0.023 0.031 0 0 0 0.079                     

4881 0.006 0.001 0.007 0 0.006 0 0.009 0 0.026                   

4883 0 0 0 0.074 0.044 0 0 0.049 0.026 0                 

4884 0 0 0 0.039 0.027 0 0 0 0 0 0.039               

4886 0 0.023 0 0.037 0 0 0 0 0.057 0 0.049 0.283             

4904 0 0.022 0 0 0 0.014 0.009 0.046 0.038 0.013 0.031 0 0.022           

4935 0 0.034 0.041 0.066 0 0.015 0.047 0.045 0.007 0.018 0.216 0.043 0 0.014         

4936 0 0.075 0 0.044 0.091 0.035 0 0 0.076 0.047 0.049 0 0 0.013 0.032       

4939 0.001 0 0 0.003 0 0 0.002 0 0.010 0 0 0.011 0.010 0.001 0 0.037     

4940 0.010 0 0.059 0 0.022 0.008 0.043 0 0 0.033 0.014 0 0 0 0.044 0 0.052   

4946 0.014 0.025 0.094 0 0.036 0.035 0 0.071 0.043 0 0 0 0 0.050 0 0 0.027 0.050 
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Table A1.2.5. Mean kinship values between 16 Bellinger River turtles housed at Taronga Conservation Society Australia. A value of 0 is unrelated. 4 
Pairs that we recommend are most suitable to breed have been highlighted in green (0-0.009), pairs that can be bred if no other options are 5 
available are highlighted in yellow (0.01-0.099), and pairs that should be avoided are highlighted in red (0.1-0.9). If any closely related same-sex 6 
individuals are identified as unsuitable to pair, don’t breed these individuals with the same partner i.e. a pair of closely related males should not 7 
be paired with the same female. 8 

 9 
  70200 70201 70202 70203 70204 70205 70206 70207 70208 70209 70210 70211 70212 70214 70216 

70201 0.036                             

70202 0.050 0.010                           

70203 0.094 0.100 0                         

70204 0 0 0 0                       

70205 0.023 0 0.025 0 0.026                     

70206 0.073 0.036 0.255 0 0 0.035                   

70207 0.055 0 0.022 0.018 0 0.045 0.001                 

70208 0.090 0.040 0.075 0 0.003 0 0.170 0.134               

70209 0.025 0.041 0.051 0 0 0.056 0 0.020 0             

70210 0 0.053 0.030 0.035 0 0 0.019 0.034 0 0           

70211 0.029 0 0.020 0 0.014 0.032 0 0.069 0.051 0.008 0.084         

70212 0.012 0.031 0.041 0.070 0.048 0.044 0.069 0.005 0.056 0.011 0.029 0.001       

70214 0 0.057 0 0.008 0.102 0.063 0.072 0.035 0.051 0 0 0.012 0.016     

70216 0 0 0.033 0 0.009 0 0 0.085 0 0.018 0 0.044 0.024 0   

70217 0 0 0 0.004 0.005 0 0 0.032 0.009 0.026 0 0 0 0 0 

 10 
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Table A1.2.6. Metadata of samples used for analyses. 
 

Specimen Identifier Year Sampled by Data Type Group 

UC_0152 (genbank UC<Aus>) 1986 University of Canberra Genome  

C10031 2021 University of Sydney Genome  

C10031 2021 University of Sydney RNA  

AA036206 2007 NSW DPE SNP Before 

AA036208 2007 NSW DPE SNP Before 

AA036210 2007 NSW DPE SNP Before 

AA036214 2007 NSW DPE SNP Before 

AA036216 2007 NSW DPE SNP Before 

AA036218 2007 NSW DPE SNP Before 

AA036220 2007 NSW DPE SNP Before 

AA036222 2007 NSW DPE SNP Before 

AA036226 2007 NSW DPE SNP Before 

AA036228 2007 NSW DPE SNP Before 

AA036258 2007 NSW DPE SNP Before 

AA036270 2007 NSW DPE SNP Before 

AA036276 2007 NSW DPE SNP Before 

AA036280 2007 NSW DPE SNP Before 

AA036286 2007 NSW DPE SNP Before 

AA036288 2007 NSW DPE SNP Before 

AA036816 2007 NSW DPE SNP Before 

AA036818 2007 NSW DPE SNP Before 

AA036820 2007 NSW DPE SNP Before 

AA036826 2007 NSW DPE SNP Before 

AA036828 2007 NSW DPE SNP Before 

AA036830 2007 NSW DPE SNP Before 

AA036832 2007 NSW DPE SNP Before 

AA036834 2007 NSW DPE SNP Before 

AA036836 2007 NSW DPE SNP Before 

AA036838 2007 NSW DPE SNP Before 

AA036840 2007 NSW DPE SNP Before 
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AA036842 2007 NSW DPE SNP Before 

AA036844 2007 NSW DPE SNP Before 

AA036846 2007 NSW DPE SNP Before 

AA036848 2007 NSW DPE SNP Before 

AA036850 2007 NSW DPE SNP Before 

AA036886 2007 NSW DPE SNP Before 

AA036890 2007 NSW DPE SNP Before 

AA036892 2007 NSW DPE SNP Before 

AA036896 2007 NSW DPE SNP Before 

AA036898 2007 NSW DPE SNP Before 

AA036900 2007 NSW DPE SNP Before 

AA048002 2007 NSW DPE SNP Before 

AA048004 2007 NSW DPE SNP Before 

AA048006 2007 NSW DPE SNP Before 

AA048008 2007 NSW DPE SNP Before 

AA048010 2007 NSW DPE SNP Before 

AA048012 2007 NSW DPE SNP Before 

AA048016 2007 NSW DPE SNP Before 

AA048018 2007 NSW DPE SNP Before 

AA048020 2007 NSW DPE SNP Before 

AA048022 2007 NSW DPE SNP Before 

AA048024 2007 NSW DPE SNP Before 

AA048034 2007 NSW DPE SNP Before 

AA048036 2007 NSW DPE SNP Before 

AA048038 2007 NSW DPE SNP Before 

AA048040 2007 NSW DPE SNP Before 

AA048044 2007 NSW DPE SNP Before 

AA048048 2007 NSW DPE SNP Before 

AA048058 2007 NSW DPE SNP Before 

AA048060 2007 NSW DPE SNP Before 

AA048064 2007 NSW DPE SNP Before 

AA048068 2007 NSW DPE SNP Before 

AA048078 2007 NSW DPE SNP Before 
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AA048082 2007 NSW DPE SNP Before 

AA048084 2007 NSW DPE SNP Before 

AA048094 2007 NSW DPE SNP Before 

AA048100 2007 NSW DPE SNP Before 

AA048106 2007 NSW DPE SNP Before 

AA048108 2007 NSW DPE SNP Before 

AA048122 2007 NSW DPE SNP Before 

AA048132 2007 NSW DPE SNP Before 

AA048134 2007 NSW DPE SNP Before 

AA048136 2007 NSW DPE SNP Before 

AA064808 2007 NSW DPE SNP Before 

AA036140 2007 NSW DPE SNP Before 

AA036145 2007 NSW DPE SNP Before 

AA036185 2007 NSW DPE SNP Before 

AA036191 2007 NSW DPE SNP Before 

AA036197 2007 NSW DPE SNP Before 

AA036199 2007 NSW DPE SNP Before 

AA036202 2007 NSW DPE SNP Before 

AA036204 2007 NSW DPE SNP Before 

AA036290 2007 NSW DPE SNP Before 

AA036292 2007 NSW DPE SNP Before 

AA036294 2007 NSW DPE SNP Before 

AA036300 2007 NSW DPE SNP Before 

AA036666 2007 NSW DPE SNP Before 

AA036668 2007 NSW DPE SNP Before 

AA036670 2007 NSW DPE SNP Before 

AA036682 2007 NSW DPE SNP Before 

AA036692 2007 NSW DPE SNP Before 

AA036696 2007 NSW DPE SNP Before 

AA036814 2007 NSW DPE SNP Before 

AA064807 - NSW DPE SNP Before 

AA064810 - NSW DPE SNP Before 

AA064811 - NSW DPE SNP Before 
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BRST_10757.2 2015 NSW DPE SNP After 

BRST_4815 2016 NSW DPE SNP After 

BRST_4817 2016 NSW DPE SNP After 

BRST_4950 2016 NSW DPE SNP After 

BRST_10758.12 2016 NSW DPE SNP After 

BRST_10758.14 2016 NSW DPE SNP After 

BRST_10758.6 2016 NSW DPE SNP After 

BRST_10829.6 2016 NSW DPE SNP After 

BRST_4914 2019 NSW DPE SNP After 

BRST_5085 2019 NSW DPE SNP After 

BRST_6095 2019 NSW DPE SNP After 

BRST_6096 2019 NSW DPE SNP After 

BRST_6143 2019 NSW DPE SNP After 

B70146 2020 NSW DPE SNP After 

B70148 2020 NSW DPE SNP After 

B80239 2020 NSW DPE SNP After 

B80240 2020 NSW DPE SNP After 

B80241 2020 NSW DPE SNP After 

B80242 2020 NSW DPE SNP After 

B80243 2020 NSW DPE SNP After 

B80245 2020 NSW DPE SNP After 

B80249 2020 NSW DPE SNP After 

B90118 2020 NSW DPE SNP After 

B90123 2020 NSW DPE SNP After 

B90130 2020 NSW DPE SNP After 

B90131 2020 NSW DPE SNP After 

B90132 2020 NSW DPE SNP After 

B90133 2020 NSW DPE SNP After 

B90134 2020 NSW DPE SNP After 

B90135 2020 NSW DPE SNP After 

B90136 2020 NSW DPE SNP After 

B90138 2020 NSW DPE SNP After 

B90139 2020 NSW DPE SNP After 
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B90140 2020 NSW DPE SNP After 

B90141 2020 NSW DPE SNP After 

B90142 2020 NSW DPE SNP After 

B90143 2020 NSW DPE SNP After 

B90127 2020 NSW DPE SNP After 

AA070200 2015 NSW DPE SNP Taronga 

AA070201 2015 NSW DPE SNP Taronga 

AA070202 2015 NSW DPE SNP Taronga 

AA070203 2015 NSW DPE SNP Taronga 

AA070204 2015 NSW DPE SNP Taronga 

AA070205 2015 NSW DPE SNP Taronga 

AA070206 2015 NSW DPE SNP Taronga 

AA070207 2015 NSW DPE SNP Taronga 

AA070208 2015 NSW DPE SNP Taronga 

AA070209 2015 NSW DPE SNP Taronga 

AA070210 2015 NSW DPE SNP Taronga 

AA070211 2015 NSW DPE SNP Taronga 

AA070212 2015 NSW DPE SNP Taronga 

AA070214 2015 NSW DPE SNP Taronga 

AA070216 2015 NSW DPE SNP Taronga 

AA070217 2015 NSW DPE SNP Taronga 

BRST_4856_C 2016 NSW DPE SNP Symbio 

BRST_4860_C 2016 NSW DPE SNP Symbio 

BRST_4861_C 2016 NSW DPE SNP Symbio 

BRST_4866_C 2016 NSW DPE SNP Symbio 

BRST_4867_C 2016 NSW DPE SNP Symbio 

BRST_4876_C 2016 NSW DPE SNP Symbio 

BRST_4879_C 2016 NSW DPE SNP Symbio 

BRST_4805_C 2016 NSW DPE SNP Symbio 

BRST_4880_C 2016 NSW DPE SNP Symbio 

BRST_4881_C 2016 NSW DPE SNP Symbio 

BRST_4883_C 2016 NSW DPE SNP Symbio 

BRST_4884_C 2016 NSW DPE SNP Symbio 
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BRST_4886_C 2016 NSW DPE SNP Symbio 

BRST_4904_C 2016 NSW DPE SNP Symbio 

BRST_4935_C 2016 NSW DPE SNP Symbio 

BRST_4936_C 2016 NSW DPE SNP Symbio 

BRST_4939_C 2016 NSW DPE SNP Symbio 

BRST_4940_C 2016 NSW DPE SNP Symbio 

BRST_4946_C 2016 NSW DPE SNP Symbio 
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A1.3 Supplementary figures 

 

Figure A1.3.1. Visual overview of genome assembly metrics. (A) Circular plot generated using 
assembly-stats (10.5281/zenodo.594927) depicIng quality metrics presented in Table A.1.2.2. 
The circle represents the full length of the assembly (2.0Gb). Length related metrics are 
represented in the middle; the dark pink line shows the longest scaffold; followed by all other 
scaffolds in size-order moving clockwise shown in yellow. The purple spiral displays the 
cumulaIve scaffold count. The N50 and N90 values are represented in dark and light orange, 
respecIvely. The exterior pink and blue circles show mean, maximum, and minimum GC vs. 
AT levels. BUSCOv5.3.2 (vertebrata_odb10) scores are shown in the top right corner including 
complete (single and duplicated) (Comp.), duplicated (Dup.), and Fragmented (Frag.). (B) Hi-C 
contact frequency matrices ager manual curaIon with Juicer (Durand et al., 2016b). Scaffolds 
were sorted according to their length. The map interprets the physical contact of genomic 
regions in 3D space with each cell corresponding to sequence data that supports the 
associaIon between two regions. 
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Figure A1.3.2. fastSTRUCTURE plots invesIgaIng K=1-4 geneIc clusters (N = 166; SNPs=460). 
(S) Symbio (B) Before (A) Ager (T) Taronga.  
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Figure A1.3.3. PCoA analyses invesIgaIng batch effects of samples grouped across different 
sequencing plates.
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Figure A1.3.4. (A) Preliminary fastSTRUCTURE plot (K=3) showing evidence of (1) an Emydura 
macquarii, and a Myuchelys georgesi and E. macquarii hybrid, (2) M. georgesi, and (3) 
backcross animals. (B) Preliminary PCoA analyses of Before and Ager individuals (A; N = 130). 
Outlier samples were idenIfied as E. macquarii (B; N = 1), E. macquarii and M. georgesi hybrid 
(C; N = 1), and backcross animals (D; N = 2). 

 

 

Figure A1.3.5. DistribuIons of SNP-based observed heterozygosity (Ho) by group.  

(B) (A) 
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Appendix 2: Supplementary Material to Chapter 3 

This appendix relates to Chapter 3 – A genomic-based workflow for eDNA assay development 

for threatened species 

 

A2.1 Supplementary methods 

A2.1.1 Mitogenome  

9 genes are encoded on the light strand including tRNA-Gln, tRNA-Ala, tRNA-Asn, tRNA-Cys, 

tRNA-Tyr, tRNA-Ser, ND6, tRNA-Glu, and tRNA-pro. The remaining 28 genes are encoded on 

the heavy strand. A total of 7 overlapping regions with a total length of 15 bp were idenIfied 

in M. georgesi, with the longest region of overlap (5 bp) observed between NADH 

dehydrogenase subunit 4L (nad4l) and NADH dehydrogenase subunit 4 (nad4). 21 intergenic 

spacer regions with a total length of 1701 bp were observed. The longest region (1241 bp) 

was observed between NADH dehydrogenase subunit 5 (nad5) and NADH dehydrogenase 

subunit 6 (nad6) (Table A2.2.4). The total length on PCGs was 12901 bp, represenIng 78.1% 

of the complete mitogenome. The ATG start codon iniIated the majority of the PCGs, except 

for ATP synthase F0 subunit 6 (atp6), cytochrome c oxidase subunit III (cox3), NADH 

dehydrogenase subunit 4L (nad4l), and Cytochrome b (cytb) that were iniIated by ATA.  

 

A2.2 Supplementary tables 

 Table A2.2.1. Final CO1 and CytB primer staIsIcs  

Gene Primer Start Length Tm GC% Molecular 
weight DeltaG 

COI Forward       
 aca@ggcaccctctacctg 41 20 bp 60 55 6012.9 g/mole -3.14 kcal/mol 

 Reverse       
 aa@aaggcgtgggctgtaa 192 20 bp 59.6 45 6221.1 g/mole 5.36 kcal/mol 
CytB Forward       
 aatctcccacatccaacgag 186 20 bp 59.9 50 6015 g/mole -3.61 k/mol 

 Reverse       
 atgcggtggctatgactagg 373 20 bp 60.1 55 6213.1 g/mole -4.16 k/mol 
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Table A2.2.2. In situ validaIon samples 

 

  

Table A2.2.3. In vitro validaIon Issue specimens 

 

Specimen ID Species Sample ID Date Type Sample Location 

UC<Aus>AA063726 Myuchelys georgesi AA063727 2015 Heart Bellinger River 

UC<Aus> AA060000 Emydura macquarii  AA060000 2015 Skin Bellinger River 

  

Source Size Species N Samples 

Tank 1 4000L Myuchelys georgesi 5 2 x 500 mL (1L) 

Tank 2 4000L Myuchelys georgesi 5 2 x 500 mL (1L) 

Tank 3 4000L Myuchelys georgesi 5 2 x 500 mL (1L) 

Pond (control) 2000L Emydura macquarii 

Chelodina longicollis 

4 

2 

2 x 500 mL (1L) 

Pond (control) 2000L Emydura macquarii 

Chelodina longicollis 

4 

2 

2 x 500 mL (1L) 
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Table A2.2.4. List of annotated mitochondrial genes of Myuchelys georgesi  

 

   Gene Direction Location Size Anti-
codon 

Start 
codon 

Stop 
codon 

Intergenic 
nucleotides  

trnF + 1-67 67 GAA   0 
rrnS + 68-1038 971    0 
trnV + 1039-1108 70 TAC   0 
rrnL + 1109-2720 1612    2 
trnL2 + 2723-2797 75 TAA   4 
nad1 + 2802-3764 963  ATG TAG -1 
trnI + 3764-3836 73 GAT   -1 
trnQ - 3836-3906 71 TTG   -1 
trnM + 3906-3974 69 CAT   0 
nad2 + 3975-5018 1044  ATG TAA 1 
trnW + 5020-5091 72 TCA   2 
trnA - 5094-5162 69 TGC   1 
trnN - 5164-5237 74 GTT   19 
trnC - 5257-5324 68 GCA   1 
trnY - 5326-5395 70 GTA   1 
cox1 + 5397-6935 1539  ATG TAA 2 
trnS2 - 6938-7009 72 TGA   12 
trnD + 7023-7089 67 GTC   0 
cox2 + 7090-7776 687  ATG TAG 2 
trnK + 7769-7842 74 TTT   1 
atp8 + 7844-7981 138  ATG AGA 89 
atp6 + 8071-8682 612  ATA TAG -2 
cox3 + 8679-9455 777  ATA TGA 7 
trnG + 9463-9531 69 TCC   175 
nad3 + 9707-9874 168  GTA TGA 7 
trnR + 9882-9949 68 TCG   0 
nad4l + 9950-10246 297  ATA TAA -5 
nad4 + 10240-11625 1386  ATG TAA -4 
trnH + 11621-11690 70 GTG   0 
trnS1 + 11691-11753 63 GCT   -1 
trnL1 + 11753-11824 72 TAG   0 
nad5 + 11825-12946 1122  ATG ACC 1241 
nad6 - 14188-13658 529  ATG TTA 1 
trnE - 14190-14258 69 TTC   58 
cytB + 14317-15372 1056  ATA T(CC) 74 
trnT + 15447-15516 70 TGT   1 
trnP - 15518-15585 68 TGG    
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A2.3 Supplementary figures 

Figure A2.3.1. Complete nucleoIde sequence of Cytochrome Oxidase 1 gene output by 

MitoHiFi and used as input into Primer3Plus. Forward and reverse primer pairs are highlighted 

in grey. 

 

>CO1 

ta@aaaccgctgacta@@ctactaaccataaagaca@ggcaccctctacctga@@tggggcctgagcaggaataatcggaaca

gctc@agtcta@aa@cgaacagaactaagccaaccaggtccccta@aggagatgatcaagtatacaatgtaa@g@acagccca

cgcc@aa@ataatc@@tcatag@ataccta@ataa@ggtgga@tggaaactga@ag@ccaataataa@ggatcgccagatat

agca@tccacgaatgaataatataagc@@gac@ctaccaccatcactactactac@ctagcctcctctggtatcgaagccggagct

ggaacagggtgaactgtatatccccc@tggctggaaatatagcccacgccggagc@ctgtcgacctaactatc@ctccctacac@a

gccggggcgtcctcaa@@aggggccatcaac@catcaccaccgcaa@aatataaaaaccccatcaatatcacaataccaaacac

cac@@cgtatgatcagtac@atcacagctgta@acta@actctccc@ccagtac@gctgcaggca@actatac@@aacagacc

gaaacctaaatacaacc@c@tgatccatctggtggaggagacccaatcctataccaacaccta@@ga@c@tggccaccccgaag

tataca@ctcatcc@cccggc@cggaataa@tctcacgtcg@gc@a@atactggtaaaaaagaacca@cgggtacatgggaat

agtctgagcaataatatcaatcgga@c@agga@catcg@tgagctcaccatata@cacagtaggaatagacgtagacacccgag

cctac@tacatcagcaacaataatca@gctatccccacaggtgtcaaagta@tagctgactagccaccctccacggaggaataa@

aaatgagatgcccctatactatgagctctggga@ta@@tcta@tacca@ggaggactaacaggta@gta@agctaactcatcact

agatatcgtactacacgatacatactatgtagtagcacac@cca@atgtactatcaatgggggccgta@tgcca@atagccgga@t

acccactga@ccca@a@tacagga@ctcactaaaccaaacatgggcaaaactacaa@cgtagtaata@c@tggcgtaaacata

aca@c@cccacaacac@cctagg@tagctggtataccccgacgatactcaga@atccagacgcctacacaatatgaaactccatc

tcatcaa@ggatcaataatctccatagcagcagtaatcataatactagtca@atctgagaggcc@ctcatcaaagcgaaaaatagt

actga@gaaccacccctaatcaacgtagaatgactaagcgg@gtccgccatccagtcacacctatgaagaatccgcacatata@at

aa  
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Figure A2.3.2. Complete nucleoIde sequence of Cytochrome B gene output by MitoHiFi and 

used as input into Primer3Plus. Forward and reverse primer pairs are highlighted in grey. 

 

>CytB 

ataaaaaacacaaatccacta@aaaaa@a@aacaacacc@catcgatctccccaccccctccaacatctccgccctatgaaac@

cggatcactactaggaatatgcctaa@ctacaactagccacaggaatc@cctagctatacactactcgcccgatatctccatagca@

ctcatcaatctcccacatccaacgagacgtccaatatgg@gactga@cgaaacatacacgccaacggtgc@cacta@@tcatatg

ca@tacctccata@ggacgtggaatctactacgg@cctacctctacaataaaacctgaaacactggagtaa@ctacta@cctagtc

atagccaccgca@cgtgggctacgtactaccatgaggccaaatatca@ctgaggggctacagtaatcaccaacc@ctatcagccat

cccatatgcaggccctacac@gtagaatgaatctgaggagga@ctccgtagacaacgccaccctgactcga@c@caca@ccac@

tctaatccca@cgctatcctaggaataaccatactacacctcctactactacacgaaacaggatcaaacaacccaacagga@aaac

tcaaactgcgacaagatccca@ccacccata@@tc@acaaagacctactaggcctcatcctaataatcatatgcctgctcaccctca

cccta@@acccaaacctactaggagatccagacaac@cacaccagccaacccactaaccaccccaccacacatcaaaccagagt

gatac@ccta@cgc@acacaatcctacg@caatccccaacaaactaggtggcgtcctagcccta@catatcaatcctagtactact

aaccataccaatactccacctatcaaaacaacgaacaaccaca@ccgaccaatagcacaaatcctc@ctgatgc@aaccactgac

ctactaatcctaacatgaatcggaggccaaccagtagaagaccca@catcctca@ggacaaatcgcctccctactatac@caccat

catc@catcatcacacctataacaagc@aa@gaaaacaaaatactaaaccaat  
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Appendix 3: Supplementary Material to Chapter 4 

This appendix relates to Chapter 4 – A genomic-based workflow for eDNA assay development 

for threatened species 

 

A3.1 Supplementary tables 

Table A3.1.1. Reference species and sequences for Major HistocompaIbility Complex (MHC) 

BLAST search in Myuchelys georgesi. Complete coding sequences (complete) were used when 

available. ParIal coding sequences (parIal) were also included. The corresponding MHC class 

and shared common ancestor group are also listed. 

 
Class Reference MHC species Project Sequence type Shared taxonomic 

group 

MHC I Tawny dragon (Ctenophorus decresii) KY905241.1 Complete Class RepIlia 

MHC I Caiman (Caiman crocodilus) KF769542.1 Complete Class RepIlia 

MHC I Marine iguana (Amblyrhynchus 

cristatus) 

EU839663.1 Complete Class RepIlia 

MHC I Galapagos land iguana (Conolophus 

subcristatus) 

EU604313.1 Complete Class RepIlia 

MHC I Tuatara (Sphenodon punctatus) DQ145788.1 Complete Class RepIlia 

MHC I Green sea turtle (Chelonia mydas) OK135213.1 ParIal Order testudines 

MHC II Chinese sogshell turtle (Pelodiscus 

sinensis) 

MT834970.1 Complete Order testudines 

MHC II Marine iguana (Amblyrhynchus 
cristatus) 

FJ623752.1 
 

Complete Order RepIlia 

MHC II Green-rumped parrotlet (Forpus 
passerines) 

EF710746.1 ParIal Sauropsida 
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Table A3.1.2. Genbank Accession numbers of complete MHC I sequences used for 

phylogenetic comparisons.  

  

Accession Species Common name ClassificaPon Name on tree 

L20733.1 Xenopus laevis African clawed frog Amphibia Xela-U 

HQ158307.1 Crocodylus porosus Saltwater crocodile Crocodilia Crpo-U 

KF769542.1 Caiman crocodilus Caiman Crocodilia Cacr-U 

JU175072.1 Crotalus adamanteus Eastern Diamondback 

ra@lesnake 

Squamata Crad-U 

KM515952.1 Tiliqua rugosa Shingleback Squamata Tiru-UB 

KY905241.1 Ctenosaura decressii Tawny dragon Squamata Ctde-UA 

EU604313.1 Conolophus subcristatus Galapagos iguana Squamata Cosu-UB 

EU604308.1 Amblyrhynchus cristatus Marine iguana  Squamata Amcr-UB 

DQ145788.1 Sphenodon punctatus Tuatara Rhynchocephalia Sppu-U*01 

DQ145789.1 Sphenodon punctatus Tuatara Rhynchocephalia Sppu-U*02 

X12780.1 Gallus gallus Chicken Aves Gaga_F10 

MT260395.1 Anas platyrhynchos Mallard Aves Anpl-UAA 

MN339476.1 Ginglymostoma cirratum Nurse shark Orectolobiformes Gici-UDA 
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Table A3.1.3. Genbank Accession numbers of complete MHC II beta sequences used for 

phylogenetic comparisons  

  

Accession Species Common name ClassificaPon Name on tree 

KP118841.1 Crocodylus porosus Saltwater crocodile Crocodilia Crpo-DAB1 

KP118846.1 Crocodylus porosus Saltwater crocodile Crocodilia Crpo-DAB2 

AF256652.1 Caiman crocodilus Caiman Crocodilia Cacr-beta 

XM_008121064.1 Anolis carolinensis Green anole Squamata Anca-beta 

FJ623746.1 Amblyrhynchus cristatus Marine iguana Squamata Amcr-DAB1 

FJ623750.1 Amblyrhynchus cristatus Marine iguana Squamata Amcr-DAB3 

DQ124231.1 Sphenodon punctatus Tuatara Rhynchocephalia Sppu-DAB1 

DQ124232.1_ Sphenodon punctatus Tuatara Rhynchocephalia Sppu-DAB2 

DQ124233.1 Sphenodon punctatus Tuatara Rhynchocephalia Sppu-DBB 

NM_001312902.2 Gallus gallus Chicken Aves Gaga-DMB1 

KJ162461.1 Columba livia Rock dove Aves Coli-DAB 

EU442606.2 Tyto alba Barn owl Aves Tyal-DAB1 

MN364682.1 Alosa sapidissima American Shad Clupeiformes Alsa-beta 
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Table A3.1.4. Metadata of samples used for analyses. MG Myuchelys georgesi, EM Emydura 
macquarii 
 

  

Specimen ID Sample ID Sample type Species Year Group Sequencing 
UC<Aus>AA036038 AA036038 skin MG  2007 Before WGR 
UC<Aus>AA036098 AA036098 skin MG 2007 Before WGR 
UC<Aus>AA036219 AA036219 skin MG 2007 Before WGR 
UC<Aus>AA036245 AA036245 skin MG 2007 Before WGR 
UC<Aus>AA036250 AA036250 skin MG 2007 Before WGR 
UC<Aus>AA036253 AA036253 skin MG 2007 Before WGR 
UC<Aus>AA036275 AA036275 skin MG 2007 Before WGR 
UC<Aus>AA036814 AA036814 skin MG 2007 Before WGR 
UC<Aus>AA036815 AA036815 skin MG 2007 Before WGR 
UC<Aus>AA036831 AA036831 skin MG 2007 Before WGR 
UC<Aus>AA036869 AA036869 skin MG 2007 Before WGR 
UC<Aus>AA036889 AA036889 skin MG 2007 Before WGR 
UC<Aus>AA048006 AA048006 skin MG 2007 Before WGR 
UC<Aus>AA048016 AA048016 skin MG 2007 Before WGR 
UC<Aus>AA048033 AA048033 skin MG 2007 Before WGR 
UC<Aus>AA048041 AA048041 skin MG 2007 Before WGR 
UC<Aus>AA048057 AA048057 skin MG 2007 Before WGR 
UC<Aus>AA048084 AA048084 skin MG 2007 Before WGR 
UC<Aus>AA048177 AA048177 skin MG 2007 Before WGR 
UC<Aus>BRST_5085 BRST_5085_04 Blood stain MG 2019 Ager WGR 
UC<Aus>BRST_5246 BRST_5246_01 Blood stain MG 2019 Ager WGR 
UC<Aus>BRST_5247 BRST_5247_01 Blood stain MG 2019 Ager WGR 
UC<Aus>BRST_5248 BRST_5248_01 Blood stain MG 2019 Ager WGR 
UC<Aus>BRST_5252 BRST_5252_01 Blood stain MG 2019 Ager WGR 
UC<Aus>BRST_6013 BRST_6013_01 Blood stain MG 2019 Ager WGR 
UC<Aus>BRST_6017 BRST_6017_01 Blood stain MG 2019 Ager WGR 
UC<Aus>BRST_6023 BRST_6023_01 Blood stain MG 2019 Ager WGR 
UC<Aus>BRST_6024 BRST_6024_01 Blood stain MG 2019 Ager WGR 
UC<Aus>BRST_6093 BRST_6093_01 Blood stain MG 2019 Ager WGR 
UC<Aus>BRST_6096 BRST_6096_01 Blood stain MG 2019 Ager WGR 
UC<Aus>BRST_5251 BRST_5251_02 Blood stain MG x EM 2019 Backcross WGR 
UC<Aus>BRST_6029 BRST_6029_01 Blood stain MG x EM  2019 Backcross WGR 
UC<Aus>BRST_6115 BRST_6115_01 Blood stain MG x EM 2019 Backcross WGR 
UC<Aus>BRST_6099 BRST_6099_01 Blood stain MG x EM 2019 Backcross WGR 
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Table A3.1.5. Complete list of annotated MHC exons in order of genomic position along  
chromosome 10. ORF Open reading frame 
 

Class Gene ORF length (bp) Exon total Exon Start End Strand 
MHC I Myge-UB 1124 8 1 30471574 30471666 - 

 
  

 2 30473115 30473143 - 
 

  
 3 30473497 30473530 - 

 
  

 4 30474174 30474264 - 
 

  
 5 30474404 30474680 - 

 
  

 6 30475552 30475826 - 
 

  
 7 30488887 30489157 - 

 
  

 8 30493423 30493484 - 
  Myge-UE 1196 7 1 30500310 30500506 - 
 

  
 2 30500690 30500713 - 

 
  

 3 30501301 30501391 - 
 

  
 4 30501531 30501807 - 

 
  

 5 30502340 30502614 - 
 

  
 6 30503854 30504130 - 

 
  

 7 30508464 30508525 - 
 Myge-UC 1096 7 1 30533405 30533478 - 
 

  
 2 30533917 30533949 - 

 
  

 3 30534318 30534434 - 
 

  
 4 30534837 30535115 - 

 
  

 5 30535937 30536212 - 
 

  
 6 30537832 30538093 - 

 
  

 7 30538879 30538940 - 
 Myge-UD 1063 7 1 30567953 30567993 - 
 

  
 2 30568557 30568589 - 

 
  

 3 30568935 30569051 - 
 

  
 4 30569521 30569799 - 

 
  

 5 30570806 30571081 - 
 

  
 6 30572447 30572708 - 

 
  

 7 30577604 30577665 - 
 Myge-UA 1063 7 1 30583497 30583537 - 
 

  
 2 30584108 30584140 - 

 
  

 3 30584486 30584602 - 
 

  
 4 30585060 30585337 - 

 
  

 5 30587357 30587633 - 
 

  
 6 30588820 30589081 - 

 
  

 7 30591307 30591368 - 
MHC II Myge-DAA1 774 4 1 30660982 30661136 - 

    2 30661272 30661554 - 
    3 30662018 30662275 - 
    4 30663406 30663487 - 
 Myge-DAB1 805 6 1 30665199 30665305 + 
    2 30665695 30665968 + 
    3 30666785 30667061 + 
    4 30668402 30668513 + 
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    5 30669052 30669077 + 
    6 30669438 30669452 + 
 Myge-DAA2 774 4 1 30677698 30677852 - 
    2 30677989 30678271 - 
    3 30678664 30678921 - 
    4 30680142 30680223 - 
 Myge-DAB2 807 6 1 30681654 30681760 + 
    2 30682482 30682752 + 
    3 30683567 30683849 + 
    4 30685180 30685291 + 
    5 30685795 30685819 + 
    6 30686179 30686193 + 
 Myge-DAA3 774 4 1 30698489 30698644 - 
    2 30698780 30699061 - 
    3 30699528 30699785 - 
    4 30700907 30700988 - 
 Myge-DAB3 804 6 1 30702397 30702503 + 
    2 30702901 30703174 + 
    3 30704096 30704372 + 
    4 30705339 30705450 + 
    5 30706005 30706029 + 
    6 30706334 30706348 + 
 Myge-DAA4 775 4 1 30717695 30717850 - 
    2 30717983 30718265 - 
    3 30718651 30718908 - 
    4 30720110 30720191 - 
 Myge-DAB4 807 6 1 30721446 30721552 + 
    2 30721861 30722131 + 
    3 30722953 30723235 + 
    4 30724562 30724673 + 
    5 30725144 30725168 + 
    6 30725528 30725542 + 
 Myge-DAA5 751 4 1 30735202 30735357 - 
    2 30735492 30735774 - 
    3 30736241 30736498 - 
    4 30737725 30737782 - 
 Myge-DAB5 777 5 1 30739700 30739806 + 
    2 30740419 30740689 + 
    3 30741306 30741582 + 
    4 30742814 30742925 + 
    5 30743771 30743785 + 
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Table A3.1.6. Differentiation statistics between (A) MHC I and (B) MHC II Myge genes 
generated using EMBL-EBI Clustal Omega. 
 

(A)   
UA 

 
UB 

 
UC 

 
UD 

 
UE 

UA 0 
    

UB 0.523 0 
   

UC 0.115 0.474 0 
  

UD 0.134 0.541 0.120 0 
 

UE 0.506 0.187 0.495 0.541 0 

(B)   
DAA1 

 
DAB1 

 
DAA2 

 
DAB2 

 
DAA3 

 
DAB3 

 
DAA4 

 
DAB4 

 
DAA5 

 
DAB5 

DAA1 0 
         

DAB1 0.421 0 
        

DAA2 0.088 0.448 0 
       

DAB2 0.503 0.093 0.48 0 
      

DAA3 0.046 0.481 0.081 0.510 0 
     

DAB3 0.494 0.083 0.499 0.069 0.493 0 
    

DAA4 0.090 0.571 0.092 0.505 0.076 0.591 0 
   

DAB4 0.474 0.118 0.478 0.103 0.497 0.112 0.504 0 
  

DAA5 0.060 0.450 0.077 0.507 0.064 0.493 0.094 0.502 0 
 

DAB5 0.467 0.104 0.492 0.080 0.559 0.101 0.521 0.095 0.485 0 
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Table A3.1.7. Summary of runs of homozygosity (ROH) metrics for individuals in Before and After groups. Each row represents a different 1 

individual with details on total ROH length; percentage of genomic segments in ROH; FROH (proportion of the genome in ROH); Short FROH (<2mb); 2 

and long FROH (>2mb). π genome-wide nucleotide diversity including ROH. 3 

Individual ID Group Segments in 
ROH (%) 

Total ROH 
Length 

FROH FROH < 2Mb FROH > 2Mb π 

1 AA036038 Before 91.44 1245800000 0.881166358 0.112745158 0.768421201 8.00068e-05 

2 AA036098 Before 90.54 1235700000 0.874022531 0.129296203 0.744726327 8.00148e-05 

3 AA036219 Before 90.39 1232700000 0.871900602 0.100579432 0.77132117 8.00064e-05 

4 AA036245 Before 90.56 1235600000 0.8739518 0.129084011 0.744867789 8.00042e-05 

5 AA036250 Before 92.43 1266200000 0.895595475 0.077167482 0.818427993 8.00008e-05 

6 AA036253 Before 91.58 1247900000 0.882651709 0.096264843 0.786386866 8.00165e-05 

7 AA036275 Before 90.16 1231200000 0.870839637 0.104540366 0.766299272 8.00015e-05 

8 AA036814 Before 91.89 1257700000 0.889583343 0.10192332 0.787660023 8.00000e-05 

9 AA036815 Before 90.66 1228800000 0.869142094 0.120525564 0.74861653 8.00026e-05 

10 AA036831 Before 89.76 1216500000 0.860442186 0.12901328 0.731428906 8.00014e-05 

11 AA036869 Before 92.13 1258700000 0.890290653 0.099023351 0.791267302 8.0002e-05 

12 AA036889 Before 90.13 1227700000 0.868364054 0.112391503 0.755972551 8.00006e-05 

13 AA036889 Before 90.98 1240400000 0.877346886 0.125971848 0.751375038 8.00028e-05 

14 AA048016 Before 90.87 1245700000 0.881095627 0.115645127 0.7654505 8.00083e-05 

15 AA048033 Before 91.58 1255800000 0.888239455 0.094496569 0.793742886 8.00001e-05 

16 AA048041 Before 91.13 1245700000 0.881095627 0.105389137 0.77570649 8.00001e-05 
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4 

17 AA048057 Before 91.61 1249900000 0.884066328 0.105106214 0.778960114 8.00029e-05 

18 AA048084 Before 90.89 1238100000 0.875720074 0.10927934 0.766440734 8.00019e-05 

19 AA048177 Before 91.11 1245800000 0.881166358 0.104469635 0.776696723 8.00005e-05 

20 MG6143 Ager 90.34 1227600000 0.868293323 0.119676792 0.74861653 8.00076e-05 

21 MG5085 Ager 91.55 1248500000 0.883076094 0.105035483 0.778040612 8.00014e-05 

22 MG5246 Ager 90.42 1235400000 0.873810338 0.107723259 0.766087079 8.00017e-05 

23 MG5247 Ager 92.02 1258900000 0.890432115 0.103479401 0.786952713 8.00063e-05 

24 MG5248 Ager 91.01 1238300000 0.875861536 0.0945673 0.781294236 8.00029e-05 

25 MG5252 Ager 90.58 1239000000 0.876356653 0.099589198 0.776767454 8.00075e-05 

26 MG6013 Ager 90.69 1233600000 0.872537181 0.128023046 0.744514134 8.00034e-05 

27 MG6017 Ager 90.33 1232900000 0.872042064 0.108359838 0.763682226 8.00026e-05 

28 MG6023 Ager 90.39 1230700000 0.870485983 0.125476731 0.745009251 8.00114e-05 

29 MG6024 Ager 91.35 1254900000 0.887602876 0.10121601 0.786386866 8.00009e-05 

30 MG6093 Ager 91.24 1244700000 0.880388318 0.106450102 0.773938216 8.00017e-05 

31 MG6095 Ager 91.21 1247900000 0.882651709 0.10920861 0.773443099 8.00002e-05 

32 MG5251 Backcross 0.057 700000 0.000495117 0.000495117 0 0.00484852 

33 MG6029 Backcross 0.021 200000 0.000141462 0.000141462 0 0.00485748 

34 MG6096 Backcross 0.071 800000 0.000565848 0.000565848 0 0.00442102 

35 MG6099 Backcross 0.035 400000 0.000282924 0.000282924 0 0.00483882 
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Table A3.1.8. Observed and expected heterozygosity for MHC Class I and II in the Before, After, and Backcross groups. "All" refers to statistics 5 

calculated across all exons for the respective class. SE indicates standard error, and CI refers to the 95% confidence intervals (lower and upper 6 

bounds). 7 

 8 

Class MHC Class Before  
HO (± SE) 

Before  
HE (± SE) 

Amer 
HO (± SE) 

Amer 
HE (± SE) 

Backcross 
HO (± SE) 

Backcross  
HE (± SE) 

MHC I Myge-UA 0.177 (0.037) 0.211 (0.003) 0.169 (0.051) 0.210 (0.000) 0.634 (0.042) 0.460 (0.000) 
 Myge-UB 0.014 (0.004) 0.058 (0.000) 0.008 (0.005) 0.058 (0.000) 0.445 (0.117) 0.378 (0.000) 
 Myge-UC 0.047 (0.015) 0.024 (0.012) 0.024 (0.012) 0.018 (0.000) 0.477 (0.072) 0.404 (0.000) 
 Myge-UD 0.039 (0.009) 0.109 (0.000) 0.037 (0.011) 0.039 (0.008) 0.699 (0.029) 0.467 (0.000) 
 Myge-UE 0.218 (0.049) 0.249 (0.000) 0.211 (0.062) 0.249 (0.000) 0.658 (0.063) 0.451 (0.000) 

 All 0.118 (0.018) 0.148 (0.001) 0.100 (0.022) 0.147 (0.001) 0.471 (0.009) 0.395 (0.001) 
MHC II Myge-DAA 0.014 (0.003) 0.056 (0.000) 0.029 (0.015) 0.056 (0.000) 0.445 (0.060) 0.373 (0.000) 

 Myge-DAB 0.014 (0.002) 0.056 (0.000) 0.029 (0.015) 0.056 (0.000) 0.449 (0.221) 0.362 (0.00) 
 Myge-DAA 0.007 (0.002) 0.050 (0.000) 0.006 (0.001) 0.050 (0.000) 0.425 (0.253) 0.380 (0.000) 
 Myge-DAB 0.214 (0.043) 0.229 (0.000) 0.231 (0.054) 0.229 (0.000) 0.533 (0.033) 0.420 (0.000) 
 Myge-DAA 0.009 (0.002) 0.076 (0.002) 0.007 (0.002) 0.075 (0.002) 0.520 (0.086) 0.411 (0.000) 
 Myge-DAB 0 0.069 (0.000) 0 0.068 (0.000) 0.525 (0.131) 0.410 (0.001) 
 Myge-DAA 0.135 (0.039) 0.192 (0.002) 0.123 (0.039) 0.194 (0.002) 0.557 (0.088) 0.423 (0.000) 
 Myge-DAB 0.132 (0.031) 0.184 (0.001) 0.120 (0.035) 0.181 (0.003) 0.478 (0.146) 0.389 (0.000) 
 Myge-DAA 0.227 (0.033) 0.196 (0.000) 0.176 (0.042) 0.196 (0.000) 0.538 (0.037) 0.422 (0.000) 
 Myge-DAB 0.137 (0.0307) 0.163 (0.000) 0.127 (0.038) 0.163 (0.000) 0.438 (0.123) 0.378 (0.000) 

 All 0.122 (0.019) 0.148 (0.001) 0.102 (0.023) 0.147 (0.001) 0.474 (0.008) 0.385 (0.001) 

9 
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A3.2 Supplementary figures 

 

Figure A3.2.1. An inset of Australia with a map of the Bellinger River basin showing the 
locaIons of historic (Before: 2007, blue), contemporary (Ager: 2015-2020, orange) and 
Backcross (2015-2020, purple) samples collected across the species’ range (NSW Department 
of Climate Change, Energy, the Environment and Water (DCCEEW) (unpublished data).
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Figure A3.2.2. Maximum likelihood analysis of MHC I sequences for non-avian and avian 
repIles. Node ages based on 1000 replicates are shown. Nurse shark (Ginglymostoma 
cirratum) (Gici-UDA) was used as an outgroup. 
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Figure A3.2.3. Maximum likelihood analysis of complete MHC II beta sequences for non-avian 
and avian repIles. Node ages based on 1000 replicates are shown. American shad (Alosa 
sapidissima) (Alsa-beta) was used as an outgroup. Chicken DMB and Tuatara DBB sequences 
were included for DMB and DBB-like clades, respecIvely.
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Figure A3.2.4. Violin plots showing the distribuIon of run lengths of homozygosity (ROH) 
calculated using ROHan across the Before, Ager, and Backcross groups. (A) DistribuIon of all 
ROH lengths, with a do@ed line indicaIng the mean ROH length. (B) An enlarged view showing 
distribuIon of short ROH with lengths less than 2 Mb.  
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Figure A3.2.5. (A) Average count of runs of homozygosity (ROH) across 0-500 kb, 500-1000 
kb, 1000-2000 kb, and >2000 kb length categories for individuals in Before, Ager, and 
Backcross groups. (B) Inbreeding coefficient based on ROH (FROH) across 0-500 kb, 500-1000 
kb, 1000-2000 kb, and >2000 kb length categories for individuals in Before, Ager, and 
Backcross groups. The FROH is represented as a percentage of the total length of the 9 
macrochromosomes. 
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Figure A3.2.6. Principal component analysis plots of SNPs in pure Myuchelys georgesi from 

the Before (N = 19) and After (N = 12) groups in (A) MHC I and (B) MHC II. 
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Figure A3.2.7. Principal component analysis plots of genome-wide SNPs in (A) pure Myuchelys 

georgesi Before (N = 19), After (N = 12), and F2 backcross animals (N = 4), and (B) pure M. 

georgesi Before (N = 19) and After (N = 12). 
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All exon sequences for MHC class I genes annotated using the reference genome 

> Myge-UA 

CAGGATGAAGAGCTGGAGGCAGAATCTTCTCCGGTCTTTGGGCTGCCGGAGTGTAGCCGCGTTTGGG
GGTGCTGCTGATTTTCTTCTCCACAGAATGACGCTGGCCCCTACGGCTCCAGCCAGAACCAGCACGGC
CAGGACGATGGCGGCCAGGACCCCAGGGGACAGGGGGCTCTTCTTCCCAGGGGCCAGGCGAGTGT
GGGGTCTGATAGGCTGCTGTGCTCCACCCGGCAGGCATAGCGGTGACTGTCCTCCTGCTGCGGGGAG
ATCTCCAGGGATGACTGCGTGTAGTAGGTGCCATCAGCATTGGGCAGGATCCCACTGGAGTGCTTCTC
CACCAGGATGTCTTCTCCATCCCGCACCCAGGAGACGTGGATGGGACGTGGGTAAAAGCCCCTGGCG
CGGCAGGAGAGGGTGACAGAGCTGTCTGTAGAGTCTGTGTAGGAAACCGAGACCTCGGGGGGTCCT
GCTGCTCCAGCACCGTCCTCCCCTGCTGCACCAGGCTCTGCAGAGTCCCCAGGCACTCATGCTGCAGG
TACTGCCGGACAAACTGAGTCCAGGCCTTGCCCGTCTCCCAGCTCTGCTTCTGGGGGAAGGCCGGCT
GCACGGCCGCGACCCACGTCCCCGTCTGGTTGTCAAAGCTGATGAAGTCCTTCCCGTCGTAGGCATAC
TGGAACTTCGGGTCCACAAGCACCTGGCCGCTCAGGGCACAGCTCACGTGAACCTGCTCGGTGTGAA
TCCCGCCCGTCTGGTTGTGCAGCTGCATCCACCACCTGGTATTGACTTTACAGCCCTCCTCGTATCCCCA
GAACTCCTGGGTCTTTTCCTTGAGATACTCAACACCCACGGCCTGTGTCGCCCAATCCTGGGTAGGTCT
GACCTCTCGCGTGTCGCTGCTGTAGTACGCGATCTTCACGTCATCCAGCTTGGCAATCATGAAGTAGCG
ATTGGTCCCCTCCTCGTCCATGACTGCTGTGACTAGCACGGCCAGGCTGTGGTGCCCGTCAGCCGCGG
CCGGTGCCAGGATTGCCCCGCAGAGCGCCAGGAGCAGCCCCCACGCCAT 

 

>Myge-UB 

CATCTGCAGCCCAGGCGCCTGCACTGGGAAGTGGAAGCTGCAGTTGCGGTCTCAGAGCCGGCGTTTC
GCTGGGTACAATCACGGCAAAGGGCGTACCGGAGCTGGCAGAGCCGTCGTGAGCTGAAGCCGCTTT
GTAGCCGCCTTTCTTCTTCCTGAGGCAGAGAACAGCTCCCGCAATGACAGCCACCAGCACGAGAACC
CCGAGAACGATCCCCACGATCAGCGTCACGCTGGACTTGGGCGCCCAGGGCACTCTCAGATCCTCCGT
CAGGCTGGGGTGCTCCACGCAGCAGGTATAATCCGTCTCTTTGCTGGGGTCGATCTCTATGGTCGCCC
GGGTCTGGTAGGTCCCGTCCCCGCTGGGAACCACTCCCAATTGCATCGTCTCCTGGGGCACGGCCACC
CCCTTCTTCAGCCACACGACAGCGACGCTGCGCGGGTAGAAGCCGTGCACCCGGCAGGAGAGGGTG
GTGAGCCCGTCCCCGCTCGGCCGGTCGCTCACCTGCACCCGCGGTCGCTTTCCTCTGCAGAGCGTCCT
TCCCATACTCCAGGTATTTTTTCAGCCAGTCGATACAGATCTCCTCCAGGTAATTCTTTCGCCTTTGAAG
ATGGTCCTTATCAGCCTCCCATTTCCTCTTGGTGACTTGCGCACCAGCATCTGCTGCAGTGTACGTCATG
GTGTCCTTGTCGAAGCTAACGAAGTCTCTCCCGTCATAGGCATACTGGTGAAAAGCCCCAGTGGTGCC
GTCATCCCGGAGATCACAGCCATACATATTCTGCCAGGTGTGAAAGCCCGCGCTCTGGTTGTAGCGCCC
GCGCAGCGTGTTCAGGTCCACGCGGAAGATGGCCTGCCAGCCCTGCAAGTTCTGCGTCTCCCGCTCC
CAGTACTGCGCGTCCTCGATCCGCGCCGTCCAGTCCGCGCGCGGCTCCGCGCTGCCCCGCGCGCTGTC
GTAGTCCATGAAGCGCTGCCCGTCCACGGACCCCACCGTGATGAAGTCGGGCAGCCCCGGGCCGGGC
TCCGACACGCCCGTGTAGAAATAGCGCAGAGAGTGTGTGCCGGGGGCGCAAAGGGCCCCCGGCAGG
GCCACGGCCCCCAGCAGCAGGAGACGCAGGGCCAGCGCCAT 

 

> Myge-UC 

TAGCTCCAGTGTCCCAGGCTCCGGGTGTCTGATCCGGATGAAGAGCTGGAGGCAGAATCTTCTCCGAT
CTTTGGGCTGCTGGAGCGTAGATGGGTTTGGAGGGGCTGCTGATTTTCTTCTCCACAGGATGACGCT
GGCCCCTACGGCTCCAGCCAGAACCAGCAAGGCCAGGACGATGGTGGCCAGGACCCCAGGGGACA
GGGGCCCCTTCTTCCCAGGGGCCAGGCGAGCGTGGGCTCTGACAGGCTGCTGTGCTCCACCCGGCA
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GGCGTAGCGGTGCCTGTCCTCCTGCTGCGGGGAGATCTCCAGGGACGACTGCGTGTAGTAGGTGCCA
TCGGCGTTGGGCAGGATCCCGCTGGAGTCTGTCTCCACCAGGATGTCTTCTCCATCCCGCACCCAGGA
GACGTGGATGGGACGTGGGTGAAAGCCACTGACACGGCAGGAGAGGGTGACAGAGCCGCTGGGG
GTGTCTCTGCGGGAAACCGAGACCACGGGGGGCACTGCTGCTCCAGCACCGCCCTCCCCTGCTGCAC
CAGGCTCTGCAGAGTCCCCAGGCACTCGTGCTGCAGATACTGCTGGACAAACTTGGTCCAAGTCTTGC
CCGTCTCCCAGCGCTGCTTAGGGGCGAAGGCCAGCTGCACGGCCGCGACCCACGTCCCCGTCTGGTT
GTCAAAGCTGATGAAGTCCCTCCCGTTGTAGGCGAACTGAAACCTCGGGTCCACGGGGGCCTGGCCG
CTCAGTGCACAGCTGACGTGAACCTGCTCGGTGTGAAACCCGCCCGTCTGGTTGTGCAGCTGCATCCA
GCGCCTGGTCTCGACTTTAGAGCCCTCCTCATGCTTCCAGAACTGCTGGGTCTTTTCCTGGAGATACTC
AACACCCACGGCCTGCGCCACCCACTGCTGGGTGGGTCTGACCTCCCGCATCTCGCTGCTGTAGTACG
CGATCTTCACGTCATCCAGCTGGGTGATCATGATGAAGTGGTGGGTCCCCTCCTCGTTGATGACTGCTG
TGACTAGCGAGGCCAGGCTGTGGTGCCTGTCAGCCGCAGCTGCTGCCAGGATTCCCCAGCAGAGCCC
CAGGAGAAGACCCCAGGCCAT 

 

> Myge-UD 

GATGAAGAGCTGGAGGCAGAATCTTCTCCGGTCTTTGGGCTGCTGGAGCGTAGCCGGGTTTTGGGG
GGCTGCTGATTTCCTTCTCCACAGGATGACGCTGGCCCCTATGGCTCCAGCCAGAACCAGCACGGCCA
GGACGATGGCAGCCAGGACCCCAGGGGACAGGGGCCCCTTCTTCCCAGGGGGCAGGCGAGCGTGG
GCTCTGATAGGCTGCTGTGCTCCACCCGGCAGGCGTAGCGGTGCCTGTCCTCCTGCTGCGGGGAGATC
TCCAGGGACGACTGCGTGTAGTAGGTGCCATCAGCGTTGGGCAGGATCCCGCTGGAGTCTGTCTCCA
CCAGGATGTTTTCTCCGTCCCGCACCCAGGAGACGTGGATGGGACGTGGGTGAAAGCCACTGGCGC
GGCAGGAGAGTGTGACAGAGCCGCTGGGGGTGTCTCTGCGGGAAACTGAGACCACAGGAGGTACT
GCTGCTCCAGCACCGCCTTCCCCTGCTGCATCAGGCTCCGCAGGGTCCAGAGGCACTCATGCTGCAGG
TACTGCTGGACAAACTGAGTCCAGGTCTTGCCCGTCTCCCAGCGCTGCTTCTGAAGGAAGGCCGTCTG
CACGGCCGCGACCCACGTCCCCGTCTGGTTGTCAAAGCTGATGAAGTCTCTCCCATCGTAGGCGTACT
GGTACCTTGCATCCAGGGGGTCCTGGCCACTCAGGGCACAGCCCACGTGAATCTGCGAGCTGTGAAT
CCCACCCGTATGGTTGTGCAGCTGCATCCTCCACCTGGTCCCGCCTTTAAAGCCCTCCTCGTGCCCCCA
GAACTGCTGGGTCTTTTCCTTGATATACTGAGCGCCCACGGCCTGTGCTGCCCACTGCTGGGTGGGTC
TGACCTCTCGCGTGTCGCTGCTGTAGTACGCGATCTTAACATCATCCAGTTCGGCGATCATGATGAAGT
GATAGGTCGCATCTTCGTTGATGATTCCTGTGACTAGCACGGCCAGGCTGTGACGCTCAGCAGCCGCT
GCCGCCCCCAGCAGCGCCCAGCAGAGCCCCAGGGCGACACCCAGGGCCAT 

 

> Myge-UE 

CACTGCACATCATCTACTGATGCTGGCTGAGCTGTGAGGGGAGAAGGAAGCAGGGTCAGTGTCTCGC
AGAACGCAGGGTCCCCGTCCTCCCCTGCCCCACACTCGTGACACACGGAGACGCCCCAGTAACGGAG
CCGGATGTCGGTGTTTTGCCGTTGTGCCGGGTACCCAGCGATGGGCGACCTATACGGAGCAGCTGCA
GCCGCTTTGTAGCCGCCTTGAGGCAGAGAACAGCTCCCGCGATGACAGCCGCCAGCACGAGAACCCC
GAGAACGATCCCCACGATCAGCGTCACGCTGGACTTGGGCGCCCAGGGCACTCTCAGATCCTCCATCA
GGCTGGGGTGCTCCACGCAGCAGGTATAATCCGTCTCTTTGCTGGGGTCGATCTCTATGGTCGCCCGG
GTCTGATAGGTCCCGTCCCCGCTGGGAAGCACGTCCCACTGCATTGTCTCCTGGGGCACGGCCACCCC
CTTCTTCAGCCACACAACGGCGACGCTGCGCGGGTAGAAGCCGTGCACCCGGCAGGAGAGGGTGGT
GAGCCCGTCCCGGCTTGGCCGGTCGCTCACCTGCACCCGCGGTTGCTCTCCTCTGCAGCGTCTCCTGC
CCATACGCCAGGTACTTCTCCAGCCACTCGATGCAGGTCCCCTCCAGGTAGGCTCTCCACCCCCGAGTG
AAGCTCCTGTCAGCATCCCAGTTCCGTTTGCTGATCTGAGCCGCGTCGTCTGCCGCTACCCAGGTCTCT
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CGCTCCTTGTCCAGGCTGAGGAAGTCTCGCCCGTCATACGCCTCCTGGTAAAACCCCCCGATGGAGCC
GTCACCGTGTAGCTCACAGCCGTACATCCTTTGCAGAGTGTGAAATCCCGCGCTGTGGTTGTAGCGCC
CGCGCAGGGTGTTCAGGTTGGCTCGGTACAAGGCCTGCACGCCCTGGGAGACCTGCGTCTCCCCGGC
CCAGTACTGCGCGTCCAGGCTCCGCACCATCCACTCTGCGCGCGGCTCCGCTCTGCGTGTCTCGCTGTC
GTAATGCAGGATGCGCTGCCCGTCCACGGAGCCGACGATGCTGAACTCGGGCAGCCTCGGGCCGGG
CTCCGACACCCCCGTGTAGAAATTGCGCAGCGAGTGCAGGCCGGGCCCGGGGGCGCTACGGGCCCC
CGGCAGGGCCACGGCGCCCAGCAGCAGCAGGCGCAGGGCCAGCGCCAT 

 

All exon sequences for MHC class II genes annotated using the reference genome 

> Myge-DAA1 

TCACAAGGGGCCCCGCGGGTTGCGGGCAGCGTTCATCTTCATCCCCTTGATGATGAGGATGGTGCCG
GCGATGATGCCGATGAGGCCCACGGCCAGGCCCAGGGCGCACACCAGGGTCTCTGTGGTCTCGGGG
ACGGGGGTGGGCACCTGGGGCTCCCAGTGCTTCAGGAAGGGCTGGGCCAGCCCCGCGTGCTGCACC
CGGCAGTCGTAGAACTCGTCCTGCCGGGGGATGAAGGGCAGGTAGGAGAACTTGCGGAAGGCGTTG
TCCTGGCGGGGGTAGAAGTCGGTCTCGAAGACGCCCCCCGTCACCTCCTGCCCGTTCTTCAGCCACGT
CACACTGAGCGCAGGCGGCGAGAACTTGTCCACGAAGCAGATCAGGACGTTGGGCTCGCCCAGCTC
CACGGGGCCTTTGGTGAACACGGTCACCTCGGGGGGCAGTTCTGGGCCCGCGTGTAGTTGGACATCT
GGATCATGGTCTCCAGGTTTGCTTTGTCCACAGCGATGTTGCCCAGGGCGCCCTGCGCCTCGAAGCTG
GTGAAGGTGCCGAAGTCGGGCAGGCGCCAGACGGTCTCCTTCTTCTCCAGGTCCACGTGGAAGATCT
CATCCTGGTCAAACTCGAACATGAACTCCCCGGACTCCCGCTGGGACTGGGCCGTGCGCTGGTAGAA
CTCCGCCTGGGACAGCAGGTTCTCCGTGTCACTGCCCCAGCGCCCAGCAGCGCCAGCAGGGTGAGCA
GGGCCAGCTGGGCCATGGGGACGCCCCGTCCTGCGCCCAT 

 

> Myge-DAB1 

ATGGGGCCGGGTCGGAGCCTGGGGGCCGGGAGCCGCTGGGCTGGGGCTCTGCTCGTGACCCTGAC
GGTGCTGGGAACCCGCCTGGCTCATTGCACGGAGCCCGAAGGGCGGTTCCTGCACCAGGCGAAGCA
CGACTGTTACTTCACCAACGGCTCCGAGCGGGTCCGGTTCGTGGATCGGTACATCTACGACCGGCAGC
AGATCGTGCACTTCGACAGCGACGTGGGGCGGTACGTGGCGGACACGGCGATGGGCCGGCCCACAG
CCGAGTATTGGAACAAGGACCCGGCCGTGCTGGCGGAGAGGCGGGCCAGGGTGGACACGTTCTGCC
GGTACAACTACGGCGTGGCCCAGACGGGGAAGGTGGTCGGCCGCGCAGTTCAGCCTGAGGTGACAG
TTTTCCCCACCAAATCGGGGTCCCAGCCCCACCTGCTGGTTTGCTCCGTGACGGGGTTTTACCCCGGG
GAGATCGAGATCAAGTGGCTGAAGAACGGGCAGGAGCAGACGGCCGGGGTGGTGTCCACGGAGCT
GCTCCAGAACGGAGACTGGACCTTCCAGATCCTGGTGATGCTGGAGACGAGCCCCCGCCGCGGGGA
CGTCTACGCCTGCCAGGTGCAGCACGTCAGCCTGCCCGAGCCCCTCACCGTGCGCTGGGAGGCGCAG
TCTGACACCGCCCGGAGCAAGATGCTGACGGGGGTCGGGGGCTTCGTGCTGGGCCTGATCTTCCTGG
TGCCAGGACTGGCCATCTACCTGAGGAACAAGAAAGGGCGCCCCCTTCCCCAACCTGCAGGGCTCCT
GAGTTAGA 

 

> Myge_DAA2 

TCACAAGGGGCCCCGAGGGTTGCGGGCGGCGTTCATCTTCATCCCCTTGATGATGAGGATGGTGCCG
GCGACGATGCCGATGAGGCCCACGGCCAGGCCCAGGGCGCACACCAGGGTCTCTGTGGTCTCGGGG
ACCGGGGTGGGCACCTGGGGCTCCCAGTGCTTCAGGAAGGGCTGGGCCAGCCCCGCGTGCTGCACC
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CGGCAGTCGTAGAACTCGTCCTGCCGCGGGATGAAGGGCAGGTAGGAGAACTTGCGGAAGGCGTTG
TCCTGGCGGGGGTAGAAGTCGGTCTCGGAGACGCCCCCCGTCACCTCCTGCCCGTTCTTCAGCCACGT
CACGCTGAGCGCGGGCGGGAAGAACTTGTCCATGAAGCAGATCAGGACGTTGGGCTCGCCCAGCTC
CACGGGGTCTTCGGGGAACACGGTCACCTCGGGGGGCACGTTCTGGGCCCGCGTGTGGTTGGACCT
CTTGATCAGGATCTCCAGGTTGTTCTTGCCCGTAGCCGCGTTGCCCAGAGCGAACTGTGCATCGAAGC
TGGAGAACTCGCCAAATTTGGGCAGGCGCCAGACCGTCTCCTTCTTCTCCAGGTCCACGTAGAACATC
TCATCCTGGTCGAACCCCTGGATGAACTCCCCGGACTCCTGCTGGGACTGGGCCGTGCGCTGGTAGAA
CTCTGCCTGGAAGAGCACGTGCTCCACTTTCACTGCCCCGGTGCCCGGCAGGGCCAGCAGGGCGAG
CAGGGCCAGCTGGGCCATGGGGACGCCCCGTCCTGCGCTCAT 

 

> Myge_DAB2 

ATGGGGCCGGGTCGGAGCCTGGGGGCCGGGAGCCGCTGGGCTGGGGCTCTGCTCGTGACCCTGAC
GGTGCTGAGAACCCGCCTGGCTCATTGCACGGAGCCCGAAGGGCGGTTCGTGCTCCAGTGGAAGGG
CGACTGTTATTTCACCAACGGCACCGAGCGGGTCCGGCTGCTGGGCCGGTACATCTACAACCAGCAGC
AGATCGCGCACTTCGACAGCGCCGTGGGGCTGTGGGTGCCCGACACGGAGCTGGGCCGGCCCGACG
CCGAGTATTGGAACAAGGACCCGGCCGAGCTGGCGCGCAATCGGGCCGATGTGGACCGGTTCTGCC
GGCACAACTACGAGGTGGACGCGCCTTTCACCGTGGAGCGCAGAGTTCAGCCCAAGGTGAAAGTTT
CCCCCACCAAATCGGGGTCCCAGCCCCACGCCCACCTGCTGGTTTGCTCCGTGACGGGGTTTTACCCC
GGGGAGATCCAGATCACGTGGCTGAAGAACGGGCAGGAGCAGACGGCCGGGGTGGTGTCCACGGA
GCTGCTCCAGAACGGAGACTGGACCTTCCAGATCCTGGTGATGCTGGAGATGAGCCCCCGGCGCGGG
GACGTCTACGCCTGCCAGGTGCAGCACGTCAGCCTGCCCGAGCCCCTCACCGTGCGCTGGGAGGCGC
AGTCTGACGCCGCCCGGAGCAAGATGCTGACGGGGGTCGGGGGCTTCGTGCTGGGCCTGATCTTCCT
GGCGCCGGGACTGGCCATCTACCTGCGGAACAAGAAAGGGCATCCCCTTCCCCAACCTGCAGGGCTC
CTGAGTTAG 

 

> Myge_DAA3 

TCACAAGGGGCCCCGCGGGTTGCGGGCGGCGTTCATCTTCATCCCCTTGATGATGAGGATGGTGCCG
GCGATGATGCCGATGAGGCCCACGGCCAGGCCCAGGGCGCACACCAGCGTCTCTGTGGTCTCGGGG
ACGGGGGTGGGCACCTGGGGCTCCCAGTGCTTCAGGAAGGGCTGGGCCAGCCCCGCGTGCTGCACC
CGGCAGTCGTAGAACTCGTCCTGCCGCGGGATGAAGGGCAGGTAGGAGAACTTGCGGAAGGCGTTG
TCCTGGCGGGGGTAGAAGTCGGTCTCGAAGACGCCCCCCACCACCTCCTGCCCGTTCTTCAGCCACGT
CATGCTGAGCACGGGCGGGAAGAACTTGTCCACGAAGCAGATCAGGACGTTGGGCTCCCCCAGCTCC
ACGGGGCCTTTGGTGAACACGGTCACCTCGGGGGGCACGTTCTGGGCCCGCGTGTAGTTGGATCTCT
TGATCAGGATCTCCAGGTTTGATTTGTCTGTGGCAATGTTGCCCAGGGCGCCCTGTGCCTCGAAGCTG
GTGAACTTGCCGAAGTCGGGCAGACGCCAGATGGTCTCCTTCTTCTCCAGGTCCACGTGGAAGATCTC
GTCCTGGTCCAACTCGAACATGAACTCCCCGGACTCCTGCTGGGACTGGTCCGTGCGCTGGTAGAACT
CCGCCTGGGACAGCAGGTTCTCCGCTGTCACTGCCCCAGTGCCCGGCAGCGCCAGCAGGGTGAGCA
GGGCCAGCTGGGCCATGGGGACGCCCCGTCCTGCGCCCAT 

 

> Myge_DAB3 

ATGGGGCCGGGTCGGAGCCTGGGGGCCGGGAGCCGCTGGGCTGGGGCTCTGCTCGTGACCCTGTCG
GTGCTGAGAACGCGCCTGGCTCATTGCACGGAGCCCGAAGGCCGGTTCGTGTATCAGTGGAAGCACG
AGTGTCAGTTCACCAACGGCACCGAGCGGGTCCGGCTCCTGCTGCGGTACATCTACAACCAGCAGCA
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GCTCGCGCACTTCGACAGCGACCTGGGGCTGTGGGTGGCGGACACGGAGCTGGGCCGGCCCGACG
CCGAGTTTTGGAACAAGGACCCGGCCGTCCTGGCGCGCAATCGGGCCGATGTGGACCGGTTCTGCCG
GCACAACTATGGGGTGGCCCAGACGGGGAAGATGGTCGGCCGCGCAGTTCAGCCCCAGGTGACAGT
TTTCCCCACCAAGTCGGGGTCCCAGCCCCACCTGCTGGTTTGCTCCGTGACGGGGTTTTACCCCGGGG
GGATCCAGATCAAGTGGCTGAAGAATGGGCAGGAGCAGACGGCCGGAGTGGTGTCCACGGAGCTGC
TCCAGAACGGAGACTGGACCTTCCAGATCCTGGTGATGCTGGAGATGAGCCCCCGGCGCGGGGACAT
CTACGCCTGCCAGGTGCAGCACGTCAGCCTGCCCGAGCCCCTCACCGTGCGCTGGGAGGCGCAGTCT
GACGCCGCCCGGAGCAAGATGCTGACGGGGGTCGGGGGCTTCGTGCTGGGCCTGATCTTCCTGGCG
CCGGGACTGGCCATCTACCTGCGGAACAAGAAAGGGCGCCCCGTTCCCCAACCTGCAGGGCTCCTGC
GTTAG 

 

> Myge_DAA4 

TCACAAGGGGCCCCGCGGGTTGCGGGCGGTGTTCATCTTCATCCCCTTGATGATGAGGATGGTGCCG
GCGATGATGCCGATGAGGCCCATGGCCAGGCCCAGGGCGCACACCAGGGTCTCTGTGGTCTCGGGG
ACGGGGGTGGGCACCTGGGGCTCCCAGTGCTTCAGGAAGGGCTGGGCCAGCCCCGCGTGCTGCACC
CGGCAGTCGTAGAACTCGTCCTGCCGGGGGATGAAGGGCAGGTAGGAGAACTTGCGGAAGGCGTTG
TCCTGGCGGGGGTAGAAGTCGGTCTCGGAGATACCCCCCATCACCTCCTGCCCGTTCTTCAGCCACGT
CACGCTGAGCACGGGTGGGAAGAACTTGTCCACGAAGCAGATCAGGACGTTGGGCTCGCCCAGCTC
CACGGGGCCTTTGGGGAACACGGTCACCTCGGGGGGATCGTTCGGGGCCCGCGTGCGGTTCAATCT
TTTGATCATGATCTCCAGGTTGTTCTTGCCCACGGCCATGTTGCTCAGGGCGCCCTGTGCCTCAAAGCT
GGCAAACTTGCCAAAGTAGGGCAGGCGCCAGACAGTCTCCTTCTTCTCCAGGTCCACATGCAAGATCT
CGTCCTGGTCGAACTCGAACATGAACTCCTCGGACTCCTGCTGGGATGGTTCCGTGCGCTGGTAGAAC
TCCACCTGGGCCGACATGTGTTCCACTGTCACTGCCCCGGTGCCCGGCAGCGCCAGCAGGGCGAGCA
GGGCCAGCTGGGCCATGGGGACGCCCCGTCCTGCGCCCAT 

 

> Myge_DAB4 

ATGGGGCCGGGTCGGAGCCTGGGGGCCGGGAGCCACTGGGCTGGGGCTCTGCTCGTGACCCTGAC
GGTGCTGAGAACGCGCCTGGCTCATTGCACGGAGCCCCCCGAGCATTTCGTGCACCAGGCGAAGTTC
GAGTGTCACTTCACCAACGGCACCGAGGGGTTCCGGTTCGTGCACCGGCACATCTACAACCGGCAGC
AGTTCGCGCACTTCGACAGCGACCTGGGGCTGTACGTGGCGGACTCGGAGCTGGGCCGAATCGATGT
GGAGACCTGGAACAAGGACCCGGCCGAGCTGGCGTACCGACGGGCCGGGGCGGAACGGTTCTGCC
GGACCAACTACGAGGCGGATGAGCCCTACACCATCGACCGCAGAGATCAGCCCGAGGTGACAGTTTC
CCCCACCAAATCGGGGTCCCAGCCCCACCCCCACCTGCTGGTTTGCTCCGTGATGGGGTTTTACCCCG
GGGGGATCCAGATCAAGTGGCTGAAGAACGGGCAGGAGCAGACGGCCGGGGTGGTGTCCACGGAG
CTGCTCCAGAACGGAGACTGGACCTTCCAGATCCTGGTGATGCTGGAGATGAGCCCCCGGCGCGGGG
ACGTCTACGCCTGCCAGGTGCAGCACGTCAGCCTGCCCGAGCCCCTCACTGTGCACTGGGAGGCGCA
GTCTGACGCCGCCCGGAGCAAGATGCTGACAGGTGTTGGGGGCTTCGTGCTGGGGCTGATCTTCCTG
GCGCCGGGGCTGGCCATCTACCTGCGGAACAAGAAAGGGCGCCCCCTTCCCCAACCTGCAGGGCTCC
TGAGTTAG 

 

> Myge_DAA5 

TCACAAGGGGCCGCGCGGGTTGCGGGCAGCGTTCATCTTCATCCCCTTGATGATGAGGATGGTGCCG
GCGACGATGCCGATGAGGCCCACGGCCAGGCCCAGGGCGCACACCAGGGTCTCTGTGGTCTCGGGG
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ACGGGGGTGGGCACCTGGGGCTCCCAGTGCTTCAGGAAGGGCTGGGCCAGCCCCGCGTGCTGCACC
CGGCAGTCGTAGAACTCGTCCTGCCGGGGGATGAAGGGCAGGTAGGAGAACTTGCGGAAGGCGTTG
TCGTGGCGGGGATAGAAGTCGGTCTCGAAGACGCCCCCCGTCACCTCCTGCCCGTTCTTCAGCCACGT
CACGCTGAGCGCGGGCGGCGAGAACTTGTCCACGAAGCAGATCAGGACGTTGGGCTCGCCCAGCTC
CACGGGGCCTTTGGTGAACACGGTCACCTCGGGGGGCACATTCTGGGCCCACGTGCGGTTGGATCTC
TTGATCAGGATCTCCAGGTTTGATTTGTCCGTGGCGATGTTGCCCAGGGCGCCCTGCGCCTCAAAGCT
GGTGAAGGTGCCGAAGTCGGGCAGGCGCCAGACGGTCTCCTTCTTCTCCAGGTCCACGTGGAAGGT
CTCGTCCTGGTCGAACTCCTGCATGAACTGCCCGGACTCCTGCTGGGACTGGGCCGTGCGCTGGTAGA
ACTCCGCATGGATGTGCACGTGCTCCACTGTGACTGCCCCGGTGCCTGGCAGGGCCAGCAGGGCGAG
CAGGGCCAGCTGGGCCAT 

 

> Myge_DAB5 

ATGGGGCCGGGTCGGAGCCTGGGGGCCGGGAGCCGCTGGGCTGGGGCTCTGCTCGTGACCCTGAC
GGTGCTGAGAACCCGCCTGGCTCATTGCACGGAGCCCCCACGGCGGTTCCTGCACCAGTTCAAGGGC
GAGTGTCAGTACATCAACGGCACGGAGCGGGTCCGGTTCGTGTACCGGCACATCTACGACCGGCAGC
AGATCGCGCACTTCGACAGCGACGTGGGCCGGTTCGTGGCGGACACGGAGCTGGGCCGGCCCGACG
TGGAGTACTGGAACAACGACCCGGCCTTACTGGCGGAGAGGCGGGCCGAGGTGGACCGGTTCTGCC
GGCACAACTACGGGGTGTACGAGCCTTTCACCATCGACCGCAGAGTTGAGCCCGAGGTGACAGTTTC
CCCCACCAAATCGGCGTCCCAGACCCACCTGCTGGTTTGCTCCGTGACGGGGTTTTACCCCGGGGGG
ATCCAGATCAAGTGGCTGAAGAACGGGCAGGAGCAGACGGCCGGGGTGGTGTCCACGGAGCTGCTC
CAGAACGGAGACTGGACCTTCCAGATCCTGGTGATGCTGGAGATGAGCCCCCGGCGCGGGGACGTC
TACGCCTGCCAGGTGCAGCACGTCAGCCTGCCCGAGCCCCTCACCGTGCGCTGGGAGGCGCAGTCTG
ACGCCGCCCGGAGCAAGATGCTGACGGGGGTCGGGGGCTTCGTGCTGGGGCTGAACTTCCTGGCGC
CGGGACTGGCCATCTACCTGCGGAACAAGAAAGGGCTCCTGAGTTAG  
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Appendix 4: PDF versions of publications and reports  

A4.1 A genomic framework to assist conservaPon breeding and translocaPon success: A 

case study of a criPcally endangered turtle. 

 

The published PDF version of Chapter 2 of this thesis is presented on the following pages.  
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Abstract

Conservation breeding programs are an effective approach to addressing biodi-

versity loss. Captive populations are managed to maintain genetic diversity, yet

there remains an “implementation gap” in effectively translating molecular

genetic data into management. Technological advancements are facilitating

rapid generation of genetic data, increasing accessibility for breeding programs.

In 2010, Frankham and colleagues proposed a six-stage process for establishing

successful conservation breeding and release programs. Here, we describe the

conservation breeding program for the critically endangered Bellinger River

turtle (Myuchelys georgesi) and characterize the value of genetic sampling for

informing management actions. By generating a chromosome-level genome

and population genetic data, we investigated past and present diversity and

assessed relatedness among captive founders. We present a framework mod-

eled on Frankham and colleagues six stages to assist managers in implement-

ing genetic data into actionable conservation strategies. This framework, and

worked case study, for managers aims to better guide implementation of

genetic approaches into conservation breeding programs.

Received: 3 December 2023 Revised: 7 July 2024 Accepted: 16 July 2024

DOI: 10.1111/csp2.13204

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.
© 2024 The Author(s). Conservation Science and Practice published by Wiley Periodicals LLC on behalf of Society for Conservation Biology.

Conservation Science and Practice. 2024;e13204. wileyonlinelibrary.com/journal/csp2 1 of 17
https://doi.org/10.1111/csp2.13204



173 

 

 

KEYWORD S

Bellinger River turtle, conservation breeding, Myuchelys georgesi, population genetics

1 | INTRODUCTION

1.1 | The six stages of conservation
breeding

Conservation breeding programs are a valuable method
for managing threatened species (Conway, 2011, Grueber
et al., 2019). Such programs can assist biodiversity con-
servation via scientific research, public education, and as
genetic reservoirs for reinforcing dwindling wild popula-
tions (Ochoa et al., 2016; Pritchard et al., 2012). High-
profile cases of successful conservation breeding and
release programs include the black-footed ferret (Mustela
nigripes) (Wisely et al., 2003), Californian condor (Gym-
nogyps californianus) (Ralls & Ballou, 2004), and the Ara-
bian oryx (Oryx leucoryx) (Price, 1989). Despite these
examples and other notable successes, including several
in Australia (Andrew et al., 2018; Heinsohn et al., 2022;
Scheele et al., 2021), conservation breeding programs
remain an intensive and expensive management
approach (Conde et al., 2011).

Frankham et al. (2010) described a six-stage process
of establishing successful conservation breeding and
release programs; (1) recognizing decline of the wild pop-
ulation and its genetic consequences; (2) founding one or
more captive populations; (3) expanding captive popula-
tions to a secure size; (4) managing the captive popula-
tion over generations; (5) choosing individuals for
reintroduction; and (6) managing the translocated popu-
lation in the wild. Priorities throughout this process
include developing husbandry techniques, rapid repro-
duction, disease mitigation, and genetic management
(Frankham et al., 2010). Traditionally, genetic manage-
ment of captive populations has been based on pedigrees
from studbook records and the underlying assumption
that founders are neither related nor inbred, which is
often not the case (Hogg et al., 2019; Lacy, 1987). This
assumption means initial breeding events may result in
inadvertent inbreeding and diversity loss for populations
already experiencing limited genetic variation (Barrett
et al., 2022; Frankham et al., 2017). Advancements in
genetic sequencing technologies and bioinformatic tools
are making it feasible to integrate molecular data into
conservation breeding programs to determine levels of
relatedness and genetic diversity metrics.

High-throughput sequencing has resulted in the gener-
ation of large amounts of data and the emergence of refer-
ence genomes for conservation management. Reference

genomes provide data for a range of investigations includ-
ing designing species-specific microsatellite markers for
population analyses, developing targeted single nucleotide
polymorphism (SNP) panels, aligning and calling reduced
representation sequencing (RRS) data within the same or
closely related species, exploratory genome-wide analyses
and high-resolution functional gene investigations such as
complex immune gene families (Brandies et al., 2019;
Galla et al., 2018; Peel et al., 2022). The data output by
high-throughput sequencing often requires interpretation
from experts in the field of genomics resulting in a
“research implementation gap” (Taylor et al., 2017). Trans-
lational research is an interdisciplinary approach to con-
servation that seeks to bridge the gap between scientific
knowledge and practical applications (Enquist
et al., 2017). To maximize interdisciplinary contributions
to conservation breeding programs, there is growing
responsibility for scientists to engage with managers
directly to implement research findings into management.
Here, we present a case study that epitomizes Frankham
and colleagues six-stage process of establishing a conserva-
tion breeding and reintroduction program and show how
the integration of a multidisciplinary approach has
benefited a critically endangered turtle species.

1.2 | Our case study species

Turtles are among the most threatened vertebrate taxa
globally (Van Dyke et al., 2018). Over 20% of turtle spe-
cies are listed as Critically Endangered by the Interna-
tional Union for the Conservation of Nature (IUCN;
McCallum, 2021), with declines greatly reducing turtles'
contributions to ecological processes and food webs
(Chessman et al., 2020). Pleurodira, a 200-million-
year-old suborder of freshwater turtles found only in
Australia, New Guinea, Africa, and South America
remains highly under-represented in the peer-reviewed
literature. Within this suborder, the Bellinger River turtle
(Myuchelys georgesi) is a critically endangered species in
the family Chelidae. The species is a medium-sized
omnivorous turtle with a current known distribution that
is restricted to a 60 km range of the Bellinger catchment
in north-eastern New South Wales (NSW), Australia
(Figure 1A) (Cann et al., 2015; Zhang et al., 2018). The
Bellinger catchment and several small freshwater catch-
ments in NSW remain isolated and relatively untouched,
which has facilitated unique habitat specialization and
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catchment-specific speciation (Spencer et al., 2014).
M. georgesi has adapted to up-stream regions of the Bel-
linger River, preferring deeper waterholes surrounded by
bedrock (Spencer et al., 2014). Although a relatively
untouched catchment, the only known population is
threatened by riparian habitat loss as a result of private
landownership, predation by introduced and native pred-
ators, reduced water quality, hybridisation due to human
mediated dispersal of the Murray River turtle (Emydura
macquarii) and a novel disease outbreak (Chessman
et al., 2020; Georges et al., 2018; Spencer et al., 2014;
Zhang et al., 2018).

In 2015, a species-specific nidovirus resulted in the
death of more than 90% of individuals, with mortalities
occurring mostly among adults (Figure 1B) (Chessman
et al., 2020, Zhang et al., 2018). During this time, it is esti-
mated that the population declined from approximately
3000 to less than 150 individuals (Chessman et al., 2020;
Spencer et al., 2018). To date, there has been limited evi-
dence of individuals recovering from the disease and no

records of breeding in the river since the outbreak. Addi-
tionally, knowledge on how the outbreak affected the
species' distribution throughout the river remains limited
due to accessibility constraints.

Species recovery is currently managed by NSW
Department of Climate Change, Energy, the Environ-
ment and Water (DCCEEW) and includes a conservation
breeding program that commenced in 2015, with a cap-
tive colony founded at Western Sydney University that
was later relocated to Taronga Conservation Society
Australia, Mosman, Australia (N = 16 individuals). The
Taronga population was founded from emergency
intakes, with seven females and nine males collected
from two sites in the upper reaches of the Bellinger River
where the virus had not yet reached (Figure 1A). This
was followed by a second intake in 2017 to Symbio Wild-
life Park, Helensburg, Australia (N = 19) (Figure 2A).
The Symbio population was founded post-virus from six
females and 13 males collected from four sites in the
lower reaches of the river (Figure 1A).

(a)

(b)

FIGURE 1 (A) An inset of Australia with a map of the Bellinger River basin showing the locations of historic (Before: 2007, pink) and
contemporary (After: 2015–2020, yellow) samples, including the founder collection locations for the two conservation breeding programs
(Taronga: 2015, purple; and Symbio: 2017, blue) (NSW Department of Climate Change, Energy, the Environment and Water (DCCEEW)
(unpublished data) sample points. Note that the sample locations have been obscured as M. georgesi is listed as a Category 2 species in the
DCCEEW sensitive species data policy. (B) A captive M. georgesi hatchling and adult. Photo: Amy Russell.
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The species recovery program mirrors the principles
of Frankham et al.'s six-stage process (Figure 2A) and has
developed successful husbandry, breeding, and disease
mitigation protocols (Taronga Conservation Society
Australia, 2023). While Frankham's stages were written
in 2010 for reintroductions, the underlying principles can
be applied to various conservation translocation types,
including conservation introductions and reinforcements
(IUCN/SSC, 2013). Genetic sampling of the species dates
back to 1986 (Figure 2A) (Georges & Adams, 1992) but
the conservation breeding and release program initially
had limited genetic data. This lack of data for genetic
management of the species could potentially have long-
term implications on the retention of genetic diversity
and population viability for the species.

Here, we generate a comprehensive genetic toolkit for
the Bellinger River turtle, translating our genetic findings
into management recommendations for the conservation
breeding and release program (Table 1). To achieve this,
we assembled the first chromosome-level genome for the

suborder Pleurodira and aligned population genetic data
to (1) investigate historic and contemporary diversity and
differentiation, (2) identify levels of founder relatedness
within and between the Taronga and Symbio popula-
tions, and (3) develop an easy-to-follow framework for
managers to translate research into management actions.

2 | METHODS

2.1 | Reference genome

Comprehensive details of genome assembly and annota-
tion are provided in the Data S1. In summary, we con-
ducted high molecular weight DNA extractions from the
heart tissue of a male M. georgesi using the Nanobind Tis-
sue Big DNA kit following the manufacturer's protocol
(Circulomics, Pacific Biosciences, California,
United States of America). PacBio HiFi Single-Molecule
Real-Time (SMRT) bell libraries were sequenced across

(a)

(b)

FIGURE 2 (A) Timeline of the collection and implementation of genetic data into M. georgesi management including disease outbreaks,
founder intakes and captive release events. Numbers in brackets above the timeline indicate completion of Frankham et al. (2010) six-stage
process for conservation breeding and reintroduction programs; (1) Recognizing decline of the wild population and its genetic consequences;
(2) Founding one or more captive populations; (3) Expanding captive populations to a secure size; (4) Managing the captive population over
generations; (5) Choosing individuals for reintroduction; and (6) Managing the reintroduced population in the wild. (B) Historic and
contemporary samples used for comparative analyses of wild and captive individuals.

4 of 17 NELSON ET AL.
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TABLE 1 A framework for integrating genetic data into conservation breeding management, mirroring Frankham et al. (2010) six-stage
process of establishing successful conservation breeding and reintroduction (or other conservation translocation) program.

Stage Genetic input Management outcome M. Georgesi program

(1) Recognizing
decline of the wild
population and its
genetic
consequences

• Biobanking
• Reference genome

generation
• DNA sampling of declining

population (blood/tissue)

• Setting genetic foundations and
acquiring samples for subsequent
steps

• Baseline analyses investigating
wild population genetic diversity,
differentiation and temporal
changes wrought by the decline

• Tissue samples were collected in
1986 (A. Georges; Figure 2B) and
biobanked at The University of
Canberra

• A chromosome-level reference
genome has been assembled and
annotated for downstream
analyses

• Commencement of annual
surveying and sampling of wild
population by NSW DCCEEW

• Baseline analyses of genetic
metrics (HS, HE, HO, FIS, AR,
PA,NE, FST)

a

(2) Founding one or
more captive
populations

• 20–30 contributing
founders

• DNA sampling of all
founders

• DNA sampling of
contemporary wild
individuals

• Identifying founder
relationships for baseline
studbook data

• Ensuring no hybrids or
introgressed individuals in
captivity

• Ensuring captive populations
are representative of wild
diversity

• Two captive populations established
from 35 individuals (Taronga
Conservation Society and Symbio
Wildlife Park)

• Tissues collected from wild and
founding individuals (NSW
DCCEEW; Figure 2B)

• The founders gathered by NSW
DCCEEW and various institutions
were sourced from opposite ends of
the species distribution and are
housed separately

• Genetic analyses identified the
presence of hybrids which were
then removed

(3) Expanding
captive populations
to a secure size

• Establishing a studbook
with known founder
relatedness

• DNA sampling of each
generation

• DNA sampling of new
founder intakes

• Provides data for stage 4 • Tissue collected from F1 for
parentage analyses (Georges, 2020)

• Development of studbook
• Breeding program successfully

increased numbers from 35 to ca.
299 individuals (including releases)

(4) Managing the
captive population
over generations

• Maintaining a studbook
with known founder
relatedness

• Breeding between captive
populations

• Introducing genetic
material via new founders

• Maintaining/increasing
genetic diversity

• Minimizing MKa

• Monitor for genetic drift
• Increasing genetic diversity with

new individuals
• Ensuring individuals are

representative of wild diversity

• Continuation of progeny sampling
• Analyses to monitor genetic

metrics (HS, HE, HO, FIS, AR, PA,
NE, FST)

a

• Implementation of founder
relatedness results by breeding
individuals with low MK and
integrating genetic data into
studbook

(5) Choosing
individuals for
reintroduction/
release

• Results from analyses in
steps 2–4, that is,
reintroduction/
translocation cohorts with
wide ranging diversity

• Reintroduce/translocate
genetically diverse individuals

• Insight on where to reintroduce/
translocate based on wild
diversity and population
structure

• Retrospective integration of genetic
diversity results from this study to
inform reintroduction/translocation
decisions

(Continues)
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two SMRT cells on the PacBio Sequel II at the Australian
Genome Research Facility (Brisbane, Australia). We
assembled the HiFi genome using Hifiasm v.0.16.0
(Cheng et al., 2021), and scaffolded it using Hi-C data
produced on a Illumina Novaseq 6000 and the YaHS
v.1.1 scaffolding pipeline (Zhou et al., 2022). We extracted
RNA from brain, liver, and spleen tissue of a female
M. georgesi using the Qiagen Rneasy Mini Kit (Qiagen,
Hidlen, Germany) following the manufacturer's protocol.
Transcriptomes were sequenced at the Ramaciotti Centre
for Genomics (The University of New South Wales, Syd-
ney, Australia) on an Illumina NovaSeq 6000 S1 flow cell
as 100 bp paired-end reads. We annotated the genome
with FGENESH++ using a global transcriptome assem-
bly that was generated from the brain, liver, and spleen
transcriptomes (Table S1).

2.2 | Genetic analyses for management

Two-week river-wide, randomized, stratified surveys
were conducted in April of 2007 and October and
November of 2015, 2016, 2019, and 2020 by the NSW
DCCEEW. October and November coincided with the
beginning of the breeding season, at which time gravidity
of adult females could be confirmed. Turtles were identi-
fied using scute notching, and their carapace width and
length were measured. They were also weighed, bled or
had skin biopsied, body condition checked, and swabbed
for viral screening (Chessman et al., 2020). DNA samples
were collected by extracting blood from the jugular vein
or by removing part of the trailing webbing of the claw-
less toe on the hindfoot (Georges et al., 2018).

Blood and skin biopsies from 166 individuals were
collected across 33 sites during surveys (2007, 2015–2020)

for the purposes of population genetic analyses
(Figures 1A and 2A, Table S5). The population genetics
samples were stored in 75% ethanol at !20"C in the Uni-
versity of Canberra Wildlife Tissue Collection (GenBank
UC < Aus>). As described in Georges et al. (2018), sam-
ples were sequenced over multiple runs using high cover-
age DArTseq™ (Diversity Arrays Technology PL,
Canberra, Australia), a form of RRS. We aligned raw
DArT sequences to the repeat masked genome generated
in this study (Figure S2, Table S2) and called SNPs using
Stacks v2.61 (Catchen et al., 2013; Rochette et al., 2019).
The ‘populations’ module was then run with the follow-
ing parameters: minimum samples per population 30%
(!r 0.3); minimum minor allele frequency (MAF) of 0.01
(--min_maf 0.01); and --write_random_snp.

To partition our data, we investigated genetic clusters
using a variational Bayesian framework in fastSTRUC-
TURE v1.0 (Raj et al., 2014) and visualized the results
using DISTRUCT v1.1 (Rosenberg, 2004). K = 1–4 clus-
ters were tested based on the demographic characteristics
of the species including population size and range
(Figure S3). We used the fastSTRUCTURE “chooseK.py”
script to decide the optimal K. As no genetic clusters
were detected (optimal value of K was one), we parti-
tioned the SNP dataset output by the ‘populations’ mod-
ule according to collection time relative to the disease
outbreak and current location (Figure 2B). These prede-
termined groups were: (1) wild individuals sampled
before the disease outbreak in 2007, N = 92 (hereafter
“Before”); (2) wild individuals sampled after the disease
outbreak between 2015 and 2020, N = 38 (hereafter
“After”); (3) Taronga founders sampled in 2015, N = 16;
and (4) Symbio founders sampled in 2017, N = 19. Vari-
ant filtering was carried out on three datasets: (i) all
groups consisting of the four predetermined groups

TABLE 1 (Continued)

Stage Genetic input Management outcome M. Georgesi program

(6) Managing the
reintroduced (or
translocated)
population in the
wild

• Routine DNA sampling of
wild population

• Knowledge of captive and
wild genetics from earlier
stages

• Maintain wild diversity post-
release

• Ensure wild is not ‘swamped’ by
different genotypes from a single
captive population

• Ensure captive-released animals
are breeding with wild animals
and contributing to the next
generation

• Annual sampling of wild population
by NSW DCCEEW

• Genetic diversity of wild and
captive populations undertaken
in this study

Note: Bold text highlights the genetic contributions of our study. The steps in the Myuchelys georgesi case study were not undertaken chronologically at each
stage, as we have retrospectively integrated genetic inputs into the program. We suggest that other conservation breeding programs make efforts to follow the
order we recommend.
aNSW DCCEEW New South Wales Department of Climate Change, Energy, the Environment and Water; MK Mean kinship.
Abbreviations: HS, Standardized heterozygosity; HE, Expected heterozygosity; HO, Observed heterozygosity; FIS, Inbreeding coefficient; AR, Allelic richness; PA,
Private alleles; NE, Effective population size; FST, differentiation.
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(N = 166), (ii) wild groups only (Before and After;
N = 131), and (iii) captive populations only (Taronga and
Symbio; N = 35). The SNP datasets were filtered on mini-
mum average read depth (>2.5!), coverage difference
between the reference and alternate alleles (<80%), call
rate (>75%), retention of loci with heterozygosity <80%,
and reproducibility (>90%) calculated using 51 technical
replicates performed by DArT. Where samples were
grouped across different sequencing plates, we found no
evidence to suggest that batch effects influenced our
results (Figure S1).

To investigate variation in the ‘wild’ and ‘all groups’
datasets, we undertook exploratory principal coordinates
analyses (PCoA) using Euclidean distance via the R
v4.3.0 package dartR v1.9 (Gruber et al., 2018; R Core
Team, 2023) and visually inferred putative genetic differ-
entiation between groups using eigenvalues in adegenet
v2.1.3 (Jombart, 2008). We also applied a PCA to the
dataset using the glPca() function in adegenet. We calcu-
lated pairwise fixation indices (FST) between all groups
using hierfstat v0.5–11 (Goudet 2005). To identify
relationships between geographic distance and genetic
distance we used the Before dataset to perform an
isolation-by-distance (IBD) mantel test in dartR using the
gl.ibd() function with 999 permutations.

We calculated standardized heterozygosity (Hs) using
the genhet function in R (Coulon, 2010) for all groups
(where 1 is the average and so a value greater than 1 is
more diverse than average); observed (Ho) and expected
heterozygosity (HE) using GenAlEx v6.5 (Peakall &
Smouse, 2006) and visualized individual Ho distributions
by group using the boxplot() functions in R. We
calculated autosomal Ho and HE (Schmidt et al., 2021) by
re-running the Stacks ‘populations’ module with the
parameter: minimum samples per population 75% ("r
0.75), and without the parameters: minimum minor
allele frequency (MAF) of 0.01 (--min_maf 0.01); and
--write_random_snp to retain both variant and invariant
loci (Schmidt et al., 2021). We filtered the Stacks output
on minimum average read depth (>2.5!), coverage dif-
ference between the reference and alternate alleles
(<80%), call rate (>75%), and reproducibility (>90%) cal-
culated using 51 technical replicates performed by DArT.
Loci on sex chromosomes (scaffold 4) were removed from
the dataset (Martinez et al., 2008). The resulting 11,208
loci (at both variant and invariant sites) were used to cal-
culate autosomal Ho and HE using GenAlEx v6.5
(Peakall & Smouse, 2006).

We performed a t-test to test whether Hs was signifi-
cantly different between wild groups before and after the
disease and used the Bartlett's test of homogeneity of var-
iances base function to test whether individual observed
heterozygosity was significantly different from expected

heterozygosity in R. We calculated inbreeding coefficients
(FIS) and the associated 95% CI using the diveRsity v1.9.9
package (Keenan et al., 2013) and PopGenReport v3.0.7
(Adamack & Gruber, 2014) to calculate allelic richness
(AR) in R. We calculated the number of private alleles in
each group compared to all other groups and pairwise
private alleles between groups using the gl.report.pa()
function in the dartR package. To calculate molecular
relatedness, we ran simulations in COANCESTRY
v1.0.1.10 (Wang, 2011) to determine the most appropriate
moments estimator as per Hogg et al. (2019). We selected
TrioML for final analyses. We set COANCESTRY param-
eters to account for inbreeding, with the number of refer-
ence individuals and bootstrapping samples set to 100 for
all groups and between captive groups. We calculated
mean kinship (MK) by dividing the TrioML value by two,
representing the average relationship of each animal to
all others within the sample set. We estimated MK for
individuals within each group (MKWITHIN) and between
captive groups (MKBETWEEN) using the captive dataset.
We calculated effective population size (NE) for wild
groups using NeEstimator v2.1 (Do et al., 2014) with
values reported for the no singleton alleles analysis and
the associated jack-knifed 95% confidence intervals
(Jones et al., 2016). We excluded captive groups from NE

analyses due to small sample sizes resulting in infinite
confidence intervals.

3 | RESULTS

3.1 | Reference genome

The final genome assembly was 2.0 Gb in size, consisted
of 129 scaffolds, had a contig N50 of 56.12 Mb, and scaf-
fold N50 of 123.4 Mb (Figure S2A, Table S2). BUS-
COv5.2.2 identified 95.4% complete vertebrata genes,
94.9% of which were single copy and 0.5% were dupli-
cated, 2.1% were fragmented, and 2.5% were missing
(Figure S2A, Table S2). The genome statistics and distinct
chromosome-length scaffolds (Figure S2B) confirm chro-
mosome level-completeness. We used this genome to
align and call variants using the population genetics data.
Comprehensive details of genome assembly and annota-
tion are provided in the Supplementary Material
(Figure S2).

3.2 | Genetic analyses for management

We aligned the high density DArTseq data to the refer-
ence genome. Our initial analyses showed evidence of an
E. macquarii (N = 1), M. georgesi and E. macquarii hybrid

NELSON ET AL. 7 of 17
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(N = 1), and introgressed (N = 2) individuals in the wild
groups (Figure S4) (Georges et al., 2018). In accordance
with earlier findings, we did not detect hybrids in either
captive population having been identified and removed
when the populations were founded (Georges
et al., 2018). The E. macquarii, M. georgesi and
E. macquarii hybrid, and introgressed individuals were
removed from the dataset and SNPs were re-called. The
re-called dataset yielded a Stacks output of 2172 SNPs.
Refiltering on SNP calls for each group in R resulted in
reduced representation datasets of 460 genome-wide
SNPs in the ‘all groups’ dataset, 473 genome-wide SNPs
in the ‘wild’ dataset, and 227 genome-wide SNPs in the
‘captive’ dataset. Our exploratory PCoA using the wild
only dataset revealed minor levels of genetic structuring
between Before and After individuals, with up to 3.5% of
variance explained by PCo I and 2.5% by PCo II
(Figure 3A). The addition of captive individuals in the
second PCoA, revealed clustering of captive groups with
Before individuals (Figure 3B). Up to 5.3% of the varia-
tion was explained by PCoI, and PCo II (3.7% variation)
with both axes primarily separating out After individuals
(Figure 3B). An almost identical clustering result was
seen when a PCA was applied to the dataset (data not
shown).

We found no notable differences in Hs between cap-
tive and wild groups (Table 2A) and no significant dif-
ferences in the wild across time (t = !0.902, df = 128,
p = 0.369). SNP and autosomal HO and HE was similar
across all groups (Table 2A, Figure S5) with signifi-
cantly higher observed than expected heterozygosity
across all groups, indicating an excess of heterozygotes.
There were no statistically significant levels of inbreed-
ing (FIS) observed as confidence intervals encompassed
zero for all groups (Table 2A). AR was also similar with
no distinct differences across groups (Table 2A). PA
were only present in the Before group when comparing
across all groups (Table 2A). Pairwise PA numbers were
consistently higher for Before and lowest for Taronga
and Symbio, respectively (Table S3). MKWITHIN ranged
from 0.019 ± 0.048 to 0.048 ± 0.150, with the highest
value observed in the After population (Table 2A).
MKBETWEEN for Taronga and Symbio using the captive
dataset was 0.012 ± 0.040, where 0.1250 is the equiva-
lent of a half-sibling relationship. NE estimates for
Before and After were 148.9 (120.4–191.8) and 11.9
(8.2–17.1) respectively (Table 2A). FST values between
all groups ranged from 0.005 (0.001–0.009) to 0.027
(0.020–0.034), with statistically significant FST observed
between the Before and After groups (Table 2B). Our
IBD mantel test found no correlation between geo-
graphic distance and genetic distance in the species
(r = 0.364, p = 0.258).

4 | DISCUSSION

4.1 | A worked example of how
conservation managers can apply the
framework

Please refer to Table 1 for a summary of the framework
for integrating genetic data into conservation breeding
management, particularly in relation to the genetic input,
management outcomes and how this applies to our case
study.

(a)

(b)

FIGURE 3 (A) Principal coordinates analysis (PCoA) of wild
individuals before and after the disease outbreak (N = 131) using
474 genome-wide SNP markers. (B) PCoA of genome-wide diversity
of all individuals (N = 166) using 460 SNP markers.
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4.1.1 | Stage 1—Recognizing decline of the
wild population and its genetic consequences

“When recognising declines in wild populations, the collec-
tion and preservation of DNA samples, such as blood and
tissue, in a biobank can provide essential genetic data for
future research” (Frankham et al., 2010). Through collec-
tion and preservation of DNA, we can also identify
genetic consequences resulting from threatening pro-
cesses through analysis of temporal data, as well as sam-
ple provision for development of a reference genome for
neutral and adaptive genomic investigations (Sunde
et al., 2022).

The reference genome for M. georgesi was created
using tissue collected and stored in a biobank from 1986.
The sampling by managers in 2007 and 2015–2022
(Figure 2B) has provided population genetic data for
researchers to investigate the genetic consequences of the
nidovirus outbreak and other threatening processes,
including evidence of shifts in wild genetic diversity since
the disease event (Table 2A, Figure 3A). We developed
and utilized our reference genome during establishment
stages 2 and 6 for Symbio and Taronga, respectively. If
financial resources and collaborative opportunities are
available, we recommend that a reference genome be
developed during stage 1 for conservation breeding pro-
grams so genetic output can be utilized as early as possi-
ble and to improve the reliability of RRS data variant
calls to improve downstream inferences (Shafer
et al., 2017; Torkamaneh et al., 2016; Wright et al., 2019).

We also recommend samples from the declining wild
population be collected to provide baseline genetic data
and to readily assess genetic consequences of population
declines. This may encompass decreases in diversity, the
risk of bottlenecks, the potential for inbreeding depres-
sion, and the occurrence of genetic drift. Addressing
these issues early is crucial to prevent the need for more
extensive interventions due to a potential delayed
response in observable genetic changes.

We examined population genetic data from samples
that were previously sequenced for earlier analyses
(Georges et al., 2018) (Figure 2B). Using our reference
genome and set of reliable genome-wide SNP markers,
we found no significant differences in Hs between all
groups (p = 0.369) indicating consistent levels of hetero-
zygosity in the population since the nidovirus outbreak.
SNP and autosomal observed heterozygosity were signifi-
cantly higher than expected heterozygosity in all groups
(Table 2A), suggesting that the population bottleneck
caused by the mass mortality event has either not
resulted in a corresponding genetic bottleneck or it is a
signature of a bottleneck-induced heterozygosity excess,
likely to be detectable for a few generations until a new
equilibrium between mutation and drift is reached
(Cornuet & Luikart, 1996). This is also suggested by the
large drop in NE. The relatively low genome-wide diver-
sity compared to other species also suggests historical
bottlenecks have already occurred in this species
(Georges, 2020). It has also been suggested that associa-
tive overdominance (neutral loci becoming effectively

TABLE 2 (A) Population genetic indices of our sample groups, including standardized (HS), observed (HO), and expected (HE) SNP and
autosomal heterozygosity, inbreeding coefficient (FIS), allelic richness (AR), private alleles (PA), mean kinship within populations
(MKWITHIN), and effective population size (NE).

Group n

HS

(±SD)
SNP

HO

(±SE)
SNP

HE

(±SE)
SNP

HO (±SE)
Autosomal

HE (±SE)
Autosomal FIS (95% CI) AR PA

MKWITHIN

(±SD) NE (95% CI)

Before 92 1.007
(0.097)

0.290
(0.009)*

0.280
(0.008)

0.0180
(0.0007)*

0.0148
(0.0005)

!0.035 (!0.051
to 0.020)

1.727 11 0.019 (0.047) 148.9 (120.4–191.8)

After 38 0.990
(0.097)

0.286
(0.010)*

0.262
(0.008)

0.0170
(0.0006)*

0.0138
(0.0005)

!0.094 (!0.125
to 0.064)

1.688 0 0.048 (0.150) 11.9 (8.2–17.1)

Symbio 19 0.969
(0.102)

0.279
(0.011)*

0.252
(0.009)

0.0174
(0.0007)*

0.0136
(0.0005)

!0.181 (!0.149
to 0.075)

1.669 0 0.023 (0.072) —

Taronga 17 1.009
(0.098)

0.293
(0.012)*

0.248
(0.009)

0.0165
(0.0007)*

0.0130
(0.0005)

!0.108 (!0.253
to 0.121)

1.658 0 0.027 (0.076) —

Before After Symbio

After 0.026 (0.020–0.031)

Symbio 0.005 (0.001–0.009) 0.027 (0.020–0.034)

Taronga 0.010 (0.004–0.016) 0.002 (!0.002–0.006) 0.019 (0.011–0.027)

Note: Significantly higher HO to HE denoted by “*”. (B) Population differentiation (FST) including 95% CI between all groups.
Abbreviations: CI, 95% lower and upper confidence intervals; SD, standard deviation.
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over-dominant as a result of disequilibrium with a locus
under selection) may conserve genetic variation in small
populations compared to expectations from neutral the-
ory (Frydenberg, 1963; Gilligan et al., 2005; Rumball
et al., 1994; Schou et al., 2017), potentially contributing
to the significantly higher levels of observed to expected
heterozygosity in all groups however, long-term monitor-
ing is needed to confirm this. Notably higher SNP hetero-
zygosity compared to autosomal heterozygosity estimates
are due to the inclusion of invariant sites and the species
small population size (Schmidt et al., 2021), with autoso-
mal heterozygosity estimates likely providing a more
accurate representation of low genome-wide diversity in
the species (Schmidt et al., 2021). AR was consistent
across groups, with slightly lower values observed for the
After, Symbio, and Taronga groups compared to Before
(Table 2A). The lower number of unique PA in the After
group compared to Before highlights potential losses in
alleles overtime, although discrepancies in sample size
may not have captured the range of alleles currently pre-
sent in the wild (Table S3). Although alleles present in
the After group do not appear to be captured in captivity,
each captive population contains multiple alleles not
observed in the current wild population (Table S3). As
there has been minimal evidence of wild clutches hatch-
ing since the outbreak, the After group may still reflect
the diversity of the larger pre-disease population suggest-
ing that genetic consequences of the outbreak may not be
evident until post-disease F1 individuals can be analyzed.
We have advised species managers that continual moni-
toring once wild individuals start reproducing will be cru-
cial in identifying long-term trends.

In this case study, we demonstrate the value of bio-
banking during the early stages of a wild population
decline, and we advocate for continual monitoring in
threatened species including DNA samples collection and
biobanking to capture temporal trends in genetic
diversity.

4.1.2 | Stage 2—Founding one or more
captive populations

“When founding one or more captive populations, a fully
representative sample that encompasses wild diversity is
needed to maximise captive population viability”
(Frankham et al., 2010). Frankham and colleagues pro-
posed that 20–30 contributing founders are sufficient to
create a genetically diverse population that is representa-
tive of wild diversity, although molecular analyses are
needed to confirm this hypothesis. DNA samples from,
(1) all founders are needed and, if feasible, (2) contempo-
rary samples collected across the wild population should

be sequenced. The data generated from these samples
can be used in stages 3 and 4 for, (1) diversity and foun-
der kinship analyses that can inform management deci-
sions to maximize diversity in captivity, prevent
inbreeding and to detect hybrids, or introgressed, individ-
uals among founders, and (2) contemporary wild samples
that provide information to ensure that the genetic diver-
sity of the wild population is reflected in captive
individuals.

In line with stage 2 management outcomes, we
observed minor but non-significant shifts in genetic
structure since the outbreak, where Taronga and Symbio
are shown to be most representative of historical diversity
(Before) (Figure 3B). The clustering of captive groups
with Before in the PCoA suggests that Taronga and Sym-
bio represent the genetic profile of the once larger popu-
lation which may be useful in reinforcing the current
wild population. The small number of Taronga individ-
uals that clustered with after suggests greater representa-
tion of current wild variation within Taronga that is
consistent with the low FST values between the two
groups (Table 2B). However, as only a small amount of
variation is explained by the PCoA axes (<4%), long-term
analyses of the offspring of the outbreak survivors will be
useful in confirming these trends. MKWITHIN in the wild
is higher after the disease outbreak with Taronga and
Symbio falling between historical and contemporary
levels. Populations that sustain high MKWITHIN over gen-
erations are expected to experience more rapid changes
in allele frequencies and lower adaptation potential in
future (Frankham, 1996). In this instance, the conserva-
tion breeding program will play a crucial role in strength-
ening the wild population post-bottleneck by providing
opportunities to mate with unrelated individuals, mitigat-
ing future inbreeding.

In our case study, molecular analyses to assess genetic
representation of the captive populations was conducted
post-founding due to a lack of genetic resources at the
time. Ideally, stage 2 should be implemented at founding
to quickly address genetic concerns prior to breeding. In
situations where genetic analysis cannot occur at the
time of founding, we recommend collection of DNA from
all founders for future analysis.

4.1.3 | Stage 3—Expanding captive
populations to a secure size

“During the expansion phase of conservation breeding, pri-
ority is on rapid population growth rather than intense
genetic management” (Frankham et al., 2010). During
Stage 3, maintaining an accurate studbook is crucial but
may not be effective enough to mitigate long-term
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founder effects and prevent inbreeding depression when
assuming founders are unrelated (Ivy et al., 2009; Ivy &
Lacy, 2010). During this stage, DNA samples from each
generation and new intakes are essential for molecular
identification of relatives to prevent long-term founder
effects and inbreeding in subsequent stages (Hogg
et al., 2019). This is important in cases where paternity
determination can be difficult, including group-housed
enclosures, in species where females retain sperm (Gist &
Jones, 1987; Sever & Hamlett, 2002), and when mixed
parental clutches are present. This information allows for
more informed genetic selection of mates and alleviates
the impact of founder effects in subsequent generations.
Additionally, this information allows managers to moni-
tor novel genetics introduced into the population through
new intakes and provides data for long-term monitoring
of genetic drift.

Through expert collaboration and development of
effective breeding protocols (Taronga Conservation Soci-
ety Australia, 2023), the number of M. georgesi individ-
uals in captivity has rapidly grown from 35 to ca. Two
hundred and ninety nine individuals in 80 years, increas-
ing the global population size from <150 to approxi-
mately 450 individuals. Throughout Stage 3, a studbook
has been maintained to inform breeding, established
before the availability of genetic data. Before our study,
the DNA sequences of Taronga's founders and offspring
were used for internal parentage analysis to inform the
studbook (Georges, 2020). As the turtles are typically
housed in groups where females have been observed to
retain sperm, determining paternity through traditional
means may sometimes be challenging with the absence
of molecular information. Due to low numbers in the
wild, there have been no new founder intakes to the cap-
tive program. In accordance with the species' conserva-
tion action plan (Jakob-Hoff et al., 2017), we anticipate
DNA from new wild individuals adopted into the breed-
ing program will be analyzed and integrated into the
studbook (Table S4, Table S5).

Our case study and previous work demonstrates that
rapid population growth can go hand in hand with the
integration of traditional pedigree and molecular
genetic data.

4.1.4 | Stage 4—Managing captive
populations over generations

“Loss of genetic diversity and inbreeding is exacerbated over
generations in small captive populations”
(Frankham, 1995). When managing captive populations
over generations, focus shifts from rapid reproduction in
Stage 3 to mitigating genetic issues in stage 400 (Frankham

et al., 2010). Samples collected in Stage 3 can be used to
explore a standardized set of genetically measured Essen-
tial Biodiversity Variables in stage 4 (HS, HE, HO, FIS, AR,
PA, NE and FST) to provide comparable data for monitor-
ing and management (Hoban et al., 2022). It may be pref-
erable to undertake these analyses during Stage 3 to
identify genetic changes early on and ascertain if genetic
interventions are required, such as the introduction of
new individuals to increase genetic diversity, or breeding
between populations to reduce inbreeding (Hoffmann
et al., 2021, Kinghorn and Kinghorn, 2021). In cases
where founder relationships are unclear during initial
breeding, it is essential to retrospectively incorporate
these data to help inform future breeding decisions
(Hogg et al., 2019), and to apply genetic principles such
as not breeding individuals captured close together, until
genetic data can be incorporated.

After population expansion and establishment of a
studbook in Stage 3, M. georgesi managers sought genetic
expertise for continued genetic monitoring of captive
individuals. This was an opportune time as individuals
only had one generation of captive ancestry, allowing our
data to be proactively implemented to mediate future
genetic issues. Given that the lifespan of M. georgesi likely
surpasses 30 years and individuals typically do not reach
sexual maturity until approximately 6–12 years of age,
this may prove more challenging in species with shorter
lifespans and short generation times. With access to
genetic data, our analyses revealed consistent genetic
diversity metrics in both Taronga and Symbio, with Tar-
onga showing slightly higher diversity metrics through-
out all analyses (Table 2A,B).

MK values are useful for determining how related
individuals are within, and between, populations and for
indicating, which animals should be considered
for breeding/translocation to minimize relatedness and
maximize genetic diversity (Frankham et al., 2017).
When choosing breeding pairs, individuals with high MK
estimates should not be paired, and breeding of their
progeny should be carefully considered. To assist the
stage 4 outcome of managing captive populations over
generations using our MK analyses (Table S4, Table S5),
we suggest breeding individuals that are on average less
related to each other within Taronga and Symbio to pre-
vent founder effects and inbreeding depression
(Frankham, 2008; Frankham et al., 2010; Lacy, 1987). As
we observed lower levels of MK between (MKBETWEEN)
Taronga and Symbio compared to within (MKWITHIN)
(Table 2A, Table S4, Table S5), we have also suggested to
the recovery team and captive managers that breeding
between Taronga and Symbio (when sexually mature)
could result in a decrease in average kinship, a reduction
in inbred individuals, and an increase in diversity
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(Hoffmann et al., 2021, Kinghorn and Kinghorn, 2021),
as observed in other species (del Mar Ortega-Villaizan
et al., 2011; Thavornkanlapachai et al., 2021). Given that
only Taronga individuals have reached reproductive
maturity and animals born in captivity (F1) have yet to
breed, genetic monitoring of each generation is necessary
to detect any genetic drift in captivity (Gilligan &
Frankham, 2003) in addition to diversity and MK moni-
toring. This is being implemented through genetic sam-
pling of captive born individuals.

We demonstrate in our case study how the use of
genome-wide SNP data can provide fine-scale insights to
support mitigation of genetic issues in captive popula-
tions. The generation of a reference genome in this study
will also provide support for future investigations into
adaptive potential including immune gene diversity.

4.1.5 | Stage 5—Choosing individuals for
reintroduction/release

To choose individuals most suitable for release, genetic
information from stages 2–4 can be used to select individ-
uals with wide-ranging levels of differentiation and/or
low levels of relatedness. Before translocating captive
individuals, it is essential to understand the genetic met-
rics of both the wild and captive population to prevent
the introduction of identical or closely related genotypes
from captivity into the wild, particularly when there may
be more diverse individuals available in captivity (Hogg
et al., 2020). Analyses of wild populations in stages 1–2
can be used to inform release site selection by releasing
individuals at sites where genetic differentiation within a
species or population is high and inbreeding or outbreed-
ing depression is unlikely (Grueber et al., 2018;
Nistelberger et al., 2023). We recommend performing this
genetic admixture to maximize diversity in the wild but
using populations that have exchanged genes within the
last 500 years and where there is little evidence of local
adaptation to minimize the risk of outbreeding depres-
sion (Frankham et al., 2011).

For M. georgesi, the availability of contemporary wild
samples meant that we could identify that the combined
captive populations are representative of historical wild
diversity before the outbreak (Figure 3B) (stage 2). As
such, releases from both Taronga and Symbio will be
essential in supplementing pre-disease diversity into the
contemporary wild population. Additionally, our MK
estimates provide data for breeding decisions in the cap-
tive breeding program and minimizing the release of
inbred individuals into the wild (Table S4, Table S5). To
date, site selection for release has not been genetically
informed due to insufficient data and has instead been

selected based on ease of access and ability to obtain
landholder approvals.

Our case study supports the use of genetically
informed translocations by providing insight on the
genetics at different sites throughout the river (Figures 1
and 3B). For example, the release of Taronga and eventu-
ally Symbio individuals at the opposing end of the river
from their collection site (Figure 1A) could facilitate
admixture with genotypes in lower and upper regions,
respectively.

4.1.6 | Stage 6— Managing the reintroduced
population in the wild

Due to persistent threats in their natural environment,
reintroduction of certain species or reinforcement of wild
populations might not be possible for an extended period.
However, over time, captive populations may undergo
genetic changes that make them better suited to their cap-
tive conditions but less adapted to the challenges of the
wild (Christie et al., 2012; Frankham, 2008). This adapta-
tion to captivity can result in reduced fitness in the wild
due to a loss of genetic diversity, the accumulation of dele-
terious mutations, or the fixation of alleles that are advan-
tageous in captivity but not in the wild (Frankham
et al., 2017; Lacy, 1987). To minimize genetic adaptation
to captivity and ensure long-term viability of the remain-
ing wild population (Crates et al., 2023; Frankham, 2008),
it is commonly suggested that releases be carried out
within a few generations (Williams & Hoffman, 2009). To
evaluate the effects of conservation translocations on
genetic diversity, it is crucial to have ongoing monitoring
of the reintroduced or reinforced population, at least until
the population is self-sustaining with an improved conser-
vation status (IUCN/SSC, 2013). Apart from techniques
like radiotracking, this requires the collection of DNA
samples from the wild population over numerous genera-
tions and analyzing them for any changes. For example,
this can be achieved by mirroring the temporal compara-
tive analyses in this study (Table 2A,B).

It is recommended that 1–10 individuals every 2–3
generations is sufficient in increasing genetic diversity
(Allendorf, 1983; Backus et al., 1995; Lacy, 1987; Lande &
Barrowdough, 1987). Prior to reinforcing the wild popula-
tion, the M. georgesi recovery program undertook mea-
sures including predator management, habitat
restoration, water quality assessments, and community
engagement to minimize environmental stressors (Jakob-
Hoff et al., 2017). The program has conducted four
rounds of reinforcements by releasing 82 F1 juveniles of
unknown sex into the Bellinger River (Figure 2A), signifi-
cantly boosting wild population numbers.
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To evaluate the short-term survival and movement of
the released individuals, a select number have been radio
tracked. Additionally, annual surveys are conducted to
sample animals, with DNA biobanked for future
sequencing. Given that genetic changes may not be
immediately apparent in a long-lived species, long-term
monitoring with a focus on sampling new and juvenile
individuals, is critical for detecting alterations in the spe-
cies. Long-term genetic monitoring will also play a criti-
cal role monitoring levels of hybridisation and
introgression which simultaneously threatens the persis-
tence and locally adapted genetic identity of the species
(Georges et al., 2018).

4.2 | Integration of genetic data into
management actions

In combination with husbandry, breeding, and disease
mitigation, incorporating genetic data throughout conser-
vation breeding establishment and management is valu-
able for maximizing long-term viability in captivity and
to guide conservation translocations to the wild. Here, we
have provided a worked example of geneticists working
with an established breeding program to answer genetic
questions posed by managers using DNA samples they
provided. We communicated our findings to managers
during scheduled meetings and in-person workshops
where our recommendations have been integrated into
the species Conservation Action Plan (Jakob-Hoff,
unpublished).

In summary, for the Bellinger River turtle we recom-
mend that genetic diversity be maintained, or potentially
increased, by:

i. Breeding individuals that are on average less related
to each other within Taronga and Symbio to prevent
founder effects and inbreeding depression.

ii. Breeding between Taronga and Symbio to minimize
founder effects and inbreeding depression.

iii. Encouraging translocations from both Taronga and
Symbio to ensure representation of genotypes from
both captive populations in the wild.

iv. Alternating or varying release locations during each
release round to facilitate genetic admixture between
captive bred and wild individuals as there is some
genetic differentiation between the wild and captive
populations (Figure 3).

Here we aimed to provide a generalized checklist
based on our own example of genetic data integration,
which can be adapted for other conservation breeding
programs. Integration of genetics into management

activities may need to occur retrospectively depending on
the establishment stage of the conservation breeding pro-
gram when the genetic data is generated (Table 1). Insti-
gating discussions between scientists and managers can
facilitate productive dialogue, allowing for a better com-
prehension and adaptation of each other's work and tools
(Hogg et al., 2017). This cyclical approach leads to ongo-
ing improvement and enhancement of conservation
strategies.

4.3 | Future directions

As emerging infectious diseases are causing rises in
extinction risk (Blehert et al., 2009; Piotrowski
et al., 2004), our capacity to understand genetics and
genomics is also increasing. The DNA of disease-
susceptible species provides valuable insight on species
resilience, with genomics giving us the tools to unlock
the answers. For M. georgesi, as translocation candidates
are juveniles, there remains an unknown risk that once
individuals mature, they will succumb to the virus in the
wild, compromising the translocation program. Another
unknown threat is whether the few adult survivors of the
virus are genetically predisposed to resist the virus, or
they merely avoided exposure (Zhang et al., 2018). To
answer these questions, our high-throughput sequencing
efforts and chromosome-level genome provides a valu-
able genomic tool for future functional gene research on
M. georgesi and other Australian turtle species. Beyond
neutral diversity investigations, high-throughput and
genome-wide sequencing provides high-resolution data
for immune-gene investigations, that rely on high-quality
assemblies and genome-wide data (Peel et al., 2022).
Each year the cost of sequencing and bioinformatic ana-
lyses becomes cheaper and more streamlined permitting
studies like ours (Wright et al., 2019). Once streamlined
sampling and basic genetic management become conven-
tional practise in breeding programs, genetic research
can progress towards higher resolution conservation
efforts aimed at preserving the adaptive potential and
functional diversity within captive programs.
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ABSTRACT
Environmental DNA (eDNA) analysis has become a popular conservation tool for detecting rare and elusive species. eDNA 
assays typically target mitochondrial DNA (mtDNA) due to its high copy number per cell and its ability to persist in the environ-
ment longer than nuclear DNA. Consequently, the development of eDNA assays has relied on mitochondrial reference sequences 
available in online databases, or in cases where such data are unavailable, de novo DNA extraction and sequencing of mtDNA. In 
this study, we designed eDNA primers for the critically endangered Bellinger River turtle (Myuchelys georgesi) using a bioinfor-
matically assembled mitochondrial genome (mitogenome) derived from a reference genome. We confirmed the accuracy of this 
assembled mitogenome by comparing it to a Sanger- sequenced mitogenome of the same species, and no base pair mismatches 
were detected. Using the bioinformatically extracted mitogenome, we designed two 20 bp primers that target a 152- base- pair- long 
fragment of the cytochrome oxidase 1 (CO1) gene and a 186- base- pair- long fragment of the cytochrome B (CytB) gene. Both prim-
ers were successfully validated in silico, in vitro, and in situ.

1   |   Introduction

In recent years, conservation geneticists have made substantial 
progress in understanding how to apply genetic data to conser-
vation actions for threatened species (Hohenlohe, Funk, and 
Rajora  2021). The prevalence of cost- effective, non- invasive 
molecular tools like environmental DNA (eDNA) assays have 
become increasingly common in detecting invasive species, as-
sessing community diversity across various spatial scales, and 
monitoring rare or cryptic species (Rees et  al.  2014; Ardura 
et al. 2015; Ruppert, Kline, and Rahman 2019; Lam, Sung, and 
Fong  2022). eDNA refers to extra organismal genetic material 

the comprises of molecules that have been shed into the en-
vironment by decaying bodies, leaves, blood, pollen, seeds, 
urine, faeces, skin, hairs and other types of organismal mate-
rial (Freeland  2017), that can be extracted from environmen-
tal samples such as soil, water and air (Barnes et al. 2014; Rees 
et al. 2014). The presence of eDNA can be detected using DNA 
metabarcoding for detection of entire communities or species- 
specific primers or assays to detect a target species (Mauvisseau 
et al. 2019; Lopes et al. 2021; Valdivia- Carrillo et al. 2021). eDNA 
assays commonly target and amplify a short fragment of mito-
chondrial DNA (mtDNA) through polymerase chain reaction 
(PCR). mtDNA is commonly targeted as it is highly abundant in 

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is 
properly cited.
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cells and can persist in environments longer than nuclear DNA 
(nuDNA) (Wilcox et al. 2016; Bylemans et al. 2018).

Species- specific eDNA marker development relies on the avail-
ability of mtDNA sequences in online databases, as demon-
strated in recent studies on diamondback terrapins (Malaclemys 
terrapin) and red eared slider turtles (Trachemys script elegans) 
(Fields et  al.  2024); reef sharks (Carcharhinus amblyrhynchos) 
(Dunn et  al.  2023); and Atlantic wolf- fish (Anarhichas lupus) 
(Chevrinais and Parent  2023). For species without publicly 
available mtDNA sequences, sequencing is required to facil-
itate marker development. Conventional methods for gener-
ating mtDNA sequence data have involved tissue acquisition, 
DNA extraction, designing universal primers, or primers of a 
closely related species, long- range polymerase chain reactions 
(PCRs), shotgun sequencing, followed by bioinformatic assem-
bly (Kundu et al. 2020; Chen et al. 2021; Tessler et al. 2023). The 
advent of high- throughput parallel sequencing (HTS), reduc-
tions in sequencing costs and lower input DNA requirements, 
as well as improved bioinformatic pipelines, have given rise to 
the genomics era where traditional genetic approaches are being 
replaced by whole- genome approaches to conservation genetic 
research (Satam et al. 2023). While genomic data alone have no 
direct impact on conservation outcomes, they provide a foun-
dational blueprint that that can be harnessed by geneticists and 
conservationists for a range of downstream applications (Hogg 
et  al.  2022). These can include; aiding in the identification of 
genetic variants for population genetic analyses (Brandies 
et  al.  2019); investigations into functionally important genetic 
variation such as immune genes (Peel et al. 2022), development 
of PCR primers and recently in silico extraction of complete mito-
chondrial genomes (hereafter ‘mitogenomes’) (Meng et al. 2019; 
Uliano- Silva, Nunes, and Krasheninnikova 2021).

The Bellinger River turtle (Myuchelys georgesi) is a species of 
short- necked turtle (Family Chelidae) and is one of two turtle 
species that is listed as Critically Endangered in Australia under 
the Environmental Protection and Biodiversity Conservation 
Act 1999 (Commonwealth of Australia 1999). The species has 
a current known distribution that is restricted to 60 km of 
the Bellinger River and a short section of its main tributary, 
the Kalang River, in north- eastern New South Wales (NSW), 
Australia (Cann et  al.  2015). However, the species has not 
been recorded in the Kalang since 2007 (Georges et  al.  2011). 
Myuchelys georgesi is a rare and cryptic species that has adapted 
to up- stream regions of the Bellinger River, preferring deeper 
waterholes surrounded by bedrock making them difficult to sur-
vey using conventional diving and trapping methods (Spencer 
et al. 2014). In 2015, a novel nidovirus outbreak resulted in the 
estimated death of more than 90% of individuals, further con-
tributing to the species' rarity (Zhang et  al.  2018; Chessman 
et  al.  2020). The species also faces threats from competition 
with another locally occurring species, the Murray River tur-
tle (Emydura macquarii). Implementation of eDNA analyses 
in both known and data deficient areas of the catchment (e.g., 
Kalang River) is currently listed in the species Conservation 
Action Plan to inform survey site selection (R. Jakob- Hoff et al., 
unpublished), yet no such tool currently exists.

Given the growing application of both eDNA and genomic data 
in conservation management, we used a PacBio HiFi reference 

genome to develop species- specific eDNA markers for M. geor-
gesi. We also provide comprehensive methodologies and visual 
workflow for other threatened species, with reference genomes 
or genomic data, which would benefit from an eDNA assay.

2   |   Methods

2.1   |   Mitogenome Assembly

We previously assembled a chromosome- level reference genome 
for M. georgesi using PacBio High Fidelity (HiFi) (CA, USA) 
sequencing (Nelson et  al. 2024). HiFi sequencing is a type of 
long- read data that is generated by circular consensus sequenc-
ing (CCS). Raw CCS reads can be as long as 15,000–20,000 
base pairs, allowing full- length mitogenome sequences to be 
captured within a single read. To generate HiFi sequence data, 
high molecular weight DNA was extracted from the heart tis-
sue of a male M. georgesi using the Nanobind Tissue Big DNA 
kit following the manufacturer's protocol (Circulomics, Pacific 
Biosciences, CA, USA). PacBio HiFi Single- Molecule Real- Time 
(SMRT) bell libraries were sequenced at the Australian Genome 
Research Facility (Brisbane, Australia). The HiFi genome was 
assembled using Hifiasm v.0.16.0 (Cheng et al. 2021). To obtain 
a complete mitogenome (i.e., the entire mitochondrial DNA), 
we bioinformatically extracted the mtDNA sequence from the 
HiFi genome fasta file (a text- based file format containing nu-
cleotide sequences) using MitoHifi v2 (Uliano- Silva, Nunes, and 
Krasheninnikova  2021). The - c flag was used to identify and 
annotate the mitogenome from genome scaffolds, rather than 
assembling it from raw reads with the - r flag. MitoHiFi also re-
quires a mitochondrial reference sequence as input in either fasta 
or GenBank format (e.g., https:// www. ncbi. nlm. nih. gov/ genba 
nk/ sampl ereco rd/ ). MitoHiFi provides an internal script (find-
MitoReference.py) that can be used to find and download the 
most closely related mitogenome for the species of interest. For 
this study, we manually obtained reference sequences from the 
NCBI for the Green Sea Turtle (Chelonia mydas) (NC_000886) 
(Kumazawa and Nishida 1999), Murray River Turtle (Emydura 
macquarii) (NC_041302.1) (unpublished) and a previously 
Sanger sequenced M. georgesi mitogenome (NC_042474.1) (un-
published). These sequences were used to evaluate whether lev-
els of divergence between reference and target species affected 
assembly quality. The mitogenome was visualised using Proksee 
(Grant et al. 2023) (Figure 1). To confirm efficacy of the bioin-
formatically extracted mitogenome, we used MEGA11 (Tamura, 
Stecher, and Kumar 2021) to align the assembly to a Sanger se-
quenced M. georgesi mitogenome for structural comparison and 
mismatches between sequences (NC_042474.1).

2.2   |   Species- Specific Primer Development 
and Validation

Using the annotated fasta file output by MitoHiFi, we located 
genetic sequences labelled ‘CO1’ and ‘CytB’ and used the com-
plete sequence (Figures S1 and S2) as input into Primer3Plus 
v3.3.0 (Untergasser et  al.  2012) to design forward and re-
verse primer sequences with 0 base pair mismatches with 
the CO1 and CytB gene sequences. These genes were used as 
they are known to be highly variable among closely related 
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species providing greater specificity for species- specific 
eDNA assays compared to mitochondrial genes with lower 

inter- specific variation (Moritz, Dowling, and Brown  1987; 
Meyer  1994; Johns and Avise  1998; Hebert, Ratnasingham, 

FIGURE 1    |    The mitochondrial genome of M. georgesi extracted using MitoHiFi (Uliano- Silva, Nunes, and Krasheninnikova 2021). tRNAs are la-
belled according to their single- letter abbreviation. Arrows indicate direction of gene transcription. Protein coding genes are shown in yellow, rRNA 
genes in pink, tRNA genes in blue and the 920 bp non- coding region between P and F in white. The GC- skew depicting the deviation from the average 
in the complete mitogenome is depicted in green (positive) and maroon (negative), and the GC content is depicted in black. Figure generated using 
the Proksee (https:// proks ee. ca). M. georgesi juvenile image credit of Paul Fahy.

TABLE 1    |    Primers designed (CytB and CO1) and used (12S) in this study for amplification of M. georgesi mitochondrial eDNA. Tm melting 
temperature.

Gene Name
Forward/
Reverse Nucleotide sequence

Primer 
length (bp)

Amplicon 
size (bp) Tm (°C)

CytB MG_CB Forward AATCTCCCACATCCAACGAG 20 186 59.9

Reverse ATGCGGTGGCTATGACTAGG 60.1

CO1 MG_C1 Forward ACATTGGCACCCTCTACCTG 20 152 60

Reverse AATTAAGGCGTGGGCTGTAA 59.6

12S 12Sv5 Forward TAGAACAGGCTCCTCTAG 18 ~100 Riaz et al. (2011)

Reverse TTAGATACCCCACTATGC
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and de Waard  2003). Forward and reverse primers output 
by Primer3Plus were individually input into OligoAnalyzer 
(https:// sg. idtdna. com/ calc/ analyzer) for quality checks using 
the hairpin and homodimer options to ensure efficiency and 
sensitivity of primer binding. To ensure primer stability and 
minimise the likelihood of hairpin structure formation (when 
complementary base- pair sequences create a loop), we used 
a ∆G (Gibbs free energy change) threshold of −4.5 kcal/mol. 
For homodimers (annealing of identical primer sequences) 
we ensured primers had no more than three complementary 
bases. The melting temperature (Tm) for all primer sequences 
fell between 59.6°C and 60.1°C. Final primer pairs are pro-
vided in Table 1 and Table S2. The specificity and sensitivity 
of primer sets were evaluated at three stages: in silico, in vitro, 
and in situ.

2.3   |   In Silico Validation

To confirm specificity in silico, the alignment search tool Basic 
Local Alignment Search Tool (BLAST) was used to confirm 
percent of sequence similarity with other species (https:// blast. 
ncbi. nlm. nih. gov/ ). To visually confirm specificity and opti-
mal primer design against another locally occurring species 
(E. macquarii) we used MEGA v11 to align both our assem-
bled and E. macquarii mitogenomes (NC_041302.1) and en-
sured 2–3 mismatches between primer design sequences (de 
Brauwer et al. 2022b). Custom primer sets were ordered using 
ThermoFisher Scientific (MA, USA) custom DNA oligos synthe-
sis service.

2.4   |   In Vitro Validation

To evaluate specificity and amplification efficiency in vitro, we 
carried out tests using tissue- derived DNA from M. georgesi and 
E. macquarii using conventional PCR (Figure S2). Heart tissue 
belonging to a female M. georgesi that required medical eutha-
nasia in 2021 (C10031) was flash frozen at −80°C at Taronga 
Zoo and stored at −80°C at the University of Sydney. E. mac-
quarii skin tissue was acquired from the trailing webbing of the 
hindfoot of a wild individual in 2015 (UC<Aus>AA063724) and 
stored at −80°C in the University of Canberra Wildlife Tissue 
Collection (GenBank UC<Aus>). To prevent contamination 
during lab procedures, equipment was sterilised in an autoclave 
and benchtops cleaned with 80% ethanol. DNA (Table S3) was 
extracted using the Qiagen DNeasy Mini Kit (Qiagen, Germany) 
following the manufacturer's protocol, except for a final elu-
tion in 100 µL buffer AE (Qiagen). Quality (fragmentation) and 
concentration of DNA were assessed using a combination of a 
Nanodrop 2000 Spectrophotometer (ThermoFisher Scientific) 
and 1.5% agarose/TBE gel electrophoresis stained with SYBR 
safe (Life Technologies), alongside a 1 kb size standard (Bioline) 
and run for 55 min at 100 V. Samples yielding high concentra-
tions of DNA were used for subsequent PCR amplification 
assays.

For PCR set- up, 0.25 µM of CytB and CO1 forward and reverse 
primers were used. A quantity of 0.25 µM of 12Sv5F/12Sv5R 
universal vertebrate primers was used as a positive control 
by amplifying a ~100- bp fragment of the V5 loop of the 12S 

mitochondrial gene (Riaz et  al.  2011). The final PCR reaction 
consisted of 3 µL of M. georgesi DNA template or negative ex-
traction control (E. macquarii DNA template, ddH2O), 25 µL of 
Bioline MyTaq Mix (Bioline, UK), 2.5 µM of forward and reverse 
primers (either 12Sv5, CytB or CO1), and 17 µL of nuclease free 
water to make a total volume of 50 µL.

Real- time PCR cycling was carried out on a T100 Thermal Cycler 
(BioRad). Cycling conditions were 10 min for enzyme activation 
at 95°C, 35 cycles of denaturation at 95°C for 30 s, annealing at 
50°C for 30 s, extension at 72°C for 30 s and a final extension 
at 72°C for 10 min. Amplification was confirmed using 1.5% 
agarose/TBE gel electrophoresis stained with SYBR safe (Life 
Technologies), alongside a 1 kb size standard (Bioline) and run 
for 55 min at 100 V. Bands were visualised under ultraviolet light 
using a ChemiDoc XRS + system (BioRad) and images were an-
alysed with ImageLab (BioRad).

2.5   |   In Situ Validation

M. georgesi eDNA water samples (positive controls) were ob-
tained from three 4000 L, closed- system tanks at Symbio 
Wildlife Park in Helensburgh, Australia, each housing four or 
five animals. From each tank, two 500 mL water samples were 
collected. For negative controls, we collected two 500 mL water 
samples from a 2000 L pond containing four E. macquarii and 
two Eastern long- necked turtles (Chelondina longicollis). We 
transported the water samples on ice and stored them briefly 
at −2°C before filtering within 1–2 h of collection. Negative 
control samples were handled and stored separately to prevent 
contamination.

A 47 mm Whatman membrane filter paper with a pore size of 
0.45 µm was dampened with deionised water before the 500 mL 
water samples were filtered through. The filtration system in-
cluded a 50 mm Büchner funnel, adaptor, 500 mL Büchner flask, 
rubber tubing and a diaphragm pump (KNF, CA, USA). The fil-
ter papers were then placed in individual resealable bags and 
frozen at −80°C prior to DNA extraction the following day.

eDNA extractions were conducted on samples (Table S4) using 
Qiagen's DNeasy Blood & Tissue Kit (Qiagen, Germany). DNA 
extraction followed the protocol of Renshaw et al. (2015) with 
minor adjustments. Briefly, each filter paper was halved and 
finely cut before being placed in separate 2 mL screw- cap tubes. 
Volumes of 540 µL buffer ATL and 60 µL (rather than the rec-
ommended 180 and 20 µL, respectively) of Proteinase K were 
added to submerse each half filter and incubated at 65°C for 1 h. 
Following lysis, the paper was tightly pressed to the bottom of 
the tube, and supernatant transferred to a new 2 mL screw- cap 
tube. Volumes of 630 µL Buffer AL and 630 µL of ethanol were 
added and mixed thoroughly with a vortex. The lysates from 
each half were then combined by passing the mixtures through 
the same DNeasy Mini spin column, resulting in six rounds of 
centrifugation and discarded flow- through. Total eDNA was 
rinsed with 500 µL of AW1 and AW2 solutions respectively 
and eluted in 100 µL buffer AE (Qiagen). eDNA concentration 
was quantified using a Nanodrop 2000 Spectrophotometer 
(ThermoFisher Scientific). All eDNA extractions were placed in 
a freezer (−20°C) for 12 h until PCR analysis.
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Following our in vitro validation protocol, 0.25 µM of CytB and 
CO1 forward and reverse primers were used for PCR set- up. 
A quantity of 0.25 µM of 12Sv5F/12Sv5R universal vertebrate 
primers was used as a positive control. PCR mixes consisted of 
3 µL of M. georgesi eDNA template or a negative extraction con-
trol (E. macquarii and C. longicollis eDNA template or ddH2O), 
25 µL of Bioline MyTaq Mix (Bioline, UK), 2.5 µM of forward and 
reverse primers, and 17 µL of nuclease free water to make a total 
volume of 50 µL. Real- time PCR cycling, agarose gel electropho-
resis, and image analysis was conducted using the same meth-
ods described in in vitro validation section above.

3   |   Results

3.1   |   Myuchelys georgesi Mitogenome

The complete mitochondrial sequence was extracted from scaf-
fold 9 of our reference assembly and yielded a complete length 
of 16,490 bp (Figure  1). The same mitogenome was assembled 
when the Green Sea Turtle, Murray River Turtle and Bellinger 
River Turtle mitogenomes were used as reference sequences, 
confirming that varying levels of divergence between reference 
input and target species does not affect final assembly quality. 
The size and structure of the mitochondrial genome is compara-
ble to other chelid turtles (Fielder et al. 2012; Zhang et al. 2017), 
which includes 37 genes consisting of 22 transfer RNA (tRNA) 
genes, 13 protein coding genes, 2 ribosomal RNA (rRNA) genes, 
plus a non- coding region (CR). Additional details can be found 
in the Supporting Information.

Visual alignment of the bioinformatically assembled mitogenome 
to the Sanger sequenced M. georgesi mitogenome (NC_042474.1) 
using MEGA v11 showed a 100% sequence identity match, con-
firming efficacy of the in silico- based mitogenome.

3.2   |   Primer Design and Validation

In silico primer assessment found greater species- specificity of 
the CO1 primers compared to CytB as BLAST results returned 
lower percentage identity with other species. Both CO1 and 
CytB primers successfully amplified M. georgesi tissue samples 
(Figure  2A; lanes 1–2, 4–5, 7–8). Both sets of primers showed 
no amplification on E. macquarii tissue (Figure 2A; lanes 10–11 
and 13–14), confirming the species- specificity of the primers 
against the other locally occurring species. The 12Sv5 positive 
control amplified across both species, indicating the presence 
of mitochondrial DNA in the tissues (Figure 2A; lanes 3, 6, 9, 
12 and 15), while no amplification was observed for the ddH2O 
negative controls (Figure  2A; lanes 16–17). In situ evaluation 
showed PCR products for both primers successfully amplified 
M. georgesi eDNA collected on cellulose ester filters from tank 
water (Figure 2B; lanes 1–2, 4–5, 7–8). Primer sets did not am-
plify eDNA from tank water containing E. macquarii or C. lon-
gicollis (Figure 2B; lanes 10–11), confirming species- specificity 
of primers against other locally occurring species. Amplification 
of the positive 12Sv5 control across tank water confirmed the 
presence of mtDNA in all samples (Figure 2B; lanes 3, 6, 9 and 
12) while no amplification was observed for the ddH2O negative 
control (Figure 2B; lanes 13–14).

4   |   Discussion

We developed the first eDNA markers for detection of M. georgesi 
using an existing long- read PacBio HiFi reference genome. The 
100% sequence identity match between the Sanger sequenced 
and bioinformatically assembled mitogenome (NC_042474.1) 
and successful amplification of mtDNA across in silico, in vitro 
and in situ validations highlights the efficacy of genomic data- 
derived mitogenome assemblies, without the need for targeted 
mitochondrial DNA tissue extraction and sequencing.

We provide comprehensive methodologies of our workflow 
for other taxa that may benefit from this approach (Figure 3). 
Conventional approaches rely on the availability of mitochon-
drial sequence data from online databases or de novo extraction, 
sequencing and assembly when sequence data is not available 
(Schmidt et al. 2016; Zhang et al. 2017; Kundu et al. 2019, 2020; 
Frandsen, Figueroa, and George  2020; Chen et  al.  2021). For 
conservation programs with genomic resources but lacking mi-
tochondrial sequence data, this approach offers an avenue for 
developing a widely used conservation genetic tool.

When developing a species- specific eDNA assay, it is essential to 
have DNA sequence information unique to your target organism. 
The most efficient approach is identifying if relevant sequence 
data is available in online repositories (Figure  3: step 1) such 
as the National Centre for Biotechnology Information (NCBI), 
the Barcode of Life Data System (BOLD), and the European 
Molecular Biology Laboratory online repositories. The Sanger 
sequenced M. georgesi mitogenome used as our positive control 
for the bioinformatic mitogenome extraction was obtained from 
the NCBI database using ‘Myuchelys georgesi mitochondrion’ as 
search terms. When relevant mitochondrial sequence data are 
not available in online repositories or if gene regions are miss-
ing for species or taxa (Freeland 2017; Nordstrom et al. 2022), 
genomic data (reference genome or raw HTS) provides an in sil-
ico alternative (Figure 3: step 2). For example, the availability of 
a reference genome has allowed for bioinformatic extraction of 
the mitogenomes for several cryptic and threatened species lack-
ing mitochondrial sequence data including the Kroombit tinker 
frog (Taudactylus pleione) (Farquharson et al. 2023), blue- tailed 
skink (Cryptoblepharus egeriae) (Dodge et  al.  2023), Lister's 
gecko (Lepidodactylus listeri) (Dodge et al. 2023), and southern 
stuttering barred frog (Mixophyes balbus) (Tang et al. 2024), pro-
viding capacity for the development of species- specific eDNA as-
says in the future. Although our approach leverages PacBio HiFi 
sequencing data and MitoHiFi mitochondrial genome assembly 
program for bioinformatic extraction (Figure 3: Step 3a), a suite 
of bioinformatic tools are available for extraction and assem-
bly of mitogenomes from a range of HTS data types (Table 2). 
Additionally, some of these tools can take raw HTS sequencing 
data as input and do not require a reference genome.

If mitochondrial or genomic sequence data does not exist 
(Figure  3: Step 1 and 2), conventional approaches involving 
acquisition of genetic material; DNA extraction; sequencing; 
and assembly are needed to undertake species' assay design 
(Figure 3: Step 3b). Although targeted mitochondrial sequenc-
ing may be effective when programs have limited funds avail-
able (Schmidt, Thia, and Hoffmann  2024), these approaches 
often require substantial time and resources to undertake so 
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likely cost the same as whole genome sequencing when labour 
costs are accounted for. For example, completion of the exist-
ing M. georgesi mitogenome following the methods of Zhang 
et  al.  (2017) used Sanger sequencing and long- range PCR, 
took 12 weeks to complete, costing $15,000 AUD in labour 
and $1500 in lab consumables (Arthur Georges pers. comm., 
2024). By- passing these steps, when genomic data is available, 
can save conservation programs time and money that can be 
invested elsewhere. For example, bioinformatic extraction 
of the mitogenome from a 1.9GB genome required 30 min, 1 
CPU and 5.3GB of memory, offering a high cost- effectiveness 

in terms of labour, data acquisition and analysis. As the costs 
associated with genome assembly decrease, a 3GB long- read 
genome can cost ~$5005 in sequencing, ~$600 in labour and 
~$200 in consumables (Elspeth McLennan pers. comm., 
2024). Additionally, completion of a reference genome can 
only require 2 days of laboratory work, 6 weeks of sequencing, 
and 2 days for bioinformatic assembly. Although costs are not 
directly comparable, investment in genomic data provides a 
resource for a plethora of downstream applications beyond 
mitochondrial and eDNA (Formenti et  al.  2022; de León 
et al. 2023; Schneider 2023; Brandies et al. 2019).

FIGURE 2    |    1.5% agarose gel and TBE stained with SYBR safe, showing (A) in vitro amplicon products of tissue derived DNA for Bellinger River 
Turtle (Myuchelys georgesi) with CytB, CO1 and 12Sv5 control (lanes 1–9), Murray River Turtle (Emydura macquarii) with CytB, CO1 and 12Sv5 
control (lanes 10–15), and ddH2O with CytB and CO1 (16–17). (B) In situ amplicon products of tank water derived eDNA for Bellinger River Turtle 
(Myuchelys georgesi) with CytB, CO1 and 12Sv5 control (lanes 1–9), Murray River Turtle (Emydura macquarii) and Eastern long- necked Turtle 
(Chelondina longicollis) with CytB, CO1 and 12Sv5 control (lanes 10–12), and ddH2O with CytB and CO1 (lanes 13–14).
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The key aspect of an eDNA assay is primer design (Figure  3: 
Step 4). As mentioned in step 1, primers are often developed 
using available reference sequences in online databases, how-
ever, regions may be missing for species or taxa (Freeland 2017; 
Nordstrom et al. 2022). For example, 12S, 16S, 18S sequence data 
is less often available compared to CO1 and CytB sequence infor-
mation (Lacoursière- Roussel et al. 2016). An advantage of a ref-
erence genome- derived approach is that it provides researchers 

and managers with a complete or close to complete mitochon-
drial sequence. This enables the design of molecular markers for 
any gene in the mitogenome and provides the option to expand 
into nuclear marker design (Mccauley et al. 2024). In silico, in 
vitro and in situ validation methodologies (Figure 3: Step 4A- C) 
should follow a standardised approach (Nordstrom et al. 2022). 
Since the rapid uptake of eDNA analysis, comprehensive eDNA 
guidelines for assay development and validation have been 

FIGURE 3    |    Reference genome derived eDNA assay workflow used for species- specific primer development in Myuchelys georgesi. NCBI National 
Center for Biotechnology Information, BLAST Basic Local Alignment Search Tool, MEGA Molecular Evolutionary Genetic Analysis, PCR Polymerase 
Chain Reaction. Steps undertaken in this study are denoted by *. Image created using Biore nder. com and Canva. com.

TABLE 2    |    Bioinformatic tools for complete mitochondrial genome assembly using next generation sequencing (NGS) data (including whole 
genomes) for downstream eDNA assay development.

Name Data input described Reference
MitoHiFi PacBio high fidelity (HiFi) (CCS) WGS data Uliano- Silva, Nunes, and Krasheninnikova (2021)

PMAT PacBio high fidelity (HiFi) (CCS) WGS data Bi et al. (2024)

SMART Low- coverage WGS Alqahtani and Măndoiu (2020)

MitoZ Short WGS raw reads Meng et al. (2019)

Norgal Short WGS raw reads Al- Nakeeb, Petersen, and Sicheritz- Pontén (2017)

MITObim Short WGS raw reads Hahn, Bachmann, and Chevreux (2013)
Abbreviations: CCS, close consensus sequencing; CLR, continuous long reads; WGS, whole genome sequencing.
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developed to assist researchers and managers in developing 
eDNA across a range of taxa and ecosystems that can be adapted 
to the habitat and biology of the target species (Goldberg and 
Strickler 2017; de Brauwer et al. 2022a, 2022b).

In summary, our methodologies and workflow for M. georgesi 
consist of four stages; (i) identifying availability of a mitogenome 
(Figure 3: step 1); (ii) identifying availability of a reference ge-
nome or genomic data when mitochondrial sequence does not 
exist in online repositories (Figure 3: step 2); (iii) bioinformatic 
assembly of a mitogenome from a reference genome (Figure 3: 
step 3a); and (iv) primer design and in silico, in vitro and in situ 
validation (Figure 3: step 4).

Our results provide M. georgesi managers with an eDNA assay 
that can be implemented into species monitoring. The assay 
can assist managers in resolving questions around distribution 
within the Bellinger River catchment, including reaches in the 
upper catchment and the Kalang River, and inform survey site 
selection through identification of occupancy hotspots. Future 
work is needed to evaluate efficacy of primers on Bellinger 
River water samples as environmental barriers such as water 
flow, sediment composition and microbial and enzyme activity 
(Barnes et al. 2014; Stoeckle et al. 2017; Stewart 2019) may influ-
ence detection. The technique will be useful for initially be used 
to identify areas to perform more intensive diving and trapping 
surveys, providing the species with a multifaceted detection and 
survey approach (Villacorta- Rath et  al.  2022; Lam, Sung, and 
Fong 2022; Nordstrom et al. 2022; Carvalho et al. 2022).

As conservation genetics moves into the genomics- era, genomic 
data is becoming increasingly available for non- model organ-
isms, making it important to leverage and apply the information 
genomic resources provide. We use a reference genome- based 
approach to develop an eDNA assay for M. georgesi. The develop-
ment of species- specific eDNA primers provides a valuable tool 
for managers in assessing population dynamics of this rare spe-
cies, supporting informed management decisions and guiding 
future conservation efforts.
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Abstract
Small, isolated populations are often vulnerable to increased inbreeding and genetic drift, both of which elevate the risk 
of extinction. The Bellinger River turtle (Myuchelys georgesi) is a critically endangered species endemic to a single river 
catchment in New South Wales, Australia. The only extant wild population, along with the breeding program, face sig-
nificant threats from viral outbreaks, most notably a nidovirus outbreak in 2015 that led to a 90% population decline. To 
enhance our understanding of genomic characteristics in the species, including genome-wide and functional gene diversity, 
we re-sequenced, assembled, and analysed 31 re-sequenced genomes for pure M. georgesi (N = 31). We manually annotated 
the major histocompatibility complex (MHC), identifying five MHC class I and ten MHC class II genes and investigated 
genetic diversity across both classes in M. georgesi. Our results showed that genome-wide diversity is critically low in pure 
M. georgesi, contexualised through comparison with opportunistically sampled backcross animals—offspring of F1 hybrids 
(M. georgesi × Emydura macquarii) backcrossed to pure M. georgesi (N = 4). However, the variation observed within the core 
MHC region of pure M. georgesi, extending across scaffold 10, exceeded that of all other macrochromosomes. Additionally, 
no significant short-term changes in either genome-wide or immunogenetic diversity were detected following the 2015 nidovi-
rus outbreak (before; N = 19, after; N = 12). Demographic history reconstructions indicated a sustained, long-term decline 
in effective population size since the last interglacial period, accompanied by more recent steep declines. These patterns 
suggested that prolonged isolation and reduced population size have significantly influenced the dynamics of genome-wide 
diversity. It is likely that contemporary stressors, including the recent nidovirus outbreak, are acting on an already geneti-
cally depleted population. This study offers new insights into genome-wide and immune gene diversity, including immune 
gene annotation data with broader implications for testudines. These findings provide crucial information to support future 
management strategies for the species.

Keywords Conservation genomics · Immune genes · Bellinger River turtle · Major histocompatibility complex · Whole-
genome re-sequencing

Introduction

The emergence of novel infectious diseases is currently 
a major threat faced by species of conservation concern 
(Daszak et al. 2000; Smith et al. 2009). Warming climates, 
pollution, and introduced species that harbour invasive path-
ogens are facilitating the spread of disease across wildlife 
populations (Anderson et al. 2004). Managing declining 
populations in the presence of infectious disease, in addition 
to other anthropogenic threats, is of growing conservation 
concern. Understanding the mechanisms of resilience and 
resistance, and the degree to which populations can adapt to 
change is a key step towards preventing extinctions (Auteri 
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and Knowles 2020). Another important aspect of conserva-
tion management is maintaining the adaptive potential of a 
species. Adaptive potential is the ability of a population to 
adapt to changing environmental conditions, such as dis-
ease, habitat modifications, and climate change (Hoffmann 
et al. 2017; Holderegger et al. 2006). Species’ recovery pro-
grams are increasingly using genomic data to understand the 
adaptive potential of populations through functional gene 
analyses (McLennan et al. 2024), with growing emphasis 
on how managers can maintain or potentially increase adap-
tive potential in wild populations and conservation breeding 
programs (Farquharson et al. 2022). Advances in sequenc-
ing technologies and bioinformatic tools, and reductions 
in sequencing costs, have made whole-genome data more 
accessible for threatened species recovery programs. The 
combination of high-quality reference genomes with whole-
genome sequencing data facilitates high-resolution analyses 
of neutral genetic variation, while also enabling the recon-
struction of historical demographic trends and characterisa-
tion of functional gene families (Theissinger et al., 2023). 
For example, Magid et al. (2022) used 66 re-sequenced 
genomes to investigate toll-like receptors (TLR) immune 
gene diversity in shore plovers (Thinornis novaeseelandiae) 
and found low levels of diversity.

The major histocompatibility complex (MHC) is a crucial 
gene family within the adaptive immune system, primarily 
responsible for antigen presentation (Piertney and Oliver 
2006). MHC molecules bind and present pathogen-derived 
peptides to T cells, facilitating the recognition and initia-
tion of immune responses to pathogens and ensuring the 
specificity of adaptive immunity (Nee#es et al. 2011). MHC 
genes are broadly classified into classical and non-classical 
categories. Classical MHC genes, for example MHC class 
Ia and class II, are highly polymorphic and play a direct role 
in antigen presentation, influencing immune recognition and 
pathogen resistance (Le Bouteiller and Lenfant 1996). MHC 
class Ia and class II molecules are widely expressed across 
various tissues but are most prominent in antigen-presenting 
cells (Nee#es et al. 2011). In contrast, non-classical MHC 
genes (e.g., MHC class Ib, such as HLA-E, HLA-F, and 
HLA-G in humans) tend to be less polymorphic, typically 
function in immune regulation, and exhibit more tissue-
specific expression (LeMaoult et al. 2003).

Variation within MHC genes has frequently been linked 
with species’ susceptibility to disease, where higher lev-
els of variation at MHC loci is thought to enhance a hosts 
ability to respond to a broader range of pathogen-derived 
antigens (Hughes and Yeager 1998; Penn et al. 2002). The 
association between MHC genes and disease resilience has 
been observed across multiple wildlife species including the 
northern leopard frog (Rana pipiens) (Trujillo et al., 2021), 
guignas (Leopardus guigna) (Napolitano et al. 2023) and 
desert bighorn sheep (Ovis canadensis nelsoni) (Dugovich 

et al. 2023), with disease-resilient populations exhibiting 
greater heterozygosity at MHC loci. The importance of 
the MHC in the immune cascade makes them excellent 
candidates to start to understand a populations’ adaptive 
genetic diversity. For many threatened species, the lack of 
a high-quality reference genome and high-quality immune 
gene annotations has limited our ability to investigate the 
repertoire and variation present within the MHC region 
(Peel et al. 2022). Research on the MHC region in non-
avian reptiles has included studies on the komodo dragon 
(Varanus komodoensis) (Reed and Settlage 2021) and the 
tuatara (Sphenodon punctatus) (Gemmell et al. 2020; Miller 
et al. 2005). More recently, genomic analyses in two anole 
species (Anolis carolinensis and Anolis sagrei) (Card et al. 
2022) and the Chinese alligator (Alligator sinensis) (He et al. 
2022b), have provided a more comprehensive characterisa-
tion of reptile MHC.

The critically endangered Bellinger River turtle 
(Myuchelys georgesi) is a medium-sized omnivorous turtle 
that is restricted to a 60 km stretch of Bellinger River, on 
New South Wales mid-north coast (Fig. 1). The Bellinger 
catchment, along with several other freshwater catchments 
in NSW, remains isolated and largely undisturbed. Cut-off 
by the ocean to the east and the Great Dividing Range to the 
west, these geographic boundaries have promoted unique 
habitat specialisation and catchment-specific speciation 
(Spencer et al. 2014). The species consists of a single wild 
population making it highly susceptible to stochastic events. 
In recent years, the species is estimated to have undergone a 
population decline of over 90% due to nidovirus outbreaks of 
unknown origin (Chessman et al. 2020; Zhang et al. 2018).

In 2015, a species-specific nidovirus outbreak (the Bell-
inger River virus; BRV) caused the population to crash from 
ca. 4000 individuals to ca. 200 and resulted in a significant 
decline in genetic diversity, as measured by reduced repre-
sentation sequence data (Chessman et al. 2020; Nelson et al. 
2024). The near extinction of the species led to urgent con-
servation efforts including the development of a M. georgesi 
conservation action plan, a range of community engagement 
initiatives, habitat restoration projects, and the establish-
ment of a conservation breeding program comprised of two 
populations founded from 16 and 19 wild individuals. Since 
2015, two lesser-documented viral outbreaks have occurred 
in the river, one in January of 2022 (Parrish et al. 2024) and 
a second in May of 2024 (NSW DCCEEW, pers. comm., 
2024). The ongoing disease outbreaks puts the species at 
high risk of extinction and requires investigation into poten-
tial genetic mechanisms that have led to this susceptibility.

Interestingly, one of the species’ closest relatives, the 
Murray River turtle (Emydura macquarii), demonstrates 
resilience to the viruses. E. macquarii is widespread 
along the east coast of Australia, and it is hypothesised 
that the species has been introduced to the Bellinger River 
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via human-mediated dispersal over the past two decades 
(Spencer et al. 2018). E. macquarii is known to hybridise 
with M. georgesi (Georges et al. 2018). Pure E. macquarii, 
F1 hybrids (M. georgesi × E. macquarii), and wild-caught 
F2 backcrosses to M. georgesi, previously identified by 
Georges et al. (2018), have tested positive to the recent 
viruses, but do not exhibit symptoms or succumb to the 
disease (Zhang et al. 2018). Given the high susceptibil-
ity of M. georgesi to nidovirus infections, conservation 
managers are looking for long-term viable options with-
out the need for continual intensive management. A com-
mon strategy to enhance genetic diversity and potentially 
mitigate disease susceptibility is the introduction of indi-
viduals from genetically diverse or distinct populations 
(Frankham 2015; Frankham et al. 2017). Since this is not 
feasible for M. georgesi, alternative strategies may be 
required to enhance genetic diversity for long-term popu-
lation viability such as interspecific hybridisation (Baack 
and Rieseberg, 2007), or the reintroduction of historical 
genetic variation lost over time through methods such as 
back-breeding, cloning, or genome editing (Shapiro 2017).

Previous work has shown that this species exhibits low 
genome-wide diversity (Nelson et al. 2024), characterised by 
limited intra-population differentiation and low allelic rich-
ness compared to other testudines populations (Buchanan 
et al. 2019; Fay et al. 2023). These findings, derived from 
reduced representation sequencing (RRS) data across 460 
putatively neutral markers (Nelson et al. 2024), likely reflect 
the species’ restricted geographic range, limited dispersal 
capacity, and long generation time. Additional analyses 
hypothesise that the species has undergone a number of 
historical bottlenecks, which have likely contributed to its 
low genetic diversity and ongoing disease susceptibility 
(Georges 2020).

In this study, we undertook manual MHC gene annotation 
by characterising the genetic features of MHC I and MHC II 
genes in M. georgesi. Building on previous research limited 
to 460 putatively neutral single nucleotide polymorphisms 
(SNPs), we use whole-genome re-sequencing (WGR) to 
analyse 12 contemporary turtles sampled after the disease 
outbreak, 19 historic turtles sampled before the outbreak, 
and four opportunistically sampled backcross individuals, 

Fig. 1  An inset of Australia with a map of the Bellinger River basin 
showing the locations of historic (before: 2007, blue), contemporary 
(after: 2019, orange), and backcross (introgressed: 2019, purple) sam-

ples collected across the species’ range (NSW Department of Climate 
Change, Energy, the Environment and Water (DCCEEW) (unpub-
lished data)



204 

 

 Immunogenetics           (2025) 77:21    21  Page 4 of 17

to undertake higher-resolution, genomic investigations. Here 
we aimed to (1) assess the effect of deep historical events 
on genome wide-diversity relative to backcross animals and 
effective population size, and (2) assess the effect of a recent 
bottleneck in the past 15 years due to a viral outbreak on 
genome-wide diversity and diversity within the MHC genes 
by comparing the before and after outbreak groups.

Methods

Immune gene annotation

We used a homology-based approach via BLAST v2.3.30 
(Camacho et al. 2009) to manually characterise all MHC 
class I and II genes in the M. georgesi genome gener-
ated by Nelson et al. (2024) (rMyuGeo1.pri.20230808; 
GCA_040894355.1). The genome is 2  Gb, consists of 
128 scaffolds and has an N50 of 123.4 Mb (Nelson et al. 
2024). The high contiguity of the genome suggests that the 
MHC region is likely well assembled, providing a strong 
foundation for reliable MHC gene characterisation and 
downstream analyses (Peel et al. 2022). To annotate class 
I genes we acquired query sequences from the National 
Centre for Biotechnology Information (NCBI) including 
the tawny dragon (Ctenophorus decresii) (KY905241.1), 
caiman (Caiman crocodilus) (KF769542.1), marine iguana 
(Amblyrhynchus cristatus) (EU839663.1), Galapagos land 
iguana (Conolophus subcristatus) (EU604313.1), tuatara 
(DQ145788.1), and green sea turtle (Chelonia mydas) 
(OK135213.1) (Table S1). To annotate class II, we acquired 
query sequences from NCBI including the Chinese softshell 
turtle (Pelodiscus sinensis) (MT834970.1), marine iguana 
(FJ623752.1), and green-rumped parrotlet (Forpus passer-
ines) (EF710746.1) (Table S1). We used query sequences 
from multiple organisms for manual annotation to improve 
gene predictions by increasing the likelihood of matching 
conserved MHC elements. Query sequences were used 
to search the M. georgesi genome and a global transcrip-
tome generated by Nelson et al. (2024), using BLASTn 
and tBLASTn, respectively, with an e-value threshold of 
1e-10. Exon splicing sites were manually checked by vis-
ualising against the reference genome, global transcrip-
tome, and automated annotation in IGV v.2.16.0 (Robin-
son et al. 2011). Nucleotide sequences for each gene were 
then extracted from the reference genome using BEDtools 
v2.29.2 (Quinlan and Hall 2010) and input into MEGA v11 
(Tamura et al. 2021). Nucleotide sequences were converted 
to protein sequences to ensure no stop codons were present 
within exons. Pairwise nucleotide similarity between genes 
was calculated using EMBL-EBI Clustal Omega (Madeira 
et al. 2019). To classify MHC genes as classical or non-clas-
sical, we analysed gene expression by aligning transcripts 

from brain, liver, and spleen tissues to MHC genes using 
IGV v.2.16.0. Phylogenetic relationships between genes 
within each class were inferred using sequences acquired 
from a maximum likelihood (ML) analysis performed in 
IQ- TREE2 (Minh et al. 2020). When possible, complete 
coding sequences for reptiles and amphibians were acquired 
from NCBI; however, predicted sequences were used for 
the inclusion of testudines data (Table S2, Table S3). The 
ModelFinder option (-m MFP) within IQTREE2 was used 
to select the best-fitting substitution model according to the 
Bayesian information criterion (Kalyaanamoorthy et al. 
2017). Node support was assessed using the ultrafast boot-
strap (-bb 1000) approximation and the like approximate 
likelihood-ratio test (-alrt 1000) (Guindon et al. 2010; Hoang 
et al. 2018).

Re-sequenced genome sampling, extraction, 
and sequencing

Re-sequenced genomes were generated using samples col-
lected by the NSW Department of Climate Change, Energy, 
the Environment, and Water (DCCEEW) during surveys 
before the disease outbreak in April of 2007, after the out-
break in November 2019, and from F2 backcrosses to M. 
georgesi in November 2019 (Table S4). DNA samples were 
collected by removing part of the trailing webbing of the 
clawless toe on the hindfoot or by extracting blood from 
the jugular vein (Georges et al. 2018) (Table S4). Samples 
were stored in 75% ethanol at − 20 °C in the University of 
Canberra Wildlife Tissue Collection (GenBank UC < Aus 
>). For DNA extractions we performed a high salt method 
on 19 skin tissue biopsies and 16 dried bloods on Whatman 
card samples following a modified protocol from Aljanabi 
and Martinez (1997) that included an additional round of 
spin column centrifugation. DNA concentration and quality 
were assessed using a Nanodrop 2000 Spectrophotometer 
(ThermoFisher Scientific) and 0.95% agarose gel electro-
phoresis for 30 min at 90 V. To maximise DNA quality for 
WGR, we undertook an additional DNA repair step using 
a FFPE DNA repair protocol (New England Biosciences). 
Repaired DNA concentration and quality were assessed 
using a Nanodrop 2000 Spectrophotometer (ThermoFisher 
Scientific) and 0.95% agarose gel electrophoresis for 30 min 
at 90 V. Samples were sent to Ramaciotti Centre for Genom-
ics (University of New South Wales, Australia) for WGR. To 
minimise batch effects, all samples were processed simulta-
neously on an Illumina NovaSeq 6000, using a TruSeq DNA 
PCR free library prep kit across six lanes.

Re-sequenced genome alignment

Raw 150 bp paired-end FASTQ reads from 35 individuals 
were quality checked and trimmed using fastQC v0.11.8 
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(Andrews 2010) and trimmomatic v0.39 (Bolger and Giorgi 
2014) with the parameters ILLUMINACLIP:TruSeq3-PE.
fa:2:30:10 SLIDINGWINDOW:4:5 LEADING:5 TRAIL-
ING:5 MINLEN:25. Reads were aligned to the reference 
genome using Burrows-Wheeler aligner (BWA) v0.7.17 (Li 
and Durbin 2009) ‘mem’ function with default parameters. 
The resulting alignment files were sorted into BAM format 
using SAMtools (Li et al. 2009) sort v1.6 and alignment 
rates and coverage calculated using SAMtools v1.6 ‘flag-
stat’ and ‘depth’, respectively (Li et al. 2009) (Table S4). 
As individuals were sequenced across multiple lanes, BAM 
files pertaining to a single individual were merged using 
SAMtools merge and duplicates marked and removed using 
picard v2.21.9 MarkDuplicates (http:// broad insti tute. github. 
io/ picard/). For genome-wide investigations, we partitioned 
our data into three putative groups (two temporal, reflec-
tive of groups investigated by Nelson et al. (2024)); wild 
individuals sampled before the disease outbreak in 2007, 
N = 19 (hereafter ‘before’); wild individuals sampled after 
the disease outbreak between 2015–2020, N = 12 (hereafter 
‘after’); and F2 backcrosses to M. georgesi, N = 4 (hereafter 
‘backcross’). For demographic history and MHC charac-
terisation, the backcross group was excluded to avoid con-
founding effects on historical demography. Additionally, 
within the scope of this study, the absence of E. macquarii 
annotations, combined with the limitations of short-read 
data, posed a risk to the reliability of accurate variant calls 
(Figure S1).

Genome-wide diversity

To investigate genome-wide diversity, autosomal heterozy-
gosity and runs of homozygosity (ROHs) were calculated 
across each genome (N = 35) using ROHan (Renaud et al. 
2019). ROHan combines a local Bayesian model and hid-
den Markov model (HMM) to identify autosomal heterozy-
gosity and ROHs from BAM files of individually mapped 
genomes (Renaud et al. 2019). Analyses were run on nine 
macrochromosomes, excluding the putative sex chromosome 
(scaffold 4) which was identified through genome cover-
age analyses (Nelson, unpublished data) and inferred from 
the E. macquarii karyotype (Martinez et al. 2008). We ran 
ROHan with three parameters; –rohmu 5e-5, –TsTv 1.965, -t 
4 and –size 100,000 (100 kb windows) on an Amazon Web 
Services ubuntu 20.04 LTS cloud machine (r5.8 × large, 32 
vCPU, 256 Gb RAM, 1 TB attached storage). Inbreeding 
coefficient based on ROH  (FROH) (McQuillan et al. 2008) 
and average individual-level heterozygosity was calculated 
for each group using the hmmrohl and summary texts output 
by ROHan, respectively. Results were visualised in R v4.3.0 
using dplyr() v1.1.2. and ggplot2() v3.5.0. We also calcu-
lated the number of genome-wide variants using BCFtools 
v1.3.1 ‘call’ (Danecek et al. 2021).

Demographic reconstructions

Changes in ancient effective population size (Ne) over time 
were assessed with the pairwise sequentially Markovian coa-
lescent (PSMC) model (Li and Durbin 2011) using sorted 
BAM files for pure M. georgesi (N = 31). For demographic 
reconstructions, sites with coverage below one-third or 
above twice the sample’s average coverage were removed 
following the approach of Bi et al. (2020). Additionally, we 
included only scaffolds > 50 kb and excluded the sex chro-
mosome. Individual consensus genome sequences contain-
ing SNP variants were generated for 31 M. georgesi using 
SAMtools v1.6 with the ‘mpileup’ command. ‘mpileup’ was 
used to directly represent sequencing variation without addi-
tional filtering, minimising potential biases in demographic 
inference (Li et al. 2009). For PSMC analyses, the files were 
processed using ‘vcfutils.pl’ and ‘vcf2fq’ to call SNP vari-
ants, following the recommended protocol (https:// github. 
com/ lh3/ psmc). PSMC v0.6.5-r67 was run with the fol-
lowing default parameters, -N25 -t15 -r5 -p ‘4 + 25 × 2 + 4 
+ 6’. Results were scaled by a mutation rate of 4.61 ×  10%9 
substitutions per site per generation based on estimates for 
Chrysemys picta (Bergeron et al. 2023). As precise details 
of the life history of M. georgesi are not available, we used 
a generation time of 14 years based on manager recommen-
dations. To investigate recent historical patterns of demog-
raphy we calculated Ne using GoNe (Santiago et al. 2020). 
Following the SAMtools v1.6 ‘mpileup’ step mentioned 
above, we used BCFtools ‘call’ for multi-sample variant 
calling. For stringent filtering, we retained variants with a 
MAF of > 0.04, where the alternate allele must be seen twice 
in the population, which could be homozygous in a single 
individual or heterozygous in two individuals. As a result, 
2,979 variants were removed from the total of 3,681,055 
(Table S8), as they were more likely to represent genome-
wide sequencing errors than true variants in this genetically 
homogeneous species. We conducted multiple iterations of 
GoNe with default parameters to determine the optimal val-
ues for hc (0.01, 0.05, 0.1) and various recombination rate 
estimates (1, 2, 3). The optimal values were identified as a 
recombination rate of 3 cM/Mb and an hc of 0.01. Ne outputs 
were visualised using ggplot2() v3.5.0 in R v4.3.0.

MHC gene variant calling and analyses

To characterise MHC diversity in the before and after sam-
ples (N = 31), we generated a joint-genotyped dataset. This 
was done using GATK GenomicsDBImport to create a 
sample database, followed by GATK GenotypeGVCF to 
produce a whole-genome joint-genotyped multi-sample 
VCF file containing both temporal groups. As previously 
mentioned, backcross animals were excluded from these 
analyses due to the absence of manually annotated MHC 
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genes in E. macquarii and concerns about the reliability 
and confidence of short-read alignment and variant calls 
in the MHC core region. This is because uncharacterised 
gene duplication and structural factors can introduce arti-
facts when interspecific short reads are mapped to the 
genome (Jaegle et al. 2023) (Table S4), resulting incom-
plete or inaccurate variant identification and interpretation. 
We filtered the joint genotyped multi sample VCF using 
VCFtools v0.1.14 (Danecek et al. 2011), retaining SNPs, 
multiple nucleotide polymorphisms (MNPs), non-biallelic 
SNPs, and indels, to obtain raw variant counts within our 
manually annotated MHC exons using BCFtools (Table 2). 
Among these variant types, SNPs were the most abun-
dant, providing the highest level of variation and making 
them the most informative for downstream analyses. For 
SNP analyses, we filtered the VCF to include only biallelic 
SNPs found within the MHC exons. We applied GATK 
VariantFiltration and SelectVariants v4.2.0.0 (McKenna 
et  al. 2010) using GATK-recommended thresholds to 
remove variants with MQ < 40, − 12.5 < MQRankSum 
< 12.5, − 8 < ReadPosRankSum < 8, and a stringent QUAL 
score of < 80. BCFtools was then used to filter out sites 
with an average depth across all samples of < 10 and those 
with an allelic balance > 0.9. Finally, we used VCFtools to 
retain SNPs with a minor allele frequency (MAF) > 0.01, 
to retain rare variants within the MHC region. Using the 
filtered biallelic SNP set, we then calculated the number 
of SNPs in each gene and determined if they resulted in 
synonymous or non-synonymous amino acid substitutions 
using Geneious Prime 2020 (https:// www. genei ous. com/). 
To identify full length allele sequences for each MHC 
gene in each individual, we undertook phasing. First, we 
used GATK FastaAlternateReferenceMaker (v4.2.0.0) 
(McKenna et al. 2010) to generate single sample FASTA 
sequences for each gene. SeqPHASE (Flot 2010) was 
used to convert the FASTA sequences into phase format 
then PHASE (v.2.1.1) (Stephens et al. 2001; Stephens and 
Scheet 2005) was run to generate alleles and SeqPHASE 
used to convert phase output into phases FASTA sequences 
to give 70 sequences for each gene (two per individual). 
We calculated observed (Ho) and expected heterozygo-
sity (HE) across the complete MHC I and MHC II exon 
sequences in temporal (before and after) using GenAlEx 
v6.5 (Peakall and Smouse 2006) and visualised average 
individual Ho by group using the boxplot() functions 
in R. To assess genetic differentiation among individu-
als, we generated principal component analysis (PCoA) 
plots using our genome-wide and MHC joint genotyped 
VCFs, using the adegenet package (Jombart 2008) in R 
(v4.1.1) (R Core Team 2023). Comprehensive details of 
sample metadata and a breakdown of the methodological 
approaches used in this study are shown in Table S4 and 
Figure S1, respectively.

Results

MHC annotation

Through manual annotation of immune-related genes, 
we identified five MHC class I loci (Myge-UA, Myge-UB, 
Myge-UC, Myge-UD, Myge-UE; labelled from most to 
least number of detected variants), and ten MHC class II 
loci (Myge-DAA1, Myge-DAB1, Myge-DAA2, Myge-DAB2, 
Myge-DAA3, Myge-DAB3, Myge-DAA4, Myge-DAB4, 
Myge-DAA5, Myge-DAB5), all located within a 272,213 
bp region on scaffold 10. The gene nomenclature adheres 
to the conventions established by Miller et al. (2005) and 
Miller et al. (2015) for a reptilian species; however, lim-
ited annotations and published sequences in other reptile 
species made comparative interpretation challenging. The 
M. georgesi MHC class II genes are densely clustered, 
consisting of alpha (here labelled DAA) and beta (here 
labelled DAB) chains encoded on the 3′ to 5′ and 5′ to 3′ 
strands, respectively (Table 1). Structurally, the class II 
genes exhibit high conservation, except for Myge-DAB5 
which shows a putative loss of exon 5 with no transcrip-
tional evidence across three tissue types (Fig. 2). Similarly, 
MHC class I genes display a largely conserved architec-
ture, except for Myge-UA, which has notably larger introns 
1 and 2 compared to other MHC class I genes and con-
tains an additional exon (Fig. 2; Table S5). Differentia-
tion analyses revealed high sequence similarity between 
Myge-UB and Myge-UE, whereas Myge-UD, Myge-
UA, and Myge-UC exhibited closer sequence similarity 
(Table S6 A). As expected, lower levels of differentia-
tion were observed within the MHC II alpha (DAA) and 
beta (DAB) gene groups compared to between these gene 
groups (Table S6B). Transcriptome data did not provide a 
clear distinction between classical and non-classical Class 
I genes, as transcript levels across the three tissue types 
(brain, liver, and spleen) were consistent for all genes, 
suggesting that additional tissue types may be needed to 
identify if any of the identified class I genes may have non-
classical functions.

To contextualise the genetic relationships among MHC 
homologs in M. georgesi and extend these comparisons 
across non-avian and avian reptiles, we constructed phy-
logenetic trees using complete coding sequences of MHC 
I and MHC IIB sequences. The resulting phylogenies 
showed that M. georgesi forms monophyletic groups 
with other testudines across both classes, with certain 
M. georgesi genes forming unique clades alongside other 
testudines (Myge-UA, Myge-UB, Myge-UE, Myge-DAB4) 
(Figure S2; Figure S3). Furthermore, testudines and mem-
bers of the Crocodilia were shown to form a monophyletic 
group, separate from Squamata, Aves, and Rhynchoce-
phalia in the MHC class II tree (Figure S3).
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MHC diversity

Following the identification and filtering of MHC variants, 
we identified 257 biallelic SNPs across all MHC exons in the 
before group, including 127 SNPs in class I and 136 SNPs 
in class II genes (Table 2). In the after group, 232 biallelic 
SNPs were identified across all MHC exons, comprising 108 
SNPs in class I and 124 SNPs in class II genes (Table 2). The 
SNPs were unevenly distributed among MHC genes, with 
highest number of variants contained in Myge-UA (N = 66) 
and the lowest number of variants contained in Myge-DAB3 
which was monomorphic (Table 2). Overall, the 14 genes 
with variants had an average of 18 exonic SNPs (range: 
3–66), most of which were in exons 2, 3, and 4 across both 
classes. Among the 257 SNPs identified in the ‘before’ ani-
mals, 171 (67%) were predicted to result in non-synonymous 
substitutions. In the ‘after’ animals, 154 of the 232 (59%) 
detected variants were also predicted to be non-synonymous. 
Non-synonymous variation was observed across 14 genes in 
the ‘before’ group and 13 genes in the ‘after’ group, respec-
tively. A total of 15 and 13 alleles were observed in MHC 
I and 35 and 27 alleles were observed in MHC II in before 
and after groups, respectively (Table 2). The before popula-
tion had one private allele in Myge-UC and Myge-UE, and 
11 private alleles across Myge-DAA1, Myge-DAA2, Myge-
DAB4, Myge-DAA5, Myge-DAB5 that were unique to that 
population. We found no significant differences in allelic 
diversity between temporal groups (MHC I: t = 1.8711, df 
= 8, p-value = 0.09823; MHC II: t = 1.688, df = 16, p-value 
= 0.1108) (Table 2). On average, class I genes had higher 
numbers of SNPs, non-synonymous SNPs, and fewer alleles 
compared to class II. SNP HO and HE was similar across 
temporal groups (Table S9) with slightly lower observed 
than expected heterozygosity at MHC loci. Higher number 

of variants corresponded with higher levels of heterozygo-
sity across both classes in pure M. georgesi. PCoA analyses 
revealed no clear temporal differentiation in MHC genes, 
although clustering of individuals was observed, potentially 
reflecting the presence of shared alleles (Figure S6). Slightly 
greater differentiation was observed in the ‘before’ group 
for MHC I genes (Figure S6 A), indicating a minor degree 
of temporal structuring. In contrast, genome-wide analyses 
showed no discernible clustering patterns. The inclusion 
of backcross individuals resulted in tighter clustering of 
purebred animals, reflecting the nearly identical genome-
wide diversity within the species and the absence of distinct 
genetic structuring (Figure S7 A). This observation was 
further validated by the exclusion of backcross individuals, 
which revealed no significant clustering or differentiation 
among pure groups, suggesting minimal genetic divergence 
over time (Figure S7B).

Genome-wide diversity and demographic history

All whole-genome samples had an average alignment 
rate of 99.6% and 99.5% for pure and backcross animals, 
respectively, across ten putative macrochromosomes (scaf-
folds 1–10). Raw SNP calls across the genomes were sub-
stantially higher in backcross animals (~ 15,000,000) com-
pared to pure M. georgesi (~ 650,000) (Table S7). ROH 
were distributed across all macrochromosomes (Fig. 3A). 
The longest Run of Homozygosity (ROH) was identified 
on scaffold 5 in purebred individuals and covered 36% of 
the scaffold’s total length (Fig. 3A). In contrast, scaffold 
10 exhibited the lowest density of ROH relative to its size 
(Fig. 3A). The pure samples had 90% of their genome in 
ROH, characterised by short (< 2 Mb) and long (> 2 Mb) 
ROH as defined by Ceballos et al. (2018), while only a 

Table 1  Manually annotated 
MHC I and MHC II genes 
on scaffold 10 used for 
downstream analyses. Start 
and end coordinates refer to 
whole-genome coordinates 
on the reference genome 
(GCA_040894355.1). 
Coordinates for each exon are 
presented in table S5

Class Gene Scaffold Exons Start End Strand

MHC I Myge_UB 10 8 30,471,574 30,493,484 -
Myge_UE 10 7 30,500,310 30,508,525 -
Myge_UC 10 7 30,533,405 30,538,940 -
Myge_UD 10 7 30,567,953 30,577,665 -
Myge_UA 10 7 30,583,497 30,591,368 -

MHC II Myge_DAA1 10 4 30,660,982 30,663,487 -
Myge_DAB1 10 6 30,665,109 30,669,452  + 
Myge_DAA2 10 4 30,677,698 30,680,223 -
Myge_DAB2 10 6 30,681,654 30,686,193  + 
Myge_DAA3 10 4 30,698,489 30,700,988 -
Myge_DAB3 10 6 30,702,397 30,706,348  + 
Myge_DAA4 10 4 30,717,695 30,720,191 -
Myge_DAB4 10 6 30,721,446 30,725,542  + 
Myge_DAA5 10 4 30,735,202 30,737,782 -
Myge_DAB5 10 5 30,739,701 30,743,969  + 
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small number of short ROH were detected in backcross 
individuals (Fig. 3A, Table S7, Figure S4, Figure S5). 
Small ROHs measuring 0–500 kb, 500–1000 kb, and 
1000–2000 kb had similar frequencies across groups (Fig-
ure S5 A). Although counts of small and long ROH were 
relatively similar, the proportion of the genome in long 
runs was notably higher than small runs (Figure S5B). 
This is consistent with the expectation that larger ROHs 
occupy a greater proportion of the genome. The before and 
after samples had an identical proportion of the genome in 
ROH and comparable ROH lengths. The average number 
of ROH per individual was also consistent between the 
two temporal groups. No significant differences in nucleo-
tide diversity across the genome were observed between 
the before and after individuals, regardless of whether 
ROH were included or excluded. Both temporal groups 

displayed significantly lower nucleotide diversity com-
pared to the backcross individuals (Table S7).

We identified significantly lower levels of genome-wide 
SNPs (Table S7) and autosomal heterozygosity in pure ver-
sus backcross animals (pure: 1.18 ×  10−4; backcross: 6.8 
×  10−3, t = − 16.01, p = 0.001) (Fig. 4A). No significant dif-
ference was observed between temporal groups (before: 1.17 
×  10−4; after: 1.21 ×  10−4, t = − 1.40, p = 0.1745) (Fig. 4B).

Our demographic history reconstructions using PSMC 
analysis indicate a gradual, long-term decline in effective 
population size beginning approximately 110,000 years 
ago, coinciding with the last glacial period (Fig. 5A). The 
largest effective population size estimates correspond 
to a period before the last interglacial, around 110,000 
years ago. These estimates were consistent across all 31 
individuals analysed. Estimates predating this timeframe 

Fig. 2  Genomic architecture of major histocompatibility complex 
(MHC) genes. A Genomic architecture of the core major histocom-
patibility complex (MHC) region, including class I and class II genes, 
on scaffold 10. B and C Genomic coordinates and structural organisa-

tion of manually annotated Myuchelys georgesi (Myge) MHC genes 
presented as open reading frames (ORFs), in order of genomic posi-
tion along scaffold 10
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are likely less reliable due to including the accumulation 
of errors in coalescent events in deep time and limited 
resolution in ancient periods; therefore, they should be 

approached with caution. GoNe analyses showed there 
has been a decline in effective population size from an 

Fig. 3  Runs of homozygosity (ROH) heatmap illustrating A the chro-
mosomal distribution, length, and the proportion of the genome in 
ROH across nine macrochromosomes in before (individuals 1–19) 

and after (individuals 20–31), relative to F2 backcrosses (individu-
als 32–35). B Enlarged view of scaffold 10. Major histocompatibility 
complex (MHC) core region marked by a red arrow and parallel lines

Fig. 4  Genome-wide heterozygosity estimates for Myuchelys georgesi 
calculated using ROHan. Boxes represent the interquartile range 
(IQR) with whiskers extending to the upper and lower ranges and 
the bold line representing the group mean. A Autosomal heterozy-

gosity estimates for all groups including before, after, and backcross. 
B Rescaled autosomal heterozygosity estimates of pure M. georgesi 
before and after groups plotted in A
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estimate Ne of 700, 50 generations ago to 100 in the cur-
rent generation (Fig. 5B).

Discussion

Here we provide a critical first step towards understanding 
the genome-wide and immune gene diversity in the Bellinger 
River turtle. We found low levels of genome-wide diversity 
in pure M. georgesi compared to backcross animals and evi-
dence of long-term, continual declines in effective popula-
tion size. We present the first comprehensive overview of 
the location and structure of the MHC region in a freshwa-
ter turtle species. Based on our manual annotations of the 
MHC genes, we observed relatively low levels of genetic 
variation within this gene region in pure M. georgesi rela-
tive to disease-resilient hybrids. However, scaffold 10, which 
encompasses the MHC region, exhibited higher levels of 
variation compared to other macrochromosomes. Consistent 
across both genome-wide and immune gene analyses, no 
significant changes in genetic diversity were detected before 
and after the disease outbreak.

Leveraging a scaffold-level genome assembly and 
RNAseq data, we identified MHC genes localised within 
a single core region, consistent with observations in many 
amniote species (Fig. 2A). Like M. georgesi, these studies 
revealed a single-core MHC region with linked class I and 
class II subregions. While the relocation of MHC genes to 
other genomic regions has been observed in reptiles—for 
instance, the displacement of class I and class II genes from 
the core MHC region in tuatara and anole (Card et al. 2022; 
Gemmell et al. 2020; Miller et al. 2015) —we did not find 
evidence for extensive duplication of functional MHC genes 

outside of the core region, aside from incomplete pseudo-
genes lacking major exons. This suggests a highly conserved 
MHC region with potential constraints on duplication to 
other regions of the genome in M. georgesi. The genomic 
organisation of each class forms two distinct clusters 
observed within the single-core MHC region as observed in 
the Chinese alligator (He et al. 2022b) and komodo dragon 
(Reed and Settlage 2021), with no interspersal of classes 
as observed in the tuatara (Gemmell et al. 2020), and some 
amphibian and mammalian species (He et al. 2023; Peel 
et al. 2019). These topologies align with the known evolu-
tionary relationships within Reptilia (Zardoya and Meyer 
2001), supporting both the conservation of MHC loci and 
their divergence along lineage-specific trajectories. Phyloge-
netic analyses of immune genes similarly reflect these estab-
lished relationships, with both MHC classes showing the 
closest divergence from Crocodilia (Figure S2, Figure S3). 
This raises the question of whether these clades represent 
classical and non-classical genes or suggest specialised 
roles within the M. georgesi immune system. In humans, 
for instance, classical HLA (human leukocyte antigen) class 
Ia genes, such as HLA-A, are involved in antigen presenta-
tion to immune cells, are highly polymorphic, and play a 
critical role in adaptive immunity (Le Bouteiller and Lenfant 
1996). In contrast, non-classical HLA class Ib genes such 
as HLA-G and HLA-E exhibit specialised immunomodula-
tory functions, are highly conserved and characterised by 
limited polymorphism, and are predominantly expressed 
in immunologically significant tissues (LeMaoult et al. 
2003). Consistent with the genomic architecture observed 
in amphibians, MHC class I introns in M. georgesi are nota-
bly longer than those of MHC class II, where MHC II DAA 
and MHC II DAB are tightly linked (He et al. 2023). These 

Fig. 5  Changes in effective population size (Ne) over time estimated 
using A PSMC and B GoNe for Myuchelys georgesi. The x axes indi-
cate time before present in years, and the y axis indicates the effective 
population size. A generation time of 14 years was used for both anal-

yses. For PSMC analyses, axes were scaled by mutation rate of 4.61 
×  10−9 substitutions per site per generation. PSMC rectangles corre-
spond to the last inter-glacial (red, warm) and glacial period (blue, 
cold). Vertical dotted line represents arrival of humans to Australia
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keys features suggest that the MHC region in M. georgesi 
is relatively simple as the core MHC I and MHC II regions 
tightly clustered and adjacent in the genome. This simpli-
fied genomic arrangement appears to have been largely 
conserved throughout the evolutionary history of tetrapods, 
including birds (He et al. 2022a), reptiles (Card et al. 2022; 
He et al. 2022b; Miller et al. 2015), and mammals (Silver 
et al. 2024), particularly in MHC II genes.

Our demographic reconstructions indicate that the effec-
tive population size of M. georgesi has been declining since 
the last interglacial period (Fig. 5), potentially due to lim-
ited gene flow and accumulation of runs of homozygosity. 
Mitochondrial data estimate that M. georgesi diverged from 
its close relative, E. macquarii, approximately 6.1 million 
years ago during a period of aridification (Le et al. 2013). 
Geographic isolation and habitat fragmentation likely con-
tributed to the demographic trends identified in our PSMC 
analyses. The low Ne estimates (< 500) from approximately 
10,000 years ago (Fig. 5A) suggest that climatic changes 
during the last glacial period may have influenced the 
genetic structure of M. georgesi, similar to patterns observed 
in other freshwater turtle species (Hilgers et al. 2024). How-
ever, unlike these common turtle species, which eventually 
reach an equilibrium in Ne (Hilgers et al. 2024), M. georgesi 
has continued to experience a gradual, long-term decline. 
The glacial period likely reduced habitat availability and 
fragmented freshwater populations, leading to isolation, 
speciation, and long-term declines in effective population 
size. The species isolation, combined with life-history traits, 
have likely intensified the impact of accumulated inbreeding, 
resulting in reduced fitness and an elevated risk of extinction 
over time (Frankham et al. 2017). The long-term isolation 
and gradual decline in effective population size represent key 
findings for the species, likely exacerbating the critically low 
levels of contemporary genome-wide diversity observed in 
heterozygosity and ROH analyses. Consequently, this accu-
mulation of inbreeding effects, compounded by geographic 
barriers to dispersal, may have driven the species into an 
extinction vortex well before the onset of the Anthropocene. 
This is supported by the large proportion of the genome 
found in ROH (Fig. 3A), as long-term inbreeding and gene 
flow can directly influence ROH abundance (Ceballos et al. 
2018; Foote et al. 2021; Hewett et al. 2023; Mooney et al. 
2021). Short ROH are indicative of background relatedness 
or inbreeding resulting from distant common ancestry, while 
long ROH reflect recent parental relatedness or occur in 
genomic regions with low recombination rates (McQuillan 
et al. 2008; Pemberton et al. 2012). In M. georgesi, the ROH 
distribution includes both short (< 2 Mb) and long (> 2 Mb) 
segments (Fig. 3A, Figure S4, Figure S5). The elevated lev-
els of homozygosity observed in the contemporary popula-
tion are likely the consequence of both historical inbreeding 
among distant ancestors and recent background relatedness. 

This is further supported by the recent declines identified 
through GoNe analyses, which have likely contributed to 
the significant proportion of the genome comprising of long 
ROH (Fig. 5B, Figure S5B, Table S5) (Kardos et al. 2021; 
Pemberton et al. 2012). ROHs, which are typically regions 
identical by descent, are likely absent in backcross animals 
due to increased genetic diversity and reduced inbreeding 
in parental E. macquarii in addition to heterozygote advan-
tage and levels of genetic divergence (7.8%) between the 
two species (Fielder et al. 2012). The absence of signifi-
cant differences in both the number and length of ROH and 
in autosomal heterozygosity across temporal groups sug-
gests that genomic signatures associated with the recent 
disease outbreak are not yet detectable at the genome-wide 
level in a species with long generation times. These find-
ings conflict with previous analyses using 460 SNPs and 
a sample set of before = 92 and after = 38 (Nelson et al. 
2024). As WGR leverages a dense array of markers spread 
across an entire genome, compared to the RRS data that 
surveyed 0.000023% of the genome, the increased statisti-
cal power and even genomic coverage of the genome-wide 
dataset yields results that are more robust and reliable (Jeon 
et al. 2024). Although these signatures are not apparent in 
the genome-wide data yet, these signatures may emerge in 
subsequent generations, potentially increasing the species’ 
trajectory towards extinction, emphasising the importance 
of ongoing genetic monitoring.

Interestingly, the terminal region of scaffold 10 shows 
a notable absence of ROH, with only a few ROH observed 
in certain individuals, including backcrosses (Fig. 3). This 
pattern could potentially result from various factors, such 
as telomeric recombination disrupting long ROH tracts at 
the chromosomal ends (Bosse et al. 2012), or the presence 
of a functionally important gene region as observed in our 
characterisation of the MHC core region. However, further 
investigation would be necessary to confirm this.

Here we found higher levels of expected (HE) than 
observed (HO) at MHC loci. We previously found higher 
HO than HE heterozygosity in the species using 460 puta-
tively neutral SNP markers (Nelson et al. 2024). Although 
neutral genetic variation is frequently employed as a proxy 
for adaptive potential, our findings support the argument 
that neutral diversity may not fully capture adaptive poten-
tial, particularly when only a small set of RRS variants is 
considered. Instead, genetic diversity at specific functional 
loci provides a more accurate measure of a population’s 
adaptive potential (Holderegger et al. 2006; Teixeira and 
Huber 2021). MHC variants play a critical role in a wide 
range of biological traits. For instance (i) immune recogni-
tion where a single amino acid change in the antigen-binding 
region of the DRB*1302 allele in humans abolishes malaria 
recognition (Frank 2002; Summers et al. 2003); (ii) suscep-
tibility to infectious and autoimmune diseases, as observed 
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in MHC IIB heterozygotes, which exhibit lower Ranavirus 
infection intensity compared to homozygotes in larval wood 
frogs (Rana sylvatica) (Savage et al. 2019); (iii) individual 
odours and mating preferences seen in song sparrows (Melo-
spiza melodia) (Grieves et al. 2019) and other aves (Leclaire 
et al. 2014), where preen oil odour is used to discern MHC 
similarity and diversity of potential kin or mates and; (iv) 
pregnancy outcomes observed in giant pandas (Ailuropoda 
melanoleuca), where mating pairs with MHC dissimilar-
ity exhibit higher reproductive success (Sommer 2005; Zhu 
et al. 2019). High levels of inbreeding often lead to an over-
all decrease in MHC variants, loss of rare and potentially 
advantageous alleles, and a decreased ability to adapt to 
novel or rapidly evolving pathogens (Altizer et al., 2003; 
Spielman et al., 2004). Despite the low genome-wide diver-
sity observed in M. georgesi, MHC genes appear relatively 
conserved. The lack of ROH seen in the core MHC region, 
and scaffold 10 in general, relative to other macrochromo-
somes suggests that SNP diversity alone, may not be a pri-
mary driver of the species’ disease susceptibility as initially 
hypothesised. Instead, the interspecific diversity introduced 
by E. macquarii across the genome more broadly, including 
other variant types not explored in this study, may contribute 
to the disease resilience of backcross individuals compared 
to their pure M. georgesi counterparts; however, this would 
need further investigation (Parrish et al. 2024; Yang et al. 
2024). Individuals from the after disease group exhibit a 
reduced number of SNPs, non-synonymous mutations, and 
alleles at six out of the 15 MHC genes when compared to 
the before group. These observations may reflect a possi-
ble sampling artifact or could represent early evidence of 
allele loss in the wild, with some of the remaining alleles 
potentially conferring resistance to nidovirus infection, as 
seen in amphibians with chytridiomycosis (Fu et al. 2023). 
However, longer-term monitoring of subsequent generations 
in addition to metadata of resilient and animals that succumb 
to the disease will be necessary to validate these findings.

The results of this study should be interpreted with 
consideration of its limitations. The first limitation is the 
scarcity of complete coding sequences for testudines and 
other reptilian species, which hinders the ability to draw 
high-resolution conclusions about the evolutionary histories 
and classification of MHC homologs in M. georgesi and tes-
tudines more broadly. Compared to the extensive genomic 
and immunological resources available for other tetrapod 
clades, such as marsupials (Belov et al. 2013), reptiles—
particularly testudines—still lack comprehensive immune 
gene resources. This deficiency in data restricts the ability to 
resolve evolutionary relationships of ancient lineages effec-
tively. As next-generation sequencing (NGS) becomes more 
common for non-model organisms, the increasing availa-
bility of genomic data and resources will help address the 
current deficiency in MHC nomenclature and classification. 

Secondly, are comparisons between pure and backcross ani-
mals. Determining whether discrepancies between pure and 
backcross animals arise from misalignments due to struc-
tural variations or interference from paralogous sequences 
affecting accurate sequence alignment across backcross 
genomes can be difficult with short-read data. Synteny 
analyses between pure species could offer valuable insights 
into chromosomal rearrangements and regions with complex 
architecture, including the terminal region of scaffold 10 (Li 
et al. 2022). Additionally, this study uses short-read data to 
focus on biallelic SNPs as proxies for genetic diversity, simi-
lar to the approaches undertaken by Stroupe et al. (2022) and 
Askelson et al. (2023) investigating hybridisation in North 
American bison (Bison bison) and white-breasted nuthatches 
(Sitta carolinensis), respectively. Exploring structural vari-
ants and indels represents another promising approach to 
gain deeper insights into genomic diversity within and 
between species. These elements can span multiple alleles, 
genes, and gene regions simultaneously, potentially exerting 
a more substantial influence on fitness (Wold et al. 2021). 
For future functional studies, annotating MHC genes in E. 
macquarii and employing targeted amplicon sequencing 
would facilitate thorough and precise comparisons of the 
genomic impacts of hybridisation within MHC loci, includ-
ing duplications, copy number variations, and expansions 
in gene families (Horton et al. 2004). Additionally, greater 
sequencing effort of first-generation hybrids and additional 
backcross individuals will offer a comprehensive view of 
genomic dynamics, facilitating a deeper understanding of 
the extent of introgression and its potential implications 
for genome-wide and immune function, and overall fitness 
across a larger sample set.

Conclusion

Our study demonstrates a high level of conservation in the 
functionally important MHC core region, in contrast to low, 
putatively neutral, genome-wide diversity of this critically 
endangered turtle. Using short-read Illumina re-sequenced 
genomes, we reconstructed the demographic history of the 
population, revealing a pronounced and ongoing gradual 
decline in effective population size and a persistent trajec-
tory towards genetic depletion over time. Genome-wide 
diversity shows evidence of having diminished over time 
and is expected to decline further, particularly following the 
population crash triggered by the 2015 nidovirus outbreak. 
Lastly, by characterising the MHC region in a freshwater tur-
tle species, this study provides important insights to support 
ongoing research within this species and lays the ground-
work for future investigations into MHC diversity across 
testudines more broadly.
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Opportunities for research and conservation of freshwater 
turtles in Australia 

INTRODUCTION

Globally, over half of our ~360 turtle species are threat-
ened or endangered (Lovich et al.,  2018; Stanford 
et al.,  2020) resulting in a significant loss of ecosys-
tem services. Turtles can reach high biomasses and 
influence the environment (Glorioso et al.,  2010; 
Iverson,  1982) through their roles in food webs as 
both consumers (Blamires & Spencer,  2013; Petrov 
et al., 2018) and prey (Lettoof et al., 2021). Turtles influ-
ence water quality (Santori et al., 2020), soil bioturbation 
(Kaczor & Hartnett, 1990), seed dispersal (Falcón et al. 
2020), and nutrient cycling (Wenger et al., 2019). Thus, 
ecosystem health is affected by declines in turtle popu-
lations. Socially, turtles were part of cosmic symbolism 
of ancient cultures (Rappengliick & Gilching, 2006) and 
remain important in many communities and traditional 
cultures (Cann & Sadlier, 2017; Fordham et al., 2006). 
They also play a role in storytelling as popular char-
acters in books and movies, often as the underdog or 

hero (Hicks & Kanevsky, 1992). Thus, conservation of 
turtles is valuable environmentally and socially.

Freshwater turtle conservation in Australia is cru-
cial, because the majority of species are endemic 
(88%), which places an imperative on Australian soci-
ety to preserve their existence. Australian freshwater 
turtles, with the exception of Carettochelys, represent 
the distinct sub- family Chelodininae within the side- 
necked turtles (Pleurodira). Chelodininae is restricted 
to Australasia, where they are adapted to the dynamic 
freshwater environment. Australia is also a largely arid 
island continent with highly irregular rainfall in many 
places, which makes its freshwater systems more 
susceptible to climate change. Australian freshwater 
turtles are currently threatened by a suite of factors 
affecting the environment. Proximate causes for their 
declines include viruses (Chessman et al.,  2020), 
habitat loss and degradation (Chessman, 2011), and 
invasive species (Fordham et al.,  2006; Spencer & 
Thompson, 2005).

To address declines in Australian freshwater turtles 
and ensure their persistence for future generations, 
research (Chessman, Dillon, et al., 2023; Chessman, 
Fielder, et al., 2023; Coleman, 2023; Kidman et al., 2023; 
McKnight, 2023; McKnight et al., This issue; Nordberg 
& McKnight,  2023; Van Dyke et al.,  This issue) and 
conservation actions (Campbell et al., 2023; Streeting 
et al., 2023; Terry et al., 2023) are ongoing. However, 
compared to many other taxa, freshwater turtles have 
received less focus and funding in Australia (Gawne 
et al.,  2020). Recognition of turtle declines, their po-
tential to garner community support, and the role they 
play in facilitating ecosystem functioning, has led to in-
creased interest from community groups and govern-
ment in recent years (Santori et al., 2021).

Our special issue follows a symposium held to dis-
cuss the key priorities for the conservation and research 
of Australia's freshwater turtles at the conference of the 
Australian Society of Herpetologists at Mylor in South 
Australia 11th– 14th July 2022. The symposium resulted 
in a series of ecological papers (this special issue) to 
increase our knowledge of Australian freshwater tur-
tles and aid in their conservation management. Here, 
we summarize the current status of research and con-
servation for Australian freshwater turtles, identify op-
portunities for future research, and discuss important 

Abstract
Australia's freshwater turtles have high endemicity 
and many are threatened by extinction. Following 
a symposium held at the 2022 conference of the 
Australian Society of Herpetologists, we summa-
rized the current status of research and conservation 
for Australian freshwater turtles and identified op-
portunities for future research. Eight species (32%) 
of Australia's 25 native freshwater turtles are listed 
as threatened by Australia's Federal Government. 
Symposium discussions on the primary gaps in re-
search identified the lack of baseline data to inform 
population modelling as a key deficiency. Knowledge 
of the most effective conservation actions, the ef-
fectiveness of attempts to aid population recovery, 
and whether these actions are required at all, re-
mains lacking for many species. A heavy bias exists 
between some well- studied species compared with 
others for which little or no information is published. 
Community science, engagement with First Nations 
people, advances in technology, and recognition of 
the importance of turtles are contributing to better 
knowledge.
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factors for prioritizing future research, drawing on both 
new research published in this special issue and the 
literature more broadly.

STATUS AND DISTRIBUTION OF 
AUSTRALIAN TURTLES

Currently, 25 native species of freshwater turtles in-
habit Australia, comprising 24 chelid species and 
Carettochelys insculpta. The geographic distributions 
of Australian freshwater turtle species vary consider-
ably, from exceptionally narrow ranges that may be as 
small as a single catchment (e.g., Myuchelys georgesi), 
to widespread species occupying multiple catchments 
and states (e.g., Emydura macquarii, Chelodina lon-
gicollis, and C. expansa) (Figure  1). Carettochelys 
insculpta, Emydura subglobosa, and Chelodina rugosa 
also occur in New Guinea, while the remaining species 
are endemic to Australia. All of Australia's endemic tur-
tles are aquatic, and thus they are largely absent from 
the arid centre (Figure 1). Centres of diversity occur in 
the Northern Territory and mid- eastern Australia where 
up to nine species are broadly sympatric.

Eight species (32%) of Australian freshwater turtles 
are listed as threatened by the Federal Government 
(EPBC Act, 1999; EPBC Act List of Threatened Fauna 

(envir onment.gov.au) accessed 10 May 2022). Three 
species are listed nationally as Critically Endangered. 
Two of these three species (Elseya albagula and 
Pseudemydura umbrina) are from monotypic genera, 
while the third (Myuchelys georgesi) is from a genus 
with three other species (two of which are listed as 
Endangered). Four species are listed as Endangered 
(Elseya lavarackorum, Elusor macrurus, Myuchelys 
bellii, and M. purvisi) and a further species is listed as 
Vulnerable (Rheodytes leukops). These species are all 
range- restricted (Figure 2; Table 1).

RESEARCH KNOWLEDGE 
AND GAPS

Australian freshwater turtles are unique in their hab-
its and exhibit many remarkable adaptations to the 
Australian environment. For example, bizarre hab-
its in reproduction include the underwater nest-
ing of Chelodina rugosa (Kennett et al.,  1993), the 
extensive embryonic diapause of Chelodina ex-
pansa (Booth,  2000), and the explosive hatching of 
Carettochelys insculpta (Webb et al., 1986). In oxygen- 
rich environments we see cloacal breathing as the pri-
mary form of respiration (FitzGibbon & Franklin, 2010), 
allowing extensive dive times in species adapted to 

F I G U R E  1  Map of turtle species distributions in Australia showing hotspots of richness in northern and eastern Australia and an 
absence of turtles in the arid centre. Notes: the one species found in Tasmania (Chelodina longicollis) has been introduced there; Emydura 
macquarii has also spread beyond its native range.
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lotic environments with clean water (Clark et al., 2008; 
Gordos et al., 2004). In other species (e.g., Chelodina 
longicollis), a long coevolution with salt has driven 
the evolution of salt tolerance which approaches that 
of estuarine turtle species in other countries (Bower 
et al.,  2016). Australian freshwater turtles were also 
among the first to be documented vocalizing, with an 
extensive repertoire of underwater vocalizations in 
Chelodina oblonga (Giles, 2005). It was also only re-
cently discovered that some turtles in northern Australia 
bask nocturnally (Kidman et al.,  2023; McKnight 
et al., 2023; Nordberg & McKnight, 2020, 2023). Some 
species have complex patterns of habitat use that in-
clude permanent, semi- permanent, and ephemeral 
wetlands (Santoro et al., 2020) and extensive terrestrial 
activity (Kennett et al., 2009). Additionally, life in large 

riverine environments enables long- distance move-
ments by male turtles, the extent of which we are only 
just beginning to understand (Bower et al., 2012; Van 
Dyke et al., This issue). Future research will almost cer-
tainly continue to document many more weird and won-
derful habits of Australian freshwater turtles.

While ecology is the primary research discipline in 
publications on Australian freshwater turtles, we still 
lack basic knowledge of home range sizes, move-
ment cues, social structures, cognitive abilities, and 
environmental factors influencing growth and repro-
ductive output. These knowledge gaps are true even 
for species for which there are substantial publi-
cation outputs (e.g., Emydura macquarii). With the 
advent of new technologies, such as camera trap-
ping (McKnight et al.,  2023), tissue stable isotope 

F I G U R E  2  Species ranges overlaid to show variation in the Australian freshwater turtle genera distribution for (a) Myuchelys (b) 
Emydura (c) Chelodina (d) Elseya and monotypic (e) Carettochelys insculpta (f) Rheodytes leukops (g) Elusor macrurus (h) Pseudemydura 
umbrina.
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analysis (Micheli- Campbell et al.,  2017), passive 
acoustic tracking (Micheli- Campbell et al., 2017; Van 
Dyke et al., This issue), environmental DNA (Villacorta- 
Rath et al., 2022), and underwater baited video cam-
eras (Coleman,  This issue), we are beginning to 
unravel the mysteries of turtle behaviour. In addition, 
the reduction in cost and increase in the capability 
of genetic techniques have enabled better resolution 
of phylogenetic relationships among and within tur-
tle species, providing clarity around systematics and 
nomenclature (Georges et al., 1999, 2018; Thomson 
et al., 2021).

Symposium discussions on the primary gaps in re-
search identified the lack of baseline data to inform 
population modelling as a key deficiency (Petrov 
et al., This issue). This lack of data includes relation-
ships for fertility, hatching rates, sex ratios, age of 
maturity, maximum age, and age- dependent survival 
rates. Repeated population estimates are not avail-
able for most species, which limits our ability to track 
population changes through time (Howell et al., 2019). 

This sort of information is doubly important for long- 
lived species such as turtles because it is harder to 
detect population declines initially, and because they 
can take longer to respond to conservation efforts 
since they have delayed sexual maturity and high 
rates of juvenile mortality. For many northern species, 
there is little published information on basic ecology, 
such as nesting location and timing, reproductive 
output, or habitat use. Excluding subspecies, six of 
the seven species excluded from the Special Expert 
Assessment Panel owing to data deficiency were 
species from northern Australia (Petrov et al.,  This 
issue). Many species live in remote parts of northern 
Australia (e.g., Elseya !aviventralis, Emydura tanyba-
raga), are recently described (Myuchelys purvisi), or 
are rare or sympatric with crocodiles, and therefore 
difficult to study (e.g., Emydura subglobosa subglo-
bosa). This lack of fundamental information may be 
an opportunity for reptile breeders to contribute col-
lectively to aid in establishing baseline information for 
little- known species and their demographics.

TA B L E  1  Current and interim proposed listing of Australian freshwater turtles under the Environment Protection and Biodiversity Act 
1999 (subject to change as the consultation process proceeds).

Species Current Commonwealth listing
2022 SEAP proposed 
Commonwealth listing

Carettochelys insculpta Not listed Endangered

Chelodina burrungandjii Not listed

Chelodina canni Not listed Insufficient data

Chelodina expansa Not listed

Chelodina kuchlingi Not listed

Chelodina longicollis Not listed Vulnerable

Chelodina oblonga Not listed Insufficient data

Chelodina rugosa Not listed

Chelodina steindachneri Not listed

Elseya albagula Critically endangered Critically endangered

Elseya dentata Not listed

Elseya !aviventralis Not listed

Elseya irwini Not listed Endangered

Elseya lavarackorum Endangered Endangered

Elusor macrurus Endangered Critically endangered

Emydura macquarii gunabarra Not listed Endangered

Emydura macquarii Not listed Vulnerable

Emydura subglobosa subglobosa Not listed Critically endangered

Emydura tanybaraga Not listed

Emydura victoriae Not listed

Myuchelys bellii Endangered Endangered

Myuchelys georgesi Critically endangered Critically endangered

Myuchelys latisternum Not listed

Myuchelys purvisi Endangered Endangered

Pseudemydura umbrina Critically endangered

Rheodytes leukops Vulnerable Endangered
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PRIORITIES AND CHALLENGES 
FOR THE CONSERVATION OF 
AUSTRALIAN TURTLES

Conservation biologists continue to refine the best 
approaches to counteract population declines and 
causes of mortality in Australian freshwater turtles. 
Actions include attempts to mitigate threats of feral 
species such as pigs and foxes through predator- 
proof fencing (Cochrane, 2006; Streeting et al., 2023), 
nest protection measures (Campbell et al.,  2020; 
Connell, 2018;Streeting et al., 2023; Terry et al., 2023), 
and artificial incubation of eggs and release of hatch-
lings (Streeting et al.,  2022). Likewise, conservation 
translocations of Critically Endangered species such 
as reintroductions (Myuchelys georgesi) and assisted 
colonization (Pseudemydura umbrina) have attempted 
to mitigate critically low population sizes due to dis-
ease (Chessman et al., 2020) and habitat loss and deg-
radation (Bouma et al.,  2020; Kuchling et al.,  2018). 
Improved river management, such as managed flow 
delivery in regulated systems, has attempted to improve 
wetland habitats and the condition of rivers (Espinoza 
et al., 2022; Francis et al., 2022). More broadly, tech-
nological advances such as biobanking gametes, 
controlling diseases, and advances in genetic and bio-
informatic tools should assist future conservation meas-
ures (Clulow et al., 2022). However, knowledge of the 
most effective conservation actions, the effectiveness of 
attempts to aid population recovery, and whether these 
actions are required at all, remains lacking for many 
species.

Community Science is leading the way in the broad- 
scale reporting and mitigation of major threats to fresh-
water turtles, such as road mortality and nest predation 
(e.g., Turtl eSAT.org.au –  (Santori et al.,  2021). The 1 
Million Turtles (1MT) Community Conservation Program 
(1Mill ionTu rtles.com) is engaging the public in turtle 
conservation and connects them with nature through 
a hands- on approach to conservation. Individuals and 
community groups can participate in activities such as 
nest monitoring, turtle rescues, and habitat restoration/
modification (e.g., turtle islands). Similarly, community 
science programs to counteract road mortality and pre-
dation of nesting females and their nests have been 
established for Chelodina oblonga in Western Australia 
(Santoro, 2022).

Discussions on the priorities required in freshwa-
ter turtle conservation noted that science is hindered 
by a lack of baseline information. While research 
has been completed to counteract feral species as 
a source of mortality (Streeting et al.,  2023; Terry 
et al., 2023), we still do not know how this mortal-
ity compares to the predation pressures that were 
evident prior to the decline of many medium- sized 
mammals (e.g., bandicoots, quolls) which were 
likely nest predators (Chessman,  2022). Although 

Australian turtles can withstand relatively high lev-
els of nest predation, when coupled with unnaturally 
high levels of adult mortality, their populations will 
inevitably decrease (Spencer,  2018). Additionally, 
the decreased productivity created by regulating 
rivers and the associated habitat loss has likely re-
duced the density of freshwater turtles in areas they 
still occupy. This suggests that turtles were much 
more abundant previously (Thompson,  1993), but 
historical densities are difficult to accurately quan-
tify. The lack of baseline information has placed an 
increasing importance on the need to determine 
current trends in turtle population growth over time, 
so that action can be taken where population tra-
jectories suggest ongoing declines. In addition, the 
lack of any ecological information for some spe-
cies of Australian freshwater turtle (e.g., Elseya 
flaviventralis, Emydura tanybaraga) highlights the 
need to better understand those species to inform 
conservation.

An ongoing challenge for Australian freshwater tur-
tle conservation has been the lack of awareness of 
their importance to freshwater systems. Consequently, 
they have received less attention than sea turtles, 
many high- profile mammals (e.g. koalas), and eco-
nomically or recreationally important taxa (e.g., fish). 
Despite being historically undervalued, the increas-
ing understanding of the importance of turtles to river 
health (Santori et al., 2020) is helping garner support 
for increased protection. In addition, turtles are popular 
among Australians, which as previously noted, has led 
to successful community science campaigns, including 
individual participation, community group conserva-
tion, school participation (Santori et al., 2021), and the 
production of conservation guidelines for practitioners 
and land managers. The significance of turtles to First 
Nations Australians has also facilitated conservation 
efforts by Indigenous ranger groups (Cochrane, 2006), 
and the Working on Country program provides an on-
going opportunity for conservation and land and river 
management led by First Nations People. The increas-
ing recognition of the value of engaging First Nations 
People when setting priorities around conservation 
and the benefit of collaboration on country (Ward- 
Fear et al., 2019) is leading to improved conservation 
outcomes.

CONCLUSION

While research has unravelled much of the biology and 
conservation needs of Australian freshwater turtles, there 
remains much to be learned. With many species recom-
mended for an upgrade to more severe listings in the 
Special Assessment Expert Panel process in 2022 (Petrov 
et al.,  This issue), the trend in declines for Australian 
freshwater turtles highlights the need for increasing 
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conservation efforts. A heavy bias exists between some 
well- studied species compared with others for which no 
information is published. Our management for almost all 
species suffers from a lack of long- term population level 
data to assess trends in population size and demography, 
critical to inform conservation measures. Technological 
advances, alongside the increased participation of com-
munity members and investment in freshwater turtle con-
servation by governments, will likely catalyse our capacity 
to respond with appropriate long- term conservation ac-
tion for these remarkable long- lived creatures. Our spe-
cial issue is dedicated to further unravelling the mystery of 
Australian freshwater turtles, and improving access to our 
knowledge of these unique animals.
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Executive Summary 

The Bellinger River Snapping Turtle (M. georgesi) is a critically endangered species currently listed 

and managed under the NSW Governments Saving our Species program. Included in the species 

management plan is regular genetic monitoring of the wild and captive populations (ProjectReport 

(nsw.gov.au), 2016). There are currently two captive populations maintained at Taronga Zoo and 

Symbio Wildlife Park, NSW. The Taronga population was founded from emergency intakes in 2015 (n 

= 17), with animals collected from the upper reaches of the Bellinger River where the virus had not yet 

reached. The Symbio population was founded post-virus in 2016 from surviving juveniles collected 

from the lower reaches (n = 19). To assess genetic diversity and relatedness in the captive populations, 

as well as place this population into context with the wild population, samples were collected from live 

founders from both captive and the wild population between 2015-2020. Samples from all populations 

were sequenced using the DArTseqTM platform and the data analysed using a custom pipeline from the 

University of Sydney. A total of 65 M. georgesi samples were genotyped using a set of 406SNP markers 

to assess genetic diversity, relatedness, and differentiation within and across sites. 

 

Levels of genetic diversity were not statistically different between the captive and wild population. 

However, there is some degree of genetic differentiation between the captive and wild populations 

which is primarily being driven by captive individuals descended from the original intake of founders 

from Mt Buller and Mt Hotham, which is consistent with previous surveys that showed wild populations 

at Mt Buller and Mt Loch to be genetically distinct (Weeks et al. 2017). Although inbreeding is 

accumulating within the captive and wild populations, the genetic differentiation means these 

populations are suitable as source populations for genetic augmentation actions if required. 
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Recommendations 

• While genetic diversity was not statistically different between the captive and wild 

populations of M. georgesi, there is some degree of genetic differentiation (FST = 0.033) 

between the captive and wild populations which is primarily being driven by the descendants 

of the original Mt Buller & Mt Hotham founders (Figure 1). This means these populations 

are suitable as source populations for genetic augmentation actions if required 

• If considering a release of captive individuals to Mt Loch, then care should be taken to choose 

individuals with the lowest possible degree of relationship to avoid potential inbreeding 

between released individuals. Further, individuals descended from the Mt Buller and Mt 

Hotham lineages (separated out in the PCoA; Figure 1), should be selected, as these 

individuals represent different diversity to that currently present at Mt Loch. 

• Sourcing contemporary genetic samples from the remaining wild populations in Victoria, Mt 

Buller and Mt Hotham, should be a priority to 1) place these populations in context with Mt 

Loch and the captive population, and 2) identify aspects of wild genetic diversity not 

currently represented in the captive population for future management efforts. Interbreeding 

between Mt Loch and Mt Buller has previously resulted in genetic rescue with increased 

reproductive success (Weeks et al. 2017). Such a rescue effort may also be achieved with the 

captive population to increase diversity and reduce inbreeding. 

• Mean kinship values can be incorporated into the captive population studbook to reduce 

incidences of mating between close relatives. 

 

Methods and Results 

Samples 

Skin tissue was collected during NSW Office of Environment and Heritage surveys (2015 – 2020).  

DNA was extracted from 69 unique M. georgesi samples and was sent to Diversity Arrays Technology 

for high-density DArTseqTM genotyping. DArTseq is a restriction enzyme approach that targets non-

repetitive regions of the genome followed by sequencing of the resulting fragments.  

 

Generating reliable genetic markers 

Filtered sequences were aligned to the draft M. georgesi reference genome and Single nucleotide 

polymorphisms (SNPs) were called. The resulting dataset was filtered using a custom version of the R 

script detailed in Wright et al. (2019) to obtain a high-quality set of XX SNPs. Four samples, all from 

the Symbio population, had insufficient data quality. The remaining 65 samples had sufficient quality 

to be included in the analysis with an average of XX% missing data across the dataset. 
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Diversity analysis 

We examined genetic diversity (standardised heterozygosity [HS]) using the GENHET package for R 

(Coulon 2010; Table 1). Standardised heterozygosity is calculated by dividing individual observed 

heterozygosity by the average observed heterozygosity of all the samples included. This metric is used 

to compare populations because it places each individual into context with the rest of the population, as 

these values are relative to which samples are included. Genetic diversity was slightly higher in the wild 

population but not significantly different to the captive population (t-test statistic = -0.771, p = 0.446). 

Observed (HO) and expected heterozygosity (HE) were calculated across loci (Table 1), with no 

significant difference between observed and expected heterozygosity (Bartlett’s test statistics = 

0.00016, p = 0.990). Population inbreeding (FIS) was calculated using the diveRsity package for R 

(Keenan et al. 2013). A negative FIS value denotes that the observed average heterozygosity is greater 

than the expected average (negative = outbreeding, positive = inbreeding). Both populations exhibited 

significant inbreeding with a positive FIS value and the 95% confidence intervals not including 0; 

however, neither of these values are currently of concern but it should be noted that inbreeding is 

accumulating in both populations. 

 

Population structure analysis 

FST
 is a common metric used in population genetics to assess population genetic differentiation. These 

values should be used in conjunction with all other metrics presented here as values can be skewed by 

the samples included in the analysis. There was significant population structure observed between the 

captive and wild MPP population (FST = 0.033 [0.031 – 0.035 95% CI, p <0.001]). In the instance of 

MPP, the pattern appears to be driven by captive individuals born in 2016 to parents from the original 

founder intake from Mt Buller and Mt Hotham, prior to supplementation with Mt Loch females in 2017. 

These individuals appear to represent different diversity to that currently present at Mt Loch (see 

samples inside the dashed ellipse in Figure 1).  

 

The data presented in Table 1, the PCoA and the FST value should be used in tandem when making the 

most informed translocation decision about how representative of the wild the current captive 

population is and whether it would benefit from genetic augmentation. 

 

Parentage analysis 

Parentage reconstruction for the captive population of MPPs at Zoos Victoria (N = 34) was performed 

using the Sequoia package for R (Huisman 2017). The Sequoia package is particularly useful when 

sampling efficiency is not 100% as it includes sibship clustering and grandparent assignment based on 

likelihood analysis (Huisman 2017). To supplement gaps in the pedigree, we also performed a kinship 

analysis using COANCESTRY v1.0.1.9 which provided a relatedness estimate for each dyad of 

individuals. Marissa Parrot (Zoos Victoria) provided detailed housing information which further refined 
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the pedigree resulting in a final total of 24 individuals assigned both parents, one individual assigned 

one parent and three individuals identified only as siblings, with the remainder having wild parentage 

(Table 2). This pedigree can be used for the current studbook. If required, an empirical kinship file of 

all individuals included in this study can be provided to Zoos Victoria to be used in studbook analysis 

to account for founder relationships within the captive population.  

 

Table 1 Summary of genetic diversity statistics for the captive and Mt Loch populations of MPP based 

on 3,986 SNPs. N = sample size, HO = mean observed heterozygosity, HE = expected heterozygosity, 

HS = standardised heterozygosity (relative to each individual included in the analysis), SD = standard 

deviation, CI = 95% lower and upper confidence intervals, MK = mean kinship based on estimates of 

molecular relatedness. 

 Symbio population Taronga population Wild population 
N 15 17 33 
HO (± SD) 0.121 (0.006) 0.121 (0.006) 0.129 (0.005) 
HE (± SD) 0.206 (0.005) 0.106 (0.005) 0.126 (0.005) 
HS (± SD) 0.878 (0.018) 0.880 (0.066) 0.982 (0.081) 
FIS (95% CI)    
MK 0.05 0.01   
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Table 2 Pedigree for the captive population of MPPs at Healesville Sanctuary. The coloured blocks 
denote half sibling relationships. 

YOB ID Name Sire ID Sire name Dam ID Dam name 
2015 B70102 Plum Wild  Wild  
2015 B70103 Mrs Loch Wild  Wild  
2015 B70104 Bev Wild  Wild  
2016 B70106 Dibbin Wild  Wild  
2016 B70113 Spargo Wild  Wild  
2016 B70105 Derrick Wild  Wild  
2016 B70112 Lachlan Wild  Wild  
2016 B70100 Harriet Wild  Wild  
2016 B70099 Nessie Wild  Wild  
2016 B70101 Pod Wild  Wild  
2012 B20889 Snug B10551 Casanova B01409 Macadamia 
2016 B60568 Vera B20889 Snug B20745 Autumn 
2016 B60569 Nancy B20889 Snug B20745 Autumn 
2016 B60442 Eugene B10485 Fang B20745 Autumn 
2016 B60437 Cheryl B20889 Snug B01664 Gracie 
2016 B60436 Beryl B20889 Snug B01664 Gracie 
2016 B60439 Pearl B20886 Winter B20804 Floss 
2016 B60440 Trike B20886 Winter B20804 Floss 
2016 B60476 Larry B20886 Winter B20804 Floss 
2016 B60477 Scooter B20886 Winter B20804 Floss 
2018 B81898 Bobble B60442 Eugene B70104 Bev 
2018 B81899 Buddha B60442 Eugene B70104 Bev 
2018 B81407 Bamboozle B60442 Eugene B70104 Bev 
2018 B81408 Bumblebee B60442 Eugene B70104 Bev 
2019 B92506 Noodle B70105 Derrick B70099 Nessie 
2019 B92505 NugNug B70105 Derrick B70099 Nessie 
2019 B92502 Missy H B70105 Derrick B70103 Mrs Loch 
2019 B92503 Mog Gog B70105 Derrick B70103 Mrs Loch 
2019 B92504 Mr Magoo B70105 Derrick B70103 Mrs Loch 
2019 B92508 Flora B70106 Dibbin B70100 Harriet 
2019 B92507 The Hoth   B70100 Harriet 
2020 CO1531 Claf B70112 Lachlan B70102 Plum 
2020 CO1532 Compote B70112 Lachlan B70102 Plum 
2020 CO1533 Crumble B70112 Lachlan B70102 Plum 
2020 CO1935 Cobber B70112 Lachlan B70102 Plum 
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Figure 1 Principal coordinates analysis of a) 34 individuals from the captive MPP population at Zoos 

Victoria and 49 wild individuals from Mt Loch, Victoria, and b) 34 individuals from the captive MPP 

population at Zoos Victoria and 32 wild individuals from Mt Loch captured between 2019 and 2021 to 

represent the current diversity in the wild. Dots inside the dashed ellipse are the descendants of the 

original Mt Hotham and Mt Buller founders.  
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