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ABSTRACT 

 

An increasing number of endangered species have reached the threshold prompting 

management decisions to commence captive breeding and reintroduction. Such 

intervention is costly and requires a substantial investment of resources that might 

otherwise be spent on alternate conservation options. It is important, therefore, that such 

measures make use of all available information to ensure the success of the 

reintroduction effort, not just in the short-term but also well into the future. The diverse 

range of elements to be considered include habitat factors, number and sex ratio of 

founders, number of populations to establish, source populations to use, timing of 

releases and the need to supplement the populations. All of these factors can benefit 

through input from molecular genetic data to improve the quality of information used in 

decision making. Levels of genetic variation are strongly correlated with population 

fitness and their potential for long-term persistence. For this thesis I examined levels of 

genetic diversity at neutral and functional regions of the genome for two endangered 

species of Australian marsupials: the western barred bandicoot, Perameles bougainville; 

and Queensland populations of the greater bilby, Macrotis lagotis.  

 

These two species are under threat from similar processes: habitat destruction and 

modification for agriculture; predation by foxes and feral cats; changes to traditional fire 

regimes and competition with introduced pest species. Since European settlement, P. 

bougainville has become extinct on the mainland and now exists on just two islands in 

Shark Bay, Western Australia. Macrotis lagotis has suffered a range contraction of over 

80% and the Queensland population has become disjointed from other populations to 

the west. Reintroduction efforts are under way for both species but, until now, the 

projects have not made use of molecular genetic data to inform their management 

decisions. I have used marker systems from nuclear microsatellite DNA, mitochondrial 

control region DNA and the functionally important major histocompatability complex 

(MHC) to assess levels of genetic diversity in natural, captive and reintroduced 



 ii

populations of both species. DNA was sourced from ear-tissue for P. bougainville and 

from ear-tissue and faecal pellets for M. lagotis. 

 

The levels of microsatellite diversity for the two natural populations of P. bougainville 

(Bernier Island: HE = 0.27± 0.1, A = 1.8± 0.3; Dorre Island: HE = 0.31± 0.1, A = 2.2± 

0.4) were low compared to other marsupials and significantly lower than that recorded 

for the natural Queensland population of M. lagotis (Astrebla Downs: HE = 0.76 ± 0.03, 

A = 4.31 ± 0.3). In all cases, the diversity of captive and reintroduced populations was 

reduced relative to their source populations except for the Dryandra captive population 

of P. bougainville (HE = 0.54± 0.1, A = 2.69± 0.2) which was founded following a 

mixed breeding strategy using individuals sourced from both natural island populations. 

Distribution of mtDNA haplotypes among geographical regions indicated that, for each 

species, populations could be combined in captive breeding programs without 

compromising distinct evolutionary lineages. Design of MHC assays proved difficult 

for M. lagotis, but for P. bougainville two separate MHC class II alleles were identified. 

These two alleles were fixed across all individuals in all populations suggesting that 

they may represent two paralogous loci in P. bougainville and that MHC diversity is 

unusually low for this species.   

 

I have recommended that the recovery programs for both species be expanded to 

incorporate regular monitoring of molecular data to ensure that genetic diversity is 

retained and maximised in all populations. Where possible, the natural populations 

should be maintained as “pure lines” to increase overall species genetic diversity but the 

captive and reintroduced populations should make use of supplementary individuals 

from a mixture of sources to maximise variation and thus the adaptive potential of these 

populations in the novel environments to which they are being introduced. 
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"This work has not previously been submitted for a degree or diploma in any university. 

To the best of my knowledge and belief, the thesis contains no material previously 

published or written by another person except where due reference is made in the thesis 

itself." 

 

 

 

 

____________________________________ 

Steve Smith B.Sc. (Hons) 
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CHAPTER 1 - GENERAL INTRODUCTION 

 

 

 

 

 

 

 

 

“Now, can it be doubted, from the struggle each individual has to obtain subsistence, 

that any minute variation in structure, habits, or instincts, adapting that individual better 

to the new conditions, would tell upon its vigour and health? In the struggle it would 

have a better chance of surviving; and those of its offspring which inherited the 

variation, be it ever so slight, would also have a better chance.” (Darwin & Wallace 

1858) 
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Molecular genetics in conservation 

 

The field of conservation biology is a relatively new one and has its foundations in the 

unprecedented rates of extinctions recognised by biologists in the latter part of the 

twentieth century (Soule & Wilcox 1980). This new field of study presents many 

difficulties to researchers attempting to develop a sound methodology. The difficulties 

mainly stem from the broad nature of the interacting themes that influence conservation 

biology theory. There are inputs from politics, sociology, economics, ecology, ethology 

and many others that make a narrow-view approach of the field untenable. The scale of 

the problem (extinction rates 100 to 1000 times pre-human levels (Pimm et al. 1995)) 

has created an imperative for researchers from across the range of disciplines to 

combine their efforts in order to slow the decline of biodiversity. The crises being 

addressed by researchers include an estimated disappearance of one to two thirds of 

extant species (Myers & Knoll 2001), mass extinctions at the population level and 

associated range reductions for most species (Ceballos & Ehrlich 2002), progressive 

depletion and homogenisation of biotas and the potential elimination of entire sections 

of some biomes (Woodruff 2001). Like most crisis disciplines, conservation biology has 

rapidly expanded and adapted to make use of emerging technologies where available. 

One such emerging area is that of molecular genetics, which has provided new avenues 

for the exploration of the patterns and processes underlying the decline of endangered 

species. 

 

Molecular genetic technologies have been absorbed into a new sub-discipline within 

conservation biology termed “conservation genetics”. The natural incorporation of 

genetics into conservation biology is based on the early approaches to understanding the 

dynamics of endangered species at the population level (Soule 1980). The fundamental 

issue that is central to the field is that the loss of genetic diversity increases the 

susceptibility of populations to extinction (Frankham et al. 2002). This phenomenon is 

well documented and thought to be the result of inbreeding in small populations 
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creating an interplay between increased frequencies of deleterious recessive alleles and 

reduced rates of heterozygosity at fitness-related loci (Allendorf & Leary 1986; 

Pemberton et al. 1988; Saccheri et al. 1998). Recognition of the importance of 

inbreeding avoidance for endangered populations resulted in the development of the 

50/500 rule (Franklin 1980). This general rule-of-thumb principle states that, to avoid 

the adverse effects of inbreeding in the short-term, the effective population size should 

not fall below 50 and to maintain evolutionary potential the effective population size 

needs to be larger than 500. This genetic basis for conservation biology led to a 

population genetics framework to support much of the theory in the new discipline. The 

platform was then set for molecular genetics to add a more quantitative dimension to 

predictions and management recommendations arising from studies of threatened 

populations (Hedrick 2004b).  

 

Conservation genetics began with investigations into general aspects of conservation 

theory relating to levels of genetic variation and inbreeding. Much of this early work 

employed indirect measures of DNA variation through differences in isozyme 

electrophoretic mobility (allozyme electrophoresis) (Lewontin & Hubby 1966; 

Richardson et al. 1986). Pioneering studies investigated the role of allozyme variation 

in a conservation context and found that the relationship with population viability was 

not always clear (Mitton & Grant 1984; Pemberton et al. 1988; Sherwin et al. 1991). 

Direct analysis of DNA was limited to restriction fragment length polymorphisms 

(RFLP) which assess differences between individuals and populations on the basis of 

mutations at enzyme restriction sites in genomic DNA. A major advance was the 

development of the polymerase chain reaction (PCR) (Saiki et al. 1985). The ability to 

amplify specific fragments of DNA from very small starting quantities increased the 

scope of DNA studies and allowed targeting of particular regions of the genome. This 

advance led to an explosion of techniques being incorporated into wildlife genetic 

studies including: random amplified polymorphic DNA (RAPD); amplified fragment 

length polymorphism (AFLP) and DNA sequencing of mitochondrial DNA (mtDNA) 
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and nuclear DNA (nucDNA) regions (Schlotterer 2004). Population level analysis 

greatly benefited from the development of microsatellites as a marker system and this 

has now become the dominant technology for wildlife population studies, although 

recently, single nucleotide polymorphisms (SNPs) are starting to be adopted as well 

(Aitken et al. 2004; Smith et al. 2004). 

 

The development of marker systems to analyse levels of genetic diversity in wild and 

captive populations allowed the experimental assessment of how critical genetic factors 

were to the survival of endangered species. Loss of genetic diversity has commonly 

been viewed as only a problem for the long-term evolutionary potential of a species or 

population (Caughley 1994; Lande 1988). Indeed, experimental studies of Drosophila 

melanogaster populations in a laboratory setting confirm that small populations with 

reduced genetic diversity suffer a compromised ability to adapt to environmental change 

in the form of increased toxicity of their nutrient supplement (Frankham 2005). The 

connection between reduced genetic variation and decreased population fitness in the 

short-term, however, has not been so readily accepted. It has taken extensive 

comparative and experimental studies over the last 15 years to establish the link 

conclusively. A landmark study in 1998 reported a strong correlation between reduced 

population heterozygosity and increased extinction probability in natural populations of 

butterflies (Saccheri et al. 1998). They found that the fitness components affecting 

extinction risk; larval survival, adult longevity and egg-hatching rate, were all strongly 

influenced by increased inbreeding levels. A recent review of population genetic studies 

has clearly shown that threatened taxa have significantly reduced levels of 

heterozygosity compared to taxonomically related non-threatened taxa (Spielman et al. 

2004). This meta-analysis considered 170 threatened taxa and concluded that 

heterozygosity was, on average, 35% lower for them than in related non-threatened 

ones. Further to this they asserted that stochastic computer projections demonstrate that 

inbreeding depression significantly reduces the time to extinction in the wild even when 

all other demographic, environmental and catastrophic factors are accounted for. 
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Variation at functionally neutral parts of the genome still remains as the tool of choice 

for conservation genetics to monitor important population level changes in endangered 

species. The high level of variability, ease of isolation from non-model organisms and 

suitability for statistical analyses makes screening of neutral loci the first choice for 

wildlife population studies. In recent times, however, questions have been raised about 

the usefulness of neutral marker loci as surrogates for functionally important genetic 

variation (Amos & Balmford 2001; Balloux et al. 2004; Hedrick 2004b). Some studies 

have revealed little or no variation at neutral loci while biologically important loci retain 

high diversity (Aguilar et al. 2004). Others have found no association between neutral 

variation and quantitative genetic variation from a meta-analysis of published studies 

(Reed & Frankham 2001), while others find that the statistically significant differences 

found at highly variable neutral loci do not necessarily reflect biologically meaningful 

differences (Hedrick 2004b). These findings, at the very least, provide a warning that 

data from neutral loci should be used with some caution and suggest that confirmation 

of neutral-derived interpretations should be sought from more functionally important 

parts of the genome.  

 

The types of information being produced from conservation genetic studies have 

progressed from vague generalisations about neutral DNA diversity and levels of 

inbreeding to more detailed data on effective population sizes, levels of current and past 

dispersal, parentage and relatedness, past demographic fluctuations and evolutionary 

relationships of species and populations (Wayne & Morin 2004). Advances in genomic 

technology for human and other model organisms have flowed over into conservation 

genetics and allowed for the incorporation of even more sophisticated techniques for the 

examination of variation not only at the neutral level but also variation that may be 

deemed detrimental or adaptive (Hedrick 2004b). This has made it possible to assay 

variation that has a direct relationship with population fitness and therefore of 

fundamental importance to population viability and conservation. The most widely 
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studied region with a link to fitness is the group of genes of the major 

histocombatability complex (MHC). This is the gene region responsible for immune 

response in vertebrates and has been studied intensively in human immunology research 

for decades (Edwards & Hedrick 1998). The characterisation of this region has begun to 

spread to many other model and non-model species making way for its use in 

conservation genetic studies. Used in conjunction with investigations into neutral DNA 

variation, analysis of this more functional area of the genome promises to provide 

conservation managers with more relevant and specific information about restoring 

useful genetic diversity to populations and species under threat from extinction. 

 

 

 

Applied conservation genetics 

The incorporation of molecular genetics into applied conservation projects has occurred 

at a steady rate over the past 30 years accompanied by a great deal of debate about its 

relative importance to short-term conservation goals. The early misuse of conservation 

genetics to make management decisions based on estimates of genetic variation alone 

with little concern for demographic and ecological characters was challenged by Russell 

Lande in the late eighties (Lande 1988). He argued that demographic factors always 

outweighed genetic factors in terms of population extinction risk and paved the way for 

a reassessment of how population genetic information needed to be used in conjunction 

with demographic information to form useful recommendations. Lande’s criticism of 

the narrow-based approach of conservation genetics was echoed by other researchers 

(Caro & Laurenson 1994; Caughley 1994) who claimed that the use of molecular 

genetic techniques in conservation had moved the focus from the more important issues 

of habitat modification and disease issues. In addressing these issues, conservation 

genetics researchers expanded the scope of study to cover other important issues related 

to population viability such as levels of relatedness (Haig et al. 1994), parentage 
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analysis (Queller et al. 1993), landscape genetic effects (Manel et al. 2003), levels of 

gene flow between natural populations (Zenger et al. 2003) and delimiting units for 

conservation (Fraser & Bernatchez 2001).  

 

Selecting the appropriate units for conservation has been an important and controversial 

issue for applied conservation genetics (DeSalle & Amato 2004). The issue was first 

raised by Ryder (1986) who had concerns about the use of subspecies as legally defined 

conservation units. He suggested the term evolutionary significant unit (ESU) be used to 

define and prioritise entities for conservation. Since then considerable debate has ensued 

about the appropriate definition and use of ESUs in conservation (Fraser & Bernatchez 

2001). A two part approach was proposed by Waples (1991) with the requirements of 

long-term reproductive isolation and ecological or adaptive uniqueness needing to be 

met for classification of an ESU. Moritz (1994) suggested a simplified and practical 

approach that related directly to population genetic theory. It had the strict criteria of 

reciprocal monophyly for mtDNA alleles with significant divergence of allele 

frequencies at nuclear loci to define ESUs. Populations lacking reciprocal monophyly 

but showing substantially divergent allele frequencies at many loci are treated as 

separate management units under this definition. This approach, however, ignored 

adaptive variation and tended to readily classify small, drift-prone populations as ESUs 

while large populations under strong selection pressures were unlikely to be identified 

as unique (Allendorf & Luikart 2007). Recently a return to the inclusion of ecological or 

adaptive characters along with genetics has been suggested with the concept of 

exchangeability (Crandall et al. 2000). Populations that do not show concordance across 

ecological characters and also show differences at genetic marker loci are treated as 

separate ESUs under this approach. Regardless of the approach used, the intention of 

the classification of populations is to balance the conflicting goals of preserving 

evolutionary processes while maximising the amount of genetic diversity retained in 

protected populations given limited resources of time, money and available habitat 

(Frankham et al. 2002). 
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At the very applied end of conservation genetic research are studies of species recovery 

through captive breeding, reintroductions and population augmentation. Such intensive 

intervention is usually reserved for those species facing imminent danger of extinction. 

The primary goal of captive breeding is to halt erosion of genetic variation and to 

maintain diversity levels as close as possible to those found in the wild population 

(Ralls & Ballou 1986). The long-term objective of such programs is to return 

genetically viable populations to the wild once the threatening processes have been 

alleviated, or to supplement existing wild populations with additional individuals to 

maximise breeding success and population growth. A substantial body of theory has 

been developed to maximise the diversity of captive populations as well as minimising 

the adverse effects of adaptation to captivity and increased genetic load (Ballou 1984; 

Lynch & O'Hely 2001; Ralls & Ballou 1986; Woodworth et al. 2002). Much of this 

theory relies on a sound knowledge of the baseline variation provided by the founding 

individuals. This information is typically stored as pedigree-based data and is used to 

guide management decisions on which genetically important individuals to include in 

breeding programs to minimise inbreeding (Russello & Amato 2004). Even with the 

best pedigree-based program, there still remains some level of uncertainty about 

relatedness among the original founders. Traditionally all founders are treated as 

unrelated and as having no level of inbreeding with any non-descendent individuals in 

the pedigree (the founder assumption). As no prior information about actual relatedness 

among founders is available, this founder assumption can lead to substantial under-

estimations of relatedness and erroneous decisions about the best individuals to use to 

maximise population genetic diversity (Ballou & Lacy 1995). 

 

The advent of molecular techniques, and polymorphic markers in particular, makes it 

possible to overcome the uncertainty created by the founder assumption and to directly 

assess the relatedness of all individuals in the breeding program. This combined with 

assessment of genetic diversity in remaining natural populations increases the scope for 
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captive breeding to more effectively mimic the dynamics of genetic diversity in the 

wild. While neutral markers (e.g. microsatellites and mtDNA) have traditionally been 

used, there is growing support for the inclusion of variation at functional regions of the 

genome in the decision making process for captive breeding (Aguilar et al. 2004; 

Hughes 1991). The consideration of a functional gene region is an attractive option as it 

provides for a direct link between diversity and fitness of managed populations but 

should be included in addition to estimates of neutral variation rather than in place of it 

(Hedrick 2004a; Miller & Hedrick 1991; Vrijenhoek & Leberg 1991). Managing 

breeding populations on the basis of maintaining variation at a single marker locus is 

likely to result in an increased overall loss of genetic variation which will reduce the 

population’s ability to adapt to environmental change (Ralls & Ballou 1986). On the 

one hand, minimising the loss of heterozygosity is an important aim of captive breeding 

that can be achieved through careful management of a pedigree but this will not 

necessarily ensure the preservation of important allelic variants at functional gene 

regions which may be lost through genetic drift in small captive populations (Allendorf 

& Luikart 2007; Schwensow et al. 2007). It is only through the regular monitoring of 

allele frequencies at genetic loci that the adverse effects of genetic drift can be detected 

and strategies implemented to actively counteract the loss of allelic variants. This 

monitoring is most effective when more genetic loci are included in order to maximise 

the coverage of the genome as a whole (Balloux et al. 2004). 

 

The reintroduction of captively-bred individuals back into former parts of their range 

represents an important stage of a species recovery program (Frankham et al. 2002). 

The success of this stage of the recovery effort hinges on several factors including: 

choice of reintroduction sites; number of reintroduced populations; number, age and sex 

ratio of released individuals; population of origin of founders and method for 

monitoring the population after release (Sarrazin & Barbault 1996). While practical 

considerations play a primary role in many of these issues, the inclusion of genetic 

information can significantly improve the probability of success of the reintroduction 
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(Allendorf & Luikart 2007). In particular, the choice of individuals for the reintroduced 

population and the subsequent monitoring should incorporate molecular genetic 

information to maximise initial diversity levels and ensure that inbreeding effects do not 

go unchecked. Early detection of allele loss can prompt further supplementation from 

genetically important individuals to counter the effects of inbreeding before any adverse 

effects are manifested in the population. 

 

Quantification of the consequences of disregarding genetic factors is difficult because 

failed reintroductions are rarely reported in the literature and comparative studies are 

not usually possible with the limited population size and number of endangered species. 

In one post-hoc assessment of a translocation program however, it was shown that 

despite increases in population size at release sites for eurasian otters, levels of diversity 

actually decreased compared to pre-release data and little structural change in the 

genetic composition could be detected (Arrendal et al. 2004). Similarly, a study 

assessing the genetic diversity outcomes after the reintroduction of guans in Brazilian 

rainforest fragments showed the erosion of diversity at minisatellite loci compared to 

the captive source populations despite successful establishment and ongoing 

reproduction (Pereira & Wajntal 1999). These findings suggest that, despite apparent 

short-term success of some recovery programs that do not include genetic 

considerations, they may actually be compromised by reductions in the underlying 

genetic variation, and therefore compromised in their ability to cope with environmental 

change. Other studies have reported similar results including an assessment of a white-

tailed deer translocation that showed limited impact on genetic structure beyond the 

local scale (Leberg & Ellsworth 1999) and an analysis of 10,000 hatchery fingerlings of 

the critically endangered Mekong giant catfish released back into the wild that showed 

around 95% of these were progeny of the same two parents leading to a severe 

homogenisation of genetic diversity in the wild population (Hogan et al. 2004). 

Appropriate use of genetic data in each of these cases would have ensured more 
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comprehensive outcomes in terms of the levels of diversity retained to cope with current 

and future population challenges. 

 

In contrast to these studies there are a number of examples of the effective incorporation 

of genetic information into species reintroductions. The black-footed ferret was brought 

to the brink of extinction in the 1980s through habitat alteration and decreased prey 

densities. A captive breeding program was begun with the last 18 individuals known to 

be alive. The breeding program followed strict guidelines set out in the species survival 

plan (Russell et al. 1994) and incorporated a breeding strategy based on reducing mean 

kinship values (i.e. the relatedness among all offspring). In 1991 reintroduced 

populations were established in former parts of the species range. Genetic variation at 

five microsatellite loci was monitored in both the captive and reintroduced populations 

to track changes in diversity and possible evidence of inbreeding (Wisely et al. 2003). 

Over 14 years, the rate of heterozygosity for the captive population reduced by 12% 

while allelic diversity stayed the same. There was no discernible decrease in diversity in 

any of the reintroduced populations with respect to the founders, largely due to 

augmentation of these populations with other captive individuals as needed. This project 

shows how, with adequate monitoring, an effective breeding strategy can be followed to 

increase population numbers and minimise the loss of genetic diversity.  

 

Another example is the captive breeding and reintroduction of Guam rails to Rota island 

in the western Pacific (Haig et al. 1990). In this case, the breeding strategy was selected 

after experiments to decide the option that would maintain the greatest amount of 

diversity in the introduced population. A method that maximised the number of founder 

genome equivalents was chosen as it would maximise allelic diversity and require 

relatively few breeding pairs. DNA fingerprinting was used to examine the founder 

relationships and placed the six individuals into two different kin groups (Haig et al. 

1994). To the end of 2000, 384 birds have been released from the captive breeding 
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program to Rota island and populations are now being established on other islands 

(Frankham et al. 2002).  

 

Reintroduction of red squirrels on an island off Wales was initially conducted in the 

absence of genetic information. Subsequent monitoring of mtDNA and microsatellites 

discovered that, despite initial success in terms of a demographic increase, allelic 

diversity and heterozygosity was less than 50% of that recorded in other UK 

populations (Ogden et al. 2005). A parallel reintroduction at a different site on the same 

island in 2003 used a minimising mean kinship strategy for founder selection. 

Simulations of population viability over 20 years indicated that the probability of 

population survival would increase from 0.26 to 0.75 in the new population if it was 

managed to include supplementation with two individuals per year (one male and one 

female) of high genetic value (Ogden et al. 2005). 

 

Western barred bandicoots (Perameles bougainville)  

 

The western barred bandicoot, Perameles bougainville Quoy and Gaimard 1834, is the 

smallest member of the family Peramelidae with an average weight of 219 g (Short et 

al. 1998). It is a solitary, nocturnal species that nests during the day in dense leaf litter 

under low shrubs. Its diet is primarily insectivorous but it does supplement this with 

berries, seeds, roots and other plant material from digging or foraging. It prefers dense 

scrub associated with stabilised sand dunes (Friend & Burbidge 1995) but is widely 

distributed across all habitats on the coastal islands where it occurs (Short et al. 1998). 

 

Perameles bougainville populations were once widespread across the arid and semi-arid 

zones of southern Australia (Richards 2005) (Fig. 1.1). Since the arrival of European 

settlers in the early 1800s, their range has steadily contracted until the last recorded 

sighting on the mainland in 1929 (Richards & Short 2003). The species now exists on 
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just two islands in Shark Bay, Western Australia (Bernier and Dorre Islands) and has 

been the subject of increasing efforts to ensure its conservation (Maxwell et al. 1996). 

The main threats to its survival appear to be predation by feral cats and foxes, 

modification to habitat by introduced rabbits, modern agriculture practices and changes 

to fire regimes (Maxwell et al. 1996). Recently several disease syndromes have been 

reported in natural and captive populations of the species and are thought to be of 

significant concern for the ongoing recovery efforts for P. bougainville (Bennett et al. 

2006; Bennett et al. 2007; O'Hara et al. 2004). 

 

 

Figure 1.1: Estimated former range of the western barred bandicoot, P. bougainville prior 

to European settlement. Assessment based on early recorded sightings and 

sub-fossil evidence (Richards 2005). 

 

Recovery actions for the species began in 1994 with the establishment of a captive 

breeding facility on the mainland at Kanyana wild life sanctuary (Friend & Beecham 

2004). This was followed by a two-stage reintroduction using Dorre Island animals at 

Heirisson Prong in Shark Bay in 1995 (Richards & Short 2003), captive breeding at 
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Dryandra Woodland in 1997 (Friend & Beecham 2004), and also at Peron Peninsula 

from 1998 (Morris et al. 2004) (Fig. 1.2). A further reintroduction site was established 

near Roxby Downs in South Australia in 2001 (Richards 2005). The reintroduction sites 

both involve fenced enclosures to exclude predation by introduced cats and foxes 

because trapping and aerial baiting programs have been unable to completely eradicate 

these major threats to the survival of the species. The programs at Peron Peninsula and 

Roxby Downs were started with 30 and 12 founders respectively, both from Bernier 

Island (Richards 2005). The site at Heirisson Prong was founded with 14 individuals 

from Dorre Island while the Kanyana and Dryandra populations were established under 

a mixed breeding strategy using animals from both source populations (Friend & 

Beecham 2004). 

 

 

Figure 1.2: Location of natural and reintroduced populations of P. bougainville used in the 

present study. Adapted from Richards and Short (2003). Open circles 

indicate the natural population at Bernier Island and the captive population 
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at Peron Peninsula derived from it. Filled circles indicate the natural 

population at Dorre Island and the reintroduced population at Heirisson 

Prong derived from it. The checked circle indicates the captive population 

at Dryandra established through a mixed breeding experiment with 

founders from both natural populations. 

 

The greater bilby (Macrotis lagotis) 

The greater bilby, Macrotis lagotis Reid (1837), is a close relative of the bandicoot 

family (Pacey et al. 2001) and occupies a similar ecological niche (Gibson et al. 2002). 

It is a medium-sized (800-2500 g) marsupial that lives in deep burrows during the 

daylight hours, emerging at night to forage for food. It is an omnivorous species 

subsisting predominantly on plant seeds, fruit and bulbs but also invertebrates, with 

termites constituting a significant proportion of the diet (Gibson 2001). The bilby 

inhabits grasslands and acacia shrublands in the harsh arid and semi-arid parts of inland 

Australia. Burrowing is central to its behaviour and this, combined with the ability to 

survive without access to free water, is thought to allow the bilby to persist at the 

extremes of the hot Australian environment (Gibson et al. 2002).  

 

The range of the greater bilby has declined considerably since European settlement (Fig. 

1.3). It now occupies only 20% of its former range which covered most of the arid and 

semi-arid interior of the continent extending right across to the west coast (Southgate 

1990). Current populations are patchily distributed throughout the Tanami Desert in the 

Northern Territory, the Gibson Desert, the Great Sandy Desert, the inland Pilbara and 

the southern edge of the Kimberley region in Western Australia and a small pocket in 

far south-western Queensland (Southgate 1990). There is some evidence that the decline 

is continuing (Gordon et al. 1990) and, although the exact cause is unclear, it is believed 

that the species is sensitive to the same threatening processes affecting other medium-

sized marsupials. These include; predation by introduced feral cats and foxes; 
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competition with European rabbits and introduced livestock; changes to habitat brought 

on by the advent of pastoralism and disruption of traditional fire regimes (Pavey 2006). 

 

 

Figure 1.3: Map of Australia showing historical and present distribution of the Greater 

Bilby and the location of captive breeding and reintroduction sites in 

Queensland. 

 

 

A number of reintroduction efforts have taken place in suitable habitat throughout 

former parts of the range. Those that have included some form of exclusion of feral 

predators (islands, exclosures, intensive trapping or baiting) have been successful in 

terms of population persistence (Fig. 1.4). These include Thistle Island, Yookamurra 

Sanctuary and the Arid Recovery Project in South Australia (Moseby & O'Donnell 

2003), Peron Peninsula (Morris et al. 2004) and Dryandra Woodland (Friend & 
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Beecham 2004) in Western Australia. Trial introductions into Simpson Gap National 

Park (1983-87) and Watarkka National Park (1988-93) in the Northern Territory failed 

to establish viable populations of the bilby mainly due to intense predation by 

introduced feral predators (Pavey 2006). Conservation efforts are continuing for the 

species and centre around a number of state-based programs aimed at captive breeding 

and translocation to former parts of the range (Maxwell et al. 1996). 

 

 

Figure 1.4: Examples of feral predator exclosures at: (A) Currawinya National Park, 

south-western Queensland; (B) Heirisson Prong, Shark Bay, Western 

Australia (Photo courtesy CSIRO Sustainable Ecosystems); (C) Arid 

Recovery Project, Roxby Downs, South Australia. 

 

The Queensland bilby population was, at one time, thought extinct (Gordon et al. 1990) 

but the recent discovery of remnant populations in the far south-west of the state 

resulted in an intensive conservation effort that included compulsory acquisition and 

protection of former pastoral leases, monitoring of natural populations and the 
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establishment of a captive breeding program at Charleville in central-southern 

Queensland. This population has been identified as the most threatened and genetically 

distinct population in Australia (Moritz et al. 1997b). Its range has declined over the 

past 10 years and the sub-populations are becoming more fragmented and isolated. At 

present the bilby population is estimated at between 600 and 700 animals, and is spread 

very thinly across nearly 100 000 km2 between Birdsville and Boulia in Queensland’s 

far southwest. In 1996, the Action Plan for Australian Marsupials and Monotremes 

(Maxwell et al. 1996) identified the need for a genetic and disease study to monitor 

changes in the wild sub-populations and metapopulations under the “Management 

Actions Required” section of the bilby recovery plan (Section 13.3). To date this study 

has not been undertaken and a large gap exists in the baseline level of genetic data for 

the species. The reintroduction of bilbies forms part of the national strategy to recover 

endangered species. A purpose-built 25 km2 enclosure was constructed to allow for their 

reintroduction into Currawinya National Park on the border with New South Wales. 

This facility effectively excludes predators and feral animals and in 2005 nine captively-

reared bilbies (three males and six females) were released into the site. 

 

 

Objectives and aims of the thesis 

  

This project aimed to characterise genetic diversity in wild, captive bred and 

reintroduced populations of western barred bandicoots and bilbies at both neutral 

(microsatellites and mtDNA) and functional (MHC) regions of the genome. Estimates 

of neutral genetic diversity were used to infer the rate of loss of genetic variation in 

captive and reintroduced populations as well as providing information on effective 

population sizes, historical relationships among natural populations and contemporary 

gene-flow between populations. Levels of functional genetic diversity were investigated 

by estimating variation at genes of the major histocompatability complex (MHC). 
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Associations were sought between levels of MHC variation and those derived from 

neutral regions as well as between MHC diversity and population fitness. A further aim 

of this project was to compare the conservation implications arising from the analysis of 

genetic data for two related species with different histories of range reduction and 

contemporary population distribution. In particular, the recovery prospects for a species 

with wild populations restricted to the isolated offshore island were contrasted against 

those for a more widespread mainland species sensitive to the same suite of extinction 

pressures. 

 

Early detection of declines in diversity for captive bred and reintroduced colonies 

allows for the augmentation of populations with individuals from the wild before the 

adverse effects of inbreeding become threatening. Without genetic data to provide such 

information, managers can only act when physical signs of inbreeding become apparent 

and by that time the genetic diversity levels may have declined beyond the population’s 

ability to recover (Ballou & Lacy 1995). In this thesis, information from the baseline 

genetic data is used to provide recommendations regarding: the need for augmentation 

of reintroduced and captive populations; the desirability of mixing individuals from 

different source colonies in the captive breeding programs to maximise diversity and the 

most effective methods for future monitoring to maximise genetic diversity.  

Organisation of the thesis 

This thesis is presented as three discrete data chapters linked together by an introduction 

and general discussion which aims to synthesise the information presented into a 

general conservation genetics context. The data chapters (Chapters 2-4) represent papers 

that have been accepted in international journals or are in the process of being 

submitted. Chapter 2 examines the genetic basis of the recovery program for the western 

barred bandicoot (Perameles bougainville) and examines the evolutionary relationship 

between the last remaining natural populations and between them and other bandicoot 

species. Chapter 3 investigates the relationship between the Queensland population of 
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the greater bilby (Macrotis lagotis) and populations in Western Australia and the 

northern Territory. An assessment is also made of the genetic diversity within the 

captive and reintroduced population compared to the natural population. The fourth 

chapter reports the use of variation at the major histocompatability complex as a marker 

for conservation genetic studies of endangered marsupials. The concluding chapter 

presents an overview of the data chapters and integrates the analysis into 

recommendations for the conservation actions for the two species as well as for 

reintroduction programs as a whole. It also provides suggestions for the direction of 

future research. 
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CHAPTER 2 - ISLANDS AS GENETIC RESERVOIRS FOR REINTRODUCTIONS 

OF THE WESTERN BARRED BANDICOOT, Perameles bougainville.1 

 

 

 

 
(Painting Ferdinand Bauer 1802) 

 

 

“Caught a small quadruped genus unknown: but from a figure nearly resembling it from 

Port Jackson it or a very nearly allied species of the same genus [is] known there.” 

 

 Diary entry, 29 January 1802 by Robert Brown, naturalist aboard HMS 

Investigator, after making landfall at Fowlers Bay, South Australia. (Vallance et 

al. 2001) 

                                                 
1 Portions of this chapter appear in press as (Smith & Hughes 2007) 

s1065697
Text Box
Perameles bougainville (Quoy & Gaimard, 1824)(Western barred bandicoot)Image removed, please consult print copy of the thesis held in Griffith University Library
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Introduction 

 

Captive breeding and reintroduction appears to be the only way to ensure the long-term 

survival of many endangered species (Ebenhard 1995; Ingvarsson 2001; Lynch & 

O'Hely 2001). The degree of success of any program involving the translocation of 

breeding individuals is difficult to decipher and is often assessed along purely 

demographic grounds (i.e. population growth, range expansion) (Moseby & O'Donnell 

2003; Ostermann et al. 2001; Serena 1995). Such evaluations, however, run the risk of 

failing to detect genetic changes that may occur in captivity or as founding effects, and 

which could jeopardise the long-term success of these conservation programs. Effects 

such as loss of genetic diversity, genetic adaptation to captivity and accumulation of 

deleterious alleles have all been shown to detrimentally influence the outcome of 

translocation programs despite initial success in terms of population expansion 

(Arrendal et al. 2004; Robert & Couvet 2004; Wang & Ryman 2001). 

 

Judging the success of a reintroduction program depends largely on the goals of the 

reintroduction effort and should be evaluated incorporating criteria across a number of 

key areas including: demographics, population health and genetic composition of the 

new population compared with the source population (Hedrick 2005; Hogg et al. 2006; 

Maehr et al. 2006). Essentially, ex situ recovery programs fall into two broad 

categories: supplementation of existing wild populations; and reintroductions into areas 

following the extinction of the locally adapted natural population (Theodorou & Couvet 

2004). Each of these scenarios represents different and apparently conflicting goals and 

criteria for success. Wherever possible, it should be a priority to preserve historically 

isolated, and thus independently evolving, sets of populations (Montalvo & Ellstrand 

2000) while at the same time maximising the potential for new populations to adapt to 

novel environments (Fumagalli et al. 1999; Tordoff & Redig 2001). When the 

remaining genetic stocks are confined to islands, the recovery task is most difficult as 



 23

island populations typically have greatly reduced genetic variation compared with their 

mainland counterparts (Frankham 1997; Mills et al. 2004). 

 

Recovery projects that aim to supplement natural populations with individuals from 

other areas or captive breeding facilities need to account for the discrepancy that often 

exists between demographic and genetic goals (Lynch & O'Hely 2001). The obvious 

demographic imperative of rapidly increasing the size of the population can lead to a 

concomitant increase in its genetic load. Captive populations are typically exposed to 

relaxed selective pressures in their artificially protective surroundings (Frankham et al. 

2000). This often leads to the accumulation of slightly deleterious alleles which, upon 

release into the wild, can spread through the natural population and ultimately lead to a 

reduction in the long-term viability of the endangered population (Frankham 2005). 

This potential effect has been illustrated through modelling studies where recurrent 

introductions from captive populations with relaxed selection pressures have acted to 

increase the genetic load and reduce the fitness of larger wild populations (Theodorou & 

Couvet 2004). In the case of reintroductions to isolated portions of a species’ former 

range, the goals of the program should include maximizing genetic diversity via the 

selection of a mixed stock of founding individuals and through equalizing the 

contribution of breeding pairs (Frankham et al. 2000; Fumagalli et al. 1999). In this 

study, the genetic variation in remnant island populations of the western barred 

bandicoot is assessed and an evaluation is made of the diversity outcomes in the 

reintroduced mainland populations founded under different stocking strategies. 

 

The western barred bandicoot, Perameles bougainville, (Fig. 2.1) displays a similar 

recent demographic history to many of Australia’s marsupial species. Since European 

settlement, more than 8% of the original marsupial taxa have disappeared from the wild 

with a further 25% listed as threatened (Burbidge & McKenzie 1989; Maxwell et al. 

1996). Once widely distributed across the southern arid zone of Australia (see Fig. 1.1), 

P. bougainville now exists in the wild on just two islands (Bernier and Dorre Islands) in 
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Shark Bay, Western Australia (Friend 1990; Friend & Burbidge 1995; Richards & Short 

2003). The number of individuals estimated to exist on the two islands is 2200-4400 in 

total (Short et al. 1997). The species has survived on the islands due to the absence of 

the greatest threats to its survival: introduced feral predators and habitat modification 

for agriculture (Richards 2005). The fluctuating abundance of P. bougainville, relating 

to variable climatic conditions on the islands (Short et al. 1997b), led to an urgent 

imperative to establish reintroduced populations on the mainland. In 1995 the first such 

population was established at Heirisson Prong in Shark Bay (Richards & Short 2003) 

and this has been followed by the establishment of another in South Australia and 

several captive populations (Friend & Beecham 2004; Mawson 2004; Morris et al. 

2004). 

 

 

Figure 2.1: Western barred bandicoot, Perameles bougainville, once common throughout 

arid and semi-arid regions of Australia, now exists in the wild on just two 

islands in Shark Bay, Western Australia. 

 

The specific objectives of the recovery program are to protect the wild populations and 

their habitats and to maintain and enhance existing reintroduced populations (Richards 

2005). To this aim, reintroduced populations have been sourced and maintained to 
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account for both the conservation of historically isolated lineages and for maximising 

genetic variation. The reintroduced population at Heirisson Prong in Shark Bay was 

sourced purely from Dorre Island, while the captive population on Peron Peninsula was 

sourced from Bernier Island individuals (Morris et al. 2004).  In contrast, a captive 

colony at Dryandra was founded from a mixture of individuals from both islands (see 

Table 2.1) (Friend & Beecham 2004). To date, the reintroduction and captive breeding 

programs have been conducted in the absence of molecular data to monitor the success 

of genetic diversity outcomes. 

 

The specific aims of the present study were to determine if the remnant populations of 

P. bougainville show evidence for a recent population bottleneck and a correspondingly 

reduced level of genetic diversity compared with other marsupial species. Secondly, the 

aim was to assess the phylogenetic distinctiveness of P. bougainville compared to other 

bandicoot species. Thirdly, to investigate if the two island populations display 

divergence at genetic marker loci as would be expected given their historical separation. 

Finally, the diversity outcomes for the reintroduced populations of different provenance 

were assessed in terms of their suitability for meeting the objectives of the species 

recovery program. 
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Materials and Methods 

 

Sampling 

Samples used in this study were sourced from both of the natural populations (Bernier 

and Dorre Islands) and from captively bred/reintroduced populations (see Fig. 1.1). 

Table 2.1 shows the location and number of samples used as well as the source 

population for the reintroduced populations. Tissue samples consisted of ear clip discs, 

approximately 2-3 mm in diameter, collected during routine trapping exercises to 

monitor population size and health at each locality from 1995 to 2005. Tissue was 

stored in either 20% dimethyl sulphide saturated in NaCl or 100% ethanol until 

extraction. 

 

Table 2.1: Summary of source and reintroduced/captive populations of P. bougainville 

and sample sizes used in the present study. 

Population Source and Timing of 
Introductions 

Number  of 
Founders 

Population 
EstimateA 

Sample 
Size 

Bernier Island Natural - 1000-2000 38 

Dorre Island Natural - 1200-2400 27 

Peron Peninsula Bernier Island (1998) 30 (12m, 18f) 21B 11 

Heirisson Prong Dorre Island (1995) 
Dorre Island (1996) 

12 (3m, 9f) 
2 (2f) 131 29 

DryandraC 

Bernier Island (1994) 
Dorre Island (1995) 

Bernier Island (1995) 
Bernier Island (1996) 
Dorre Island (1998) 

Bernier Island (1998) 

4 (3m, 1f) 
2 (1m, 1f) 
4 (2m, 2f) 

1 (1m) 
7 (4m, 3f) 

2 (2f) 

20 37D 

A: (Richards 2005) 

B: Population no longer exists at Peron Peninsula after cessation of captive breeding 

program in 2001. 

C: (Friend & Beecham 2004) 

D: Sample size exceeds current population estimate as samples are from individuals 

released into this facility over 4 years. 
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Extraction of Genomic DNA 

 

Genomic DNA was extracted from tissue samples following the conventional proteinase 

K/phenol/chloroform method (Blin & Stafford 1976) with some minor modifications. 

Half ear disc samples (approximately 20 mg) were rinsed with distilled water and 

placed in 500 μl of lysis buffer (Longmire et al. 1997). Proteinase K was added to a 

final concentration of 400 μg/ml and samples were incubated at 60ºC overnight. 

Extraction in 700 μl chloroform-isoamyl (24:1) was followed by extraction with 700 μl 

of buffered phenol-chloroform –isoamyl (25:24:1) and a repeat with only chloroform-

isoamyl. DNA was precipitated with the addition of 1 ml cold isopropanol and cooled to 

–80ºC for 1 hr. The pelleted DNA was washed twice with 70% ethanol and dried in a 

vacuum bell before being resuspended in 50 μl of 0.1 X Tris-EDTA (TE) buffer and 

0.2M trehalose (Smith & Morin 2005). 

 

Identification and screening of microsatellite loci 

 

Microsatellite loci with potential for cross-species amplification were identified from 

Zenger and Johnston (2001). A further 10 loci were isolated from a partial plasmid 

library developed from a Dryandra animal following the protocol of Fischer and 

Bachman (1998). One primer from each pair was Hex labelled and synthesised by 

Geneworks (Adelaide, Australia) while unlabelled primers were supplied by Sigma 

Genosys (Castle Hill, Australia). The complete set of primers used for microsatellite 

screening is shown in table 2.2. Amplifications were performed in 12.5 μl volumes 

containing 1 X PCR buffer (Bioline, London, UK), 2 mM MgCl, 250 μM of each dNTP 

(Astral Scientific, Gymea, Australia), 0.25 U taq polymerase (Bioline, London UK), 

0.25 μM of each primer and 20-40 ng of template DNA. Reaction conditions were 95ºC 

for 3 min followed by touchdown cycling of 94 ºC for 30 sec, 60 ºC for 30 sec and 72 



 28

ºC for 30 sec with the annealing temperature dropping by 2 ºC every cycle until 50 ºC 

and further 25 cycles at this temperature. 

 

PCR products were loaded onto a 6% denaturing polyacrylamide gel and visualised 

using a Gelscan 3000 fragment analyser (Corbett Research, Sydney, Australia). 

Fragments were allocated to size classes with the assistance of the ONE-DSCAN 

software version 2.03 supplied with the Gelscan by Corbett Research. Controls of 

known size were run on each gel to ensure consistency in allele scoring. All samples 

were run in replicate and any samples with difficult to resolve bands or scoring 

inconsistencies were further repeated until unambiguous scores could be made. 

 

Table 2.2: Microsatellite loci used to genotype 134 samples of P. bougainville. Primer 

sequences and characteristics are indicated. 

Locus 

Name 

Repeat Motif Size Range 

(bp) 

No. of 

Alleles 

Primer Sequence (5’ TO 3’) 

PbD02* (GTA)5ATAGTA 

GCAGT(ACG)9 

143 - 149 3 F: CATTGATCCTGTCACTGG 

R: CTGGAGGGGTCTAAGAGTA 

B7-2 (GACA)3GATA 

(GACA)10(GATA)5 

154 - 166 4 F: AGATTTTCCATTTTCACCTGAG 

R:GAAAATGTAGGTTCTACTTTCTAACC 

B15-1 (GT)21 120 - 128 4 F:GAGGCAAGTGACAGTATGATGC 

R:TTCTGTCTCTCTATCTCTGTTTCTGTC 

B20-5 (GT)14 166 - 168 2 F: TTCTGACCATTTCTCACCTTTG 

R: ACAAATCTCCTAGGCTCTGGTG 

B34-1 (CA)19 138 - 144 4 F: GATTGGTGTCATGGGCTATTG 

R: TCCCTCAGTCTTTCCATCCTCTC 

B34-2 (CA)20 146 - 160 4 F:CAGGAACTAATCTTGTATTTTCTCCAG 

R: TGAACTTTTCAACATCCAATCATC 

B35-3 (TC)11 

ATATA(CA)17 

212 - 222 6 F: ACCTCCAGTAGCCTCAATTTCC 

R: GAAATGAGGAAATGATAAGGAAGG 

* Locus developed in this study (Genbank accession number EF625236). 
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Mitochondrial DNA  

 

A 565 basepair section of the mitochondrial control region, located towards the tRNA 

proline end of the molecule, was amplified using the primers L15999M and H16498M 

(Fumagalli et al. 1997). PCR cycling was performed using a Perkin Elmer 480 

Thermocycler under the following conditions: denaturation at 94ºC for 5 mins followed 

by 35 cycles of 94ºC for 30 secs, 52ºC for 30 secs, and 72ºC for 45 secs with a final 

extension of 7 mins at 72ºC. PCR’s were carried out in 12.5 μl volumes using the same 

PCR conditions as for microsatellites, but with 0.4µM of each primer. PCR products 

were visualised on a 1.6% agarose gel to confirm product size and concentration. Prior 

to sequencing, products were purified following the Exo/SAP method of Nordstrom et 

al. (2000). Cycle sequencing reactions were performed using Applied Biosystems Big 

Dye Terminator version 1.1 ready reaction cycle sequencing kit and were resolved via 

capillary electrophoretic separation on the Applied Biosystems 3130xl Genetic 

Analyser. 

 

Statistical Analyses 

 

For microsatellites, all loci were checked for genotyping errors or irregularities using 

the program MICRO-CHECKER (Van Oosterhout et al. 2004). Basic genetic diversity 

parameters of allele frequency and observed and expected heterozygosity were obtained 

from the program GENALEX (Peakall & Smouse 2006). The predicted reductions in 

heterozygosity between source and derived populations were calculated using the 

standard diversity loss equation from Frankam et al. (2002) p. 232). 

 

Ht = [1-1/(2Ne)]
tH0 

where Ht = predicted heterozygosity at generation t; Ne = effective population size and 

H0 = current heterozygosity. 
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Allelic richness was calculated using the rarefaction technique of Petit et al. (1998) in 

FSTAT (Goudet 1995). This technique avoids the bias introduced by comparing allelic 

richness from populations with different sample sizes. By using rarefaction, the sample 

size at which the comparison is made is that of the smallest population examined 

(Kalinowski 2004). Exact tests of Hardy-Weinberg equilibrium (HWE) and linkage 

disequilibrium were performed using GENEPOP ver. 3.2 (Raymond & Rousset 1995) 

with the resultant P values corrected for multiple tests (Rice 1989). Evidence for 

population bottlenecks was assessed using the statistical approach of Cornuet and 

Luikart (1996) in the computer program BOTTLENECK (Piry et al. 1999). This 

approach works on the assumption that populations experiencing a reduction in 

effective population size also experience a concomitant drop in number of alleles (k) 

and gene diversity as measured by expected heterozygosity (HE). Further to this, if the 

size reduction is recent, the rate of reduction of k occurs faster than that for HE (Luikart 

et al. 1998a). Thus, if the expected equilibrium gene diversity (Heq) is calculated from 

k, under the assumption of an equilibrium population of constant-size, and is 

significantly less than HE, it can be assumed that the population has gone through a 

recent population bottleneck. Populations were analysed using 3 different models of 

sequence evolution, the stepwise mutation model (SMM), the infinite alleles model 

(IAM), and the two-phased mutation model (TPM). The TPM model is thought to better 

fit the mutational processes of microsatellites (Dirienzo et al. 1994). The TPM analysis 

was run under the constraints of 90% SMM to 10% IAM with 10% variance. Ten 

thousand simulation replicates were performed for each mutational model.  

 

The level of differentiation between populations was estimated using the Weir and 

Cockerham (1984) analogues of Wright’s F-statistics with associated significance tested 

by permutations in FSTAT (Goudet 1995). The program EASYPOP (Balloux 2001b) was 

used to simulate F- statistics for two idealised natural populations isolated for 500 years 

(15000 generations) with low effective population sizes (130 individuals) and 20 

possible allelic states per locus. The mean and standard error were calculated from 100 
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replicates of the simulation. This allowed the calculation of F-statistics between two 

hypothetical populations left to diverge under standard conditions of drift and mutation 

with no migration over a similar timespan of isolation as the two islands. A further test 

was carried out to assign individuals to populations using the bayesian model-based 

clustering method contained in the program STRUCTURE (Pritchard et al. 2000). 

STRUCTURE allows individuals to be assigned to any number of populations with or 

without prior knowledge of group membership. In this case, the two natural populations 

were assigned as learning samples to help classify individuals from the reintroduced and 

captive populations. This method allows for accurate inference of whether the similarity 

with source populations has been maintained (Beaumont et al. 2001). Posterior 

probabilities of the data fitting all possible numbers of populations (K) from 1 to 6 using 

the admixture model with no prior population information were also calculated using a 

burn-in of 10 000 iterations, and a MCMC chain of 100 000 iterations. Nei’s genetic 

distance measures (Nei 1987) were also calculated and the output visualised by the 

construction of a principle components analysis plot in the program GenAlEx (Peakall 

& Smouse 2006). 

 

For mtDNA data, molecular sequence data were edited using the program BIOEDIT (V. 

5.06, (Hall 1999) and aligned by eye. Standard diversity and genetic differentiation 

measures were calculated in the program ARLEQUIN V3.01 (Excoffier & Schneider 

2005). Pairwise FST comparisons were estimated incorporating sequence divergence 

(Excoffier et al. 1992). Haplotype frequencies were calculated in EXCEL and a haplotype 

network was constructed by hand. Aligned sequences were compared with other 

available sequences from the family Peramelidae. Phylogenetic analysis of the aligned 

sequences was performed using the software package PAUP* (V. 4.0b4a, (Swofford 

1993). A parsimony tree was constructed using both Perameles species as a 

monophyletic outgroup. Bootstrap support for this tree was generated by performing 

1000 iterations of the original data set and tree calculations, and then creating a majority 

rule consensus tree. The same data set was used to construct trees using the neighbour-
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joining and maximum likelihood methodologies to test for congruence of the different 

topologies. A DNA substitution model (TVM+I+G) was chosen for the maximum 

likelihood calculations according to the AIC criterion in the program Modeltest (Posada 

& Crandall 1998). A Bayesian tree topology with posterior probabilities was also 

calculated for this data set using the software program Mr Bayes (Ronquist & 

Huelsenbeck 2003) with a burn-in of 35000 and MCMC chain length of 450000 

repetitions. 
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Results 

 

Microsatellite Loci 

 

Of the eight loci tested from Zenger and Johnston (2001), six proved variable for 

western barred bandicoots and were useful for diversity estimation. Thirty-two clones 

were isolated from the partial plasmid library and sequenced to confirm microsatellite 

inserts. Sixteen loci with adequate flanking sequence for primer design were chosen to 

trial (8 di-mers and 8 tri-mers). Six of these failed to amplify from bandicoot genomic 

DNA, suggesting that they may have been concatamers of multiple fragments formed 

during plasmid ligation (Fischer & Bachmann 1998). Of the remaining loci, nine were 

monomorphic or produced spurious bands, leaving just one locus (PbD02, Genbank 

Accession # EF625236) that could be added to the optimised set (Table 2.2). 

 

In total, 134 individuals across 5 populations (2 natural, 1 reintroduced and 2 captive) 

were genotyped at 7 loci (Table 2.1). A further locus (B35-3) was dropped from the 

analysis after the program MICRO-CHECKER (Van Oosterhout et al. 2004) 

highlighted the significant likelihood of miscalls due to excessive stutter bands. All 

populations and loci were in Hardy-Weinberg and linkage equilibrium except for locus 

B34-1 in the Dorre Island population that still showed a significant deficiency of 

heterozygotes after Bonferroni correction. Levels of diversity were low across all 

populations (A = 1.80-2.69, HE = 0.27-0.54; Table 2.3) and allele frequencies showed 

large differences between source populations (Fig. 2.2). Levels of allelic richness (A) 

and expected heterozygosity (HE) were very low when compared with other marsupial 

species (see Table 2.4). Heterozygosity levels in the derived populations were not 

significantly different from expectations given the heterozygosity of the source 

population and generations since founders (see Table 2.3). Pairwise FST values were 

highly significant across all comparisons (p<0.001) except for the Bernier versus Peron 

comparison. Significant FST values ranged from 0.105 (Dorre vs. Heirisson) to 0.63 
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(Bernier vs. Dorre) (Table 2.5). The EASYPOP (Balloux 2001b) simulation of FST 

between Bernier and Dorre Islands produced a mean simulation value of 0.53 (± 0.08) 

after 5000 years of separation (15000 generations). 

 

Table 2.3: Microsatellite diversity and bottleneck test results for five populations of P. 

bougainville from six loci. 

Population n A HE Heq HE pred. 

Bernier 37 1.81 (± 

0.30) 

0.27 (± 0.1) 0.23 (± 0.08) N/A 

Dorre 26 2.20 (± 

0.42) 

0.31 (± 0.11) 0.30 (± 0.08) N/A 

Peron 8 1.81 (± 

0.31) 

0.27 (± 0.1) 0.26 (± 0.09) 0.27 (± 0.11) 

Heirisson 27 1.80 (± 

0.30) 

0.28 (± 0.1) 0.20 (± 0.07) 0.30 (± 0.1) 

Dryandra 36 2.69 (± 

0.25) 

0.54 (± 0.1) 0.42 (± 0.06)* N/A 

Values in parentheses represent standard errors. * indicates a significant result for the 

Wilcoxon sign test of heterozygosity versus allelic richness. Sample sizes reflect 

numbers of individuals scored at more than 4 microsatellite loci. n = sample size. A = 

allelic richness standardised to the minimum population size of 8. HE = expected 

heterozygosity. Heq = heterozygote excess compared to allelic richness. HE pred. = 

predicted heterozygosity derived from source population, time since founders and 

effective population size (Frankham et al. 2002). 
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Figure 2.2: Allele size range and frequency across 5 populations of western barred 

bandicoots for 6 microsatellite loci. 
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Evidence for a recent population bottleneck was found only in the Dryandra population 

from the BOTTLENECK analysis. The Wilcoxon sign-rank tests indicated a 

considerable excess in heterozygosity compared to allelic richness (Heq) in this 

population under the IAM and TPM models (Table 2.3). The significance of this result 

disappeared when the level of contribution of the SMM model was raised above 95%. 

 

Table 2.4: Levels of allelic richness (A) and expected heterozygosity (HE) derived from 
microsatellite data in 14 populations of 8 marsupial taxa. 

Species N Loci A HE Source 

P. l. lateralis (Barrow Is.) 
Black-footed rock wallaby 28 10 1.2 0.05 (Eldridge et al. 1999) 

L. krefftii (Queensland) 
Northern hairy-nosed wombat 26 15 1.8 0.27 (Taylor et al. 1994a) 

P. bougainville (Heirisson) 
Western barred bandicoot 29 6 1.8(±0.3) 0.27(±0.1) This study 

P. bougainville (Bernier) 
Western barred bandicoot 33 6 2.0(±0.4) 0.27(±0.1) This study 

P. bougainville (Dorre) 
Western barred bandicoot 26 6 2.3(±0.4) 0.32(±0.1) This study 

P. bougainville (Dryandra) 
Western barred bandicoot 38 6 2.9(±0.3) 0.54(±0.0) This study 

S. laniarius (Little Swanport) 
Tasmanian devil 36 11 3.2(±0.3) 0.41(±0.1) (Jones et al. 2004) 

S. laniarius (Narawntapu) 
Tasmanian devil 37 11 3.3(±0.3) 0.47(±0.0) (Jones et al. 2004) 

I. obesulus (Sydney) 
Southern brown bandicoot 30 8 3.8(±0.6) 0.56(±0.1) (Zenger et al. 2005) 

M. eugenii (Kawau Is) 
Tammar wallaby 37 7 6.3 0.62 (Taylor & Cooper 1998) 

P. l. lateralis (mainland) 
Black-footed rock wallaby 37 10 6.6 0.62 (Eldridge et al. 1999) 

M. rufogriseus (Flinders Is.) 
Bennetts wallaby 28 5 7 0.71 (Le Page et al. 2000) 

M. lagotis (Queensland) 
The greater bilby 27 9 7.7 0.75 (Moritz et al. 1997a) 

M. rufogriseus (n Tasmania) 
Bennetts wallaby 26 5 9.2 0.79 (Le Page et al. 2000) 

Only studies with n between 25 and 38 and #loci >5 are included. P. bougainville allelic 
diversity estimates were standardised to the minimum population size of 26. Peron 
population was excluded due to small sample size. Standard errors are shown where 
available. 
 



 37

High levels of genetic structure were apparent in the admixture plot from the program 

STRUCTURE (Fig. 2.3) (Pritchard et al. 2000). All individuals (represented by vertical 

bars in the plot) from the reintroduced and captive populations show high affinity with 

the genetic makeup of their source population. Dryandra individuals display levels of 

admixture consistent with their mixed provenance. The log-likelihood scores for 

different estimates of the number of populations (K) suggests that K = 2 or 3 with 

approximately equal support (K = 1: -1993.84; 2: -1162.39; 3: -1163.22; 4: -1173.54; 5: 

-1189.5; 6: -1208.24). 

 

Figure 2.3: Levels of admixture for 5 populations and 134 samples of P. bougainville. 

Each vertical bar represents a single individual. Individuals were assigned 

to populations using the program STRUCTURE (Pritchard et al. 2000). 

Individuals from known island populations were used to create pre-

defined populations for classification. Population number (K) was 

estimated using no prior population information. 

 
 
The PCA plot of Nei’s genetic distance from microsatellite data (Fig. 2.4) clearly 

separates the islands at either end of axis 1 which accounted for 98.3% of the variation. 

Reintroduced populations grouped strongly with their source populations along this 

axis. The Dryandra population, founded by individuals sourced from both natural 

populations and included in a mixed breeding program, occupied a position in the plot 

midway between the 2 island populations. 
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Figure 2.4: Principal components analysis of Nei’s genetic distances for P. bougainville 

microsatellite data. Reintroduced/captive populations are shown in the 

same colour as their respective source populations. The mixed stock 

colony at Dryandra is shown as a mixture of the source populations. 
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Mitochondrial Control Region 

 

Direct sequencing of the control region for western barred bandicoots revealed four 

variable sites and five distinct haplotypes from 129 individuals (Genbank accession 

numbers EF625231 - EF625235). Haplotypes were separated by single step changes 

(Fig. 2.5) and showed limited structure between the natural populations. Each island 

population possessed three haplotypes with one of those being shared. The Peron 

captive colony contained the same three haplotypes as Bernier Island but at slightly 

different frequencies. Heirisson Prong was monomorphic for the rarer Y haplotype from 

Dorre Island while the mixed breeding colony at Dryandra had two haplotypes, the 

shared X haplotype and the common W haplotype from Bernier Island (Fig. 2.5).  

 

Figure 2.5: Haplotype network and frequencies for 565bp of mtDNA control region from 

five populations of P. bougainville. 
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Pairwise FST values incorporating sequence divergence were highly significant across 

all comparisons (p<0.001) except for the Bernier versus Peron comparison (Table 2.4). 

The Peron population was sourced from Bernier Island and has only gone through two 

generations since being founded. 

 

Table 2.5: Pairwise FST values for populations of P. bougainville calculated from 6 

microsatellite loci (below diagonal) and 565 bp of mtDNA D-loop (above diagonal). 

 Bernier Dorre Peron Heirisson Dryandra 
Bernier  0.60 0.01 0.86 0.56 
Dorre 0.63  0.45 0.42 0.41 
Peron -0.01 0.60  0.87 0.38 
Heirisson 0.63 0.10 0.62  0.87 
Dryandra 0.26 0.23 0.18 0.26  
Shaded cells represent non-significant comparisons. 

 

The phylogram generated from the maximum likelihood and Bayesian analysis of 

mtDNA control region sequences shows all P. bougainville populations grouping 

together closest to the congeneric species, P. nasuta. The branch lengths on this tree, 

however, indicate that P. bougainville is quite divergent from all other bandicoot 

species and has reduced mtDNA diversity compared to those species (Fig. 2.6). 
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Figure 2.6: Parsimony tree showing relationships between Peramelidae mtDNA control 

region haplotypes. Values at nodes above indicate bayesian posterior 

probabilities while those below are for 1000 bootstrap replicates of the 

maximum likelihood calculations. Haplotypes PbV-Z are from this study 

while Ioo1-9 are from Zenger et al. (2005) and all others are from Pope et 

al. (2001). 
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Discussion 

 
Bottleneck effects and genetic diversity comparisons 

 

The lack of evidence for bottlenecks in the island populations of P. bougainville is not 

surprising given that the populations have been isolated from each other for around 

3000 –5000 years and from the mainland for around 5000-8000 years (Churchill 1959; 

Kendrick 1978). The absence of a bottleneck signature in the genetic data suggests that 

since the initial isolation of the islands and the consequent drop in effective population 

size, the populations have had enough time to return to an equilibrium level of 

mutations versus genetic drift (Slatkin 1995). Neutrality tests performed on the mtDNA 

data also showed no significant deviation from neutral expectations (see Appendix 3) 

and confirmed this equilibrium state. Eldridge et al. (1999) showed a similar situation in 

island populations of the black-footed rock-wallaby (Petrogale lateralis) where, despite 

remarkably low levels of genetic variation, island populations appeared to be in 

mutation/drift equilibrium. Under such circumstances, theoretical expectations that a 

bottleneck will be detected as a reduction in allelic diversity compared with 

heterozygosity, are unlikely to be met (Cornuet & Luikart 1996). 

 

An examination of the allele size classes from Figure 2.2 does provide strong evidence 

for the occurrance of a bottleneck in the species recent past. The clumping of alleles at 

all loci on both islands around a size distribution of just a few mutation steps suggests 

that the islands were subjected to a severe bottleneck sometime after they became 

separated from the mainland. The severity of the bottleneck is indicated by the lack of a 

random pattern of remnant alleles at each locus suggestive of all loci being reduced to 

single alleles. The limited varaiation around each allele size at each locus can then be 

explained by subsequent mutations since the bottleneck event. Furthermore, the fact that 

this pattern of limited variation around a common size class is a feature of both islands 

suggests that the bottleneck occurred after separation from the mainland but prior to the 
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islands being separated from each other. Analysis of museum specimens would throw 

further light on this finding by providing a comparison with allele size distributions for 

presumably non-bottlenecked mainland populations.  

 

The comparison of P. bougainville with other marsupial populations reveals that the 

remaining populations of this species are relatively impoverished in terms of genetic 

diversity (Table 2.3). To avoid the bias often associated with comparisons of allelic 

diversity across vastly different sample sizes (Leberg 2002), the list is limited to those 

studies of populations in the range of 26 to 38 (same as these populations excluding 

Peron).The estimates have been standardised to a minimum population size of twenty-

six. While it should be noted that different microsatellite loci have different intrinsic 

levels of variability and this may confound cross-taxa comparisons to some extent, it is 

clear from this table that P. bougainville displays low levels of microsatellite diversity. 

Only the severely impacted remnant populations of black-footed rock-wallabies 

(Eldridge et al. 1999) and northern hairy-nosed wombats (Taylor et al. 1994a) have 

lower recorded values. Although some reduction in microsatellite variation might be 

expected for microsatellite loci cloned from other species (Goldstein & Pollock 1997), 

such an effect may be considered unlikely to account for the low variation in this case as 

the single locus developed from P. bougainville recorded a similarly low level of 

variation to the others (Mean no. of alleles PbD02 = 2.2, range = 1.2-2.6; F29,0.05 = 1.81, 

P = 0.15). It is likely that the effect of genetic drift on the small isolated populations is 

the main reason for the loss of diversity (Frankham 1997; Seddon & Baverstock 1999) 

and that any further reduction may expose them to an increased risk of extinction. Short 

et al. (1998) have already noted substantial fluctuations in numbers of bandicoots due to 

environmental factors including a significant reduction on Dorre Island caused by 

drought from 1986-1989. The stochastic nature of the environmental conditions on the 

islands combined with the low recorded diversity values highlights the urgency of the 

need to actively manage this species to maximise genetic diversity for population 

reintroductions. 
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Natural populations as genetic reservoirs 

 

An important facet for the understanding and successful implementation of a captive 

breeding/reintroduction program is the extent of divergence between source populations 

and whether this should be maintained in the new populations (Moritz 1999; Ralls & 

Ballou 1986). To date the extent of genetic structuring between the two islands has not 

been investigated, although Short et al. (1998) have shown that there are no significant 

morphological differences between the two populations. Any genetic distinctiveness of 

the natural populations has important implications in this case as one of the captive bred 

populations (Dryandra) has been created from a mixture of the founding stocks in an 

attempt to maximise diversity. Both the microsatellite and mtDNA data show evidence 

for limited structuring of allelic and haplotypic variation. The two islands are fixed for 

separate microsatellite alleles at locus B20-5 and unique alleles are found at three other 

loci. Similarly, four of the five mtDNA haplotypes are unique among the islands. 

However, the sequence divergence is very low with haplotypes only separated by single 

base pairs and clustered together on the phylogenetic tree. The difference between the 

populations expressed through the FST results (0.60 for microsatellites and 0.63 for 

mtDNA, see Table 2.4) are similar to the simulated values from EASYPOP (Balloux 

2001a) for two isolated populations with small and fluctuating population sizes 

separated for the same amount of time (mean sim FST = 0.53 ± 0.08). The island 

populations share mitochondrial haplotypes (Fig. 2.5) and show limited frequency 

differences at microsatellite loci (Fig. 2.2) showing that they do not represent separate 

evolutionary significant units (ESUs) as defined by Moritz (1994). Given this and the 

similar habitat types found on the two islands (Short et al. 1998), I suggest that they 

may be treated as reservoirs of genetic variation that can be readily combined in future 

reintroductions. The fact that these populations have survived in isolation has allowed 

them to maintain partially divergent sets of alleles and therefore a much higher 
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combined level of diversity than would be expected from either population by itself (see 

Fig. 2.2). Therefore, while the island populations do not fit the definition of ESUs, I 

would argue that maintaining two separate healthy populations in isolation is the best 

way to maximise genetic variation as a whole (Nunney & Campbell 1993). 

 

The assignment of individuals to source population using STRUCTURE provides further 

evidence for distinct sets of alleles associated with each island (Fig 2.3). All 

reintroduced/captive populations are clearly assigned to the correct source population. 

Even the mixed Dryandra population is better explained as an admixed population 

rather than appearing as a distinct third population as the log likelihood score is highest 

for just two populations. Although this is to be expected due to the similarity of genetic 

make-up between founders and source, Sigg (2006) showed significant divergence of 

translocated populations from the remnant source in bridled nail-tailed wallabies after 

only 4 generations. The most likely explanation for the difference between the studies is 

the smaller founder population sizes for the bridled nail-tail compared to bandicoots 

(mean n = 8 vs. mean n = 22) and that the Peron population has only reached the 2nd 

generation since establishment. Indeed if pairwise FST values are considered (see Table 

2.4), it can be seen that Peron is the only population that does not show a significant 

difference to its source although this may also be attributed to the very small sample 

size for the Peron population. The significant pairwise FST values, combined with the 

loss of rare alleles and haplotypes in the reintroduced populations, indicates however, 

that without ongoing additions from the wild, these colonies are likely to decrease in 

similarity with their respective source populations in subsequent generations. While a 

decrease in similarity in itself is not necessarily a problem for reintroduction, the loss of 

diversity relative to the source population that is driving the difference is (Woodworth 

et al. 2002). 

 

Implications for the species recovery plan 
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The genetic data from this study provide valuable information that can be incorporated 

into the species recovery program. There are also important lessons available from other 

studies that, when used with these data and ongoing monitoring, can greatly improve the 

chances for the long-term persistence of western barred bandicoots. Recent studies have 

shown that measures of reintroduction success that rely only on demographic data often 

fail to detect genetic changes that can negatively impact population viability (Arrendal 

et al. 2004; Lynch & O'Hely 2001). The recovery plan for this species is uniquely 

positioned to take advantage of island genetic reservoirs to maximise diversity in 

reintroduced populations. For the western barred bandicoot the genetic issues that need 

to be carefully managed are:  

(i) ensuring the continued viability of the historically isolated remnant 

populations,  

(ii) minimising the loss of allelic and haplotypic diversity in the reintroduced 

populations, and  

(iii) avoidance of increased genetic load in reintroduced populations due to the 

accumulation of slightly deleterious alleles (Hedrick 2004b; Theodorou & 

Couvet 2004). 

 

Evidence from the phylogenetic analysis of mtDNA haplotypes indicates that this 

species is clearly distinct from other members of the bandicoot family (Peramelidae) 

(Fig. 2.6). The loss of the remnant populations of P. bougainville would represent a 

significant loss of biodiversity from the Australian marsupial fauna. While this analysis 

provides support for the phylogenetic basis of the recovery effort, it also highlights the 

limited diversity of this species compared to other genera within the family. The 

shallow branch lengths separating the five P. bougainville haplotypes are considerably 

shorter than those separating haplotypes from each of the other species or even 

subspecies. This adds support to the low levels of genetic diversity estimated from 

microsatellite loci.  
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The reintroduced and captive populations of P. bougainville at Heirisson Prong and 

Peron Peninsula represent attempts to maintain the distinctiveness of historically 

isolated evolutionary lineages. Given the shallow divergence of the natural populations 

revealed in the present study (Figs. 2.5 & 2.6), the management emphasis should now 

shift from maintaining separate stocks in captivity. Rather, efforts should be 

concentrated on maximising diversity for reintroduction attempts without the fear of 

outbreeding issues or of disrupting local adaptations. Unfortunately, the population at 

Peron has collapsed due to low breeding success and disease issues and the captive 

breeding program at this facility has been abandoned at least in the short-term (Richards 

2005). Other reintroduced populations have since been founded near Roxby Downs in 

South Australia from Bernier individuals and on Faure Island in Shark Bay from 

Heirisson individuals (K. Moseby and J. Richards pers. com.). The long-term survival 

of these two independent populations as genetically viable units will require continued 

monitoring of their genetic composition to guide decision-making about future 

translocations to maximise their adaptive potential.  

 

The Heirisson Prong population, sourced from purely Dorre Island founders, has 

survived and increased in number since 1995. While this population appears to be well 

established (N = 131) it shows signs of severe reductions in genetic diversity. It displays 

low levels of microsatellite heterozygosity and allelic richness and is represented by just 

one mtDNA haplotype. Examples from bridled nail-tail wallabies (Sigg 2006) and sea 

otters (Arrendal et al. 2004) suggest that to avoid further erosion of genetic variability it 

is necessary to introduce supplementary individuals from the wild Dorre Island 

population. While this must be carefully balanced against the wild population’s capacity 

to sustain continued removal of individuals (Todd et al. 2002), only a small number of 

translocated individuals is needed to improve the genetic composition of the population 

as a whole (Robert & Couvet 2004; Theodorou & Couvet 2004). Indeed a recent 

simulation of population viability for reintroduced populations of the red squirrel 

suggested that the supplementation of just two individuals per year (one male and one 
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female) would reduce the probability of extinction from 74% to 25% over 20 years 

(Ogden et al. 2005). The translocation of just two individuals per year from the stable 

natural population on Dorre island is unlikely to severely impact on its long term 

persistence (Short et al. 1997a). 

 

The Dryandra population acts as a mixed stock pool of the two remnant bandicoot 

populations. It shows the highest level of microsatellite diversity of all populations. 

Despite this, it has lost alleles and mtDNA haplotypes that are present on the islands. It 

is important that this population also be supplemented with wild-sourced individuals to 

maximise genetic diversity, halt further erosion of adaptive potential and to avoid the 

accumulation of deleterious alleles (Hedrick 2004; Ingvarsson 2001). No individuals 

from this population have yet been released to the wild and there has been no 

assessment of its relative fitness compared to other populations. However, recent 

disease problems have threatened the persistence of this captive colony (Friend & 

Beecham 2004; O'Hara et al. 2004) and further research is needed to understand the 

nature of this threat. If the disease problems can be resolved, this population (with its 

mixture of genetic stocks) represents a potentially high value, highly diverse candidate 

for sourcing founders for new reintroductions into novel environments (Moritz 1999).  

 

Information from the present study provides useful information to managers of 

reintroduced populations about utilising variation from island genetic reservoirs to 

maximize diversity in reintroduced populations. This investigation into genetic aspects 

of the species recovery plan for P. bougainville provides insights into the underlying 

processes leading to the increased vulnerability of isolated populations and the 

associated loss of genetic diversity. Analysis at this level adds to our understanding of 

how the dynamics of endangered populations differ from non-impacted species and the 

rate at which genetic drift can act in small populations. To ensure that these pools of 

genetic stock represent viable sources for future supplementations or reintroductions, it 

is important that their genetic composition be actively managed. This is a difficult task 
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as estimates of genetic diversity generated from a small number of loci (i.e. <300) may 

not be adequate to give a representation of diversity preserved over the entire genome 

(Balloux et al. 2004). It is important therefore, that subsequent monitoring incorporates 

forthcoming technologies that will allow genotyping of vast numbers of loci across 

neutral and functional regions of the genome to better gauge the adaptive potential of 

each population (DeSalle & Amato 2004; Hedrick 2004; Taylor et al. 1994). 
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CHAPTER 3 - QUEENSLAND BILBY POPULATIONS RECOVERY PROGRAM: 

THE CONTRIBUTION OF MOLECULAR GENETIC DATA 

 

 

 

 

 

 

"Remarkable amongst the smaller forms is the talgoo (bilby), one of the so-called rabbit 

bandicoots, which has carried a number of structural peculiarities to grotesque lengths 

yet manages to reconcile them all in a surprisingly harmonious, and even beautiful 

whole. ...in parts of the country thousands of acres of loamy mulga flats have been 

closely harrowed by its scratchings in search of beetle larvae, which occur there." 

(Finlayson 1936) 
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Introduction 

 

The Greater Bilby, Macrotis lagotis (Fig 3.1), is another member of Australia’s 

marsupial fauna that has experienced a substantial reduction in its range since European 

settlement (Southgate 1990). Once widespread across arid and semi-arid parts of the 

country, the species now exists as fragmented populations in the deserts of Western 

Australia and the Northern Territory and also as isolated remnants in the far western 

Queensland arid zone (Southgate 1994). It is listed as vulnerable by the IUCN red list 

(IUCN 1996) and was targeted for recovery efforts in the Australian government’s 

action plan for marsupials and monotremes (Maxwell et al. 1996). Two failed 

reintroductions took place in the Northern territory in the period from 1982 to 1991 and 

information from these attempts has been used in subsequent and ongoing efforts in 

Western Australia, South Australia, New South Wales and Queensland (Pavey 2006). 

 

 

Figure 3.1: The greater bilby, Macrotis lagotis. Since European settlement this species has 

suffered a reduction in its range of over 80% and is now confined to the 

most arid and unproductive parts of its former range. (Photo courtesy of 

Queensland EPA). 
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There have been a number of studies that have investigated various physical aspects of 

bilby ecology and survival such as diet (Gibson 2001; Gibson et al. 2002; Southgate & 

Carthew 2006), demography (Southgate 1990, 2005) and reintroduction criteria 

(Moseby & O'Donnell 2003; Southgate & Possingham 1995) but relatively few that 

have dealt with population genetic issues. Southgate and Adams (1993) assessed 

allozyme variation in bilby populations across three states (Qld, NT and WA) and found 

no evidence for differentiation from six polymorphic loci. In a more detailed study 

incorporating mtDNA and microsatellite variation, Moritz et al. (1997b) reported 

substantial variation within and between populations but found no evidence for strong 

phylogeographic structuring across the species’ range. Their data indicated that bilbies 

represent a single evolutionarily significant unit (ESU) but that each state should be 

treated as a separate management unit. Translocations between states were not seen as 

necessary in the short term and were suggested as a last resort only in the face of sudden 

population declines. 

 

Recently, the Queensland population has been used to source individuals to establish a 

captive breeding facility at Charleville in the state’s west. Subsequently, a reintroduced 

population has been founded with nine individuals (three male and six female) in a 

25km2 enclosure in Currawinya National Park on the Queensland/New South Wales 

border. Both the captive and reintroduced populations have been established with a 

view to maximising genetic diversity but with little molecular genetic data to guide the 

management and breeding decisions. 

 

The specific aims of this chapter are: (i) to assess the suitability of bilby faecal pellets as 

a non-invasive source of DNA samples for population genetic studies; (ii) to assess 

levels of genetic diversity in the captive and reintroduced populations in Queensland 

and compare that against levels of diversity in the natural population at Astrebla Downs; 

and (iii) to extend the phylogeographic study of extant bilby populations throughout 
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Australia to include more samples from Queensland so that the genetic structure within 

and between regions is better understood. 
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Materials and Methods 

 

Sampling and DNA extraction 

Three populations were sampled in this study: the captive breeding colony at 

Charleville (Qld); a wild population from Astrebla Downs National Park in far-western 

Queensland; and the reintroduced population at Currawinya National Park in south-west 

Queensland (see Fig. 1.3). Trapping individual bilbies is difficult due to the problems of 

finding active burrows in low-density populations and trap shyness (Moseby & 

O'Donnell 2003; Southgate et al. 1995). Even for the captive population, males, in 

particular, were reluctant to enter cage traps in the large enclosures making it impossible 

to sample the entire colony. Tissue samples were collected as ear biopsies (2-3mm2) 

from the captive colony (n=18; 5 males and 13 females) and stored in 20% DMSO and 

saturated NaCl. No trapping was attempted in the wild and reintroduced populations and 

faecal samples were sought as an alternative. Faecal samples were collected as dried 

pellets and stored dry at room temperature on silica gel beads (n=27 and n=15 

respectively). 

 

Genomic DNA was extracted from tissue samples as per the method used for western 

barred bandicoots (see Chapter 2). For the faecal samples, DNA was extracted using the 

QIAamp DNA Stool Kit (Qiagen) following the manufacturer’s directions and 

modifications outlined in Nsubuga et al. (2004). 

 

Microsatellite Screening and Assay Redesign 

 

Primer sets, previously shown to amplify 11 microsatellite loci in bilbies (Moritz et al. 

1997b), were ordered as unlabelled forward (Sigma-Genosys, Australia) and Hex-

labelled reverse primers (Geneworks, Australia). Initial amplifications were conducted 

on tissue-extracted DNA following the methods outlined for western barred bandicoots 
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(Chapter 2). From this initial screening, one locus (Bil61) was discarded due to the 

presence of spurious bands. Further screening was then conducted using a random 

subset of the faecal DNA extracts. A high PCR failure rate, particularly for loci with 

longer amplicons, indicated that many of the microsatellite assays may be too large for 

successful amplification from such poor quality DNA. To overcome this problem, new 

PCR primers can be designed closer to the repeat motif to shorten the amplicon length if 

suitable flanking region exists. As associated sequences for these microsatellites had not 

been lodged with GenBank, it was necessary to generate clear, unambiguous sequence 

traces for each problematic locus to determine if primer redesign would be a feasible 

approach. 

 

Nine loci were chosen for sequencing and primer redesign (Bil02, Bil08, Bil16, Bil17, 

Bil22, Bil41, Bil56, Bil63, Bil66). Good quality ear-tissue DNA was used for PCR 

amplification and sequencing following the Applied Biosystems Big Dye sequencing 

protocol out lined in Chapter 2. Forward and reverse sequence traces were edited using 

the program Bioedit (Hall 1999) and aligned by eye. Potential priming sites in the 

flanking region close to the repeat motif were selected manually and tested in the primer 

design program Netprimer (Premier Biosoft International) to conform to the parameters: 

primer length 18–25 nt, 3' end stability –6.5 to –10.5 kcal/mol, primer Tm 55–65°C, GC 

content 40–70% and primer rating >80. New PCR primer sets were used to amplify ear-

tissue and faecal DNA under the same reaction conditions as microsatellites in chapter 2 

(Table 1). Products were resolved on a 6% denaturing polyacrylamide gel and 

visualised using a Gelscan 3000 fragment analyser (Corbett Research, Sydney, 

Australia). Products were run alongside positive control amplifications and no-template 

controls were run with each PCR. Scoring was made by comparison to a “home-made” 

size standard developed following the approach of DeWoody et al. (2004). Primer 

redesign improved the amplification success rate and band clarity for four loci and these 

primer sets were adopted for the remainder of the analysis (see Table 3.1). 
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Table 3.1: Primer sequences developed to analyse portions of the bilby nuclear and 

mitochondrial genome.  

Primer Name Primer Sequence Target Locus 

Bil16intF AGGTAGCTGTTTGCCCGTG nucDNA microsatellite 

Bil17intF AGCCTGTGTGTCTTAAAATGC nucDNA microsatellite 

Bil41intF TGACTTTCTTTTGCTACAACAACC nucDNA microsatellite 

Bil56intF CACACTTATACATACACGTACACG nucDNA microsatellite 

mt15996 L CTCCACCATCAGCACCCA mtDNA control region 

2bilby H GGGCTTGCTCTGAAGGATGTTG mtDNA control region 

BilCRint L1 TTCTAATTAAACTACTTCCTGAC mtDNA control region 

BilCRint L2 TTCCACTAGCATATAAGCATGAATAT mtDNA control region 

BilCRint H TTCATGCTTATATGCTAGTGGA mtDNA control region 

 

 

Microsatellite Genotyping Protocol to Minimise Scoring Errors 

 
The difficulties in obtaining accurate genotypes from noninvasively collected DNA 

samples have been well documented (Bonin et al. 2004; Morin et al. 2001; Taberlet et 

al. 1996). To minimise the incidence of scoring errors associated with these extracts of 

low quantity and quality, a genotyping and scoring protocol was developed combining 

the approaches of Morin et al (2001) and Paetkau (2003). 

 

For each DNA extract, a minimum of three separate PCR amplifications were 

performed. After each gel was run, scores were assigned and rated as either high or 

lower confidence based on the intensity of the band and any associated stuttering. 

Extracts that failed to achieve greater than four high confidence locus scores on the first 

pass were excluded from further genotyping and analysis. Heterozygotes were accepted 

if both alleles were scored at least once as high confidence or twice as lower confidence. 

Homozygotes were only accepted if single bands were scored on all three replicates. In 

cases where homozygote scores were recorded from only lower confidence gels a 

further PCR was performed to confirm the genotype. 
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Two methods assessed the genotyping error rate. Firstly, the amplification success was 

recorded as the percentage of successful PCRs relative to the total number of 

amplification attempts. Secondly, the recorded genotype for each PCR replicate was 

compared to the consensus genotype and the percentage of allelic differences to total 

alleles was calculated. This ratio gives an indication of allelic scoring variability and is 

comparable to the allelic dropout rate of Broquet et al.(2007).  

 

Mitochondrial DNA Sequence Analysis 

 
A 610 basepair section of the mitochondrial control region was targeted for analysis 

using primers shown  to amplify only DNA that is mitochondrial in origin from bilbies 

(Campbell et al. 1995; Moritz et al. 1997). PCR was performed in 12.5 µl volumes 

following the same conditions as for bandicoot mtDNA (see chapter 2). Faecal DNA 

extracts failed to amplify for this larger sized fragment so internal primers were 

designed to yield two smaller fragments when used in combination with the original 

primers (see Table 3.1, Fig. 3.2). 

 

 

 

Figure 3.2: Position of primers used to amplify portions of the bilby mtDNA control 

region from the tRNA proline end. 

 
PCR products were visualised on a 1.6% agarose gel to confirm product size and 

concentration and then purified and sequenced following the same approach as for 

western barred bandicoots in Chapter 2. 
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Data Analysis  

Analysis of microsatellite data was performed as per the western barred bandicoot data 

except that for the bilbies, duplicated multilocus genotypes in the faecal DNA dataset 

were identified using the matching function in Genalex (Peakall & Smouse 2006). The 

collection of faecal samples around burrows makes it likely that more than one 

individual will be represented in the samples analysed. A subset of the data excluding 

these duplicates was then constructed prior to obtaining basic genetic diversity 

parameters of allele frequency and observed and expected heterozygosity. Estimates of 

effective population size were calculated using three methods: the gametic 

disequilibrium method (Hill 1981), the heterozygote excess method (Pudovkin et al. 

1996) and the moments based temporal method (Waples 1989). These methods were 

implemented using the computer package NeEstimator v. 1.3 (Peel et al. 2004). The 

moments based temporal method was performed by incorporating data from a 1997 

study that included microsatellite analysis of the Astrebla population (Moritz et al. 

1997b). Samples were collected from similar localities within the population range 

thereby avoiding the possibility of comparing different geographical rather than 

temporal samples. Frequency data from seven loci were directly comparable and able to 

be used to provide two sample points ten years apart. While genotyped standards were 

not available from the Moritz et al. study, it was possible to match allele size classes for 

each locus based on the patterns of missing alleles in each dataset. The temporal method 

used a value for number of generations of five, based on an interval of ten years and a 

generation time of two years (Southgate et al. 2000). 

 

For mtDNA data, molecular sequence data were analysed as per the western barred 

bandicoot data with some additional calculations. The program DnaSP  v.4.0 (Rozas et 

al. 2003) was used to generate tests of neutrality including Tajima’s D (Tajima 1989), 

Fu and Li’s F and Fu and Li’s D (Fu & Li 1993). These tests were conducted to detect 

traces of past population growth or decline. The Tajima’s D test is based on the 

expectation that, under neutrality, the average number of nucleotide differences between 
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sequences from a random sample should be equal to the total number of polymorphic 

sites. In a contracting population, rare haplotypes will be lost and there will be a greater 

number of nucleotide differences between samples compared to the total number of 

polymorphic sites resulting in a significantly positive value of Tajima’s D (Tajima 

1989). The tests of Fu and Li are aimed at comparing the number of old mutations 

against those that are young and have only arisen recently. If the effective population 

size is decreasing over generations, the expectation is that young mutations will be lost 

and there will be more old ones observed in a sample (Fu & Li 1993). Both tests use the 

total number of mutations appearing only once among all sequences (ηs) as a measure 

of young mutations and compare that against the total number of mutations (η) in the 

case of Fu and Li’s D, and against the average number of nucleotide differences 

between pairs of sequences (κ) in the case of Fu and Li’s F (Fu & Li 1993). Data were 

also combined with that available from an earlier study by Moritz et al. (1997b) to 

enable coalescence analysis of populations throughout Queensland, the Northern 

Territory and Western Australia. Nested clade phylogeographic analysis (NCPA) is a 

methodology developed to infer spatial and ancestral relationships between haplotypes 

(Crandall & Templeton 1993; Templeton et al. 1987). It was implemented using the 

program ANeCA v. 1.1 (Panchal 2007) which incorporates the two core programs TCS 

(Clement et al. 2000) and GeoDis (Posada et al. 2000). All Queensland samples were 

designated as coming from the single wild population at Astrebla Downs and the 

location information for the other samples was taken from Moritz et al. (1997b). To 

connect all haplotypes to the network it was necessary to drop the connection limit to 

90%. Two ambiguous loops remained in the network which were resolved according to 

the criteria of Crandall and Templeton (1993). In both cases, singletons were included 

as tips on the networks rather than as interior nodes.  

 

As with the bandicoot data, phylogenetic analysis of the aligned sequences was 

performed using the software package PAUP* (V. 4.0b4a, (Swofford 1993). A 

parsimony tree was constructed using the most distant Western Australian haplotype as 
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a monophyletic outgroup. Bootstrap support for this tree was generated by performing 

1000 iterations of the original data set and then creating a majority rule consensus tree. 

A DNA substitution model (TrN+I) was chosen according to the AIC in the program 

Modeltest (Posada & Crandall 1998). Bayesian posterior probabilities were also 

calculated for this data set using the program Mr Bayes (Ronquist & Huelsenbeck 2003) 

with a burn-in of 35000 and MCMC chain length of 450000. The same data set was 

used to construct trees using the neighbour-joining and maximum likelihood 

methodologies to test for congruence of the different topologies. 
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Results 

 

Microsatellite loci screening 

Eleven microsatellite loci were used to genotype 60 DNA extracts across three 

populations of the greater bilby. One locus (Bil 61) was discarded from this set 

immediately due to the presence of spurious bands which could not be resolved via PCR 

optimisation. A further nine loci were chosen for primer redesign to reduce the 

amplicon length. Of these, four loci were successfully shortened (Bil16, Bil17, Bil41, 

Bil56) and produced clear bands. Locus Bil66 could not be consistently amplified for 

the faecal DNA extracts and was dropped from the microsatellite panel. Genotypes from 

all other loci were initially screened with the program MICROCHECKER (Van Oosterhout 

et al. 2004) to identify loci in populations that may be affected by scoring errors, null 

alleles or large allele dropout. No locus in any population was identified as suffering 

from large allele dropout, however, stuttering was suggested as an issue for locus Bil02 

in the Charleville population and locus Bil08 in the Astrebla population. Null alleles 

were also suggested for these two loci in the same populations and for the loci Bil17 

and Bil56 in the Astrebla population. There was no consistent pattern of stuttering or 

null alleles for any locus across all populations or across all faecal DNA extracts so 

none of these loci were removed from the analysis. This left a total of nine loci for use 

in calculating population level statistics. 

 

Genotyping Uncertainty and Duplicate Samples 

Of the 42 faecal DNA samples analysed, seven failed to amplify in more than 50% of 

the microsatellite loci and were discarded from further analysis. The overall 

amplification success rate for all faecal samples was 79.8%. This compared to 

amplification success of 95.2% for the tissue samples. Replicate genotypes were 

compared against the consensus genotypes and the proportion of differences over all 

comparisons were recorded for each population as the allelic variability rate. For the 
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Charleville (tissue) samples the variability rate was 9.7%, for Astrebla it was 15.4% and 

for Currawinya the rate was 13.5%. The overall allelic variablity rate for faecal DNA 

was 15.1%. 

 

Multilocus genotypes were then checked for possible matches using the relatedness 

function in GENALEX (Peakall & Smouse 2006). Individuals that showed a pairwise 

relatedness score of over 0.6 (i.e. matching at more than 12 of 18 alleles) were further 

investigated to check for matching genotypes and near matches with potential scoring 

errors. No matches were identified in the Charleville population. In the Astrebla 

population, three definite matches were identified immediately (samples BSa10, 11 and 

12) and two further pairwise comparisons proved to be matches after re-scoring of 

suspect loci. A mis-scored allele at locus Bil08 for sample BSa23 provided a match with 

sample BSa22 when corrected and mis-scored alleles at locus Bil02 and Bil22 required 

correction for samples BSa6 and BSa27 to be confirmed as matches. These errors gave 

a scoring uncertainty rate for this population of 0.09. For the reintroduced Currawinya 

population, four samples were immediately identified as within population matches 

(BSb2, 3, 4 and 5) and these samples also matched with a sample from its source 

captive population at Charleville (BCDS8). 

 

Basic Genetic Diversity Parameters 

 

Results of the Hardy-Weinberg exact tests showed significant deficiencies of 

heterozygotes at loci Bil17, Bil56 and Bil63 in the Astrebla population and at locus 

Bil55 in the Currawinya population after Bonferroni correction for multiple tests (Rice 

1989)(Table 3.2). No locus pair comparisons showed significant linkage disequilibrium 

across all populations and only one intrapopulation comparison remained significant 

after bonferroni correction (Bil41 and Bil56 within Astrebla). 
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Table 3.2: FIS values for three populations of Macrotis lagotis in Queensland. 

 Bil02 Bil08 Bil16 Bil17 Bil22 Bil41 Bil55 Bil56 Bil63 

Charleville +0.28 -0.01 +0.18 -0.15 +0.08 -0.03 +0.19 +0.07 +0.37 

Astrebla -0.05 +0.42 -0.05 +0.23 -0.11 +0.07 +0.03 +0.40 +0.21 

Currawinya -0.28 +0.05 -0.23 -0.14 +0.25 +0.23 +0.69 +0.42 -0.2 

Shaded cells represent significant deviations from Hardy-Weinberg expectations after 

Bonferroni correction for multiple tests across populations (Rice 1989). 

 

Levels of allelic richness, when compared across all loci and populations, highlighted a 

potential problem with locus Bil16. The two populations that were genotyped from 

faecal DNA showed reduced allelic richness at this locus and were lacking alleles in the 

larger size classes that were present in the Charleville population. Despite not being 

detected by MICRO-CHECKER (Van Oosterhout et al. 2004), it appears highly likely that 

this locus is affected by large allele dropout for low quality DNA extracts. For this 

reason it was removed from all further analysis. 
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Figure 3.3: Allelic frequencies for eight microsatellite loci and mtDNA control region 

for three Queensland populations of the greater bilby Macrotis lagotis. 

 

There were slight differences in allele frequency between the source population 

(Astrebla) and the derived populations (Charleville and Currawinya). The frequency 
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differences between the two derived populations, however, were low (see Fig. 3.3). 

Levels of genetic diversity, measured as allelic richness and expected heterozygosity, 

were higher than for the western barred bandicoot but similar to other endangered 

marsupial species (see Table 3.3). The Astrebla population recorded the highest levels 

for both diversity measures (A= 4.31 ± 0.30 , HE= 0.76 ± 0.03), with Charleville and 

Currawinya having lower and very similar values (A= 3.59 ± 0.28 , HE= 0.68 ± 0.03; 

A= 3.57 ± 0.20 , HE= 0.65 ± 0.03 respectively). This reduction in diversity between 

derived and source populations was significant at the α = 0.05 level (t = 1.76) (Table 

3.4). 
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Table 3.3: Levels of allelic richness (A) and expected heterozygosity (HE) derived from 

microsatellite data in 15 populations of 11 marsupial taxa. 

Species N Loci A HE Source 

Lasiorhinus krefftii 
Northern hairy-nosed wombat 26 15 1.8 0.27 (Taylor et al. 1994b) 

P. bougainville (Dorre) 
Western barred bandicoot 26 6 2.3(±0.4) 0.32(±0.1) This study 

Potorous gilbertii 
Gilbert’s potoroo 23 5 2.6(±0.4) 0.46(±0.1) (Sinclair et al. 2002) 

Isoodon obesulus (KCNP) 
Southern brown bandicoot 19 8 3.8 0.56 (Zenger et al. 2005) 

Lasiorhinus latifrons 
Southern hairy-nosed wombat 21 15 5.2 0.66 (Taylor et al. 1994b) 

M. lagotis (Astrebla)The 
greater bilby 

19 8 5.5(±0.6) 0.76 
(±0.03) 

This study 

Isoodon obesulus (Mt 
Gambier) Southern brown 
bandicoot 

22 8 6.1 0.69 (Zenger et al. 2005) 

Parantechinus apicalis 
The dibbler 22 7 7 0.76 (Mills et al. 2004) 

Isoodon obesulus (East 
Gippsland) Southern brown 
bandicoot 

22 8 7.4 0.79 (Zenger et al. 2005) 

Thylogale stigmatica wilcoxi 
Red-legged pademelon 18 8 7.6 0.76 (Bowyer et al. 2002) 

M. lagotis (Queensland) 
The greater bilby 27 9 7.7 0.75 (Moritz et al. 1997b) 

Thylogale thetis 
Red-necked pademelon 20 9 8.6 0.76 (Bowyer et al. 2002) 

Thylogale s. stigmatica 
Red-legged pademelon 24 8 8.8 0.8 (Bowyer et al. 2002) 

Macrotis lagotis (NT) 
The greater bilby 19 9 8.9 0.86 (Moritz et al. 1997b) 

M. rufogriseus (n Tasmania) 

Bennetts Wallaby 
26 5 9.2 0.79 (Le Page et al. 2000) 

Only studies with n between 18 and 27 and #loci >5 are included. For comparison in 

this table, the current Macrotis lagotis allelic diversity estimate was calculated based on 

the actual population size of 19 individuals from the Astrebla population. Standard 

errors are shown where available. 
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Table 3.4: Microsatellite diversity and bottleneck test results for three populations of M. 
lagotis from eight loci. 
 

Population n A HE Heq 

Charleville 18 3.59 (± 0.28)  0.68 (± 0.03) 0.23 (± 0.08) 

Astrebla 19 4.31 (± 0.30) 0.76 (± 0.03) 0.30 (± 0.08)* 

Currawinya 9 3.57 (± 0.20) 0.65 (± 0.03) 0.26 (± 0.09) 

 Values in parentheses represent standard errors. * indicates a significant result for the 

Wilcoxon sign test of heterozygosity versus allelic richness. Sample sizes reflect 

numbers of individuals scored at more than 4 microsatellite loci. A = allelic richness 

standardised to the minimum population size of 9. HE = expected heterozygosity.  

Heq = heterozygote excess compared to allelic richness.  

 

An estimate of the effective population size for the Astrebla population was obtained 

via the temporal method and produced a value of 102.5 encompassed by a 95% 

confidence interval of 40.4 to 665.9. For this method an estimate of 5 generations 

between samples was used and it was based on an interval of ten years since the 

previous estimate of allele frequencies with a generation time of two years (Southgate et 

al. 2000).  

 

Mitochondrial DNA Diversity 

Sequencing of the mtDNA control region using the newly designed internal primers 

resulted in a combined total of 569 base pairs of unambiguous sequence. The 

amplification success rate for mtDNA using faecal DNA was 76.8%. This compares to 

the success rate for the tissue samples of 92.1%. For the Queensland populations 

examined in this study there were 16 polymorphic sites, all of which were parsimony 

informative. Fifteen sites had two variants while one of the sites had three variants. 

There were four haplotypes present in total, with Charleville containing three, Astrebla 

all four and Currawinya fixed for a single haplotype (see Fig. 3.3). Population 
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differentiation as measured by pairwise FST comparisons showed that the Astrebla 

population was significantly differentiated from the other two populations. The 

Currawinya population did not show a significant difference to its source captive 

population at Charleville, (Table 3.5).  

 

Table 3.5: Pairwise FST estimates for three Queensland populations of bilbies. Values 
below the diagonal are calculated from microsatellite data and above the diagonal are 
calculated from mtDNA sequence data. 

   Charleville Astrebla Currawinya 

Charleville   0.20** 0.073 

Astrebla 0.028*  0.34** 

Currawinya 0.029 0.027  

*   significant at α = 0.05  
** significant at α = 0.01  

 

Mitochondrial control region sequence data was combined with that available from a 

previous study of genetic variation in the bilby across its entire range (Moritz et al. 

1997). This combined data set, comprising 22 haplotypes was then used to construct a 

bayesian tree displaying phylogenetic relationships among bilby haplotypes (Fig. 3.4). 

The tree topology shows an absence of deep phylogenetic structure among the 

haplotypes. There was no sharing of haplotypes between states and six well supported 

clades can be inferred from the tree, two containing only Queensland haplotypes, three 

containing only Northern Territory haplotypes and one with only Western Australian 

haplotypes. The remaining six haplotypes include representatives from all geographic 

regions and comprise an unresolved polytomy along with the six aforementioned clades.  

 

 

 

 

 



 69

 
 
Figure 3.4: Parsimony tree of mtDNA control region haplotypes for the greater bilby. 
Values at nodes above indicate bayesian posterior probabilities while those below are for 
1000 bootstrap replicates of the maximum likelihood calculations using the TrN+I model of 
sequence evolution. 
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This data was used to create a nested network of mtDNA haplotypes (Figs. 3.5a & b). 

The haplotype network generated from the sequence data showed limited clustering of 

haplotypes from particular regions, mostly at the level of 2-step clades (Fig. 3.5a). 

There were 52 missing haplotypes spread throughout the network with 34 basepair 

changes required to join the two most distant haplotypes. The nesting design involved a 

total of 67 clades across 5 hierarchical levels. Only three of these clades produced 

significant inferences under the criteria of Posada et al. (2000) (Table 3.6). Clade 3.8, 

showed a significant pattern (χ2 = 38.0) indicative of allopatric fragmentation 

suggesting that the Queensland population has been separated from some of the 

Northern Territory ones for a long time and they have diverged in isolation. Clade 4.1 

showed a significant pattern (χ2 = 23.0) indicative of past geneflow followed by 

extinction of intermediate populations. This suggests that some populations in the three 

geographic regions have been separated only recently and haplotypes have been lost 

through metapopulation extinctions. Clade 5.2 showed a significant pattern (χ2 = 13.3) 

indicative of restricted geneflow with isolation by distance highlighting the large 

dispersal distances required to travel between populations (Figs. 5a and 5b). 

 

Table 3.6: Summary of statistics for clades showing significant phylogeographic patterns 

following nested clade analysis (Posada et al. 2000). 

lade 
Chi-Square 

value 

Nested Sub-

Clades 
Dc Dn 

3-8 38 
2-1 

2-5 

0.0 *S 

95.1 

757.1 *L 

246.9 

4-1 23 
3-6 

3-1 

0.0 *S 

378.4 *L 

926.7 *L 

669.1 

5-2 13.3 
4-2 

4-3 

198.0 *S 

259.7 

451.3 

378.5 

Dc = Clade distance, a measure of the geographical spread of a clade  
Dn = Nested clade distance, a measure of the geographical distribution of the clade 
relative to other clades in the same nesting group 
*S indicates a significantly small value 
*L indicates a significantly large value 
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Figure 3.5a: Nested clade phylogenetic network of bilby mtDNA control region haplotypes 
showing the 0, 1 and 2 step clades. 
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Figure 3.5b: Nesting design of the 2, 3, 4, and 5 step clades for bilby mtDNA control 
region haplotypes. 
 

Bottleneck analysis 

Evidence for a recent demographic bottleneck was found for all populations under the 

infinite alleles model (IAM) of molecular evolution (Charleville p = 0.012, Astrebla p = 

0.020, Currawinya 0.039) but only for the two phase model (TPM) when the proportion 

of stepwise mutation was reduced below 15% within the model. Further support for 
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recent population size reduction for the Astrebla population was found via neutrality 

tests of mtDNA sequence data. This population displayed a significantly positive 

Tajima’s D value (2.57, p < 0.002) indicating that there were, on average, more 

nucleotide differences between samples than expected given the total number of 

polymorphic sites. Significant values were also reported for Fu & Li’s F (2.14, p < 0.01) 

and Fu & Li’s D (1.54, p < 0.01) indicating fewer singleton mutations (younger ones)  

than expected compared to the average number of nucleotide differences between 

samples (Fu & Li’s F) and compared to the total number of mutations (Fu & Li’s D) 

(Table 3.7). 

 

Table 3.7: mtDNA diversity and neutrality test results for three populations of M. 

lagotis in Queensland. 

Population n 

Haplotype 

Diversity 

Nucleotide 

Diversity 

Tajima’s 

D 

Fu & Li’s 

F 

Fu & Li’s 

D 

Charleville 18 0.60 ±0.02 0.0057 -0.737 0.983 1.48** 

Astrebla 21 0.69 ±0.01 0.0129 2.57** 2.14** 1.54** 

Currawinya 9 0 0 - - - 

** indicates significant result (p<0.01) 
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Discussion 

 

This study is among the first to incorporate genotyping of faecal DNA into the 

analysis of wild and captive marsupial populations. Results indicate that, while there 

are many problems associated with the use of such low quality and low quantity 

extracts, faecal DNA represents a viable source for non-invasive population studies 

of marsupials. The arid Australian setting, in particular, appears well suited to the 

preservation of faecal samples. Moisture is one of the primary causes of degradation 

of DNA in faecal samples (Piggott 2004; Smith & Morin 2005) and the lack of it in 

dryland Australian settings makes faecal DNA genotyping a feasible option for 

future studies in this region. 

 

The amplification success rate and allelic variability rate for faecal DNA in this 

study (79.8% and 15.1%) are comparable with those found in other non-invasive 

studies. A recent review found an average of 75.7% amplification success (range= 

65%-94%) across microsatellite studies using faecal DNA samples and 11.3% for 

allelic dropout (range= 4%-21%) (Broquet et al. 2007). The same study showed 

that, for mtDNA, the average amplification success across studies was 83.9% 

(range= 79%-93%). This compares to the mtDNA amplification success rate for 

bilbies of 76.8%. The mitochondrial success rate was complicated in this study by 

apparent mismatches at the forward priming site. After design of internal primers, so 

that the fragment could be sequenced as two smaller units, it appeared likely, due to 

a very high PCR failure rate for the first half of the fragment, that mismatches in the 

generic marsupial light strand may be affecting amplification efficiency. Studies of 

primer mismatch efficiency have shown that the difference of only one or two bases, 

compared to the template sequence, can reduce the efficiency of amplification 

substantially for low quality extracts but still allow for positive amplifications for 

good quality DNA (Smith et al. 2002). To overcome this problem, a new light 

strand primer at the 5’ end of the fragment was designed to improve amplification 
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success from the faecal extracts. Had the amplification success been calculated from 

reactions using only this primer and not the mismatched one, the success rate is 

likely to have been higher. 

 

The levels of genetic diversity for the natural bilby population were substantially 

higher than those recorded for the two wild western barred bandicoot populations 

examined in chapter 2 (F= 13.35, P<<0.001). This result likely reflects the more 

recent isolation of the Queensland bilbies from populations in the western areas. 

Estimates for the time since fragmentation of this population from the others are 

somewhere between 40 and 70 years (Southgate 1990) whereas the western barred 

bandicoot island populations have been isolated from the mainland for about 10 000 

years (Kendrick 1978). There is no evidence for a short-term loss of diversity in this 

natural bilby population from the period of the Moritz et al. (1997b) study in terms 

of allelic diversity (t= 0.34, P>0.05) or expected heterozygosity (t= 0.96, P>0.05). 

The effects of drift operating on the small isolated bilby population are, however, 

likely to reduce genetic diversity with future generations. The severity of the 

reduction will be influenced by generation time, the rate of novel mutations, amount 

of migration, levels of inbreeding and the effective population size (Ne) (Frankham 

et al. 2002). There is already some evidence of inbreeding in this population with 

three of the eight loci employed showing a significant deficiency in heterozygotes 

(Table 3.3). This feature is likely to contribute to a reduction in the effective 

population size for this population and ultimately reduce the populations ability to 

restore levels of genetic variation. 

 

The estimate of Ne obtained in this study through the two sample temporal method 

was 102.5 (95%CI = 40.4 - 665.9). Another commonly used method for Ne 

estimation, the heterozygote excess method, was not used as it may only be valid in 

species with a breeding system that involves the random union of gametes such as 

broadcast spawners (Schwartz et al. 1998). The gametic disequilibrium method is 
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also unlikely to be valid in this case as sample sizes greater than 90 are needed to 

give an accurate estimate with this single sample method (Schwartz et al. 1998). 

This suggests that the two sample temporal method (Waples 1989) provides the 

most reliable estimate of Ne for the Queensland bilby population at Astrebla Downs. 

There is some caution needed in the interpretation of this estimate from two separate 

time-points as slight variations in sample collection and allelic scoring between the 

two studies has the potential to confound the results. If the sampling regimes differ 

it may result in two different geographical samples being compared rather than two 

separate temporal samples. For this study, the same person collected the samples as 

in the Moritz et al. study and every attempt was made to keep the sampling localities 

consistent. This estimate of 102.5 indicates that the population may be viable in the 

short-term as it exceeds the arbitrary cut-off value 50 from the 50/500 rule 

(Allendorf & Ryman 2002; Franklin 1980). However, the level of Ne required to 

retain adaptive potential has been estimated to be somewhere between 500 (Franklin 

& Frankham 1998) and 5000 (Lynch & Lande 1998) and species that fall below this 

threshold are likely to suffer further depletion of genetic diversity and a reduced 

ability to cope with novel environmental threats (Frankham et al. 2002).  

 

The census size (Nc) of the natural population at Astrebla has previously been 

estimated to be between 700 and 1000 individuals (Moritz et al. 1997b). Care needs 

to be taken, however, when comparing census size to estimates of Ne because many 

factors will cause Ne (the measure that is most relevant to the maintenance of 

genetic diversity) to be lower than the census size. The two that are likely to be an 

issue for the natural bilby population are: all individuals having an equal probability 

of contributing offspring to the next generation; and a constant population size 

(Allendorf & Luikart 2007). An analysis of parentage within a single colony using 

microsatellite data (Moritz et al. 1997b) detected evidence of a polygynous mating 

system for bilbies with a single male responsible for seven out of eight assigned 

offspring. Seasonal changes in moisture availability are also known to have a strong 
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influence on survivability and reproduction rate in bilbies (Gibson & Hume 2000; 

Southgate 1990) and this is likely to result in variable population sizes across 

periods of variable rainfall which are common in the Australian arid zone. These 

factors all contribute to the discrepancy usually reported between estimates of Ne 

and Nc in natural populations (Allendorf & Luikart 2007). 

 

Because it is often easier to determine the census population size than the effective 

population size for many species (Schwartz et al. 1998), a number of studies have 

investigated the relationship between Nc and Ne in natural populations (Frankham 

1995; Kalinowski & Waples 2002). Frankham’s original estimate that the Ne/Nc 

ratio averages approximately 10% in wild populations, has been adjusted to account 

for the influence of temporal changes on the ratio (Kalinowski & Waples 2002) and 

it is now thought that estimates of Ne are closer to 20% of the actual adult 

population size  (Allendorf & Luikart 2007). By applying this ratio in reverse for the 

Astrebla Downs population of M. lagotis, the actual census size is estimated to be 

around 500 adults (95% CI = 200 - 3330). This estimate does not differ significantly 

from the previous estimate and suggests that, in demographic terms at least, the 

natural population is currently stable.   

 

The captive and reintroduced populations derived from the Astrebla population are 

showing signs of diversity loss. Levels of expected heterozygosity and allelic 

richness are significantly lower in both of these populations compared to the source 

population (t= 1.76, α < 0.05). Pairwise FST values show that the genetic make-up of 

the derived populations are similar to each other but that they are both significantly 

different to the source population (see Table 3.5). The newly founded Currawinya 

population, in particular, has been founded with only one of the four mtDNA 

haplotypes present in the source population and low levels of microsatellite 

diversity. While this is not surprising given that this study has only considered the 

nine founding individuals, mutations alone cannot be expected to create enough 
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diversity to combat genetic drift in such a small population. Supplementation of this 

population with other individuals of high genetic value from natural populations or 

from the captive breeding program at Charleville is required to ensure that gene 

diversity is maximised so that it more closely reflects an outbreeding population. To 

this end the captive Charleville population needs to be managed with some objective 

goals in mind for retaining representative genetic variation (Russello & Amato 

2004). 

 

The bottleneck results suggest a confirmation of the anecdotal and genealogical 

evidence from previous studies that the Queensland bilby population has only 

recently become isolated (Moritz et al. 1997b; Southgate 1990). Interestingly, the 

microsatellite data only confirms a bottleneck under the infinite alleles model which 

is not thought to reflect the true mode of molecular evolution in microsatellites 

(Dirienzo et al. 1994; Jarne & Lagoda 1996). The reason for this may lie in the 

distribution of microsatellite allele frequencies at each locus. None of the loci 

analysed for this population display the classic unimodal pattern of allele frequency 

distribution associated with the stepwise mutation model (Jarne & Lagoda 1996) 

(see Appendix 2). Indeed, for this population, all loci are missing alleles at some 

size classes among the frequency distributions. This is likely an effect of recent 

population fragmentation and has resulted in a pattern of allele frequencies that 

more closely reflects an infinite alleles model. Studies of other known bottlenecked 

populations have also found inconsistent results in the detection of those bottlenecks 

from molecular data (Busch et al. 2007; Eldridge et al. 2004b). These studies found 

that a signature of a bottleneck was never observed under the SMM yet was often 

seen in control and bottlenecked populations under the IAM or TPM. The 

conclusion drawn from these studies is that a strict SMM model is too conservative 

to allow for detection of a bottleneck and that the IAM can lead to type I errors in 

these sorts of analyses. The latter point is supported by Luikart and Cornuet (1998) 

who found that under the IAM, a heterozygote excess is sometimes detected in 
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unbottlenecked populations. Given these concerns, the best conclusion that can be 

drawn from the bilby data is that a recent demographic bottleneck can not be ruled 

out from the microsatellite data. The presence of missing alleles in the size classes 

of each loci itself suggests a bottleneck followed by subsequent mutations and 

would fit with a scenario of genetic drift among populations at loci following the 

SMM. 

 

Support for a bottleneck in the natural population at Astrebla is provided by the 

mtDNA data with significantly positive values for Tajima’s D statistic (Tajima 

1989) as well as Fu and Li’s F and D statistics (Fu & Li 1993). These departures 

from neutrality do not clearly distinguish between selection acting on a locus or 

demographic effects when only a single locus is examined (Nielsen 2001). In this 

instance however, when the results are combined with the microsatellite data and 

anecdotal reports of the historical distribution, a compelling case for a population 

reduction begins to appear. The nested clade phylogenetic analysis also gives some 

hints about recent demographic changes in the wild populations. The large number 

of missing haplotypes suggests that either positive selection or population 

extinctions have occurred in the recent past. Significant inferences from the GeoDis 

analysis suggest allopatric fragmentation, extinction of intermediate populations and 

restricted geneflow have been the major factors shaping the distribution of bilby 

populations throughout Australia. The bayesian tree shows that while substantial 

structuring of bilby haplotypes has occurred, the populations within the major state 

regions do not represent evolutionarily significant units (ESUs) under the definition 

of Moritz (1999). This agrees with the findings of the previous study of bilby 

population genetics (Moritz et al. 1997b) but a major difference with that study is 

the detection of a new Queensland haplotype (Qld7) which falls within the Northern 

Territory and Western Australian polytomy in the bayesian tree and clades with a 

Western Australian haplotype at the third level nesting of the NCPA analysis. This 

finding diminishes the case put forward by Moritz et al. (Moritz et al. 1997b) for the 
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Queensland population being distinct from the other states. While there are no 

haplotypes shared among states, the placement of this new haplotype as intermediate 

between the other two distinct clades suggests that other missing haplotypes are the 

result of recent extinction events rather than long-term historical isolation (Crandall 

& Templeton 1993). 

 

Management implications that can be drawn from these findings have substantial 

bearing on future recovery actions. The genetic diversity estimates for the Astrebla 

population provide a baseline for which the captive management program should 

strive. Further genetically diverse individuals need to be sought from the wild so 

that the captive and reintroduced populations more closely resemble that found in 

the natural populations (Russello & Amato 2007). Given the polygynous mating 

system observed for bilbies, the rate of loss of heterozygosity in the captive 

population can be reduced by actively managing the populations to equalise the 

contribution of individuals to offspring (Frankham et al. 2000). This objective can 

be extended to ensure that high numbers of allelic variants are also retained in the 

population through careful pedigree management (Montgomery et al. 1997).  

 

This study did not include samples from the entire captive population due to the 

difficulties of capturing trap-shy individuals in large enclosures. It is very important 

that future genetic monitoring covers the full extent of individuals available to 

participate in the breeding program. From this information a detailed pedigree can 

be constructed and individuals of high genetic value can be targeted for 

augmentation of the reintroduced colony (Ballou 1984). For example, if we follow 

the strategy of Ogden et al. (2005) and select two supplementary individuals (one 

male and one female) to add to the reintroduced population at Currawinya from the 

captive one at Charleville. Their criteria for selecting individuals were to (i) 

maximise allelic diversity in the population, (ii) maximise heterozygosity in the 

population and (iii) minimise relatedness between pairings. Using this approach, 
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adding the two most valuable individuals from Charleville (BC03 and BCDS10) 

would increase the levels of allelic richness and heterozygosity in the Currawinya 

population from A=3.57 (±0.2) and HE=0.65 (±0.03) to A=3.89 (±0.2) and HE=0.68 

(±0.03) relative to the original sample size. Alternatively, if a random approach was 

used, the two least valuable individuals could feasibly be chosen (BCDS12 and 

BCDS14) which would actually decrease the diversity measures to A=3.4 (±0.2) and 

HE=0.61(±0.04) relative to the original sample size. This example highlights how, in 

the absence of detailed pedigree information, the use of genetic data greatly 

improves the chances of maximising the genetic diversity of reintroduced 

populations and therefore the chances of long-term persistence (Jones et al. 2002; 

Russello & Amato 2004).  

 

Data from faecal DNA genotyping suggest that monitoring the natural and 

reintroduced population can now be conducted on a more non-invasive basis 

allowing for a reduction in the adverse effects of human interference and sampling 

bias associated with trapping programs (Morin & Woodruff 1996). Current 

assessment of the effective population size of the natural population suggests that it 

has a reasonable short-term viability but that its long-term ability to cope with 

environmental change has been compromised (Ne< 1000). Ongoing monitoring is 

required to identify any substantial and sudden drop in Ne. It is possible that the 

estimate of Ne from this study is inflated due to a nonequilibrium state between 

mutation and genetic drift as a result of a recent and severe bottleneck. Should that 

situation become apparent in the future, supplementation of the existing population 

from captive stocks or natural populations in other states may be urgently required.  

 

Data on the genetic distinctiveness of the remaining natural populations suggests 

that, while there is no sharing of haplotypes, the different states represent remnants 

of a formerly widespread species that has been recently fragmented. This indicates 

that interstate translocation may be a feasible management option should monitoring 
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detect further population size reductions. This also provides scope for the inclusion 

of combinations of individuals from different populations in any novel 

reintroduction efforts into former parts of the species range. Ongoing monitoring of 

natural and captive populations will be the key tools for future decision making 

about augmentation of existing populations. This monitoring should also make use 

of museum samples, where available, to better understand the past levels of 

population diversity and the extent of any population bottlenecks the species may 

have endured. 
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CHAPTER 4 - MHC IN MAMMALIAN CONSERVATION 

 

 

 
(Picture: http://www.cryst.bbk.ac.uk/) 

 

 

 

 

“Variational evolution at the level of the deme is what the geneticist deals with. It is 

affected by individual selection and leads minimally to the maintenance of fitness of the 

population through stabilizing selection.” 

 

Ernst Mayr 
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Introduction 

 

To date, studies of variation at the major histocompatability complex (MHC) have been 

quite difficult for all except the most well-studied model organisms. The amount of 

genome information required for studies of fitness-related variation has simply not been 

available for the vast majority of endangered species. Slowly however, this has begun to 

change and recent advances mean that some well understood gene-regions can be 

adapted for study in a wider variety of non-model organisms (Aitken et al. 2004; 

DeSalle & Amato 2004; Wayne & Morin 2004). One such region is the group of genes 

responsible for immune response in vertebrates, the major histocompatability complex. 

The MHC is a highly polymorphic region that encodes the peptides crucial for pathogen 

recognition to begin the cascade of immune response in vertebrates (Klein et al. 1990; 

Knapp 2005). It is a multigene family with genes organised into three classes and 

clustered onto a single chromosome in mammals (Edwards & Hedrick 1998). There has 

been a long history of study of the human MHC (known as the HLA) and many 

excellent reviews of this work exist (Apanius et al. 1997; Edwards & Hedrick 1998; 

Klein & Sato 2000). Increasingly this work has been adapted to investigate the role of 

MHC in non-model organisms (Bernatchez & Landry 2003; Garrigan & Hedrick 2003) 

and recently MHC studies have added to the array of methodologies used to assist in the 

management of endangered species (Aguilar et al. 2004; Wan et al. 2006).   

 

The importance of variation at MHC loci and its association with population fitness has 

also been well reported in the literature (Hedrick 2002; Hedrick et al. 2003; Kurtz et al. 

2004). High levels of variation in MHC alleles are believed to confer the ability to 

recognise a wide range of antigens and thus increase resistance to a greater number of 

environmental pathogens. This high rate of variation is thought to be maintained by 

balancing selection (Hedrick 2002; Worley et al. 2006) which acts to make this gene 

region the most polymorphic of the expressed genome (Piertney & Oliver 2006). 
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Reduced diversity at MHC loci has been linked to reduced population fitness in a 

number of species including the Malagasy mouse lemur (Schad et al. 2005), the hairy 

footed gerbil (Harf & Sommer 2005), the yellow-necked mouse (Meyer-Lucht & 

Sommer 2005), mexican wolves (Hedrick et al. 2003) and desert big-horn sheep 

(Gutierrez-Espeleta et al. 2001). Whether diversity at MHC loci should be one of the 

criteria for captive breeding management has been debated for some time (Hughes 

1991; Miller & Hedrick 1991; Vrijenhoek & Leberg 1991) and recent developments 

have seen a general shift towards acceptance that maximising diversity at this functional 

region in conjunction with optimising levels of neutral variation provides the best 

strategy for strengthening the ability of endangered species to adapt to a changing 

environment (Aguilar et al. 2004; Wayne & Morin 2004). 

 

There have been no studies to date that have attempted to screen MHC variation in wild 

populations of marsupials. Indeed, studies of the marsupial MHC have lagged behind 

those of their eutherian counterparts due to the large differences in the structure and 

organisation of this gene region between the two orders (Belov et al. 2004; Schneider et 

al. 1991). Only recently have attempts been made to characterise the marsupial MHC 

fully (Browning et al. 2004; Houlden et al. 1996; Miska & Miller 1999). This has meant 

that population genetic researchers wanting to incorporate information from the MHC 

have had to wait for adequate data on conserved gene sequences to become available. 

With this information now beginning to trickle through into publication (Belov et al. 

2003; Seddon & Baverstock 1999), diversity studies can start to add this functional gene 

region to the more traditional marker assays, such as microsatellites, which have been 

used to document many marsupial taxa. 

 

The other obstacle for conservation geneticists wishing to investigate MHC diversity is 

the seemingly complex nature of the gene region as a whole (Acevedo-Whitehouse & 

Cunningham 2006; Knapp 2005). The MHC is broken into two major subfamilies, class 

I and class II genes. Class I genes are expressed in all somatic cells and are involved in 
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the binding of intracellular pathogens and presenting them on the cell surface for 

interrogation by T cells that can initiate the immune response. Likewise, class II genes 

bind to foreign peptides but in this case the genes are expressed on specialist immune 

cells such as B cells and macrophages and monitor the extracellular regions of the body 

(Bernatchez & Landry 2003).  

 

Much of the variation in class I and class II genes is contained in the so-called peptide 

binding region (PBR) which is the actual receptor that binds to the foreign peptide 

antigens (Edwards & Hedrick 1998). Increased variation in this region leads to a greater 

range of antigen recognition and hence a higher level of resistance to pathogens 

(Piertney & Oliver 2006). The PBR of both classes of genes are dimers that are 

comprised of an α1 and α2 chain in class I molecules and an α and β chain in the case of 

class II molecules (Belov et al. 2003). In eutherians, the class II genes are grouped into 

three main classical gene clusters: DP, DR and DQ, with the further non-classical gene 

clusters of DM and DN/DO (Hughes & Nei 1990). The relationship of these gene 

clusters to marsupial MHC class II sequences has been the subject of considerable 

debate (Schneider et al. 1991; Stone et al. 1999), although it has now been established 

that they do not represent orthologous clusters with marsupial sequences characterised 

to date (Belov et al. 2004). These marsupial class II sequences have been assigned to 

two new clusters; DA and DB. There are also class III MHC genes which include 

complementary and other genes but these are less well understood and have not 

received as much attention in diversity studies (Klein & Sato 2000).  

 

It is the aim of this study to use primers based in conserved sections of the recently 

characterised  Tammar Wallaby MHC class II region to assess levels of diversity in 

natural and captive populations of P. bougainville and M. lagotis. This part of the 

project has particular significance for the western barred bandicoots as some of the 

remnant and captive populations have recently been reported as suffering from an 

infectious disease syndrome (Fig 4.1) (O'Hara et al. 2004). While very little is known of 
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the causes and mode of transmission of this disease, the fact that there are affected and 

non-affected populations raises the possibility of differences in immune response 

between populations. Knowledge of comparative MHC diversity may help in 

understanding the disease and management of western barred bandicoot populations. 

 

 

Figure 4.1: Examples of western barred bandicoots suffering from advanced stages of the 

papilloma virus infection. The disease is expressed as wart-like lesions 

covering the feet, ears and face of infected individuals. (Photos 

reproduced with the permission of Mark Bennett and Lucy Woolford, 

Murdoch University School of Veterinary Science). 

 
 



 88

Materials and Methods 

 

Selection and optimisation of MHC loci for P. bougainville 

High levels of variation have been reported in marsupial MHC class II β genes (Belov et 

al. 2004; Belov et al. 2003; Browning et al. 2004) so this region was targeted in the 

search for diversity in the bandicoot and bilby MHC. Primers that are conserved across 

a number of marsupial species (T. Browning pers. comm.) were selected and used to 

amplify western barred bandicoot genomic DNA. These primers have been shown to 

amplify the β chain of the class II DA gene in marsupials (DAB). As these primers were 

designed for other species, optimisation involved trials at a number of different MgCl2 

and template concentrations. Initial reactions were carried out in 25 μl volumes and 

contained 1 X reaction buffer (Bioline, London, UK), 1.5 mM MgCl2, 250 μM of each 

dNTP (Astral Scientific, Gymea, Australia), 0.5 U Taq polymerase (Bioline, London 

UK), 0.25 μM of each primer and 1 μl (20-40 ng) of template DNA. Reaction 

conditions were 95ºC for 3 min followed by touchdown cycling of 94 ºC for 30 sec, 60 

ºC for 45 sec and 72 ºC for 45 sec with the annealing temperature dropping by 2 ºC 

every cycle until 50 ºC and further 25 cycles at this temperature. Further reactions were 

performed with combinations of MgCl2 concentrations of 2.5 mM and 3.5 mM with 

template amounts of 2 μl (40-80 ng) and 4 μl (80-160 ng). Initially two individuals, one 

from each of the natural populations, were used for the optimisation and validation 

along with another bandicoot species (Isoodon macrourus) for use as an outgroup. 

 

PCR products were visualised on 1.6% agarose gels and the reactions with the strongest 

single bands were chosen for purification using the PerfectPrep PCR Purification Kit 

(Eppendorf, Germany) and cloning. Purified product was ligated into plasmid DNA 

using the pGEM-T TA cloning kit (Promega, Australia) and then used to transform 

competent E. coli cells (Sambrook et al. 1989). Transformed cells were grown 

overnight  at 37ºC on LB agar plates and positive colonies were selected, denatured and 
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the target region amplified using M13 forward and reverse primers. Inserts containing 

PCR products were sequenced following the same method as for mtDNA control region 

sequencing (Chapter 2) and edited using the program BIOEDIT (Hall 1999). Twelve 

clones were sequenced per individual. 

 

Amplifications using the original conserved primer set produced, at best, patchy PCR 

success indicating probable mismatches at the primer annealing sites (Smith et al. 

2002). To overcome this, degenerate P. bougainville forward and reverse primers 

(WBBDABFint and WBBDABRint, see Table 4.1 ) were designed from an alignment 

of all amplified fragments using the same criteria as for the bilby mtDNA primers 

(Chapter 3). These primers were then tested as a set and in combinations with the 

original forward and reverse primers to amplify the same two individuals along with a 

further six individuals from each natural population. Successful PCR reactions were 

recorded consistently only for the combinations of DAB B1 42F with WBBDABRint 

(allele designated as Pebo1) and for WBBDABFint with DAB B1 253R (allele 

designated as Pebo2). Strong single-banded PCR products were cloned and sequenced 

as described previously. 

 

Table 4.1: Primer sequences and corresponding loci amplified for MHC class II genes of 

P. bougainville. 

Primer Name Primer Sequence Amplified Allele 

DAB B1 42F AGTGTGACTTTGTGAACGGG Pebo1 

WBBDABRint GTGTCCACSKYGGCCCGYMT Pebo1 

DAB B1 253R TCTCGTAGTTGTGCCTGCAGT Pebo2 

WBBDABFint CGCRGCRCGTGCGCTAYGTG Pebo2 
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MHC Screening - P. bougainville 

Specific primers were used to amplify MHC loci from all western barred bandicoot 

samples (147 samples in total). Thirty-six samples, encompassing individuals across all 

populations, were directly sequenced from each successful primer set. The remaining 

samples were screened for variation using high resolution melt-curve analysis on a 

Corbett Research Rotor-Gene 6000 real-time PCR machine. High resolution melt 

(HRM) analysis discriminates DNA samples based on their disassociation  behaviour. 

They can be characterised according to differences in sequence length, base 

composition, GC content or strand complementarity (Herrmann et al. 2006). Reactions 

were performed in 25 μl volumes containing 1 X reaction buffer (Bioline, London, UK), 

1.5 mM MgCl2, 200 μM of each dNTP (Astral Scientific, Gymea, Australia), 0.5 U taq 

polymerase (Bioline, London UK), 0.3 μM of each primer, 1.25 μM of SYTO9 dye 

(Molecular Probes, Australia) and 1 μl (20-40 ng) of template DNA. Cycling conditions 

were: initial denature at 95ºC for 2 minutes followed by 40 cycles of 95ºC for 20 sec, 

60ºC for 20 sec, 72ºC for 60 sec with a final extension at 72ºC for 2 minutes. This was 

followed by a hold at 50ºC for 20 sec and then a high resolution melt going from 80-

95ºC in 0.1ºC increments with a 2 sec hold per increment. Data acquisitions were made 

on the green channel at the end of every extension step in the cycling and on the HRM 

channel during the melt phase. 

 

Sequence alignment and phylogenetic analysis 

Sequenced clones were edited in BIOEDIT (Hall 1999) and compared to other 

mammalian MHC class II genes from GenBank. Sequences were aligned using the 

program CLUSTALW (Thompson et al. 1994) with default parameters for gap opening and 

extension for pairwise and multiple alignments. To test how the sequences isolated in 

this study relate to other mammalian MHC genes, phylogenetic comparisons with 

previously described sequences were performed. This type of analysis can help to 

confirm that the isolated sequences do represent the targeted functional MHC genes. 
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Phylogenetic analysis of the aligned sequences was performed using the software 

package PAUP* (V. 4.0b4a, (Swofford 1993). A DNA substitution model (GTR+G ) 

was selected using the AIC in the program Modeltest (Posada & Crandall 1998). A 

maximum likelihood tree was constructed using the chicken MHC class II sequence  as 

an outgroup (Gaga2). Bootstrap support for this tree was generated by performing 1000 

iterations of the original data set and tree calculations, and then creating a majority rule 

consensus tree.  

 

If the sequences identified in this study represent genes of the MHC class II cluster, it is 

expected that they would group together on the phylogenetic tree. The significance of 

various tree topologies can be tested by comparing likelihood scores for trees found 

with certain sequences constrained to form a monophyletic clade, against trees found in 

an unconstrained search (Goldman et al. 2000). A Shimodaira-Hasogawa topology test 

(S-H test) (Shimodaira & Hasegawa 1999) was performed using 1000 bootstrap 

replicates of the RELL distribution to compare the likelihood values for an optimal 

unconstrained tree against a tree constrained by grouping all marsupial DAB sequences 

with the bandicoot sequences. Bayesian posterior probabilities were also calculated for 

this data set using the software program Mr Bayes (Ronquist & Huelsenbeck 2003) with 

a burn-in of 160000 and 640000 MCMC repetitions. The same data set was used to 

construct trees using the neighbour-joining and parsimony methodologies to test for 

congruence of the different methods. 

 

RNA expression of MHC loci 

A further test to establish if the sequences isolated in this study represent functional 

marsupial class II genes was conducted in the form of RNA expression analysis. If the 

copies are functional MHC genes, they should be transcribed into mRNA for 

subsequent translation and expression as amino acid chains. It is possible to extract total 

RNA from fresh tissue and to then reverse transcribe it through a process known as 

reverse-transcriptase PCR (RT-PCR) into complementary DNA (cDNA). The original 
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MHC primer sets can then be used to amplify from that cDNA library to confirm that 

they do in fact target functional genes that are expressed as mRNA (Sambrook et al. 

1989).  

 

Frozen P. bougainville liver tissue from euthanased animals was sourced from the 

Dryandra colony in Western Australia. Tissue was cut into thin slices (1-2 mm) and 

placed in RNAlater solution for transport and storage. Total RNA was extracted from 

the tissue using three separate extraction methods. Firstly, 100 mg of tissue was ground 

under liquid nitrogen in a mortar and pestle and transferred to a sterile 1.5 ml 

microcentrifuge tube for extraction with the RNAeasy kit (Qiagen, Australia). The 

second method once again used tissue ground in a mortar and pestle but was followed 

by extraction with the RNA mini-elute kit (Eppendorf, Germany). The final method 

followed the TRIzol method (Invitrogen, Australia) and involved homogenisation of 

tissue in 1 ml of TRIzol reagent by passing through a 21 gauge syringe needle 10 times 

before extraction following the manufacturers recommendations. Standard precautions 

for preventing RNase contamination were followed at all times including: using sterile 

disposable plasticware wherever possible; treating all glassware, mortar and pestles and 

forceps with 0.1% DEPC in water overnight at 37ºC and then autoclaving; and 

following proper microbiological, aseptic technique. 

 

Reverse transcriptase PCR (RT-PCR) was performed using the Superscript III First 

strand synthesis system (Invitrogen, Australia). Four microlitres of RNA extract was 

used to synthesise cDNA using both oligo (dT) and random hexamers to prime 

synthesis. Amplification of the cDNA target was performed in 25 μl reactions 

containing: 1 X reaction buffer (Bioline, London, UK), 1.5 mM MgCl2, 400 μM of each 

dNTP (Astral Scientific, Gymea, Australia), 2 U taq polymerase (Bioline, London UK), 

0.4 μM of each primer and 2 μl synthesised cDNA. Thermocycling conditions were: 

initial denature at 95ºC for 5 minutes followed by 40 cycles of  94ºC for 45 sec, 55ºC 

for 45 sec, 72ºC for 60 sec with a final extension at 72ºC for 7 minutes. Control RNA 
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samples and non-RT negatives were run with all samples. Products were visualised on 

1.6% agarose gels stained with ethidium bromide (10 mg/ml). 

 

MHC Screening - M. lagotis 

Bilby DNA, extracted from ear-tissue, was used as template to amplify a target in the 

MHC class II beta chain. Primers DAB B1 42f and DAB B1 253r that successfully 

amplify MHC loci in other marsupial species were used here. Products were resolved on 

1.6% agarose gels stained with ethidium bromide (10 mg/ml). Bands were excised from 

the gels using a clean scalpel blade and the DNA extracted and purified using the 

Perfectprep gel clean-up kit (Eppendorf, Germany). Purified DNA was ligated into the 

pDrive cloning vector (Qiagen, Australia) and cloned prior to sequencing (Sambrook et 

al. 1989). Sequences were edited with the program Bioedit (Hall 1999) and blasted 

against GenBank to establish likely orthologues. 
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Results 

P. bougainville 

 

Cloned PCR products produced two distinct gene copies 171 basepairs in length with 40 

variable sites (13 synonymous and 27 non-synonymous). Translation of the sequences 

and alignment using the program ClustalW revealed no stop codons within the body of 

the sequences. Genbank blast searches (Blastn) using the default settings suggested that 

the first copy (referred to as Pebo1 hereafter) was most similar to a Saguinus oedipus 

(cotton-top tamarin) MHC class II DRB sequence. The similarity level between these 

sequences was 82% with an E value of 2e-31 (E values below 1e-5 are considered as 

highly unique alignments). The majority of the top 100 comparisons were with 

eutherian class II DRB genes (96/100). Two marsupial class II DAB genes showed high 

similarity to this sequence, Macropus eugenii (E= 3e-27, 76%) and Macropus 

rufogriseus (E= 3e-27, 77%). The second copy (referred to as Pebo2 hereafter) was 

most similar to a Cheirogaleus medius (fat-tailed dwarf lemur) MHC class II DRB 

sequence. The similarity level between these sequences was 82% with an E value of 1e-

39. In this case, seventeen of the top 100 hits were for eutherian class II DRB genes and 

the remainder were eutherian DQB sequences, all with E values of 1e-33 or less. No 

marsupial sequences appeared in the top 100 hits for this sequence.  

 

All twelve clones from each PCR assay using the specific primers produced the same 

single copy product. After this initial clone screening, all future PCRs were resolved via 

direct sequencing (24 individuals) or high resolution melt analysis (120 individuals). 

Direct sequencing revealed no double peaks in any samples indicating only single copy 

products were amplified. High resolution melt analysis of each primer set amplification 

produced distinct and reproducible melt profiles (see Fig 4.2). Screening of all P. 

bougainville samples revealed that every individual possessed the same two allelic 

variants (Fig 4.2). As no individual was found to be lacking either of the copies it is 
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unlikely that they represent a single locus and more probable that they represent two 

separate MHC class II loci fixed for single alleles. 

 

Figure 4.2: High resolution melt curve for fragments amplified from the two primer sets 

used in this study: DAB B1 42F with WBBDABRint (Pebo1, blue) and 

WBBDABFint with DAB B1 253R (Pebo2, red). 

 

A diversity level of just two alleles for a MHC class II gene region places P. 

bougainville at the lower end of diversity estimates compared to other mammalian 

species (Table 4.2). Other species show levels of diversity ranging from 2 alleles for the 

northern elephant seal DQA gene up to fifty alleles for the fat-tailed dwarf lemur DRB 

gene. The first ten species in the comparison in Table 4.2 have all undergone some form 

of recent population reduction and all possess seven or fewer alleles at the MHC class II 

gene region investigated. 
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Table 4.2: Numbers of alleles detected at MHC class II loci in a selection of diversity 

studies of mammalian species. 

Species Gene N Copy 
Number 

Source 

Mirounga angustirostris  DQA 110 2 (Weber et al. 2004) 

Mirounga angustirostris  DQB 110 2 (Weber et al. 2004) 

Perameles bougainville  DAB 147 2 This Study 

Mirounga angustirostris  DRB 110 3 (Weber et al. 2004) 

Urocyon littoralis 
dichcheyi DRB 153 3 (Aguilar et al. 2004) 

Oryx leucoryx DRB 43 3 (Hedrick et al. 2000) 
Urocyon littoralis 
dichcheyi DQB 153 4 (Aguilar et al. 2004) 

Equus przewalskii  DRB 14 6 (Hedrick et al. 1999) 

Ailuropoda melanoleuca  DRB 60 7 (Wan et al. 2006) 

Arvicola terrestris  DQA 96 7 (Bryja et al. 2006) 

Microcebus murinus DRB 228 14 (Schad et al. 2005) 

Apodemus flavicollis  DRB 146 27 

(Meyer-Lucht & Sommer 

2005) 

Gerbillurus paeba  DRB 40 34 (Harf & Sommer 2005) 

Rattus fuscipes  DQA 390 36 (Seddon & Baverstock 1999) 

Cheirogaleus medius DRB 149 50 (Schwensow et al. 2007) 

 

 

 

The estimated amino acid translation for Pebo1 and Pebo2 (Fig.4.3) indicate that these 

alleles contain several conserved sequence elements indicative of MHC class II genes. 

These include: a putative C4 binding site (RFDS at site 19-22); a conserved tryptophan 

(W) residue at site 43 important for peptide binding in the β chain; a hydrophobic 

cluster at sites 18, 29, 43 and 50 (L/V, F/Y, W, L); and the helix-stabilising salt bridges 

formed by positively charged amino acid residues (arginine R at sites 5 and 54) with 

negatively charged amino acid residues (aspartic acid D at sites 23 and 58) (Brown et al. 

1988). The F-Y substitution at site 20 does not alter the binding capacity of helper T-
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cells in this variation of the molecule and has been recorded for a number of other 

mammalian species (Brown et al. 1988).  

 

 

Fig 4.3: Alignment of orthologous MHC class II sequences showing essential sequence 

motifs of functional genes. Sequence codes are as for Fig. 4.4.  

  RFDS like sequence important for CD4 interaction is boxed. 

  + and - indicate salt bridges important for hairpin formation. 

  * indicates a conserved tryptophan (W) typical of class II β1 sequences. 

  # indicates the hydrophobic cluster conserved in all class I and class II 

sequences (Brown et al. 1988) 

 

 

Phylogenetic analysis of the bandicoot class II MHC sequences in relation to other 

mammalian class II sequences revealed four well supported clades (Fig. 4.4). The clades 

representing sequences from the orthologous genes DOB, DPB, DBB, and DRB (except 

for ChemeDRB30) are all supported with at least 82% bayesian posterior probabilities. 

The sequences from the DQB and DAB orthologues do not represent strong clades, nor 

do the three bandicoot sequences (Isma1, Pebo1, Pebo2) although they do group 

together in the bayesian tree. The results of the Shimodaira-Hasogawa test (S-H test) 

suggests that a tree constrained to group the marsupial DAB sequences together with the 

three bandicoot sequences cannot be rejected as significantly less likely than the 

maximum likelihood tree (lnL 2452.24 vs. 2455.55.13, P = 0.31). 
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Figure 4.4: Phylogram representing the relationships between mammalian MHC class II 

genes. Maximum likelihood bootstraps are shown above the line and 
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bayesian posterior probabilities are shown below. Gallus gallus is used as 

an outgroup. Sequence codes and accession numbers are: Gaga2 chicken 

(M29763); wallaby (MaruDBB M81625, Maru DAB2 M81626), tammar 

wallaby (MaeuDAB1 AY856411, MaeuDAB05 AY856414, MaeuDBB04 

AY438041), possum (TrvuDAB2 AF312029, TrvuDBB AY271265), 

western barred bandicoot (Pebo1 , Pebo2), northern brown bandicoot 

(Isma), human (HosaDOB L29472, HosaDPB1 M57466), chimpanzee 

(PatrDOB M24358), rabbit (OrcuDOB M96942, OrcuDQB AJ297359), 

pig (SuscDQBC01 AY769643), sika deer (CeniDQB16 AY679476), 

finback whale (BaphDQB03 DQ300263), white-tufted ear marmoset 

(CajaDRB1 AF004762), Ma’s night monkey (AonaDRBW4501 

AY563180), sheep (OvarDQB26 AJ238944), cactus mouse (Peer6a 

AY219822), fat-tailed dwarf lemur (ChemeDRB30 EF194252), cotton-top 

tamarin (SaoeDRB2203 L32106) rhesus monkey (MamuDRB6 

AM490201, MamuDPB AB250758). 

 

Further evidence for the functional nature of the Pebo1 and Pebo2 gene copies was 

sought through RNA expression analysis. RT-PCR analysis of P. bougainville liver 

tissue produced mixed results to support the expression of these alleles as functional 

genes. Amplification of these loci from cDNA generated through RT-PCR produced 

strong bands on agarose gels (see Fig 4.5). Unfortunately, amplifications of samples 

generated without the addition of reverse transcriptase also produced faint bands when 

visualised on agarose gels (see sample groups B, Fig4.5). This result occurred 

regardless of RNA extraction method and indicates some level of genomic DNA 

contamination of the total RNA extract. 
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Figure 4.5: Agarose gel of RT-PCR products for the two putative MHC class II DAB loci 

identified in this study. RNA extracts from three individuals were used in 

the reactions. Those marked A represent reactions containing reverse 

transcriptase while those marked B are the no-transcriptase controls. NTC 

represents the no-template controls. 

 
M. lagotis 

Amplifications with the DAB B1 primer set for the bilby tissue samples produced 3 distinct 

bands per sample when visualised on agarose gels (Band 1= 177bp, Band 2=373bp, Band 

3= 456bp). Optimisation of annealing temperature and MgCl2 concentration failed to 

resolve these bands so they were excised from the gel, gel extracted and cloned. Sequences 

were compared to each other and then to those obtained through genbank blast searches 

(blastn) using the default settings. No significant alignment was found between sequences 

of the different bands. Band 1 returned no significant similarity with the lowest E value 

being 1.4 for an alignment with  a  Sus scrofa (pig) sequence from chromosome 14 (83% 

similarity but with only 23% coverage of the query sequence). Band 2 showed 89% 

similarity with a Monodelphis domestica (grey short-tailed opossum) sequence (E= 7e-28) 

but with only 27% of the query covered by the alignment. This marsupial sequence is a 

predicted gene sequence for the colony stimulating factor I receptor (CSF-1) and 44 of the 

top 50 hits for this blast search cited CSF-1 as the gene of origin. For Band 3 the highest 

similarity was with a Macropus eugenii sequence of unknown origin (E= 6e-11, 93%) but 

once again the match only covered 29% of the query sequence. Marsupial sequences 
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featured in 19 of the top 50 hits for this blast search. As no matches were found for any of 

the three sequences with recognised genes related to the MHC, no further optimisation or 

analysis was performed for these PCR products. 
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Discussion 

Identity and evolutionary context of amplified alleles 

 

The genes of the MHC are the most polymorphic of the vertebrate genome (Bernatchez 

& Landry 2003) and there is general support for the hypothesis that the high level of 

diversity is maintained by the action of balancing selection mediated by environmental 

pathogens (Hedrick 2002). The expectation arising from this hypothesis is that 

population level variation for genes of the MHC should be high, particularly in the 

region coding for the binding of antigen peptides (the PBR). Studies of other 

endangered species have shown that MHC diversity can be relatively high despite little 

or no variation at neutral loci (Aguilar et al. 2004) and variation at such a functional 

region may be a better indicator of population fitness than estimates of neutral diversity 

(Hedrick et al. 2003). Bearing this in mind the finding from this study, of just two 

alleles being present at the DAB locus for P. bougainville, is extraordinary. The fact 

that every individual in every population possessed both copies of the alleles suggests 

that what was actually amplified was two separate paralogous MHC loci. If the two 

copies were variable alleles of a single locus, we would expect to see at least a handful 

of homozygotes in a sample size such as this (N= 142). Instead what is seen are two 

apparently fixed loci for MHC class II genes. Multiple loci are quite common within the 

MHC (Edwards & Hedrick 1998) and, given the variable amplification success from the 

different primer sets, it seems reasonable to assume that one of the Pebo alleles 

represents a duplicated locus. 

 

The phylogenetic analysis clearly groups the eutherian gene clusters of DOB, DPB and 

DRB as separate clades although the Cheirogaleus medius DRB sequence does not fall 

in with the other DRB sequences (Fig. 4.4). For the marsupial sequences, the DBB 

genes form a well supported clade but there is little support to group all of the DAB 

sequences together. The primers used in this study were designed from an alignment of 
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marsupial DAB genes so the expectation was that the amplified fragments from the 

bandicoots would form a monophyletic clade with the other marsupial DAB genes. This 

is not apparent from the maximum likelihood bootstrap and bayesian analysis of the 

dataset but the S-H test suggests that a tree constrained by grouping the bandicoot and 

DAB sequences together is not significantly less likely than the maximum likelihood 

tree. This result indicates that we cannot reject the hypothesis that the bandicoot 

sequences belong within the DAB cluster. The GenBank blast searches place Pebo1 

closest to the SaoeDRB2203 sequence with some affinity for the MaeuDAB05 and 

MaruDAB2 sequences. The Pebo2 sequence was closest to the eutherian ChmeDRB30 

sequence. None of these associations are well supported by the phylogenetic analysis 

with the bandicoot sequences only weakly grouped (Bayesian probability = 54%) with 

the eutherian DRB, DPB and DQB sequences. The marsupial MaruDAB2 and 

MaeuDAB05 sequences fall outside this group but with little support. It is likely that the 

high levels of variation within the MHC gene classes combined with the short fragment 

length for comparison (177bp) are the main reasons for the lack of resolution from this 

analysis. 

 

Characterisation and functional significance of allelic variants   

 

The explanation for the low diversity recorded from this study could be due to: genetic 

drift following a bottleneck in the small isolated populations; directional selection 

favouring the two allelic variants detected; bias in the screening process that caused a 

failure to detect other variants; or detection of non-functional pseudogenes that do not 

follow the expected pattern of balancing selection and heterozygote advantage. The last 

two points are related and were a concern for this study. The lack of fresh tissue 

available for the study of this endangered species meant that the MHC analysis was 

restricted to PCR screening of genomic DNA. Ideally, construction of a full cDNA 

library and screening with MHC probes following the conditions of Schneider et al. 

(1991) would be employed for such a study. With limited fresh tissue available and the 
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time and distance needed to transport it back to the lab, this option was not available. 

The approach used here, however, did attempt to capture the full range of allelic 

variation produced via PCR with a primer set designed from related marsupial species. 

The precaution of sequencing 12 clones from each of the initial individuals screened 

maximised the chance of sampling all allelic variants. If the frequency of all alleles is 

the same, this confers a greater than 95% probability of detecting three alleles if they are 

present (Feller 1968). Screening with the newly-designed species-specific primers 

produced the same sequences as the cloning method from the same individuals. This 

provides confidence that the direct sequencing strategy captured the full extent of 

variation in this region. 

 

The question of whether the amplified alleles represent functional copies of MHC genes 

was addressed in two ways. Firstly, translated amino acid sequences were compared 

against other known orthologues from GenBank to check for the maintenance of 

conserved, and presumably essential, sequence motifs of functional genes (see Fig 4.3). 

This analysis revealed that many of the conserved elements seen in other species were 

also present for these copies from P. bougainville. The important RFDS like sequence 

was present (Auffray & Novotny 1986; Brogdon et al. 1998) although in Pebo2 it 

contains and F-Y substitution that is also seen in other mammals and does not affect the 

interaction with CD4 (Brown et al. 1988). The salt bridges (positions 5 and 23, and 54 

and 58), tryptophan residue (pos. 43) and hydrophobic cluster (pos. 18, 29, 43, 50) of 

functional class II molecules are all present in the P. bougainville sequences. The only 

ambiguities are with the Pebo1 sequence which includes a deletion at position 49 and 

lacks a serine (S) or threonine (T) at position 1 to complete the asparagine, X, 

serine/threonine (N, X, S/T) glycosylation site (Auffray & Novotny 1986). The deletion 

at position 49 is seen in other functional copies (Brown et al. 1988) but the disruption of 

the putative glycosylation site may be significant if there is no compensating insertion at 

a more upstream site. As this mutation occurs at the very start of the sequence it is hard 

to verify its significance to the entire gene copy.  
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The second approach to establishing the function of these gene copies was to attempt 

RNA extraction and RT-PCR with the specific primer sets to verify that the target 

regions represented expressed genes. The results of this approach were encouraging and 

suggest that the MHC sequences are portions of functional genes. The presence of 

strong bands for the RT-PCR amplifications indicates that the putative gene copies are 

expressed as mRNA (see Fig. 4.5). However, the presence of faint bands in the no-

transcriptase control shows that there is some level of genomic DNA contamination in 

the RNA extract. The difference in intensity between the samples and controls suggests 

that, although there is some baseline level of genomic DNA present in the extracts, there 

is also sufficient expressed RNA to be reverse transcribed into cDNA and increase the 

overall amount of template for the reaction and therefore the efficiency of the 

amplification. This observed intensity difference adds support to the idea that P. 

bougainville possesses two functional copies of the marsupial DAB gene but further 

characterisation is needed to confirm this. 

 

It is unfortunate that none of the three extraction methods employed in this study 

managed to completely remove the DNA contamination. This may also reflect the fact 

that the quantity of extracted RNA from the tissue samples was low relative to DNA 

carry-over. The tissue used for the extraction was not fresh but frozen and then stored in 

RNAlater (Qiagen, Australia) for transport. This method was the only course available 

in this case but is not recommended by the manufacturer and may have resulted in poor 

RNA yield from the tissue. In light of these problems it is only possible to draw a 

tentative conclusion that the difference in band intensity between samples and controls, 

in conjunction with the information on structural features and the phylogenetic analysis 

of the gene sequences, suggests that the two allelic copies isolated from P. bougainville 

do represent functional versions of MHC class II genes. Further RT-PCR experiments 

employing fresh tissue samples are needed to confirm this beyond doubt. 
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Significance of low diversity for P. bougainville 

 

The detection of just two alleles for P. bougainville MHC class II genes is most likely 

the result of small population sizes influenced by the forces of genetic drift and natural 

selection. Genetic drift operating on small island populations would have the effect of 

reducing diversity and would also counteract the effects of balancing selection if allele 

frequencies are near to 0 or 1 (Allendorf & Luikart 2007). Directional selection may 

also drive the populations to such a low level of variation if the selection pressure is 

strong enough and sustained for long periods (Frankham 2005). In this case however, it 

is unlikely that the different island habitats produce identical selection pressures and the 

fact that every individual in every population has the same two alleles suggests that 

some other evolutionary factor is responsible for the low diversity.  

 

Regardless of the mechanism, P. bougainville appears to have much lower diversity 

than expected for a gene region shown to be under the influence of balancing selection 

(Garrigan & Hedrick 2003). Table 4.2. shows that, compared to other mammalian 

studies of MHC class II diversity, P. bougainville is at the lower end of the scale for 

number of allelic variants identified. This table also shows, however, that for species of 

conservation concern, such low levels of MHC diversity are not unusual. The first ten 

species in this table have all been through some sort of population size reduction in their 

recent evolutionary past and they all possess seven or fewer alleles at the loci examined. 

Diversity losses at such an important gene region in these species is likely to leave them 

vulnerable to novel environmental pathogens (Hedrick 2002). Disease problems are 

already starting to be an issue for this species with the recent appearance of papilloma 

virus causing severe lesions and wart-like growths which eventually lead to the death of 

infected individuals (O'Hara et al. 2004). Lack of variation at such a crucial immune 

region as evidenced here is likely to make the populations particularly vulnerable to 

epidemics from novel pathogens. Diseased and non-diseased individuals were screened 

in this study and possessed the same two allelic copies, suggesting that population 



 107

differences in diversity at this region of the MHC is not a factor in differential 

population susceptibility to the papilloma virus or that only some populations have been 

subjected to it so far. This result is not surprising as studies of immune response show 

that it is a complex system and that variability in disease resistance is only about 50% 

attributable to MHC variation (Acevedo-Whitehouse & Cunningham 2006). 

 

The contribution of this study to the general debate on whether MHC polymorphisms 

should form the basis of decision making for captive breeding programs (Hedrick 

2004a; Hughes 1991; Vrijenhoek & Leberg 1991) is unclear. On the one hand it can be 

seen that a study of MHC diversity is possible for endangered species, albeit with some 

major obstacles to deal with, while on the other we can see that, in this case at least, the 

results obtained do not provide any more useful information for managers to guide their 

breeding decisions. At this MHC class II gene region, all individuals in all populations 

possess the same two allele copies. Other loci related to immune system function will 

need to be investigated before useful information can be offered to managers of the 

captive and reintroduced populations about maximising diversity for disease resistance. 

Given the problems encountered in interpreting the data from P. bougainville and the 

inability to isolate MHC loci from M. lagotis the conclusion must be drawn that, for 

endangered marsupial species at least, characterisation of MHC loci from more closely 

related species is required before this approach can be routinely incorporated into 

assessments of genetic diversity for captive breeding and recovery programs. 
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CHAPTER 5 - SUMMARY OF RESULTS AND IMPLICATIONS FOR RECOVERY 

PROGRAMS USING CAPTIVE BREEDING AND REINTRODUCTIONS 

 

 

 

 

 

 

 

 

 

 

 

 

“Captive breeding and reintroduction are appropriate when suitable unoccupied habitat 

exists and the factors leading to the expirtation of the species from this habitat have 

been identified and reduced or eliminated. Under these circumstances, captive breeding 

and reintroduction of threatened and endangered species can be part of a comprehensive 

strategy that also addresses the problems affecting species in the wild.”  

 

National Research Council (USA) (1995) 
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Introduction 

This project aimed to investigate the genetic basis of two marsupial recovery efforts on 

opposite sides of Australia. The two species studied have similarities in terms of 

biology and are vulnerable to the same suite of threatening processes, yet there are large 

differences in the genetic diversity that remains and how that is distributed throughout 

the populations. On the one hand the western barred bandicoot is restricted to remnant 

island populations and has very low diversity compared to other marsupials, with very 

little differentiation between populations. The bilby, conversely, still persists in arid 

parts of the mainland with natural populations spread over three states. It shows higher 

levels of genetic diversity and some degree of structuring of populations. How these 

differences impact on the species’ ability to recover from the brink of extinction have 

important implications for how restoration efforts should be directed. In this chapter I 

will summarise the findings for each species and discuss how these results might be 

incorporated into the respective recovery plans. 

 

Perameles bougainville - summary of genetic data 

The western barred bandicoot has been reduced to just two natural populations existing 

on separate islands in Shark Bay, Western Australia. Levels of genetic diversity, as 

estimated from variation at six microsatellite loci, are similar between these populations 

(Dorre Is. He=0.31±0.1 A=2.20±0.4, Bernier Is. He=0.27±0.1 A=1.81±0.3) but low 

compared to other populations of marsupials (Table 2.3). These populations have been 

used to source founders for a number of captive breeding and reintroduction programs. 

Those colonies founded from single source populations (Peron and Heirisson) show 

slightly reduced levels of variation compared to their island sources, whereas the 

captive colony at Dryandra, established via a mixed breeding program, shows a 

significant increase in heterozygosity and allelic richness. 
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The molecular data indicates that, although there is limited structuring of haplotypes 

and microsatellite alleles, the population divergences are very shallow with just single 

basepair changes separating each mitochondrial haplotype. These results, combined 

with the similarity in habitat between the islands, suggests that populations can be 

combined in the captive breeding program with little concern about disrupting local 

adaptations and possible outbreeding effects (Edmands 2007). It is from this data, 

however, that the difficulty of maximising genetic diversity in the absence of molecular 

information is apparent. Despite the mixed breeding program at Dryandra, mtDNA 

variation has been reduced to a single haplotype in this population. While mtDNA 

diversity itself may not be directly related to population size (Bazin et al. 2006), it has 

been clearly demonstrated that variation in mtDNA haplotypes is an important factor in 

the fitness of populations (James & Ballard 2003). By using pedigree information 

enhanced with molecular data this situation could have been avoided and managers 

would have had the accurate information necessary to make informed decisions on 

arranging pairings to maximise diversity (Ballou & Lacy 1995; Jones et al. 2002). 

 

Western barred bandicoots appear to possess very low levels of diversity at the 

functionally important MHC classII gene region. Analysis of all individuals from all 

populations revealed that this species is fixed for two gene copies in this region 

probably representing separate paralogous loci. The fact that infected and non-infected 

individuals possess the same allelic copies suggests that a lack of variation in this region 

is not related to increased susceptibility to the recent outbreaks of the papillomavirus 

reported for some populations (O'Hara et al. 2004). 

 

The molecular evidence from the western barred bandicoots supports the notion that 

island populations retain lower levels of genetic variation than their mainland 

counterparts (Eldridge et al. 1999; Eldridge et al. 2004a; Frankham 1997; Mills et al. 

2004). Although there are no remaining populations of P. bougainville on the mainland 

with which to make direct comparisons, the inference of reduced diversity can be drawn 
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from comparison with closely related mainland species (Zenger et al. 2005). The 

attempt to restore genetic variation to this species is likely to be hampered by this low 

baseline level of diversity available for future reintroductions. The maintenance of two 

separate, yet minimally divergent, sets of genetic stock on the islands does however, 

provide an opportunity to substantially increase the genetic variation of any 

reintroduced populations that combine founders from the two sources. Accurate and 

ongoing monitoring at a molecular level will be vital to the long-term success of the 

species recovery program. 

 

Macrotis lagotis - summary of genetic data 

The remnant Queensland population of the greater bilby, Macrotis lagotis, shows a 

level of genetic diversity similar to that of other mainland populations of endangered 

species (Table 3.3). This level of variation (A= 4.31 ± 0.30, HE= 0.76 ± 0.03) was 

significantly higher than those recorded for the western barred bandicoots (F= 13.35, 

P<<0.001) and for the captive and reintroduced colonies sourced from the wild 

population (Charleville A= 3.59 ± 0.28 , HE= 0.68 ± 0.03; Currawinya A= 3.57 ± 0.20 , 

HE= 0.65 ± 0.03). This result reflects two related aspects that differentiate the 

biogeographical history of the natural populations of bilbies and western barred 

bandicoots. Firstly, western barred bandicoots have been restricted to isolated island 

populations with the associated diversity reductions related to area and distance from 

the mainland (Eldridge et al. 2004a; Frankham 1997), whereas bilbies have persisted on 

the mainland with populations spread over a much greater area. Secondly, the timing of 

population isolation is vastly different between the two species with western barred 

bandicoots likely to have been separated from each other and the mainland around 5000 

years ago (Kendrick 1978) while the Queensland bilby population became isolated from 

others further to the west as recently as 70 years ago (Southgate 1990).  
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The mtDNA data clearly shows that the diversity of haplotypes, once spread across the 

species’ range, has been affected by recent population fragmentation and disruption to 

historical geneflow processes (Fig 3.5a & b). The Queensland population had just four 

haplotypes but the number of variable sites strongly suggests that there were many 

others that were either missed in the sampling or had disappeared due to recent 

population reduction and isolation. The network of haplotypes from populations across 

the range showed no clear structuring associated with each geographical region and 

indicates that the fragmentation of the populations does not represent deep historical 

divergences and should not necessarily prevent translocation of individuals between 

states.  

 

Use of faecal DNA for the analysis of molecular data for this species proved reliable 

and offers further scope for non-invasive population genetic studies of endangered 

marsupials. The amplification success rate of 79.6% and allelic variation rate of 15.1% 

show that, when combined with an appropriate genotyping protocol, faecal samples can 

provide a convenient source of DNA for genetic analyses. This is particularly promising 

for bilbies as they are otherwise difficult to trap and sample due to their burrowing 

ability, solitary nature and sparse distribution (Southgate et al. 2005). Genes from the 

MHC class II region could not be reliably amplified for bilbies with the approach 

adopted for P. bougainville. This result indicates that bilbies may be too distantly 

related to the original species used to design the assays for this study (Browning et al. 

2004) and that further characterisation of more closely related species is needed before 

this method can be applied to bilbies. 

 

 

Implications for reintroduction programs 

This study has highlighted many aspects of importance for the recovery programs of the 

individual focal species and also for marsupial recovery programs as a whole. A clear 
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finding that emerges from both case studies examined is that the use of molecular 

information has the ability to significantly improve the outcomes of captive breeding 

and reintroduction programs in terms of the amount of genetic diversity and thus 

adaptive potential retained. With more accurate pedigree data, managers have much 

clearer information on which to base their breeding priority decisions (Ballou & Lacy 

1995; Jones et al. 2002). Ongoing monitoring of the reintroduced populations is also 

likely to improve decision making for these populations. The detection of declines in 

genetic diversity for each of the reintroduced populations examined in this study 

suggests that management in the absence of molecular information is difficult when 

attempting to maximise variation and halt the adverse effects of genetic drift in small 

populations. Another implication borne out of this research is that differences in 

demographic histories and recent biogeographic patterns between species may have a 

bearing on the priorities and directions of their respective recovery efforts. 

 

For the western barred bandicoot, the lack of deep divergences between lineages 

indicates that mixing them in the captive breeding program is unlikely to cause a major 

disruption of co-adapted gene complexes and will not produce significant outbreeding 

effects (Edmands 2007; Montalvo & Ellstrand 2000). The mixed population at 

Dryandra shows increased diversity at microsatellite loci and suggests that, with input 

from molecular data, this breeding strategy is the best way to maximise population level 

genetic variation. Once the managers of the recovery program are satisfied that any 

disease issues associated with this population are controlled, this captive colony should 

be managed with a view to providing new genetically diverse founders for novel 

reintroductions into appropriate release sites. This strategy will require regular 

monitoring of the Dryandra captive population to ensure that the goal of maximising 

genetic diversity is achieved. In the short-term, this population requires augmentation 

from wild populations to restore variation lost as evidenced by missing microsatellite 

alleles and mtDNA haplotypes. 
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The Heirisson Prong reintroduced population also requires supplementation with 

additional individuals of high genetic value. Whether these are sourced from the 

original founder population on Dorre Island or through a mixed breeding strategy 

depends upon the long term goals of this reintroduction. In the short-term there are 

concerns about the entry of potential disease-carrying animals into the population so it 

may be best to wait until the containment of that threat can be absolutely assured before 

Bernier Island-sourced individuals are introduced. The other reintroduced populations 

not covered in this study, the Arid Recovery Project at Roxby Downs and the Australian 

Wildlife Conservancy population on Faure Island, are in urgent need of genetic 

monitoring so that baseline levels of variation can be established. Armed with this 

information, managers can then assess the need for population augmentation with new 

genetic stock. 

 

The natural populations on Bernier and Dorre Islands do not require immediate 

translocations or supplementation from captive stocks. Rather, these populations should 

be regularly sampled to monitor changes in genetic diversity and only supplemented as 

a last resort if a sudden drop in diversity is detected. The maintenance of these wild 

populations as separate reservoirs of genetic variation is the best way to maximise the 

total variation available for reintroductions to the mainland (Nunney & Campbell 1993). 

This strategy does require, however, that the population sizes on these islands are 

maintained at levels that will minimise the adverse affects of genetic drift. Regular 

sampling will provide the opportunity to conduct temporal estimates of effective 

population size to monitor fluctuations. If supplementation is required, the availability 

of “pure-bred” colonies on the mainland would be useful to maintain the integrity of the 

genetic stocks. 

 

As with the wild populations of P. bougainville, the natural population of bilbies at 

Astrebla does not require immediate intervention to increase genetic variation. It shows 

no significant loss of variation in the ten years since a previous study (Moritz et al. 
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1997b). Regular monitoring of this population will ensure that any decline will be 

detected early and the appropriate remedial actions can be put in place. Unlike the 

situation with P. bougainville, I see no reason why this population could not be 

supplemented by individuals from other regions should the need arise. The evidence to 

date does not support the status of ESU for any of the state populations and the pattern 

of fragmentation suggested by the mtDNA data indicates that these populations may 

have been connected and exchanging migrants until relatively recently (Fig. 3.5a). 

 

The Charleville captive population has lost variation compared to the wild population 

due to genetic drift operating on the small population size. Supplementation of this 

population with further individuals from the wild is recommended, contingent on the 

natural population being able to sustain continued harvesting for augmentations. 

Alternatively, captive facilities in other states have sourced their founders from different 

wild populations (Moseby & O'Donnell 2003) and could be used to increase the 

diversity of this population should such a strategy meet the goals of the Queensland 

recovery program in terms of retaining the distinctiveness of their captive stocks.  

 

It is too early to deduce too much about the genetic outcomes of the reintroduction 

effort at Currawinya National Park. The individuals examined in this study were the 

founders of the population and no major conclusion can be drawn at this early stage 

except that they do constitute a reasonable representation of the genetic diversity 

contained within the source captive population. In stating that, it is self-evident that this 

population suffers the same reduction in diversity compared to the natural population as 

the captive one. Ongoing monitoring and careful selection of supplementary 

individuals, however, can greatly assist in the goal of maximising the genetic diversity 

and survival probability for this population. The obvious caveat does need to be stressed 

here. The strengthening of the genetic basis of this and the other reintroduced 

populations analysed in this study is likely to count for nothing unless the threatening 

processes themselves can be dealt with around the reintroduction sites. Regardless of 
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the diversity levels achieved, populations that require intensive management within 

enclosures to ensure their survival become little more than “mega-zoos” isolated from 

normal self-functioning ecosystems (Luikart et al. 1998b). 

 

Directions for future research 

There are several aspects arising from this study that provide scope for further research. 

These are issues that would provide benefits for the recovery programs of the individual 

species themselves and for conservation research as a whole. Firstly, the immediate 

priority lies with completing a more comprehensive survey of the existing levels of 

genetic diversity in the natural and reintroduced populations of both species. For the 

western barred bandicoot there are reintroduced populations at Roxby Downs and Faure 

Island that need to be analysed. Previous attempts to sample the population at Roxby 

Downs were unsuccessful as animals were difficult to trap. The success of faecal DNA 

analyses of bilbies in this study, however, opens up a new avenue for non-invasive 

sample collection that should circumvent the problems of trap-shyness. The population 

at Faure Island has only recently been founded with individuals from Heirisson prong 

(Jacqui Richards pers. com) and regular monitoring will help track changes in diversity 

with respect to the source population. For the bilbies, a more extensive sample of the 

natural population at Astrebla Downs is required now that faecal DNA has proved 

feasible for population level analysis. Other exploratory surveys are also required to 

confirm the existence of other populations in far south-western Queensland. Accessing 

diversity in any newly discovered populations would greatly improve the probability of 

survival for the reintroduced population at Currawinya National Park (Ogden et al. 

2005). There have been only limited studies of the genetic diversity in bilby populations 

at other locations throughout its range (Moritz et al. 1997b; Southgate & Adams 1993) 

and this needs to be addressed so that a clearer picture of the variation present across the 

entire species may emerge. 
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Another area of interest that would provide useful information on the impact of range 

reductions on both species would be the levels of diversity present historically. This sort 

of information could be gained by accessing tissue samples stored in museum 

collections throughout Australia. Many of these collections contain samples dating back 

to before 1850 and could provide insights into diversity levels prior to the demographic 

impacts associated with European settlement becoming severe. While the success rate 

for DNA extraction from these sorts of samples is low, modern molecular techniques 

provide for a much improved ability to make use of the poor quality and quantity of 

DNA that is retained in such samples (Dean & Ballard 2001; Paabo et al. 2004; 

Rohland et al. 2004). It would be difficult to obtain realistic population level data from 

museum collection for comparisons to modern day diversity estimates but these samples 

would provide information about alleles and haplotypes that may have been lost from 

the species since the arrival of Europeans. Such information could still confirm, 

particularly for P. bougainville, whether the low levels of variation we see today are a 

result of recent impacts or if this has always been a feature for the species. 

 

The analysis of genetic diversity at a gene region of the MHC performed in this study 

represents an attempt to incorporate variation at functional gene regions into applied 

conservation projects. This type of analysis promises to add another dimension to our 

understanding of genetic diversity important for the survival of endangered populations. 

While using such diversity estimates alone runs the risk of ignoring variation present 

throughout the entire genome (Miller & Hedrick 1991; Vrijenhoek & Leberg 1991), 

adding them to the array of markers available will provide additional information to 

managers about genetic variation that is of direct importance to the fitness of 

populations (Aguilar et al. 2004). To this end, further studies characterising the gene 

regions of the MHC in marsupials would greatly facilitate their inclusion in 

conservation genetic studies of endangered Australian species. This study has shown 

that assays can be adapted from closely related species for use in applied diversity 

projects but that many more species need to have genes from this region isolated and 
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characterised to allow for broader application of this technique. This research is well 

underway for marsupials (Alsop et al. 2005; Belov et al. 2003; Margulies et al. 2005) 

but more studies are needed to demonstrate the ability and usefulness of adapting this 

analysis to applied conservation studies. 

 

The genes of the MHC class II beta chain were targeted here but there are many more 

genes of functional importance that could be assayed (DeSalle & Amato 2004; Thomas 

& Klaper 2004). In particular, MHC class I genes are primarily responsible for immune 

system reactions to viral pathogens (Knapp 2005) and may provide for an interesting 

survey of P. bougainville populations that have recently been shown to suffer from a 

number of such diseases (O'Hara et al. 2004). Class I sequences have already been 

characterised for the koala (Houlden et al. 1996) and adaptation of these sequences to 

design assays for bandicoots would be worth exploring. The genes of the MHC are not 

the only avenue for study of immune response in marsupials and indeed it would be 

naive to think that they could provide the complete picture for a population’s ability to 

cope with pathogen stress (Acevedo-Whitehouse & Cunningham 2006). A worthwhile 

direction for future research would be to explore how variation across a broad range of 

resistance-related genes interacts with the dynamics of disease susceptibility in wild and 

captive populations. 
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APPENDICES 

Appendix 1 - Microsatellite Genotypes of Western Barred Bandicoots 

 

 

Bernier B7-2 B15-1 B20-5 B34-1 B34-2 PbD02 

BI4, 162162 124124 166166 140140 000000 143143 

BI8, 162162 124124 166166 142140 000000 143143 

BI14, 162154 124124 166166 140140 154146 143143 

BP1, 166154 124124 166166 140140 154146 147143 

BP2, 162154 124124 166166 140140 154146 147143 

BP3, 166162 124124 166166 140140 154146 147143 

BP4, 162154 124124 166166 140140 154146 147143 

BP5, 154154 124124 166166 140140 154154 143143 

BP6, 162154 124124 166166 140140 154146 147147 

BP7, 154154 124124 166166 140140 154154 143143 

BP8, 162154 124124 166166 140140 146146 147143 

BP9, 154154 124124 166166 140140 156146 147143 

BP10, 166154 124124 166166 140140 154146 147143 

BP11, 162154 124124 166166 142140 154146 143143 

BP12, 162154 124124 166166 140140 154146 143143 

BP13, 166162 124124 166166 140140 154154 143143 

BP14, 154154 124124 166166 140140 154146 147143 

BP15, 162154 124124 166166 140140 154154 147147 

BP16, 166154 124124 166166 140140 154146 147143 

BP17, 162154 124124 166166 140140 154154 143143 

BP18, 162162 124124 166166 140140 154154 143143 

BP19, 154154 124124 166166 140140 154154 143143 

BP20, 154154 124124 166166 142140 154154 147147 

BP21, 162154 124124 166166 140140 154146 143143 

BP22, 166162 124124 166166 140140 154154 143143 

BP23, 162162 124124 166166 140140 154146 147143 

BP24, 154154 124124 166166 140140 154146 147143 

BP25, 166154 124124 166166 140140 154154 147143 

BP26, 162154 124124 166166 140140 156154 143143 

BP27, 166162 124124 166166 140140 154146 147147 

BP28, 162154 124124 166166 140140 154146 143143 

BP29, 154154 124124 166166 140140 154154 147143 
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BP30, 162154 124124 166166 142140 154146 147143 

Dorre B7-2 B15-1 B20-5 B34-1 B34-2 PbD02 

DI2, 162158 120120 168168 142142 160154 147147 

DI3, 158158 128124 168168 142142 154154 149147 

DI4, 162158 126126 168168 138138 160160 147147 

D12m, 158158 126126 168168 142142 160154 147147 

DI12f, 158158 128124 168168 142142 160154 147147 

DI19, 158158 126120 168168 142142 160154 149147 

DI28, 158158 128124 168168 142142 154154 147147 

DI29, 158158 128124 168168 142142 154154 147147 

DI33, 158158 126126 168168 142142 154154 147147 

DI34, 158158 124120 168168 142142 160160 147147 

DI37, 158158 124120 168168 142142 154154 147147 

DI39, 162158 124124 168168 142142 160160 147147 

DI39f, 158158 124120 168168 138138 160154 147147 

DI48, 158158 124120 168168 142142 154154 147147 

DI107, 158158 126124 168168 142142 160154 147147 

DI109, 162162 124120 168168 142142 160154 147147 

DI113, 158158 126120 168168 142142 160154 147147 

DI150, 158158 126126 168168 142142 160154 149147 

D150f, 158158 128124 168168 142142 160160 147147 

DI051, 158158 128128 168168 142142 154154 149149 

DI052, 158158 124120 168168 142142 154154 147143 

DI053, 158158 126124 168168 142142 160160 147143 

DI054, 158158 128124 168168 142142 160160 143143 

DI055, 158158 128120 168168 142142 154154 147147 

DI056, 158158 128124 168168 142142 160154 143143 

DI057, 158158 128124 168168 142142 160160 147143 

Heirisson B7-2 B15-1 B20-5 B34-1 B34-2 PbD02 

HP01, 158158 124124 168168 142142 154154 147147 

HP02, 158158 128126 168168 142142 160154 149147 

HP03, 162158 126124 168168 142142 160154 147147 

HP04, 158158 128124 168168 142142 154154 147147 

HP5, 158158 124124 168168 142142 154154 147147 

HP6, 162158 128126 168168 142142 154154 147147 

HP7, 162158 126124 168168 142142 154154 147147 

HP8, 162162 126124 168168 142142 160154 149147 

HP09, 162158 126124 168168 142142 154154 147147 

HP10, 162162 128126 168168 142142 154154 147147 

HP11, 162162 128126 168168 142142 160154 147147 

HP12, 162158 126124 168168 142142 154154 147147 
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HP13, 158158 126124 168168 142142 154154 147147 

HP14, 162158 128124 168168 142142 154154 147147 

HP15, 162158 124124 168168 142142 154154 147147 

HP16, 158158 124124 168168 142142 154154 147147 

HP17, 162158 124124 168168 142142 160154 147147 

HP18, 158158 124124 168168 142142 154154 147147 

HP19, 162158 128126 168168 142142 154154 149147 

HP20, 162162 126126 168168 142142 160154 149147 

HP21, 162158 128126 168168 142142 154154 147147 

HP22, 162158 126124 168168 142142 160154 147147 

HP23, 158158 124124 168168 142142 160160 149147 

HP25, 162158 126124 168168 142142 154154 147147 

HP27, 162162 126124 168168 142142 160154 149147 

Dryandra B7-2 B15-1 B20-5 B34-1 B34-2 PbD02 

DO14, 166158 126124 168168 144142 154154 147147 

DO15, 158158 128120 168168 142142 160154 147147 

DO37, 158154 124120 168166 140140 154146 147147 

DO38, 154154 124124 168168 144138 154146 147147 

DO45, 158158 128124 168168 144142 154154 147147 

DO52, 158158 128128 168168 140140 154154 147143 

DO53, 154154 124120 168168 142140 154146 147143 

DO56, 158154 124124 168168 142138 160154 147147 

DO57, 154154 124120 166166 142140 160146 147143 

DO58, 154154 124120 166166 142138 000000 147143 

DO60, 158158 128128 168166 142140 154154 143143 

DO61, 166158 124124 168166 142140 154154 147143 

DO62, 166158 124124 168168 142140 154154 147143 

DO63, 158158 124120 168168 140140 154154 147143 

D63f, 158154 128124 168166 140140 154146 147147 

DO66, 154154 124124 168166 140140 146146 147143 

DO69, 158158 124124 168166 142138 154146 147143 

DO70, 158154 124124 168166 142140 160154 147147 

DO72, 158154 124120 168166 142140 160154 147147 

DO73, 154154 124124 166166 142140 154146 147143 

DO75, 158158 124120 168166 142138 154146 147143 

DO78, 154154 124120 166166 144142 154146 147143 

DO80, 154154 124120 168166 142138 154146 147143 

DO81, 158154 124120 168168 142138 160154 147143 

DO82, 158154 124124 168166 142140 160154 147147 

DO83, 154154 124120 166166 144140 160146 147147 

DO84, 166158 124120 168166 140140 154154 147143 
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DO85, 154154 124120 168166 140140 160146 147143 

DO86, 158154 124124 168166 142138 154146 147143 

DO87, 154154 124124 168166 142138 154146 147147 

Peron B7-2 B15-1 B20-5 B34-1 B34-2 PbD02 

PC41, 154154 124124 166166 140140 154154 147143 

PC56, 162154 124124 166166 140140 154154 147143 

PC63, 166162 124124 166166 140140 146146 143143 

PC64, 154154 124124 166166 140140 154146 000000 

PC69, 166162 124124 166166 140140 154146 147147 

PC70, 166154 124124 166166 142140 154154 147143 

PC71, 166154 124124 166166 140140 154146 147143 

PC80, 154154 124124 166166 140140 154146 147143 
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Appendix 2 - Microsatellite Genotypes and Allele Frequencies for all Bilby 
Samples across three populations 

 

Charleville Bil02 Bil08 Bil16 Bil17 Bil22 Bil41 Bil55 Bil56 Bil63 

BilCha01, 174174 160160 172172 212188 190188 176172 180176 170170 238238

BilCha02, 174168 164156 182182 212208 192190 186170 186176 164164 238234

BilCha03, 174174 160160 188172 212206 190186 170170 180176 170162 238238

BilCha04, 174174 164162 184166 212204 186186 182182 176176 164156 260234

BilCha05, 174174 162160 184162 212208 186186 174172 176176 172156 238234

BilCha06, 174174 164156 162162 220214 192190 172172 186182 164164 260260

BilCha07, 174170 164160 186162 214206 192190 178172 186186 156156 260238

BilCDS01, 174168 164156 186184 210206 190190 186172 186176 164164 232228

BilCDS02, 172172 164164 184166 218204 190190 178172 184182 156156 232232

BilCDS03, 172172 164156 162162 214210 190190 186172 186186 164156 232232

BilCDS04, 174172 164162 182182 210206 190186 186172 186176 164156 232228

BilCDS05, 174172 164164 184162 214210 190186 186172 186186 164156 232232

BilCDS07, 172172 164160 182162 218214 190190 186172 190182 164156 238238

BilCDS08, 174172 164160 182162 210204 190186 186172 186186 164156 238232

BilCDS10, 174172 164162 172166 218212 186186 174172 176176 172164 260260

BilCDS11, 172168 164156 186162 210206 192186 186172 186176 164156 232232

BilCDS12, 172172 164164 162162 214210 190190 172172 186186 164156 238232

BilCDS14, 172172 164164 166162 214210 190186 172172 186176 164164 234228

Astrebla Bil02 Bil08 Bil16 Bil17 Bil22 Bil41 Bil55 Bil56 Bil63 

BSAst01, 174174 164164 158156 212212 188186 178172 184176 172154 236236

BSAst02, 174174 164156 158158 000000 190190 184178 184178 164164 232232

BSAst03, 174174 164164 158158 212212 188186 174172 184184 172154 236236

BSAst04, 174170 160160 158158 218206 190190 186186 186176 162162 248230

BSAst06, 190174 162160 158158 210204 192190 186172 182176 172156 232232

BSAst07, 174172 164164 158158 206204 190186 172172 176176 162162 232228

BSAst08, 174172 162162 166158 210204 190188 186182 186180 172172 252232

BSAst11, 184170 160160 158158 218212 194190 178172 190186 172158 248232

BSAst14, 174172 162156 158158 218214 190190 186184 190184 170164 248236

BSAst15, 174174 164156 000000 210206 190186 172172 190180 156156 232232

BSAst16, 176172 162162 158158 214214 190188 172172 180176 158158 244238

BSAst17, 174172 000000 158158 218212 190186 182174 186182 162162 254234

BSAst18, 172170 164164 158158 208190 188184 180172 186176 170160 238234

BSAst19, 174174 162162 164158 204204 190186 182178 176176 162162 260260

BSAst20, 174172 164154 158158 218212 190186 184182 178176 162154 248232

BSAst21, 174172 164160 158158 212208 186186 184178 190178 164154 232228
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BSAst22, 172170 164162 158158 208206 190186 182172 176176 172156 232228

BSAst24, 172172 162160 158158 204204 190190 172172 190176 172164 000000

BSAst26, 174172 156156 162158 204204 190186 182172 180176 170170 232228

Currawinya Bil02 Bil08 Bil16 Bil17 Bil22 Bil41 Bil55 Bil56 Bil63 

F431b05, 174172 164160 162158 210202 190190 186172 184184 164156 236232

FSP-042, 172172 000000 158158 212210 000000 000000 176176 164164 232232

FSP-044, 000000 000000 158156 212212 190186 178178 176176 000000 000000

FSP - 47 174172 164160 158158 210202 190184 186172 184184 164156 236232

FSP-054, 172172 164164 158156 214210 190190 180172 176176 162162 000000

FSP-055, 172168 164160 158158 212210 184184 178172 186176 000000 236228

FSP-061, 172170 162160 158158 210202 190184 172172 186186 172158 232228

FSP-062, 172170 164156 158156 212206 190186 172172 182180 164158 228224

M44?a01, 172170 160160 000000 210206 190190 000000 182182 156156 000000
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Appendix 3 - Mitochondrial Control Region Haplotypes and neutrality test 
results for Western Barred Bandicoots 

 

PB-V 

TATTCTACTTAAACTACTTCCTGAATAACAAAAAATAAACCATTATATTTCC

TACCTTCATTTTATATACTATGTCAGTATTAAATTCATCATAAATTTTAATTT

ACACAAGACATATTATTCTAAATGTACATATATCCCACATATACATACAATT

CTCCACATACATATCAATATAACAAATACATATTATGTATATATTACATTCA

TTTATTTACCCCTAGCATATAAGCTATACAGTACATTAAATCAATTATAATA

AAACATACAAATTATATTACAATATATTATAATCAACATTCATATCTCAAAT

ACATTAAACTCATATATTACATAATACATTACTTGCTTAATATTACATATAC

ATATAATGCTTTACCCACATAAACATACAATCAATGAAAGAAAGATCAAAT

AACCTTATTCCCCTGGCATATCTCAACCGTTAATAATACCTCAATCCCCAAC

TCACGAGAAACCACCATCCCGCCATCTTAAGGCTTAATATCCTTCAGAGCAG

GCCCATAAAATGGGATCGTATTGAGATTGACTTTTCTGGCTACTGG 

 

PB-W 

TATTCTACTTAAACTACTTCCTGAATAACAAAAAATAAACCATTATATTTCC

TACCTTCATTTTATATACTATGTCAGTATTAAATTCATCATAAATTTTAATTT

ACACAAGACATATTATTCTAAATGTACATATATCCCACATATACATACAATT

CTCCACATACATATCAATATAACAAATACATATTATGTATATATTACATTCA

TTTATTTACCCCTAGCATATAAGCTATACAGTACATTAAATCAATTATAATA

AAACATATAAATTATATTACAATATATTATAATCAACATTCATATCTCAAAT

ACATTAAACTCATATATTACATAATACATTACTTGCTTAATATTACATATAC

ATATAATGCTTTACCCACATAAACATACAATCAATGAAAGAAAGATCAAAT

AACCTTATTCCCCTGGCATATCTCAACCGTTAATAATACCTCAATCCCCAAC

TCACGAGAAACCACCATCCCGCCATCTTAAGGCTTAATATCCTTCAGAGCAG

GCCCATAAAATGGGATCGTATTGAGATTGACTTTTCTGGCTACTGG 
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PB-X 

TATTCTACTTAAACTACTTCCTGAATAACAAAAAATAAACCATTATATTTCC

TACCTTCATTTTATATACTATGTCAGTATTAAATTCATCATAAATTTTAATTT

ACACAAGACATATTATTCTAAATGTACATATATCCCACATATACATACAATT

CTCCACATACATATCAATATAACAAATACATATTATGTATATATTACATTCA

TTTATTTACCCCTAGCATATAAGCTATACAGTACATTAAATCAATTATAATA

AAACATATAAATTATATTACAATATATTATAATCAACATTCATATCTCAAAT

ACATTAAACTCATATATTACATAATACATTACTTGCTTAATATTACATATAC

ATATAATGCTTTACCCACATAAACATACAATCAATGAAAGAAAGATCAAAT

AACCTTATTCCCCTGGCATATCTCAACCATTAATAATACCTCAATCCCCAAC

TCACGAGAAACCACCATCCCGCCATCTTAAGGCTTAATATCCTTCAGAGCAG

GCCCATAAAATGGGATCGTATTGAGATTGACTTTTCTGGCTACTGG 

 

PB-Y 

TATTCTACTTAAACTACTTCCTGAATAACAAAAAATAAACCATTATATTTCT

TACCTTCATTTTATATACTATGTCAGTATTAAATTCATCATAAATTTTAATTT

ACACAAGACATATTATTCTAAATGTACATATATCCCACATATACATACAATT

CTCCACATACATATCAATATAACAAATACATATTATGTATATATTACATTCA

TTTATTTACCCCTAGCATATAAGCTATACAGTACATTAAATCAATTATAATA

AAACATATAAATTATATTACAATATATTATAATCAACATTCATATCTCAAAT

ACATTAAACTCATATATTACATAATACATTACTTGCTTAATATTACATATAC

ATATAATGCTTTACCCACATAAACATACAATCAATGAAAGAAAGATCAAAT

AACCTTATTCCCCTGGCATATCTCAACCATTAATAATACCTCAATCCCCAAC

TCACGAGAAACCACCATCCCGCCATCTTAAGGCTTAATATCCTTCAGAGCAG

GCCCATAAAATGGGATCGTATTGAGATTGACTTTTCTGGCTACTGG 
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PB-Z 

TATTCTACTTAAACTACTTCCTGAATAACAAAAAATAAACCATTATATTTCT

TACCTTCATTTTATATACTATGTCAGTATTAAATTCATCATAAATTTTAATTT

ACACAAGACATATTATTCTAAATGTACATATATCCCACATATACATACAATT

CTCCACATACATATCAATATAACAAATACATATTATGTATATATTACATTCA

TTTATTTACCCCTAGCATATAAGCTATACAGTACATTAAATCAATTATAATA

AAACATATAAATTACATTACAATATATTATAATCAACATTCATATCTCAAAT

ACATTAAACTCATATATTACATAATACATTACTTGCTTAATATTACATATAC

ATATAATGCTTTACCCACATAAACATACAATCAATGAAAGAAAGATCAAAT

AACCTTATTCCCCTGGCATATCTCAACCATTAATAATACCTCAATCCCCAAC

TCACGAGAAACCACCATCCCGCCATCTTAAGGCTTAATATCCTTCAGAGCAG

GCCCATAAAATGGGATCGTATTGAGATTGACTTTTCTGGCTACTGG 

 

Table A3.1: mtDNA diversity and neutrality test results for five populations of P. 

bougainville. 

Population n 

Haplotype 

Diversity 

Nucleotide 

Diversity 

Tajima’s 

D 

Fu & Li’s 

F 

Fu & Li’s 

D 

Bernier 28 0.54 ±0.05 0.001 0.36 0.79 0.82 

Dorre 21 0.67 ±0.03 0.002 1.45 1.17 0.86 

Heirisson 31 0 0 - - - 

Dryandra 37 0.27 ±0.06 0.0005 0.21 0.54 0.57 

Peron 11 0.69 ±0.05 0.001 0.69 1.03 1.00 
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Appendix 4 - Mitochondrial Control Region Haplotypes for All Bilby 
Samples 

 

QLD1 

ACAACGAACATTAATTTATATACTATGTCAGTATTAAAACATTAAAAATTTT

TTTACTTTAATACAACATATATTATTATGTATAATTTTACATTTATTATGTAT

TATTTACATATTATGTTATATTATACATAATAAAATATGTTTTATATACATAA

AAATTATTATATTACATTAATAATATATTTTAAATACATAATATTATTAAGA

GTACATAAATATTCTAAAATAAATTTAATGTATATAGTACATTAATTTATTT

TCCACTAGCATATAAGCATGAATATTAAAAGAAAACATTACTAAATACATA

TTAAACTAAATATTGCTATAAAATTCTTTAAATACATTCATATCTATAACTT

AATTAAAACTATATAAGTACATAATACATAATATGTATAAATTACATAATAC

ATTAAACCCTTAATATTACATAATACATTTGGTTGTTGGAGTACAATTAACA

TACAATCAATGAAAGATAGATCATATACATTTATCCACTAGCATATCACAAC

CTATAATAATACCTTAATAACCATCTCACGAGAGATCACCATCCCGCC 

 

QLD2  

ACA_CGAACATTAATTTATATACTATGTCAGTATTAAAACATTAAAAATTTT

TTTACTTTAATACAACATATATTATTATGTATAATTTTACATTTATTATGTAC

TATTTACATATTATGTTATATTATACATAATAAAATATGTTCTATATACATAA

AAATTATTATATTACATTAATAATATATTTTAAATACATAATGTTATTAATA

GTACATAAATATTCTAAAATAAATTTAATGTATATAGTACATTAATTTATTT

TCCACTAGCATATAAGCATGAATATTAAAAGAAAATATTACTAAATACATA

TTAAATTAAATATTGCTATAAAATTCATTAAATACATTCATATCTACAACTT

AATTAAAACTATATAAGTACATAATACATAATATGTATAAATTACATAATAC

ATTAAACCCTTAATATTACATAATACATTTGGTTGTTGGAGTACAACTAACA

TATAATCAATGAAAGATAGATCATACACATTTATCCACTAGCATATCACAAC

CTATAATGATACCTTAATAACCATCTCACGAGAGATCACCATCCCGCC 
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QLD3 

ACAACGAACATTAATTTATATACTATGTCAGTATTAAAACATTAAAAATTTT

TTTACTTTAATACAACATATATTATTATGTATAATTTTACATTTATTATGTAT

TATTTACATATTATGTTATATTATACATAATAAAATATGTTTTATATACATAA

AAATTGTTATATTACATTAATAATATATTTTAAATACATAATATTATTAAGA

GTACATAAATATTCTAAAATAAATTTAATGTATATAGTACATTAATTTATTT

TCCACTAGCATATAAGCATGAATATTAAAAGAAAACATTACTAAATACATA

TTAAACTAAATATTGCTATAAAATTCTTTAAATACATTCATATCTATAACTT

AATTAAAACTATATAAGTACATAATACATAATATGTATAAATTACATAATAC

ATTAAACCCTTAATATTACATAATACATTTGGTTGTTGGAGTACAATTAACA

TACAATCAATGAAAGATAGATCATATACATTTATCCACTAGCATATCACAAC

CTATAATAATACCTTAATAACCATCTCACGAGAGATCACCATCCCGCC 

 

QLD4 

ACAACGAACATTAATTTATATACTATGTCAGTATTAAAACATTAAAAATTTT

TTTACTTTAATACAACATATATTATTATGTATAATTTTACATTTATTATGTAT

TATTTACATATTATGTTATATTATACATAATAAAATATGTTTTATATACATAA

AAATTGTTATATTACATTAATAATATATTTTAAATACATAATGTTATTAAGA

GTACATAAATATTCTAAAATAAATTTAATGTATATAGTACATTAATTTATTT

TCCACTAGCATATAAGCATGAATATTAAAAGAAAACATTACTAAATACATA

TTAAACTAAATATTGCTATAAAATTCTTTAAATACATTCATATCTATAACTT

AATTAAAACTATATAAGTACATAATACATAATATGTATAAATTACATAATAC

ATTAAACCCTTAATATTACATAATACATTTGGTTGTTGGAGTACAATTAACA

TACAATCAATGAAAGATAGATCATATACATTTATCCACTAGCATATCACAAC

CTATAATAATACCTTAATAACCATCTCACGAGAGATCACCATCCCGCC 

 

QLD5 

ACAACGAACATTAATTTATATACTATGTCAGTATTAAAACATTAAAAATTTT

TTTACTTTAATACAACATATATTATTATGTATAATTTTACATTTATTATGTAT
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TATTTACATATTATGTTATATTATACATAATAAAATATGTTTTATATACATAA

AAATTGTTATATTACATTAATAATATATTTTAAATACATAATATTATTAAGA

GTACATAAATATTCTAAAATAAATTTAATGTATATAGTACATTAATTTATTT

TCCACTAGCATATAAGCATGAATATTAAAAGAAAACATTACTAAATACATA

TTAAACTAAATATTGCTATAAAATTCTTTAAATACATTCATATCTATAACTT

AATTAAAACTATATAAGTACATAATACATAATATGTATAAATTACATAATAC

ATTAAACCCTTAATATTACATAATACATTTGGTTGTTGGAGTACAATTAACA

TATAATCAATGAAAGATAGATCATATACATTTATCCACTAGCATATCACAAC

CTATAATAATACCTTAATAACCATCTCACGAGAGATCACCATCCCGCC 

 

QLD6 

ACA_CGAACATTAATTTATATACTATGTCAGTATTAAAACATTAAAAATTTT

TTTACTTTAATACAACATATATTATTATGTATAATTTTACATTTATTATGTAC

TATTTACATATTATGTTATATTATACATAATAAAATATGTTCTATATACATAA

AAATTATTATATTACATTAATAATATATTTTAAATACATAATGTTATTAATA

GTACATAAATATTCTAAAATAAATTTAATGTATATAGTACATTAATTTATTT

TCCACTAGCATATAAGCATGAATATTAAAAGAAAATATTACTAAATACATA

TTAAATTAAATATTGCTATAAAATTCATTAAATACATTCATATCTATAACTT

AATTAAAACTATATAAGTACATAATACATAATATGTATAAATTACATAATAC

ATTAAACCCTTAATATTACATAATACATTTGGTTGTTGGAGTACAACTAACA

TATAATCAATGAAAGATAGATCATACACATTTATCCACTAGCATATCACAAC

CTATAATGATACCTTAATAACCATCTCACGAGAGATCACCATCCCGCC 

 

QLD7  

ACA_CGAACATTAATTTATATACTATGTCAGTATTAAAACATTAAAAATTTT

TTTACTTTAATACAACATATATTATTATGTATAATTTTACATTTATTATGTAC

TATTTACATATTATGTTATATTATACATAATAAAATATGTTCTATATACATAA

AAATTATTATATTACATTAATAATATATTTTAAATACATAATGTTATTAATA

GTACATAAATATTCTAAAATAAATTTAATGTATATAGTACATTAATTTATTT
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TCCACTAGCATATAAGCATGAATATTAAAAGAAAATATTACTAAATACATA

TTAAATTAAATATTGCTATAAAATTCATTAGATACATTCATATCTATAACTT

AATTAAAACTATATAAGTACATAATACATAATATGTATAAATTACATAATAC

ATTAAACCCTTAATATTACATAATACATTTGGTTGTTGGAGTACAACTAACA

TATAATCAATGAAAGATAGATCATACACATTTATCCACTAGCATATCACAAC

CTATAATAATACCTTAATAACCATCTCACGAGAGATCACCATCCCGCC 
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