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Structure of the thesis 

This thesis is composed of six chapters, which include work submitted for publication and 

unpublished work: an introduction and literature review, four research chapters, and a  

general discussion. Before each research chapter an author contribution statement is 

provided. Supplementary information, including tables and figures, is incorporated at the end 

of each chapter. The overall aim of this thesis is to extend and refine the suite of evidence-

based indicators of koala health and disease and, in doing so, identify associations among 

pathogens and host pathways that can be used as the foundation for targeted mechanistic 

studies to determine causation, and to drive improvements in health assessments and disease 

management in wild and rehabilitated koalas. Approaches novel to the field are employed to 

enable unbiased integrated analysis of the large number of variables involved, and the thesis 

follows a step-wise approach, first examining frequency and potential relevance of 

coinfections in rescued koalas, then integrating analysis of host responses to coinfections in 

the same clinical cohort, then using RNAseq to extend the variables being examined, and then 

assessing the relevance of the identified risk factors to survival and rehabilitation in a 

population of free-ranging koalas. 

 

Chapter 1 consists of a general introduction to the thesis and a review of the literature, 

covering key gaps in our understanding of pathogenesis in the koala, the limitations of current 

methods of investigations, and presenting the context in which this body of work takes place. 

This is followed by the aims and hypotheses of the thesis. 
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Chapter 2 is an investigation of the frequency of co-infections detected in koalas admitted to 

rehabilitation facilities and their potential relevance as risk factors for disease: “The 

relationships of viral and protozoal co-infections to Chlamydia pecorum infection and 

chlamydiosis outcomes in northern koalas.” 

 

Chapter 3 is an investigation that extends analysis of the same cohort to examine the 

interactions of host immune and physiological gene expression with relevant co-infections 

and clinical outcomes, using PCA and non-biased clustering; “Clustering of immune gene 

transcription identifies immune phenotypes associated with poorer outcomes in koala 

rehabilitation”. 

 

Chapter 4 is an investigation that extends the panel of immune and physiological markers 

used in Chapter 2, using next-generation sequencing and differential expression analysis. 

Distinct phenotypes are described among koalas with chlamydiosis and those euthanised; 

“Koala pro-inflammatory genes IL1R2, MARCO, MYO1B, and RARRES1 show upregulated 

expression in koalas with clinical chlamydiosis and those that are euthanised”. 

 

Chapter 5 is an investigation that re-examines clinical, infectious, and gene expression 

variables from previous chapters in a new population of free-roaming wild koalas to 

determine their relevance to short- and long-term clinical, treatment, and survival outcomes 

in the field; “Multivariate analysis of host gene expression and population health 

determinants predict chlamydiosis treatment outcomes and long-term survival at two wild 

koala sites in south-east Queensland”. 
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Chapter 6 is a general discussion situating the research findings and key outcomes within the 

field, to highlight the impact of this work and direct pathways for further investigation. Here 

we expand upon the significance and importance of accounting for complex relationships 

among co-infecting agents and markers of the immune response in disease investigations, 

and the practical implications for biomarkers of health and disease such as adaptive 

lymphocyte gene activity. 
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Glossary 

The following defines these terms as they are used in this thesis: 

Antagonism: The suppression of one infecting microorganism due to infection by another 

microorganism. 

Captive/captivity: An animal that permanently lives under human control or care, including 

zoos, wildlife parks, and long-term residence in rehabilitation. 

Competition: An infecting microbe acquires cellular resources (nutrients, energy, substrates) 

required for optimal functioning of another infecting microbe. 

Detection frequency: The percentage of the sampled cohort of a population in which an 

infectious agent or other variable was detected. 

Interference: The release of products and/or metabolites from one infecting microorganism 

impedes the function of another infecting microorganism. 

Indicator of health: The qualitative and quantitative measures that are associated with health 

outcomes such as infection, morbidity, and mortality. 

Hyperparasitism: Where one infecting microorganism infects another organism within the host. 

Rehabilitation: The care of wild animals who have been rescued because they are sick, injured, 

debilitated, and/or orphaned. 

Risk factor / predictor: A parameter that is associated with or predicts a health or disease 

outcome, but may or may not be causative. 

Synergism: The infection by one microorganism augments adverse effects associated with 

another.  

 

This thesis use of the following terms was chosen to be consistent with those used in the 

National Koala Disease Risk Analysis: 

Acute disease: “A disease occurring in a short timeframe (1-5 days), regardless of severity of 

clinical signs.” 

Association: “A statistical relationship between two variables. Two variables may be associated 

with or without a causal relationship.” 

Causation: “A situation where the exposure to a hazard is responsible for the effect.” 

Chronic disease: “A disease occurring over a long timeframe, regardless of the severity of 

clinical signs.” 
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Clinical sign: “Observed, objective changes in the normal healthy state, bodily function or 

behaviour of an animal.” 

Cytokine: “Substances such as interferon, interleukin and growth factors, that are secreted by 

certain cells of the immune system and have an effect on other cells.” 

Diagnostic test: “Any procedure used to aid in the characterisation of the cause or nature of an 

infection or disease.” 

Disease: “Any disturbance in the structure or function of an animal, which includes those 

attributed to infectious or non-infectious causes.” 

Endemic: “A disease or parasite regularly found among particular populations or in a specified 

geographic area.” 

Endogenous retrovirus: “Retrovirus which is incorporated into germ cells of the host and 

therefore is inherited by successive generations.” 

Exogenous retrovirus: “Retrovirus that is incorporated only into the somatic cells of the host 

and therefore is not inherited.” 

Genotype: “The DNA sequence at a specific position within the genome of the pathogen, also 

known as sequence type, subtype, variant or strain.” 

KoRV traits/parameters: “The range of characteristics by which KoRV presence in a host may be 

quantified or described. Includes viral load, proviral load, presence or load of variants 

and presence or load of certain genetic markers (e.g. pol gene).” 

Latent phase (virus): “The stage of the virus lifecycle when it generally lies dormant within host 

cells.” 

Lytic phase (virus): “The active phase during which the virus replicates within the host cell and 

releases a new generation of viruses when the infected host cell lyses.” 

Northern koala: “Koalas originating from Qld, NSW and ACT populations.” 

Pol KoRV: “KoRV which possesses the pol gene and is therefore capable of integrating into the 

koala host DNA and replicating; "replication-competent" KoRV.” 

Pol-negative koala: “A koala that is infected with KoRV that does not possess the pol gene and is 

therefore incapable of replication.” 

Pol-positive koala: “A koala that is infected with KoRV possessing the pol gene ("replication-

competent" KoRV).” 

Prevalence: “The proportion of the host population with infection, disease or antibody 

presence, often expressed as a percentage.” 

Proviral load: “The amount of provirus within a host” 
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Provirus: “A virus genome that is integrated into the DNA of a host cell. In terms of KoRV, refers 

to the transcribed DNA copy of KoRV which is incorporated into the koala genome.” 

RecKoRV: “Defective KoRV elements that appear to be endogenous but lack the pol gene and 

are therefore not capable of replication.” 

Rehabilitation facility: “A facility (large or small) for the treatment and care of injured, 

orphaned, or sick wild animals so that they can be released back to the wild.” 

Replication competent (retrovirus): “In terms of KoRV: KoRV that contains the full gene 

complement and is therefore capable of integrating into host DNA and replicating to 

produce additional virus.” 

Risk assessment: “The evaluation of the likelihood and the consequences of entry, 

establishment or spread of a pathogenic agent within a specified animal population or 

environment.” 

Southern koala: “Koalas originating from SA and Vic free-ranging populations.” 

Surveillance: “A systematic ongoing program of investigation designed to establish the 

presence, extent of or absence of a disease, or of infection, or presence of a pathogen. It 

includes the examination and testing of animals for clinical signs, antibodies or the 

presence of a pathogen and the timely dissemination of information so that action can 

be taken.” 

Transmission: “The process by which a parasite passes from a source of infection to a new 

host.”  

Triage: “The process of organising patients according to the severity of their condition and 

treating each patient within an appropriate time frame. Triage also includes an 

assessment of the viability of the patient, and whether euthanasia should be considered 

due to the severity of disease and associated welfare concerns.” 

Trypanosomiasis: “Infection of a host by trypanosome parasites.” 

Wet bottom: “Chronic staining and wetness of the rump of koalas, associated with urinary 

incontinence and often caused by urinary tract infections, particularly Chlamydia.” 

Wildlife hospital: “A hospital or clinic that provides veterinary assessment, treatment and care 

for free-ranging wildlife.” 
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This thesis use of the following terms was chosen to be consistent with those defined by 

Casadevall, A., & Pirofski, L. A. (2000) and Casadevall, A., & Pirofski, L. A. (2003): 

Host: “An entity in which microorganisms reside and/or replicate; an entity in which microbial 

pathogenesis occurs.” 

Damage: “Disruptions in the normal homeostatic mechanisms of a host that alter the 

functioning of cells, tissues or organs; for microorganisms, disruptions in the normal 

mechanisms that enable host entry, replication and/or the ability to establish residence 

in a host.” 

Infection: “Acquisition of a microbe by host; most infections are followed by multiplication of 

the microbe in the host, but this is not universal because some helminth infections can 

involve a single organism that does not replicate in the host.” 

Elimination: “Removal of the microbe from the boundaries of the host by either physical 

factors, interference by host flora, an immune response, or therapy.” 

Colonisation: “A state of infection that results in a continuum of damage from none to great, 

with the latter leading to the induction of host responses that could eliminate or retain 

the microbe, or progress to chronicity or disease; for organisms that induce no damage 

during infection this state is indistinguishable from commensalism.” 

Commensal: “Microbe that induces either no damage or clinically inapparent damage after 

primary infection; a state that is thought to be established early in life.” 

Commensalism: “A state of infection that results in either no damage or clinically inapparent 

damage to the host, though it can elicit an immune response.” 

Latency: “Synonymous with persistence, this term is often used to describe infections that are 

asymptomatic over long periods of time but can evolve into overt disease.” 

Persistence: “A state of infection in which the host response does not eliminate the microbe, 

resulting in continued damage over time; persistence may evolve into overt disease, 

depending on the balance of the host-microbe interaction.” 

Pathogen: “A microbe capable of causing host damage.” 

Virulence: “The relative capacity of a microorganism to cause damage in a host.” 

Symbiosis/mutualism: “A state of infection whereby both the host and the microbe benefit as a 

consequence of infection.” 
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Abstract 

This thesis demonstrates the greater depth of understanding of complex wildlife diseases that 

can be gained by application of a holistic multifactorial approach; in this case investigation of 

host-pathogen-environment interactions in disease of the koala (Phascolarctos cinereus), an 

iconic and endangered Australian marsupial. The multifactorial nature of disease complicates 

efforts to understand epidemiology, pathogenesis, and disease risk, and develop treatment 

or risk mitigation strategies. In wildlife disease investigations, small sample sizes, lack of 

medical histories, broad case definitions and discipline-oriented research often limit the 

variables that can be included in studies, oversimplifying relationships and sometimes 

restricting findings to the study context. As a result, while many host, pathogen, and 

environmental factors have been identified as significant to koala health, their 

interconnections and relative importance remain unclear. This fragmented understanding 

hampers the identification of reliable indicators of koala health and disease. Currently, 

diagnosis, prognosis and definition of disease outcomes in research are largely based on 

clinical signs, while the complex interactions of coinfections, host responses and underlying 

stress physiology, all of which may impact fitness and eventual disease and treatment 

outcomes, remain unseen. The integrated approaches used in this thesis to capture the 

complexity of disease systems are founded conceptually on two key frameworks: the 

Damage-Response Framework and the Host-Pathogen-Environment (HPE) interaction 

(Casadevall & Pirofski, 2003; Fidel et al., 2020; Guégan et al., 2024; McNew, 1960; Scholthof, 

2007). Analysis of the large number of variables involved was facilitated by development of 

novel analytical approaches that deepened our understanding of complex disease threats 
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facing the koala, and thereby provided new knowledge to inform management of koalas in 

the clinic and in the wild.   

 

To gain a holistic view, it is necessary to determine the interrelationships among putative 

significant health indicators, clarify the potential roles and functions of these markers, and 

understand how this may vary and why. This thesis employs a stepwise approach to address 

these points: first examining interactions of infectious agents, then integrating this 

understanding with comprehensive immunophenotypic analysis and then, finally, examining 

these in the context of environmental factors in a comparative field study. Chapter 1 

comprises a literature review that argues the importance and utility of multivariate analysis 

to identify indicators of health in wildlife and, more specifically in the koala. Chapters 2–5 are 

experimental chapters. In Chapters 2-4, a heterogeneous cohort of koalas admitted to wildlife 

hospitals is studied to capture a range of demographics, infections, and co-morbidities. 

Chapter 5 examines two adjacent free-ranging koala populations with different morbidity and 

mortality rates to explore how HPE relationships—and thus indicators of health—vary 

between populations.  

 

Several infectious agents, including Chlamydia pecorum, herpesviruses, koala retrovirus 

(KoRV), and Trypanosome species, have each been associated with koala morbidity and 

mortality. Chapter 2 describes a high frequency of co-infection and varied relationships 

between infection and disease among koalas in clinical care, highlighting the importance of 

understanding case-specific co-infections that drive heterogeneity in disease outcomes. 

Notably, circulating C. pecorum was detected in some cases without disease or mucosal 

shedding; a finding that challenges our approaches to individual and population screening, 
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treatment and release criteria, and our understanding of the pathogenesis of chlamydiosis. 

Examination of immune gene transcription and its relationship to koala survival during 

rehabilitation, showed that immune and physiological profiling are better predictors of triage 

outcomes than aetiological diagnosis alone, and provides a window into the immunological 

and physiological changes underpinning decline of koala health. Chapter 4 further validates 

and refines the immunophenotyping panel, adding new gene targets, such as IL1R2, 

associated with chlamydiosis and euthanasia, to support further analyses of the immune 

response. In Chapter 5, key indicators of survival and treatment outcomes for chlamydiosis 

are determined, while accounting for population-specific characteristics. Here, adaptive 

immune parameters emerge as a consistent and strong predictor of survival in diseased wild 

koala populations. Other variables are identified as potential risk factors and low-risk 

indicators, such as: KoRV gene transcription, and cytokine and innate immune gene 

transcription. 

 

This research contributes to a more holistic understanding of koala health and the 

determinants of clinical diagnosis, prognosis and long-term survival. The approaches and 

perspectives developed here in associative studies can be used as the foundation for targeted 

mechanistic studies that will clarify the causal significance of health indicators to generate a 

refined set of evidence-backed indicators of koala health and disease. Improved health 

assessment is expected to result in better health outcomes in wild and rehabilitated koalas 

by supporting disease management strategies through developments in disease surveillance 

and risk assessments, advances to treatments and preventatives, and better informed 

population management and insurance strategies. 
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Aims of the thesis 
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1.1 Introduction: 

 

Increasingly, biodiversity, animal welfare and human health (zoonoses) are of global concern, 

requiring evidence-based management of wildlife disease. While it is often difficult to 

attribute extinction or declines to any one cause, due to limited monitoring and under-

identification of disease impact (McCallum et al., 2024; Scheele et al., 2019), the cryptic 

nature of wildlife species, and the complex interactions between factors causing disease (De 

Castro & Bolker, 2005; McCallum, 2012; McCallum et al., 2024), there is growing evidence of 

the importance of disease as a threatening process in many different wild animal species. 

Wildlife disease research and surveillance has established the significance of disease to the 

extinction of several species including the Polynesian land snail (Partula turgida), Christmas 

Island rodents (Rattus macleari & R. nativiatus), and ongoing declines in other species 

including, many amphibians, the Tasmanian devil (Sarcophilus harrisii), the koala 

(Phascolarctos cinereus), migratory tundra caribou (Rangifer tarandus), sea lions in the 

Galapagos islands and Australia (Zalophus wollebaeki & Neophoca cinerea), and coho, 

chinook, and sockeye salmon (Oncorhynchus kisutch, O. tshawytscha, & O. nerka) (Adams-

Hosking et al., 2016; Aguilar et al., 2023; Denkinger et al., 2017; Marcus et al., 2014; McAlpine 

et al., 2015; McCallum, 2012; McCallum et al., 2024; Miller et al., 2014). Effective disease risk 

assessment and mitigation requires a sound understanding of the complex drivers of disease 

and reliable assessment of individual and population health. 

 

This review evaluates the current state of wildlife health assessments and puts the case for 

an improved approach to investigating indicators of health and disease, using the koala 

(Phascolarctos cinereus) as a model species. Although the multifactorial nature of disease is 

widely recognised, incorporation of this complexity into disease surveillance, monitoring and 

management practices is yet to be developed in most wildlife species, including the koala 

(Scheele et al., 2019; Walton et al., 2016). Here, we present the current state of the koala, 

highlighting key pressures and diseases contributing to population declines and the results of 

disease surveillance. The existing koala disease literature is reviewed though the lens of two 

conceptual frameworks, the damage response framework and host-pathogen-environment 

interactions, highlighting key gaps in the current understanding of disease dynamics and 
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management outcomes. This review proposes that alternative methods of analysis that can 

accommodate increased complexity associated with multivariate relationships, are an 

essential next step for investigation of complex disease scenarios in the koala and other 

wildlife species. 

 

1.2 Health assessment in wildlife 

Wildlife health assessments help identify individuals and populations at risk and are 

fundamental to the development of our understanding of disease and approaches to wildlife 

disease management. Health assessments consist of qualitative and quantitative measures of 

organ, tissue and cell function (Kophamel et al., 2022; Vitali et al., 2023), by which deviations 

from normal structure and function (pathology) are detected, that may be the result of 

infectious disease (caused by living agents of disease) or non-infectious diseases (caused by 

physical and chemical agents of disease) and other physiological stressors (Kophamel et al., 

2022). As such, health assessments are used for many interrelated aspects of wildlife 

conservation: population monitoring and disease surveillance, wildlife disease management, 

and investigation of the relationships and ecological mechanisms driving disease dynamics 

(Fehr et al., 2017; Langmuir, 1963; Organization, 2000; Porta et al., 2014; Thacker & 

Berkelman, 1988). Additionally, due to the burgeoning interface between humans and 

wildlife, there is a growing need to incorporate wildlife health assessments in environmental 

impact assessments to inform sustainable development (Aleuy et al., 2023). Often, integrative 

management and surveillance systems are not set up, due to lack of resources and species-

specific understanding of the factors contributing to pathogenesis, leading to the 

implementation of management approaches that are not backed by evidence (Joseph et al., 

2013). Ideally, disease monitoring and surveillance should be able to support both current 

decision making and the development of hypotheses to extend understanding of 

pathogenesis and disease dynamics and thereby continuously improve wildlife disease 

management (Joseph et al., 2013).  

 

Implementing wildlife disease management without an evidence-base has several risks and 

could be detrimental to species already vulnerable to extinction. Culling of infected or 

diseased individuals from a population has been aimed at eradicating wildlife disease or 
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limiting ongoing transmission (Bolzoni & De Leo, 2013). However, the manipulation of host 

density changes ecological conditions for the pathogen and can influence transmission and 

impose strong selective pressures on virulence, leading to a counterintuitive result (Bolzoni & 

De Leo, 2013; Carter et al., 2007; Prentice et al., 2014). This phenomenon, also termed the 

‘perturbation effect’, was observed in the culling of Eurasian badgers (Meles meles) for 

management of bovine tuberculosis transmission (Carter et al., 2007; Prentice et al., 2019; 

Schreiner et al., 2020). Additionally, due to an incomplete understanding of pathogenesis and 

epidemiology, the implementation of selective culling of Tasmanian devils with devil facial 

tumour disease neither slowed the rate or disease progression nor reduced population-level 

disease impacts (Lachish et al., 2010). The application of antimicrobials and vaccines are used 

as a disease management approach in wildlife rehabilitation and although they are effective 

in some instances – such as for treatment of myasis (Schütte et al., 2025) or the control of 

rabies (Haydon et al., 2006), in the wrong context these interventions and preventative 

measures can cause antimicrobial resistance and selection for greater virulence of target and 

non-target organisms (Joseph et al., 2013; Plumb et al., 2007). For example, immunisation of 

chickens against Marek’s disease virus enhances the fitness of more virulent strains (Read et 

al., 2015), and anthelmintic treatment of Heligosomoides polygyrus in in free-living yellow-

necked mice (Apodemus flavicollis) caused an increase in infestation by the tick, Ixodes ricinus 

(Ferrari et al., 2009). 

 

Adaptive wildlife disease management that draws from continuous developments in 

environmental, biomedical, and pathogenesis research can yield more effective strategies for 

disease intervention. The synthesis of scientific theory and frameworks has improved the 

management of disease in many species. White nose syndrome was shown to have 

differential impacts on bat populations based on their size and social behaviour and the 

humidity and temperature of roosts, informing risk assessments and protection of refuge 

roosts (Langwig et al., 2012a; Langwig et al., 2012b). In Iberian lynxes (Lynx pardinus), a strong 

understanding of the transmission dynamics of Feline leukemia virus supported effective 

management of an outbreak through combined culling of reservoirs, vaccination of negative 

animals, and removal of viremic lynxes from the population into captivity (López et al., 2009). 

Haydon et al. (2006) demonstrated that a targeted low-coverage vaccination could 

successfully manage a rabies outbreak in Ethiopian wolves (Canis simensis) by reviewing past 
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outbreak dynamics considering pack movements and disease fronts. In Switzerland, 

consideration of the differences in transmission risks among age groups in Classical Swine 

Fever, an age-focused hunting strategy contributed to the control of an outbreak in wild boar 

(Sus scrofa) (Schnyder et al., 2002). Targeting co-infection interactions through treatment of 

nematode infection, which modulates host immune responses, in African buffalo (Syncerus 

caffer) improved animal response to tuberculosis treatment (Elias et al., 2006; Ezenwa et al., 

2010; Ezenwa & Jolles, 2011). Employment of a structured process of learning and method-

optimisation enabled real-time adaptations to improve the efficacy of fluralaner treatment of 

sarcoptic mange in bare-nosed wombats (Vombatus ursinus) through in situ surveillance 

(Mounsey et al., 2022; Wilkinson et al., 2024). Identification of strong relationships between 

seasonal patterns of ophidiomycosis and ecdysis and thermoregulatory behaviours in pygmy 

rattlesnakes (Sistrurus miliarius) highlighted these interactions as potential drivers of 

infection outcomes (Lind et al., 2023). The development of an agent-based modelling 

framework that incorporates real-world heterogeneities in disease drivers and surveillance 

helped to inform appropriate population-specific sample sizes necessary for prompt 

detection of chronic wasting disease in cryptic species such as Missouri’s white-tailed deer 

(Odocoileus virginianus) (Belsare et al., 2020; Escobar et al., 2020). Collectively, this suite of 

studies demonstrates how improved understanding of factors that affect transmission, 

disease susceptibility, and intervention efficacy such as dynamic social behaviours, 

conspecific and environmental disease reservoirs, stage/age- and climate-dependencies, 

pathogen life cycles, and immune mediated co-infection interactions can directly improve the 

efficacy of management approaches through informed delivery, targeting, and timing. 

 

The complexity of these systems and the need to incorporate this complexity in our 

understanding, poses challenges because many of our approaches to data collection and 

analysis have been developed for less heterogenous systems (production animals and people) 

(Artois et al., 2009; Beauvais et al., 2019; Belsare et al., 2020; Dohoo et al., 2003; Walton et 

al., 2016), and because the complexity increases the degree of multidisciplinarity needed to 

represent the system. This is recognised by several organizations and authors (Barroso et al., 

2023; Joseph et al., 2013; Kock et al., 2018; OIE, 2024; Peters et al., 2019a; Thurman et al., 

2024; Travis et al., 2014; Walton et al., 2016) but progress is limited by barriers to 

multidisciplinary approaches such as limited funding, coordination of research and donor 
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collaboration, and availability of resources and specialists (Barroso et al., 2024; Mazzamuto 

et al., 2022; Mysterud et al., 2023; Travis et al., 2014).  

 

The development and application of multivariate approaches in the study of human and 

wildlife disease has been shown to improve scientific understanding of pathogenesis and can 

help to identify indicators of health and disease. Importantly, these studies demonstrate the 

significance of indicators that are not classically included within health assessments such as 

co-infection, immune gene expression, season, climate, temperature, population-density, 

microbiome, and stress markers (Aguilar et al., 2023; Barroso et al., 2023; Chapman et al., 

2021; Glidden et al., 2018; Grimaudo, 2024; James et al., 2015; Langwig et al., 2012a; Lind et 

al., 2023; Ribas et al., 2023). For example, several multivariate studies identifying emerging 

viruses, assessing their relationship with host immune responses, generating indicators of 

viral infection, and examining the cumulative effects of host-pathogen-environment factors, 

helped develop the understanding of pathogenesis in multiple Salmon sp., generate 

indicators of health to support health assessments, and inform changes to farming 

approaches (Lehman et al., 2020; Miller et al., 2017; Miller et al., 2014; Mordecai et al., 2020; 

Teffer et al., 2019; Teffer et al., 2022). Overlooking factors that contribute to disease 

dynamics, and using non-representative biometric ranges, can limit the ability of surveillance 

to accurately estimate long-term prevalence and detect disease (Belsare et al., 2020; Walton 

et al., 2016). Surveillance-based estimates of prevalence can be biased by fluctuations in 

population sizes and disease leading to overconfidence in the precision of estimated 

prevalence and power to detect disease (Walton et al., 2016). Wildlife disease risk 

assessments are used to drive policy making, and thus misinformed understanding of species 

health and can affect the distribution of available resources for disease monitoring as 

observed in the monitoring of Australian vertebrates (Scheele et al., 2019; Walton et al., 

2016).  

 

This thesis proposes a stepwise approach to identify, characterise, and test health indicators 

to validate their use in health assessments and develop our understanding of biological 

systems and pathogenesis (Figure 1.1). This approach is similar to the Integrative Causal 

Paradigm presented by Grace (2024), which conveys the progression of evidence building 

across multiple studies. Univariate studies generate foundational observations that identify 
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potential health indicators that are associated with various aspects of animal health and 

disease such as clinical signs, responses to interventions, and survival outcomes (Di Nardo et 

al., 2015; Dwyer et al., 2022; Rascón-García et al., 2023). Univariate studies build the 

foundational understanding of factors that are associated with disease processes and are 

relied on in wildlife studies due to low sample sizes that result in low statistical power 

(Bonapersona et al., 2021). However, our approaches must advance beyond univariate 

associations for several related reasons. Firstly, to address fundamental multifactorial 

concepts that are key to understanding disease processes, such as the disease triangle and 

the damage-response framework (Casadevall & Pirofski, 2003; Fidel et al., 2020; Guégan et 

al., 2024; McNew, 1960; Scholthof, 2007). Because univariate analysis cannot account for the 

complex interrelationships that can influence disease associations, the significance of 

associations between health indicators and outcomes can be unclear (Joseph et al., 2013). To 

reduce contradictory results and clarify the relationships among health indicators, 

multivariate approaches are needed to generate a holistic assessment that accounts for 

multiple potential markers and confounding factors. However, we acknowledge that in cases 

where Koch’s postulates are satisfied and a causal disease agent is identified in univariate 

studies, mechanistic studies are an appropriate next step (Falkow, 1988). 

 

Multivariate studies can holistically assess these potential health indicators to account for 

collinearity and confounding among indicators and explore the potential roles and functions 

of these indicators within biological systems and pathogenesis. Multivariate studies can refine 

the number of health indicators by excluding inconsistent or colinear markers and help form 

hypotheses to direct further investigations within mechanistic studies, as was done using 

multivariate factor analysis in a human health study (Klomp & de Haan, 2010). The sequential 

approach of using univariate analysis to inform multivariate analyses was employed by Kock 

et al. (2018) in a multidisciplinary assessment of the likely contributing factors to a mass 

mortality event of saiga antelopes (Saiga tatarica tatarica). Here putatively associated factors 

were assessed collectively, better reflecting the multifactorial nature of pathogenesis and 

providing the means to compare the strength of relationships and generate focused 

hypotheses to support further investigation of causation (Kock et al., 2018). 
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Because multivariate studies are associative, additional studies are needed to prove 

causation. Causation can be determined statistically using mechanistic modelling to 

determine causal effect estimates (Ezanno et al., 2020; Meza & Jeon, 2022; Plank et al., 2022; 

Simonetto et al., 2022), and characterisation of causal mechanisms (Clarke et al., 2014; Grace, 

2024; Parkkinen et al., 2018). Mechanistic studies test hypotheses built by correlative studies 

by capturing the underlying mechanism or biological features involved in the development of 

disease and linking these processes with outcomes (Grace, 2024; Meza & Jeon, 2022; 

Simonetto et al., 2022). Causative mechanisms can be established through mechanistic 

studies by direct observation, natural or experimental perturbations, established knowledge 

from scientific fields, confirmed theory, and simulation results (Clarke et al., 2014), using 

classical principles of reasoning such as the Bradford Hill criteria (Hill, 1965). By understanding 

the causal mechanisms, the efficacy of intervention and management approaches can be 

reliably determined and improved (Hone et al., 2023).  

 

The koala is a great example of a species where the multifactorial nature of disease is 

acknowledged, but is rarely encapsulated within analyses. It is a strong candidate for 

progression to multivariate analysis because an abundance of literature focused on specific 

host-pathogen relationships identifies potential drivers of disease but provides limited 

understanding of the relative importance of these drivers or their interactions, limiting 

confidence in management in the clinic and in the wild.   It is the aim of this thesis to overcome 

some of the barriers to integrated multivariate analysis to achieve a more holistic and 

representative view of the host-pathogen-environment interactions that influence disease 

risk in the koala. 
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Figure 1.1: Proposed stepwise approach to improving health assessments. 

Figure 1.1  illustrates the proposed stepwise progression of disease investigation that demonstrates the 
type of studies (yellow), examples of what information can be produced (blue), and the hypothesised 
practical implications of findings (green). This thesis is situated within the multivariate stage (green border). 

 

1.3 The decline of the koala 

The koala (Phascolarctos cinereus) originally populated Australia in the millions however 

population decline is a concern for this iconic marsupial. Although accurately surveying this 

cryptic species is difficult (Crowther et al., 2020; Dissanayake et al., 2021), the estimated 

national population is now between 144,000-605,000. In South-east Queensland, an 80.3% 

and 54.3% decline in koala populations was estimated for the koala coast (Redland, Eastern 

Logan, and South Eastern Brisbane) and pine rivers regions (within Moreton Bay), 

respectively, between 1996 and 2014 (Rhodes et al., 2015). In New South Wales (NSW), a 26% 
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decline over the past and next three koala generations (15-21 years) was estimated (Adams-

Hosking et al., 2016). Due to the existence of biological and topographical barriers and 

historical population bottlenecks, the koala’s distribution is not continuous, and this species 

exists as two genetically distinct populations in the north (Queensland, Australian Capital 

Territory, and New South Wales) and south (Victoria and South Australia) (Cristescu et al., 

2009; Fowler et al., 2000; Houlden et al., 1996; Houlden et al., 1999; Ruiz-Rodriguez et al., 

2016). Of the total koala population, 65% is estimated to exist within the remaining 

Mediterranean climate forests, woodlands and scrubs of South Australia (SA) extending into 

those of Victoria (Vic.) (Whisson et al., 2020). The northern population represents the greatest 

expanse of this species’ range, stretching from the last remaining tropical and subtropical 

damp broadleaf forests in Queensland (Qld), through the temperate broadleaf and mixed 

forests along the east coast of Australia and fertile plains and river systems west of the Great 

Dividing Range, down to the NSW-Victorian border. Its range spans key economical 

bioregions, fertile farming lands and regions of urban development (IBRA 2012). The koala is 

recognised as endangered under national and international classifications; the Environmental 

Protection Biodiversity Conservation (EPBC) Act 1999 and the international ICUN Red List of 

Threatened Species (DCCEEW, 2022a; ICUN, 2022). 

National, regional, and local declines in koala populations can be attributed to several 

interrelated factors, which are compounding and largely anthropogenic (Lunney et al., 2012a; 

McAlpine et al., 2015). Disease has been identified as the leading cause of northern koala 

morbidity and mortality (Gonzalez-Astudillo et al., 2017; Gonzalez-Astudillo et al., 2019; 

Griffith et al., 2013; Lunney et al., 2023; Rhodes et al., 2011). The National Koala Disease Risk 

Analysis defines disease as “any disturbance in the health or function of an animal, which 

includes those attributed to infectious and non-infections causes” (Vitali et al., 2023). The 

threat of disease is therefore inextricably linked with all other pressures due to the potential 

for anthropogenic and climatic impacts to contribute to physical injury (Dissanayake et al., 

2023), pathogen distribution and exposure (McAlpine et al., 2017), physiological stress 

(Davies et al., 2014; Mella et al., 2024; Santamaria et al., 2023), and nutritional imbalances 

(Chen et al., 2024; Davies et al., 2014). Many studies have examined the impact of 

environmental and anthropogenic pressures on national, regional, and local koala 

populations and provide data on the scale of these pressures. For example, recent and historic 
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drought, heatwaves, fires, and floods have impacted koala populations on a local and regional 

scale (Cristescu et al., 2023; Filkov et al., 2020; Hyman et al., 2020; Lane et al., 2020; Lunney 

et al., 2009; Lunney et al., 2012a; Lunney et al., 2012b; Lunney et al., 2020; McAlpine et al., 

2015; Tkaczynski & Rundle‐Thiele, 2023; Van Eeden et al., 2020; Ward et al., 2020). Large-

scale urbanisation of Australia’s landscape has resulted in the eradication of local populations 

in some instances and, in most koala habitats, habitat fragmentation, increased threats from 

road and rail strikes, domestic animal attacks, and injury and drowning within ‘backyard’ 

environments (Adams-Hosking et al., 2016; Lunney et al., 2014; McAlpine et al., 2015; Rhodes 

et al., 2015; Seabrook et al., 2011; Sullivan et al., 2004). Fragmentation increases risk of 

predation and injury as koalas traverse between habitats (Whisson et al., 2020); over-

population and over-browsing of local niches due to insufficiency of viable habitat for new 

home ranges (McAlpine et al., 2015; Whisson et al., 2016); and impeded gene flow due to loss 

of landscape connectivity between populations (Dennison et al., 2016), which in other species 

has demonstrated knock on effects to host-pathogen immune defence mechanisms (Gonzalez 

Quevedo, 2014; Perrin et al., 2021). It is widely accepted that, for all species, the extrinsic 

environment and health are closely linked and that it is therefore likely that the impact of 

disease will be exacerbated as climatic extremes and natural disasters become more common 

and natural resources less abundant (Buttke et al., 2021; Caminade et al., 2019; Ebi & Bowen, 

2016; Pfenning-Butterworth et al., 2024; Semenza et al., 2022; Weiskopf et al., 2020).  

 

1.3.1.  Major infectious diseases of the koala 

Like any species, the koala is susceptible to various diseases, some of which are poorly 

defined. Disease attributed to infection by Chlamydia pecorum is well characterised and is the 

most significant infectious disease (Palmieri et al., 2019; Polkinghorne et al., 2013; Quigley & 

Timms, 2020), but its drivers are less well established. The role of other prevalent and widely 

distributed infectious agents, such as Koala Retrovirus (KoRV) and Phascolarctid 

herpesviruses in causing, or predisposing to, disease are less well known  (Gillett, 2023; 

Greenwood et al., 2023; Kasimov et al., 2020; Quigley & Timms, 2020; Tarlinton & 

Greenwood, 2024; Vaz et al., 2019b; Wright et al., 2024). Heterogeneity in disease-

presentation, responses to treatment, and overall survival outcomes of koalas with these 

infections, as well as the variation in general and reproductive disease outcomes for koalas in 
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wild populations, highlight the need for research to improve the current understanding of 

epidemiology, pathogenesis, and treatment of koala diseases. Because of the complexity of 

koala disease pathogenesis and the unknown significance of some infectious agents, host 

characteristics, and environmental variables, here we firstly describe key koala diseases and 

then follow by focused discussion on the potential contributors to pathogenesis, including 

agents of unknown pathogenicity. 

 

Chlamydiosis 

In northern koalas, chlamydiosis is the most commonly reported disease, comprising 16.5-

52.0% of koala admissions to wildlife hospitals (Burton & Tribe, 2016; DEH, 2022; Dutton-

Regester, 2024; Gonzalez-Astudillo et al., 2017; Gonzalez-Astudillo et al., 2019; Griffith, 2010; 

Griffith et al., 2013; Griffith & Higgins, 2012) and 28% to 73% of reported disease in wild 

populations (Fabijan et al., 2020; Fernandez et al., 2019; Hanger, 2017; Nyari et al., 2017; 

Robbins et al., 2019, 2020; Simpson et al., 2023). In southern populations, the prevalence of 

chlamydiosis varies greatly (4 - 53%) but is generally considered less prevalent compared to 

the north, with some local populations, such as on Kangaroo Island, considered chlamydiosis-

free (Fabijan et al., 2019a; Fabijan et al., 2017; Legione et al., 2016; Patterson et al., 2015; 

Speight et al., 2016). Koala chlamydiosis is almost exclusively caused by the bacterium 

Chlamydia pecorum; although C. pneumoniae can also infect koalas and occasionally cause 

clinical disease (most commonly at ocular and respiratory sites), it is detected very rarely in 

free ranging koala populations (Devereaux et al., 2003; Hulse et al., 2018; Jackson et al., 1999; 

Vitali et al., 2023).  

 

Chlamydiosis presents most frequently as disease of the urogenital tract and/or ocular sites 

(Figure 1.2), comprising cystitis (dysuria, haematuria, incontinence, cloacal eversion, and 

associated secondary ulceration and cutaneous myasis), renal abnormalities (pyelitis, 

pyelonephritis, hydroureter and hydronephrosis), reproductive disease (females; salpingitis, 

vaginitis, endometritis, urogenital sinusitis, uterine cysts, and cystic dilatation of the ovarian 

bursa. Males; prostatitis), and kerato-conjunctivitis (ocular discharge, conjunctival 

hyperaemia, chemosis and papillary hypertrophy, corneal oedema and neovascularisation 

and periocular alopecia (Canfield, 1989; Griffith, 2010; Nyari et al., 2017; Pagliarani et al., 
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2022; Pagliarani et al., 2024; Palmieri et al., 2019; Polkinghorne et al., 2013; Speight et al., 

2016; Wan et al., 2011). The colloquial term for urogenital chlamydiosis, “wet bottom”, 

denotes the dark brown discolouration of rump pelage due to urinary incontinence. Infection 

and disease are most commonly persistent and disease can range from mild to severe, 

persistent or intermittent active inflammatory disease to chronic fibrotic structural disease 

(Hemsley & Canfield, 1997; Higgins et al., 2005a, 2005b; Vogelnest & Portas, 2019). In severe 

cases, death ultimately occurs due to organ failure, sepsis, and/or emaciation (Griffith, 2010). 

Chronic ocular disease can lead to blindness and reproductive disease can cause infertility, 

which has detrimental consequences for population regeneration (Hemsley & Canfield, 1997; 

Hulse et al., 2019a; Johnston et al., 2015; Nyari et al., 2017; Pagliarani et al., 2022; Palmieri et 

al., 2019; Phillips et al., 2021).  
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Figure 1.2 demonstrates external and internal signs of chlamydiosis. Top left: male koala with conjunctivitis. 
Top right: female koala with ‘Wet-bottom’ and back rider joey with conjunctivitis. Bottom left: female 
reproductive tract with two fluid filled cysts, both 3 cm in diameter. Bottom middle: right and left kidneys 
longitudinally sectioned showing dilation of the renal pelvis (hydronephrosis) due to obstruction of distal 
urine outflow. Bottom right: lower (sectioned) reproductive tract and longitudinally incised bladder 
displaying fibrotic thickening of the bladder wall. Photo credit: Yasmine S. S. Muir. 

 
 
 
 
 

Figure 1.2: Gross external and internal clinical signs of chlamydiosis in the koala. 
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Impact of chlamydiosis in the rehabilitation setting 

Chlamydiosis remains a dominant cause for admission to wildlife clinics and although 

rehabilitation techniques and protocols have advanced, trends in overall health outcomes for 

koalas have not improved greatly. The most recent NSW koala rehabilitation data shows that 

the proportion of koalas admitted for chlamydiosis is largely unchanged ((DEH, 2022); Figure 

1.3). In the 2019-2020 financial year 1613 koala were rescued in NSW(DEH, 2022). Of this, 636 

(39.4%) koalas ultimately died, 483 (30%) were released and 494 (30.6%) had unknown 

outcomes. This regional data, obtained from 29 wildlife rehabilitation organisations and 

facilities and 11 independent licence holders, demonstrated that, on average, 71% of koalas 

admitted for chlamydiosis die and 25% are released ((DEH, 2022); Supplementary materials: 

Table 7.1). These outcome proportions have not improved in nearly a decade.  

In Qld, incomplete reporting and follow-up of koala admissions to wildlife clinics limits our 

understanding of disease trends within the state. However, we do know that disease is 

frequently severe; of the 1746 reported admissions in 2019, only 25.2% had records indicating 

release (Kerlin et al., 2022; Queensland Government, 2021). Several retrospective studies 

assessing koala admissions within major south-east Qld, NSW, and a SA wildlife clinic reported 

similarly high mortality and disease rates (Supplementary materials: Table 7.1). Burton and 

Tribe (2016) reported that of the cases classified as ‘other medical conditions,’ 40% did not 

have specific diagnoses or additional clinical records available, which likely influenced the 

resulting lower frequency of chlamydiosis cases. Other retrospective studies of hospital-

specific databases show variations in rates of admission, chlamydiosis, and outcomes that 

reflect population demographics of the catchment areas (Burton & Tribe, 2016; Gonzalez-

Astudillo et al., 2017; Griffith et al., 2013; Lunney et al., 2022a; Lunney et al., 2012a; Taylor-

Brown et al., 2019). All studies consistently report chlamydiosis as the greatest, or second 

greatest, cause for admission.  
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Figure 1.3: Bar chart of annual koala rescues in New South Wales (NSW) obtained from reports from 29 
individual koala rehabilitation care groups and clinics submitted to the NSW Government. 

Figure 1.3 utilises data that is freely available on the ‘Rehabilitation Dashboard’(DEH, 2022). The top chart 

presents the total number of non-chlamydiosis koala rescued (blue) and the total number of koala rescues 

attributed to chlamydiosis (orange, counts and percentage (%) of fraction displayed above each column). 

The bottom dot-plot chart plots three lines which present the percentage of chlamydiosis cases that died 

(blue), the percentage of chlamydiosis cases that were released (yellow), and the percentage of 

chlamydiosis cases with other outcomes (grey). 
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The long-term, post-release, efficacy of treatment and rehabilitation is unclear. Chlamydial 

infection in koalas can resolve without intervention or recur despite treatment (Robbins et 

al., 2019; Robbins et al., 2018). Short-term cure rates using antimicrobials have been reported 

at 81 - 97% (Booth & Nyari, 2020; Markey et al., 2007), but microbial cure rates are likely to 

be affected by the treatment inclusion criteria, the occurrence of adverse reactions (such as 

dehydration, weight loss, gut dysbiosis, oxalate nephrosis, and candidiasis), and a wide range 

of variables many of which remain unknown or undefined. Although drone thermal imaging 

(Beranek et al., 2020; Beranek et al., 2024; Colombelli-Négrel et al., 2023; Witt et al., 2020),  

and canine tracking (Cristescu et al., 2020a; Cristescu et al., 2015; Cristescu et al., 2020b; 

Cristescu et al., 2019; Kent & Cristescu, 2020; Premachandra et al., 2024; Terraube et al., 

2023) technology is rapidly evolving, post-rehabilitation monitoring is currently rare due to 

limited funding (Australian Government, 2021; Leigh et al., 2023). Retrospective assessments 

indicate a 49.5% re-admission rate for chlamydiosis, with some koalas re-admitted up to four 

times (Lunney et al., 2022b). Long-term studies of koala populations, e.g. Gunnedah, NSW 

(Fernandez, 2023); Moreton Bay, QLD (Robbins, 2020), show that chlamydiosis presentations 

vary over time, infection and disease can regress with or without treatment, and infertility or 

death can occur without re-exposure to C. pecorum (Fernandez et al., 2024a; Fernandez et 

al., 2019; Robbins et al., 2019; Robbins et al., 2018). Because of the sporadic nature of C. 

pecorum shedding, throughout this thesis cases are defined as having chlamydiosis where 

disease is observed as described in the beginning of this section. Sub-clinical C. pecorum 

infection - defined here as carriage without clinical signs – has been reported at a frequency 

of 28.5% in hospital admissions (Chen et al., 2023b) and 34% in a SE-Qld wild population, and 

doesn’t always progress to disease (Robbins et al., 2019). Overall, the mechanisms driving 

disease development, severity, treatment response and rehabilitation outcomes remain 

poorly understood, impacting the efficacy with which this disease is managed. 

 

Putative KoRV Associated Diseases 

It has been suggested that apparently opportunistic infections of unclear aetiology are linked 

to immuno-modulative effects of koala retrovirus (KoRV) infection. These have been 

described previously as ‘KoRV-associated diseases’ or ‘AIDS-like’ syndromes (also called Koala 

immune deficiency syndrome [KIDS]) and, more recently, ‘Putative KoRV-associated disease’ 
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(PKAD) (Gillett, 2014, 2023). The association between KoRV and these disease presentations 

is hypothesised due to similarities in biology and genetic structure between KoRV and other 

pathogenic retroviruses, such as feline leukemia virus (FeLV) and gibbon ape leukemia virus 

(GALV) (Hanger et al., 2000; Oliveira et al., 2006; Oliveira et al., 2007; Tarlinton et al., 2008b), 

and is supported in part by strong associations between KoRV detection or transcription and 

disease in koalas (Denner & Young, 2013; Stoye, 2006; Tarlinton et al., 2008a), though 

causative relationships are less certain. Although preliminary measures of prevalence and 

incidence rates of PKAD are low; 1.16% (8/691; 95% CI 0.5–2.19%) and 3.5 cases/100 

koalas/year (95% CI 2.35–4.9), the reported severity of cases and associated high mortality 

demonstrate the impact on individuals (McKay & Jones, 2023) and, if effects extended to 

predisposing koalas to development of chlamydial disease, impacts would be much greater.  

 

PKAD is separated into two major classes: Neoplasia and bone marrow dysplasia, and putative 

immune dysfunction disorders (PIDDS) (Gillett, 2023) (Figure 1.4). In the first class, 

haematopoietic and oncogenic disorders such as myelodysplasia, leukaemia, aplastic 

anaemia, lymphoma, osteosarcoma, fibrosarcoma, mesothelioma, and other tumours are 

included (Greenwood et al., 2023; Imanishi, 2023; McEwen et al., 2021; Speight, 2023; 

Tarlinton & Greenwood, 2024). As many as 55% of deaths in some captive populations were 

attributed to lymphoid neoplasia (Hanger, 2000). Following a survey of neoplastic and ‘AIDS-

like’ disease, tumours, largely lymphoma, were overwhelmingly the most prevalent PKAD 

noted by some koala treatment facilities (56%) (Gillett, 2014). Looking at the clinical records 

of 264 individual koalas from 16 different koala treating facilities across Qld, NSW, Vic, SA, 

and WA over a 5 to 28 year period, bone marrow conditions represented 14% of reported 

PKAD, with leukaemia dominating this category (Gillett, 2014). Among koalas in Japanese zoos 

(N = 330), “malignant neoplasms” accounted for 16.5% of deaths, with lymphoma reported 

as the most prevalent (Imanishi, 2023). Cellular dysplasia, which ranged from minimal to 

moderate dysplastic change, most frequently in erythroid cell lines, was evident in 77% (n = 

26) of clinically healthy captive koalas evaluated in North American zoos and 21% and 7% of 

deaths between 1976-2020 were attributed to lymphoid neoplasia and myelodysplasia, 

respectively (Singleton & Hamlin-Andrus, 2023). Similarly, another study reported 12.7% of 

captive koalas from North American and Australian zoos died from leukaemia-lymphoma and 

5.6% from other cancers (Zheng et al., 2020b). Although PKAD was historically largely 
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reported in captive koalas, it is an emerging concern for wild populations. A large-scale study 

that assessed 519 free-ranging koalas that were admitted to wildlife hospitals across SE-Qld, 

7.9% had evidence of neoplasia alone or in combination with other conditions at necropsy  

(Gonzalez-Astudillo et al., 2019).  

 

The second group, PIDDS, is defined as concurrent presence of any two of the following: 

dermatological, keratinous, oral, gastrointestinal, and haematopoietic conditions, fungal or 

parasitic infections, treatment refractory conditions, and ‘ill-thrift’, as well as severe 

chlamydiosis that is non-responsive to treatment (Gillett, 2023). Gillett (2014) noted that 

‘AIDS-like’ disease accounted for 20% of reported KoRV-associated disease presentations, 

with dermatitis being most common. In the study of wild-caught and captive koalas, 29.4% of 

cases died from other causes such as anaemia, pulmonary interstitial fibrosis, and acute 

respiratory illness (Zheng et al., 2020b). In captive koala populations in Japan, “opportunistic 

infections”, “immunodeficiency”, “septicaemia”, and “stunted growth of joey” accounted for 

3.9%, 0.6%, 3.3%, and 10.9% of deaths (N = 330), respectively (Imanishi, 2023). Monitoring 

conducted at different times and durations across three free-ranging koala populations in SE-

Qld reported 20 cases of “AIDS-like syndrome” (McKay & Jones, 2023). Using retrospective 

clinical data, poorly defined clinical conditions such as ‘wasting’, originally termed koala stress 

syndrome, which is characterised by lassitude, depression, anorexia and coma (Obendorf, 

1983), are increasingly reported (Gonzalez-Astudillo et al., 2017; Gonzalez-Astudillo et al., 

2019; Kerlin et al., 2022). Because these presentations are not proven diseases of KoRV but 

are very relevant to this thesis, the potential KoRV -associated co-infection and 

immunomodulatory interactions will be discussed in detail further down. 
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a) Pathological fracture b) Idiopathic emaciation 

  

c) Cystic growth d) Fibrous growth 

 

 
Figure 1.4 provides examples of external and internal signs of disease, encountered during candidature, 
that were considered by clinicians to be potentially associated with KoRV: a) radiograph and gross 
presentation of suspected chondrosarcoma, presenting as  a pathological fracture of the left hock, b) 
idiopathic presentation of depressed mentation, emaciation and fatigue in a male koala, c) external cystic 
pouch lesions (two) that extended into the abdominal cavity, d) right and left kidneys with vascularised 
fibrotic growth on the left noted on ultrasound and at necropsy; this case had suspect myelodysplasia, poor 
body condition, ‘wet-bottom’ with rump ulceration, unilateral reproductive disease, bladder thickening, and 
unilateral ocular ulceration. Photo credits: Yasmine S. S. Muir. Radiograph: Australia Zoo Wildlife Hospital. 

 

 

 

 

 

 

Figure 1.4: Various clinical presentations classed within putative KoRV-associated diseases. 
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1.4 Towards a more holistic approach to koala health assessment 

 
To advance health assessments for improved approaches to disease surveillance, 

investigation, treatment, and management, more informative and easily assessed health 

indicators are needed, and this requires a better understanding of koala biology and 

pathogenesis. Throughout this thesis, “health indicators” refers to qualitative and 

quantitative measures that are associated with, or predict, health outcomes such as infection, 

morbidity, and mortality. Classical veterinary diagnostic tools, such as behavioural and 

physical examination, radiography, haematology, biochemistry, urinalysis and morphological 

assessment of biological samples are utilised for koala health assessments (Vogelnest & 

Portas, 2019). However, physical examination tools are often categorical and subjective, and 

routine haematology, while providing both categorical (morphological) and objective (cell 

counts) measures, offers a low resolution of biological states and temporal scales of infection: 

in SA koalas haematological values were not impacted by sub-clinical C. pecorum and KoRV 

infection; in SA and Qld koalas, haematological values did not differ according to KoRV 

exogenous subtype (Akter et al., 2023; Hashem et al., 2022; Kayesh et al., 2021b) although 

some relationships were observed with proviral and viral loads (Fabijan et al., 2020); and over 

the course of chlamydiosis treatment, haematology and most biochemistry parameters 

remained within published reference intervals (Canfield et al., 1989; Griffith, 2010).  

 

Extending from haematology to measures of stress and immunological activity can provide an 

objective assessment of biological states that links environmental stressors, pathogen 

challenge, and host responses to better elucidate disease dynamics. Incorporation of diverse, 

yet relevant and informative indicators, such as faecal and hair stress hormone levels, 

toxicology and pathogen exposure, in the health assessment of an endangered caribou herd 

helped to determine factors contributing to reduced survival (Aguilar et al., 2023). This 

approach also reduced human intervention and handling stress through non-invasing 

sampling (faeces, and hair) (Aguilar et al., 2023). Currently in koalas, many potential indicators 

of health have been identified but are yet to be assessed collectively to allow their relative 

importance to be understood sufficiently to incorporate them into health assessments 

effectively: C. pecorum strain type (Fernandez et al., 2024a; Robbins et al., 2020; Sait et al., 

2014), presence and activity of other infectious agents (Blyton et al., 2022a; Fabijan et al., 
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2019b; Fabijan et al., 2020; Fabijan et al., 2017; Hashem et al., 2021; Legione et al., 2017; 

Maher et al., 2019; McInnes et al., 2011a; Sarker et al., 2020a; Stalder et al., 2015; 

Stephenson, 2021; Vaz et al., 2019b; Waugh et al., 2017), host genetics (Kidd et al., 2024; Lau 

et al., 2014; Quigley et al., 2018a; Quigley et al., 2020), host immune response (Fiebig et al., 

2015; Higgins, 2004; Higgins et al., 2005a; Kayesh et al., 2022; Kayesh et al., 2021a; Khan et 

al., 2016; Mathew, 2014; Mathew et al., 2013a; Mathew et al., 2013b; Olagoke et al., 2018; 

Olagoke et al., 2019; Olagoke et al., 2020a; Pagliarani et al., 2024; Phillips et al., 2019), and 

environmental factors (Davies et al., 2013; Narayan & Vanderneut, 2019; Narayan & Williams, 

2016; Santamaria et al., 2023). These studies are critical to the formation of foundational 

hypotheses and preliminary identification and assessment of the associations among health 

indicators and outcomes in the koala. However, research is needed to better understand the 

veracity of these indicators as biomarkers of disease or disease risk, and the mechanisms of 

pathogenesis reflected.  

 

The approach of this thesis to considering pathogenesis and disease risk is grounded in two 

overarching conceptual frameworks. The first, the damage-response framework (DRF) 

defines disease, in this case infectious disease, as a function of the host-microorganism(s) 

interactions (Casadevall & Pirofski, 2003; Fidel et al., 2020). This contrasts to earlier 

definitions of microbial pathogenicity that considered pathogen virulence as only a 

characteristic of the infectious agent (microorganism-centred) or as a result of failure of host 

defence mechanisms (host-centred), rather than an interaction between the two (Falkow, 

1988; Wassenaar & Gaastra, 2001). The disease triangle is another conceptual model, which 

complements the DRF by expanding beyond the internal environment to position disease as 

a function of the interactions between the host, the pathogen(s), and the physical 

environment (HPE) (McNew, 1960; Scholthof, 2007). Ultimately, these frameworks 

encompass the reality of pathogenesis; that each host-microorganism interaction is unique 

and exists within a constantly changing environment (Casadevall & Pirofski, 2003). The 

diversity of disease presentations in the koala demonstrates the complexities of host-

pathogen interactions. Only by accounting for the natural complexities of disease will relevant 

and consistent health indicators be determined (Casadevall & Pirofski, 2003). 
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The following sections review current literature pertaining to the elements of the host 

pathogen environment interactions and damage-response framework as these relate to koala 

disease. These include koala infectious agents, host responses, and environmental factors 

that may be associated with disease outcomes and could be investigated further using 

multivariate approaches to better understand their relationships and potential as indicators 

of koala health. Given that this thesis focuses solely on northern koalas, greater emphasis is 

given to pathogen prevalence and relationships identified in koalas from northern regions. 

However, where relevant we acknowledge the regional differences and direct the reader to 

further information in southern populations. It is important to note that, although other koala 

syndromes such as PKADs should be better understood, chlamydiosis represents a 

considerable proportion of koala disease and focus for disease research in northern 

populations, which is reflected in this review.  

 

1.4.1 Pathogens, pathogenesis, and co-infection interactions 

Chlamydia pecorum is the cause of chlamydiosis in the koala, but disease outcomes vary. The 

capacity of other microorganisms known to infect the koala, such as KoRV, Phascolarctos 

herpesvirus -1 and -2, and trypanosomes, to cause or exacerbate disease is unclear, as is the 

potential for their virulence to alter HPE dynamics. As such, the significance of co-infection 

interactions to diverse disease outcomes is a major knowledge gap. Damage to the host can 

result from both the host response and/or microbial factors (Casadevall & Pirofski, 2003) 

(Figure 1.5). Microbe-induced damage can result from replication, toxin production, and/or 

destabilisation of host homeostasis and/immune mechanisms. Depending on the 

microorganism, this can occur at a molecular, cellular, or organ level. Here a ‘pathogen’ is 

defined as a microorganism capable of causing host damage and ‘virulence’ as the relative 

capacity of a microorganism to cause host damage (Casadevall & Pirofski, 1999). These are 

not independent microbial variables as it is only within a susceptible host, in a conducive 

environment, that a microorganism is a pathogen and virulence is expressed (Casadevall & 

Pirofski, 2003).  

 

Initial host-C. pecorum interactions may result in two primary outcomes: elimination of, or 

colonisation by, the microorganism. Colonisation refers to the “state of host-microorganism 
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interaction that leads to a variable amount of host damage, from minimal to great, thereby 

reflecting host immune responses that have the capacity to eliminate the microorganism or 

to promote the development of another state” (Casadevall & Pirofski, 2003). Other states 

include commensalism or tolerance, an established host-microorganism synergy, or on the 

other end of the spectrum, a state of persistence that can progress to disease (subclinical or 

clinical) (Casadevall & Pirofski, 2003). The factors that influence the balance and shifting along 

this axis are context-specific and have not been determined in the koala (Figure 1.5). The role 

of co-infections in driving heterogeneity in disease presentations and responses to treatment 

through alternations in host-pathogen interactions is an understudied area in koala disease 

investigations, but this section will demonstrate its potential importance and how the failure 

to account for co-infections is a potentially significant limitation for many studies investigating 

the associations between disease outcomes and health indicators, such as immune 

parameters.  
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Figure 1.5: The damage-response framework (DRF) in the context of koala disease. 

Depicted in Figure 1.5 is the basic parabolic curve central to the DRF that describes variations in host-

damage (x-axis) as a function of the host response (y-axis) resulting from the interaction between the host 

and the microorganism(s). The host response, and thus also host damage, is represented as a continuum 

(arrow) from ‘weak’ to ‘strong’ and from ‘damage’ to ‘benefit’. These terms can all be defined by both 

quantitative and qualitative characteristics specific to each clinical presentation. At the top of the curve 

describes several host-microorganism interactions associated with the degree of damage and benefit. 

Above this, are examples of co-infection interactions. Within the pink triangle to the right are examples of 

potential pathogens (first column) which are known to infect the koala. The blue boxes describe key factors 

which can affect the initial host response to these agents (dotted border) and factors that can modify the 

co-infection dynamic that ultimately alter host-microorganism interactions. Adapted from (Casadevall & 

Pirofski, 2003). 

 

The impact of coinfecting agents may be negligible, additive, synergistic or antagonistic. For 

example, in humans, Chlamydia trachomatis co-infection with human immunodeficiency 

virus (HIV) has synergistic effects, enhancing HIV infection by increasing HIV co-receptors on 

epithelial cells, decreasing cell integrity and increasing HIV migration across the epithelial 

barrier and increasing the accumulation of HIV co-receptor expressing cells at the site of 

infection (Buckner et al., 2016; Ghasemian et al., 2023; Schust et al., 2012). Disease 

progression in HIV co-infection has also been observed with other agents such as 
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Tuberculosis, through chronic immune activation leading to immune senescence (Bolaji et al., 

2024; Saeidi et al., 2015). C. trachomatis co-infection with human papillomavirus (HPV) 

(Koster et al., 2022; Lu et al., 2024) or human herpes viruses (Deka et al., 2006; Deka et al., 

2007; Prusty et al., 2012; Prusty et al., 2013; Vanover et al., 2010) is common, with evidence 

suggesting the induction of a persistent state by the bacteria and either of the viruses through 

changes in immune environments, and may depend on temporality/order of pathogen 

infection (Chu et al., 2016; Slade et al., 2016). In contrast, pre-infection of mice with 

Trypanosoma brucei brucei increased host survival by limiting the establishment of 

coinfection by  Plasmodium berghei, the agent causing cerebral malaria, through 

accumulation of hepatic lymphocyte-derived IFN- (Sanches-Vaz et al., 2019). Similar or 

related infectious agents infect the koala and have been detected as coinfections in some 

individuals (Barbosa et al., 2017; Fernandez, 2023; Fernandez et al., 2024b; Quigley et al., 

2018a; Wright et al., 2024). However, we have little understanding of how they might interact 

to influence disease outcome variability. 

 

Chlamydia pecorum 

Chlamydia pecorum is an obligate, intracellular, gram-negative, coccoid bacterium of the 

family Chlamydiaceae. As reported in a review by Sachse and Borel (2020), Chlamydia species 

are globally prevalent, infecting over 400 different animal host species including humans, 

livestock, domestic animals, marsupials, birds, reptiles, amphibians, and fish. The prevalence 

of C. pecorum in several populations across Australia has been summarised in multiple 

reviews (Kayesh et al., 2024; Quigley & Timms, 2020). In northern koala populations, infection 

by C. pecorum occurs at variable frequency, up to 91% in some populations, and is absent in 

few populations (Devereaux et al., 2003; Fernandez et al., 2019; Griffith et al., 2013; Jackson 

et al., 1999; Kayesh et al., 2024; Kollipara et al., 2013a; Nyari et al., 2017; Polkinghorne et al., 

2013; Simpson et al., 2023). Transmission of C. pecorum between koalas is assumed to occur 

horizontally through venereal transmission or through male-male conflict, and vertically 

through birth and pap-feeding (the ingestion of the dam’s caecal contents by the young to 

establish intestinal flora) (Nyari et al., 2017). There are two main methods of C. pecorum 

detection; the point-of-care (POC) based Loop Mediated Isothermal Amplification (LAMP) 

assay and the gold-standard laboratory-based quantitative PCR (qPCR). Specificity and 

sensitivity of qPCR is greater, however the delay in receiving results from specialised 
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diagnostic laboratories is often not practical in the clinical setting. Hence, LAMP assays are 

used commonly at the point of care in major koala hospitals as a rapid pathogen detection 

and surveillance method (Harvey et al., 2019; Hulse et al., 2019c; Jelocnik et al., 2017).  Hulse 

et al. (2019b) describes the most used LAMP method in full. 

 

The existence of diverse outcomes of C. pecorum infection, including subclinical disease, 

supports the relevance of the damage-response framework to this disease (Robbins et al., 

2019). Detection of mucosally shed C. pecorum is not always associated with evidence of 

disease, indicating that other factors affect the virulence of this pathogen. The level of 

mucosal chlamydial shedding (DNA copies) has been associated with the detection, severity, 

and progression of disease at the associated site (Lizárraga et al., 2020b; Phillips et al., 2024b; 

Quigley et al., 2018a; Robbins et al., 2019; Wan et al., 2011). However, while it is logical that 

greater replication of an infecting microorganism would generate greater antigenic 

stimulation of the immune response and thus immune-driven and microorganism-driven 

damage to the host, contradictory results in other studies suggest that replicative activity of 

C. pecorum is not the only promoter of immune responses and associated damage (Fernandez 

et al., 2024b; Robbins et al., 2019, 2020; Waugh et al., 2017). For instance, longitudinal 

monitoring of koalas indicated that high levels of C. pecorum shedding was associated with 

early infection only (Robbins et al., 2019), suggesting that temporal dynamics exist and likely 

change the relationship and significance of C. pecorum replicative activity in pathogenesis. 

 

Under-detection using current swab-based techniques could obscure aspects of the 

pathogen-disease relationship. C. pecorum has been detected in a range of cells and tissues 

not commonly available to urogenital and conjunctival swab-based sampling; the 

gastrointestinal tract, hepatic and splenic macrophages (Burach et al., 2014; Higgins et al., 

2005b; Phillips et al., 2018; Wedrowicz et al., 2016), pulmonary alveolar macrophages and 

respiratory epithelium (Mackie et al., 2016), and tarsal tissue and synovial fluid (Burnard et 

al., 2018). Furthermore, the detection of C. pecorum DNA within the bursal fluid of female 

koalas and in the testis and epididymis of male koalas highlights infection that may not be 

detected by urogenital swab (Pagliarani et al., 2022; Palmieri et al., 2019). 
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The ability of chlamydiae to establish latent persistent forms may also impact their 

detectability. C. pecorum is very successful as an infectious agent due to the ability to deviate 

from its optimal life cycle and maintain viability within sub-optimal host environments. Like 

other species within this family, C. pecorum has a biphasic developmental life cycle (Elwell et 

al., 2016; Gitsels et al., 2019). The 36-96 hour life cycle (Figure 1.6) begins in the extracellular 

infectious form, the elementary body (EB) (Bastidas et al., 2013; Corsaro & Danielle, 2004). 

Invasion of EBs into susceptible cells triggers the EB’s differentiation into reticulate bodies 

(RB), the non-contagious but replication-competent form (Chen et al., 2019a; Grieshaber et 

al., 2018). Following binary fission, RBs then differentiate back into EBs for release from the 

cell, by cell lysis. Thus, C. pecorum are able to rapidly colonise a host after only a few rounds 

of replication (Chen et al., 2019a; Chiarelli et al., 2023) (Figure 1.6). Persistence is the term 

used to describe a stress reaction whereby exposure to particular cytokines, antibiotics, or 

nutrient deprivation causes the microorganism to reduce intracellular RB division and remain 

viable and protected from challenges from the extracellular environment (Panzetta et al., 

2018). This form, larger than typical RBs and termed aberrant RB (aRB), has slowed DNA 

replication, with gene transcription occurring without cell division. As pressures cease, the 

aRBs can transition into infectious EBs and the life cycle can resume (Panzetta et al., 2018). 

While it has been hypothesised that macrophages could be a potential site of latent 

persistence for C. pecorum in the koala (Higgins et al., 2005b), as macrophages have been 

observed to sustain the viability of C. muridium, C. pneumoniae and C. trachomatis (Azenabor 

& Chaudhry, 2003; Gracey et al., 2013; Herweg & Rudel, 2016; Rajaram & Nelson David, 2015; 

Sun et al., 2012; Tietzel et al., 2019), this has not been established and likely mechanisms 

driving this state in the koala are unknown.  
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Figure 1.6: Life cycle and selected microbial patterns of Chlamydia. 

Figure 1.6 demonstrates the life cycle of Chlamydia sp. and provides examples of common microbial 
patterns used to detect and investigate the genetic variation of Chlamydia sp. Chlamydial elementary body 
(EB) gains entry to host cells becoming enclosed within the inclusion membrane allowing for intracellular 
immune evasion. EBs undergo a primary (1°) differentiation into reticulate bodies (RBs) which then 
replicate. Under optimal environmental conditions within host cells the RBs undergo a secondary 
differentiation (2°) into infectious EBs whose maturation triggers host-cell lysis and release into the 
extracellular matrix allowing for continued infection of the surrounding tissue. Where the host-cell 
experiences sub-optimal conditions (stress) from resource depletion, immune responses, or co-infection of 
other pathogens, replicating RBs will undertake a chlamydial stress response by reducing cellular activity 
and existing/persisting in a latent form termed aberrant RBs (aRBs). In this form, transcription of cell 
replication and maturation genes such as pgp3 (plasmid glycoprotein 3), LPS (lipopolysaccharide), and 
ompA (major outer membrane protein) are down regulated, however stress-response genes such as Hsp60 
(heat shock protein 60) are maintained or even up-regulated. As stressors are removed and optimal host 
cell environments return, aRBs revert into replicative RBs and continue the cell-cycle. 

 

Host-pathogen interactions driving disease may differ according to pathogen genetics. 

Distinct polymorphic regions, elements and genes exist within the Chlamydiaceae genome 

and include the plasticity zone (PZ), genes encoding Type III secretion system (T3SS), inclusion 

membrane proteins (Incs), polymorphic membrane (pmps), and major outer membrane 

protein (MOMP) (ompA-C ) (Dimond et al., 2021; Hölzer et al., 2020; Szabo et al., 2020). Strong 

recombination potential within these genes have resulted in gene variants and - depending 

on strain typing classification schemes - strain variants that are differentially associated with 

virulence and pathogenicity (Dimond et al., 2021; Porcella et al., 2015; Rajeeve et al., 2020; 

Rawre et al., 2019; Somboonna et al., 2019; Song et al., 2013; Turman et al., 2023; Versteeg 
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et al., 2018; Yang et al., 2020; Zhong, 2017; Zhou et al., 2022). Common Chlamydia sp. gene 

targets associated with virulence include ompA, pmpG1, IncA, and ORF663 (Higgins et al., 

2012; Marsh et al., 2011; Mohamad et al., 2014; Mohamad et al., 2008). The major outer 

membrane protein (MOMP), which is coded by ompA, is one of the main targets of the host 

immune response (Kollipara et al., 2013a; Zhang, 1999; Zheng et al., 2007). Gene products 

from pmpG1 and IncA are involved in chlamydial attachment to mucosal cell membranes 

(Becker & Hegemann, 2014; Desclozeaux et al., 2017) and pathogen inclusion and host 

cytosolic interactions (Mohamad et al., 2008; Scidmore et al., 1996), respectively. ORF663 

includes a 15-nucleotide variant CTR (15-mer) and encodes a hypothetical protein with 

unknown function but hypothetical involvement in virulence (Mohamad et al., 2008). 

Inconsistencies among relationships between C. pecorum genotypes and disease suggest they 

are likely not absolute indicators of virulence. Various ompA genotypes (Fernandez et al., 

2019; Jelocnik et al., 2014; Legione et al., 2016; Nyari et al., 2017; Robbins et al., 2019, 2020), 

and the type and quantity of coding tandem repeats (CTR) in IncA and ORF633 (Higgins et al., 

2012; Mohamad et al., 2014; Mohamad et al., 2008) are differentially associated with disease 

progression: ORF663, IncA, and ompA have co-linear relationships with virulence (Mohamad 

et al., 2014), severe disease is apparent in koala populations despite low sequence diversity 

of ompA (Higgins et al., 2012), and low numbers of ORF663 CTRs were observed in healthy 

animals. To unravel the significance of virulence-associated genes, further combined 

investigation accounting for variations in time, population characteristics, and sample size are 

required. 

 

Intermittent shedding of C. pecorum and recurrent C. pecorum infections post-treatment 

occur in the koala (Booth & Nyari, 2020; Hulse et al., 2019a; Robbins et al., 2018) and in C. 

pecorum infection of other species (Bommana, 2019), and a range of host and external factors 

likely modify the host-pathogen relationship in C. pecorum infection. Some of these might be 

inferred from other host-chlamydial interactions but not all. Interferon-gamma (IFNy)-

induced persistence of Chlamydia sp. is observed commonly in C. trachomatis infection 

where, through IDO-mediated catabolism, immune mediated IFNy release drives the 

depletion of tryptophan, an important nutrient required for Chlamydia sp. development 

(Vollmuth et al., 2022). However, C. pecorum does not rely upon host tryptophan and instead 

can produce its own, suggesting that the induction of C. pecorum latency may not be IFN- 
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related (Islam et al., 2018). Quantifying microbial gene expression and protein production can 

be useful in identifying variations in life-cycle and bacterial activity: an early study identified 

that in atypical persistent forms of C. trachomatis, the production of Hsp60 proteins remained 

constant, where MOMP and lipopolysaccharide proteins were greatly reduced under  IFN- 

induced stress (Beatty et al., 1993). However, under similar  IFN- induced stress, C. 

pneumoniae genes ompA, ompB, pyk, nlpD, Cpn0585 were upregulated whereas Hsp60 – a 

heat shock protein (hsp) - was not (Mathews et al., 2001). This has potential relevance to 

pathogenesis as greater serum concentrations of antibodies against C. trachomatis Hsp60 

correlated with more severe manifestations of pelvic inflammatory disease (Debattista et al., 

2003; Eckert et al., 1997), and were associated with chronic disease such as asthma, 

arteriosclerosis, and coronary heart disease in C. pneumoniae infection (Betsou et al., 2003; 

Ciervo et al., 2002; Fong et al., 2002; Huittinen et al., 2001). These findings were corroborated 

in koala C. pecorum infection, where greater anti-hsp IgG titres were associated with koalas 

with chronic inactive fibrous occlusion in the reproductive tract (Higgins, 2004; Higgins et al., 

2005a), though it is unclear whether this reflects a pathogenic role for Hsp60, or simply 

increasing antibody responses with chronic disease. 

 

Koala Retrovirus 

Koala Retrovirus (KoRV) was first noted in the 1980’s and then described as an infectious 

agent of the koala in 2000 (Canfield et al., 1988; Hanger et al., 2000). This positive sense RNA 

gamma retrovirus is most similar to the primate Gibbon Ape Leukemia Virus (GALV) and Feline 

Leukemia virus (FeLV) (Chiu & VandeWoude, 2021; Hanger et al., 2000; Simmons et al., 2014) 

and occurs in both endogenous and exogenous subtypes. Endogenous retroviruses (ERV) are 

retroviruses that become incorporated into the host germ line (Johnson, 2019) and, 

throughout evolution, become fixed and then eventually lose their ability to replicate as a 

consequence of random genetic drift and natural selection (Johnson, 2019). Despite their lack 

of viral functionality, these ERVs have various roles in genomic and biological regulation of 

the host (Fu et al., 2019; Tokuyama et al., 2018). KoRV exists within the early stages of 

evolution in its host population; it was estimated to have begun its endogenization into the 

koala genome recently, between 49,900 and 120 years ago (Ávila-Arcos et al., 2012; Ishida et 

al., 2015), and endogenous subtypes remain replication-competent. Thus, many KoRV 

integrations are not fixed (Johnson, 2019).  
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The epidemiology and taxonomy of KoRV is complex. Deep sequencing of endogenous KoRV 

A env regions between northern and southern koalas showed that KoRV A first invaded 

northern koala genomes and spread south (Blyton et al., 2022d). The endogenous KoRV A 

subtype is endemic (100% prevalence) within northern koalas and is inherited by offspring 

(vertically transmitted). In southern populations, KoRV genomes are generally missing one or 

more gag, pro-pol, or env genes (Sarker et al., 2020a), comprising a range of defective 

endogenous “RecKoRV” variants that are not fixed between animals (Fabijan et al., 2019b; 

Legione et al., 2017; Simmons et al., 2012; Tarlinton et al., 2022a) while competent, complete 

virus is much less common and, at this stage, appears to be exogenous. The regional variations 

in exogenous subtype infections are summarised graphically in a review by Quigley and Timms 

(2020). Briefly, exogenous subtypes B – M are locally prevalent and geographically restricted 

in northern koala populations (Blyton et al., 2022d; Chappell et al., 2017; Joyce et al., 2021; 

Oliveira et al., 2007; Tarlinton et al., 2006), are highly polymorphic (Simmons et al., 2012), 

appear to arise independently and diversify within populations due to frequent 

recombination of the envelope (env) (Greenwood et al., 2018; Tarlinton et al., 2008a; Xu et 

al., 2015), and individuals can be co-infected with multiple subtypes (Blyton et al., 2022d; 

Fabijan et al., 2019b). Following endogenous KoRV-A, exogenous KoRV-D is the second most 

common subtype (Quigley et al., 2019) in northern populations. KoRV subtype diversity and 

transcription varies across local and regional populations. KoRV subtypes vary in the location 

and frequency of mutations and thus potentially have different interactions with host 

machinery (Oliveira et al., 2006; Oliveira et al., 2007).  

KoRV has been associated with various diseases including chlamydiosis and neoplasia, 

however our understanding of the mechanisms by which KoRV may drive, or reflect, 

pathogenesis in koalas is in its infancy. Some other retroviruses either cause or contribute  to 

the development of various cancers and immune-mediated and immunosuppressive diseases 

(Beatty, 2014; Canto-Valdés et al., 2023; Daradoumis et al., 2023; Mangeney & Heidmann, 

1998; Young et al., 2013) through insertional oncogenesis (Bushman, 2020), or 

immunosuppression due to cytotoxic effects (Attermann et al., 2018; Gibbert et al., 2014; 

Giraudon et al., 1995; Rycaj et al., 2015), the activity of the immunosuppressive domain 

(Blinov et al., 2013; Denner, 2016; Haraguchi et al., 1997; Snyderman & Cianciolo, 1984) or 
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mutation or dysregulation of immune genes by genomic viral integrations (McEwen et al., 

2021). The immunosuppressive domain, designated CKS-17, is located within the retroviral 

transmembrane envelope (p15E) protein, which facilitates fusion between the host cellular 

membrane and KoRV viral membrane during infection (Fiebig et al., 2006; Kleinerman et al., 

1987; Madden et al., 2018; Tarlinton et al., 2005). In KoRV, the immunosuppressive domain 

is identical to those in FeLV, GALV and MuLV and is hypothesised to be exploited by 

endogenous retroviral-expressing cancers to escape immunosurveillance (Daradoumis et al., 

2023; Mangeney & Heidmann, 1998; Pye et al., 2014). It is suggested that in the koala, similar 

immunomodulatory effects could increase pathogenicity of co-infecting C. pecorum (Fiebig et 

al., 2006; Kleinerman et al., 1987; Madden et al., 2018; Maher & Higgins, 2016; Maher et al., 

2019; Sarker et al., 2020a; Sarker et al., 2020b; Tarlinton et al., 2005; Tarlinton et al., 2008a).  

Recent evidence supports an oncogenic role of KoRV in the large proportion of bone marrow 

and neoplastic diseases seen in both wild and captive koalas. Tarlinton and Greenwood (2024) 

recently reviewed the relationship between KoRV and neoplasia, highlighting two key studies 

that have helped to identify several potential mechanisms. Sarker et al. (2020b) 

experimentally infected human cells with KoRV-A and, using Illumina mRNA sequencing, 

identified differential expression of various genes associated with anti-viral immune 

responses and oncogenesis. McEwen et al. (2021) identified tumour specific KoRV 

integrations and determined several features: an accumulation in tumour tissue of KoRV-A 

somatic mutations that were overexpressing oncogenic-associated genes; heritability of these 

integrations, and associated oncogenic potential; recurrence of KoRV oncogenic-associated 

integration sites within and among koalas with multiple KoRV integrations; and modified 

expression of genes associated with retroviral transduction.  

The significance of KoRV in the pathogenesis of non-neoplastic disease and its role in 

immunomodulation is less clear. Modulation of the immune response through dysregulation 

of expression of genes containing, or adjacent to, KoRV insertion sites, as occurs for 

oncogenes in neoplasia (McEwen et al., 2021), is thought to be a potential mechanism behind 

variations in disease outcomes, including chlamydiosis (Tarlinton & Greenwood, 2024). 

Although differences in immune gene expression have been observed following in vitro 

infection of human and rat cells with KoRV (Fiebig et al., 2006), and among koalas with 
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differing KoRV subtype diversity, viral load, and KoRV-associated lymphoma (Kayesh et al., 

2022; Kayesh et al., 2020b, 2021a; Maher & Higgins, 2016; Maher et al., 2019), the 

relationship between KoRV and infectious disease, such as chlamydiosis, appears complex. 

An abundance of studies have observed various, sometimes conflicting associations, 

depending on the local and regional population characteristics of the study cohort: Total KoRV 

load (either viraemia or proviral copies per genome) was not associated with chlamydial 

disease in wild northern koalas (Fabijan et al., 2020; Quigley et al., 2018a; Quigley et al., 2019; 

Waugh et al., 2017). In SA koalas, KoRV-A infection was not associated with C. pecorum or 

chlamydiosis (Fabijan et al., 2019b) but total viral loads were (Fabijan et al., 2020). In Victorian 

koalas, competent KoRV infection was associated with wet-bottom (Legione et al., 2017). 

Previously it was hypothesised that different KoRV subtype-host receptor interactions might 

result in differences in pathogenesis, which was at times supported by variations in subtype-

specific disease associations (Quigley et al., 2018a; Quigley et al., 2018b; Quigley et al., 2019; 

Waugh et al., 2017). However, it was determined recently that there is a strong correlation 

between exogenous KoRV transcription and total KoRV viral load (Blyton et al., 2022a; 

Hashem et al., 2021; Quigley et al., 2018b; Sarker et al., 2019). The diversity of contexts and 

parameters examined, and the associative nature of most studies (Blyton et al., 2022a; 

Quigley et al., 2019; Sarker et al., 2019; Tarlinton & Greenwood, 2024) makes it difficult to 

unravel significance of KoRV to immune function. Considering the impetus to clarify the 

relationship between KoRV and disease and the range of potential mechanisms employed, it 

is important that the multifactorial nature of disease is considered and potential confounding 

factors that can impact host immune responses are accounted for in investigations such as 

age (Tarlinton et al., 2005), concurrent disease (Butcher et al., 2020; Legione et al., 2017; 

Sarker et al., 2020a), and co-infections (Stephenson, 2021; Vaz et al., 2019b). 

Phascolarctid herpesvirus 

Phascolarctid gammaherpesviruses (PhaHV) are enveloped, double-stranded DNA viruses 

from the family Herpesviridae, that infect koalas (Stalder et al., 2015; Vaz et al., 2012; Vaz et 

al., 2011). Herpesviruses are generally highly coevolved with their hosts, allowing for adapted 

survival strategies that support lifelong infection. Following the primary infection event, 

which may or may not induce disease, herpesviruses will persist in a cycle of subclinical 

latency and virus reactivation and shedding. The fluctuation between states is driven by 
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changes to the interaction between the virus and the host due to co-infection, stress and 

immunomodulation (Aneja & Yuan, 2017; Blackbourn et al., 2000; Byrne et al., 2019; Chang 

et al., 2000; Coskun et al., 2010; Hirsiger et al., 2019; Jiang et al., 2006; Mehta et al., 2014; 

Rooney et al., 2019; Ueda et al., 2014; Ye et al., 2011a; Ye et al., 2011b). The 

gammaherpesvirus subfamily are tissue tropic; virions are shed from epithelial cells but latent 

infections are commonly observed within lymphocytes, and thus can be detected within the 

spleen, in blood and/or separated buffy coat fractions (Sharma et al., 2016; Van Dyk et al., 

2003). There are two known subtypes of gammaherpesviruses infecting koalas, PhaHV-1 and 

PhaHV-2, first detected in southern koalas (Vaz et al., 2012; Vaz et al., 2011) then in northern 

koalas (Wright et al., 2024). Regional and local population differences in frequency of 

detection are apparent for both subtypes (Table 1.1) (Fernandez et al., 2024b; Kasimov et al., 

2020; Stalder et al., 2015; Vaz et al., 2019b; Wright et al., 2024), though sample sizes are 

frequently too low for accurate estimates of prevalence and sensitivity likely differs with 

sampling site and assay. The relationship between PhaHV detection and sex is unclear: males 

had greater odds of PhaHV-1 detection than females in one study (Stalder et al., 2015) but no 

relationship for either PhaHV-1 or PhaHV-2 in other studies (Fernandez et al., 2024b; Kasimov 

et al., 2020; Stephenson, 2021; Wright et al., 2024). The relationship between PhaHV-1 and 

age has been more consistent than for PhaHV-2, with greater detection frequencies observed 

as age increases (Kasimov et al., 2020; Stalder et al., 2015; Stephenson, 2021; Vaz et al., 

2019b; Wright et al., 2024). 
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Table 1.1: Summary of PhaHV detection results from the literature 

 
Detection 
frequency 

Sample type Study Population Reference 

Gammaherpesvirus 33.3% (33/99) Mucosal swabs (Conjunctivae, nasal, 
oropharynx, cloacal, and prepuce) 

10 captive and 89 free-living 
Victorian koalas 

(Stalder et al., 2015) 

72.5% (58/80) Mucosal swabs (oropharyngeal) 80 wild-caught South Australian 
koalas 

(Kasimov et al., 2020) 

72.45 (63/87) Spleen 87 euthanised South Australian 
koalas 

(Kasimov et al., 2020) 

54.0% (47/87) Mucosal swabs (oropharyngeal) 87 euthanised South Australian 
koalas 

(Kasimov et al., 2020) 

32.6% (264/810) Mucosal swabs (urogenital) 810 wild and captive Victorian 
koalas 

(Vaz et al., 2019b) 

PhaHV-1 10% (10/99) Mucosal swabs (Conjunctivae, nasal, 
oropharynx, cloacal, and prepuce) 

10 captive and 89 free-living 
Victorian koalas 

(Stalder et al., 2015) 

44% (26/58) Mucosal swabs (oropharyngeal) 80 wild-caught South Australian 
koalas 

(Kasimov et al., 2020) 

48.9% (23/47) Mucosal swabs (oropharyngeal) 87 euthanised South Australian 
koalas 

(Kasimov et al., 2020) 

17.4% (141/810) Mucosal swabs (urogenital) 810 wild and captive Victorian 
koalas 

(Vaz et al., 2019b) 

20.0% (4/20) Mucosal swabs (urogenital) 20 rescued South Australian 
koalas 

(Wright et al., 2024) 

29.0% (2/7) Mucosal swabs (urogenital) 7 rescued Victorian koalas (Wright et al., 2024) 

22.0% (26/117) Mucosal swabs (urogenital) 117 rescued and wild-caught 
mid- to southern NSW koalas 

(Wright et al., 2024) 

30.0% (15/50) Mucosal swabs (urogenital) 50 rescued mid- to north-west 
NSW koalas 

(Wright et al., 2024) 

27.0% (21/79) Mucosal swabs (urogenital) 79 wild-caught and rescued 
northern NSW and SE-Qld 

koalas 

(Wright et al., 2024) 

4% (1/25) Mucosal swabs (urogenital) 25 wild-caught northern Qld 
koalas 

(Wright et al., 2024) 

55.5% (40/72) Mucosal swabs (urogenital) 72 wild-caught NSW koalas 
from Liverpool Plains 

(Fernandez et al., 
2024b) 

44.4% (16/36) Mucosal swabs (urogenital) 36 wild-caught NSW koalas 
from Southern Highlands 

(Fernandez et al., 
2024b) 

PhaHV-2 23% (23/99) Mucosal swabs (Conjunctivae, nasal, 
oropharynx, cloacal, and prepuce) 

10 captive and 89 free-living 
Victorian koalas 

(Stalder et al., 2015) 

20.7% (12/58) Mucosal swabs (oropharyngeal) 80 wild-caught South Australian 
koalas 

(Kasimov et al., 2020) 

14.9% (7/47) Mucosal swabs (oropharyngeal) 87 euthanised South Australian 
koalas 

(Kasimov et al., 2020) 

22.6% (183/810) Mucosal swabs (urogenital) 810 wild and captive Victorian 
koalas 

(Vaz et al., 2019b) 

Both 1% (1/99) Mucosal swabs (Conjunctivae, nasal, 
oropharynx, cloacal, and prepuce) 

10 captive and 89 free-living 
Victorian koalas 

(Stalder et al., 2015) 

34.5% (20/58) Mucosal swabs (oropharyngeal) 80 wild-caught South Australian 
koalas 

(Kasimov et al., 2020) 

36.2% (17/47) Mucosal swabs (oropharyngeal) 87 euthanised South Australian 
koalas 

(Kasimov et al., 2020) 

7.4% (60/810) Mucosal swabs (urogenital) 810 wild and captive Victorian 
koalas 

(Vaz et al., 2019b) 
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The clinical significance of herpesviruses in the koala is unclear, however the high frequency 

of PhaHV and C. pecorum co-detection may confound the association between PhaHV and 

clinical disease if it exists. The presence of genital tract abnormalities including 

uterine/ovarian bursal cysts and testicular malformation, reduction in female fertility, and 

urinary incontinence – all known clinical signs of chlamydiosis – were significantly associated 

with both PhaHV-1 and PhaHV-2 (Vaz et al., 2019b). Reactivation of viral shedding might result 

from changes in the host-immune environment unrelated to C. pecorum co-infection, as is 

common following stress and trauma in humans (Cohen, 2020). In a retrospective necropsy 

cohort, PhaHV-2 shedding was negatively correlated with body condition score (Kasimov et 

al., 2020) and PhaHV-1 was more frequently detected in rescued koalas than free-living koalas 

(Wright et al., 2024); and in southern female koalas that were KoRV positive (Vaz et al., 

2019b). The strong and consistent relationship between PhaHV and C. pecorum co-detection 

prompts several hypotheses: 1) Concomitant transmission of PhaHV and C. pecorum is 

common; 2) Co-infection results in periodic reactivation of shedding and latency/persistence 

of either agent; 3) A synergistic relationship exists between PhaHV and C. pecorum 

contributing to pathogenesis (Stalder et al., 2015).  

 

Trypanosomes 

Trypanosomes are unicellular parasitic flagellate haematoprotozoa from the genus 

Trypanosoma that infect various vertebrate species, including the koala. Currently, the life-

cycles of koala-infecting trypanosomes are unknown but are important considerations for 

pathogenesis. Trypanosome infection occurs following vector bites (salivarian types: 

exposure to contaminated saliva or mouthparts) or exposure to arthropod faeces 

(stercorarian types) (Stijlemans et al., 2024). Following transfer of trypomastigotes through 

bite wounds or mucus membranes these immature parasites transform into intracellular 

amastigotes which, through binary fission, multiplicate in infected tissues and return to 

trypomastigote forms to burst cells and enter the bloodstream (Stijlemans et al., 2024).  Most 

salivarian trypanosomes of importance to humans and livestock, such as T. brucei and T. cruzi, 

are extracellular but stercorarian trypanosomes are often intracellular (Stijlemans et al., 

2024).  Hence, the pathogenesis of trypanosomiasis is dependent on the infecting species or 

combination of infecting species as parasite life-cycles and defences, host immune detection 

and defence mechanisms, and treatment approaches are unique (Stijlemans et al., 2024).  
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Because of the wide distribution of these Trypanosome sp., high occurrence of mixed 

trypanosome infections, and comparable detection frequency in koalas with and without 

clinical disease attributable to trypansomiasis, the aetiological significance of trypanosomes 

in koala disease is unclear (McInnes et al., 2011a; McInnes et al., 2011b). To date, cross 

sectional studies have identified five species of extracellular trypanosomes in the koala 

through morphological and phylogenetic analysis: Trypanosome irwini (McInnes et al., 2009), 

T. gilletti and T. copemani (McInnes et al., 2011b), T. vegrandis (Barbosa et al., 2016), T. noyesi 

and a novel species Trypanosoma sp. AB-2017 (Barbosa et al., 2017).  Although further 

investigation is needed to confirm the direction of transmission, koala trypanosomes are 

likely to be of the salivarian type due to the detection among ticks (Ixodes holocyclus and I. 

tasmani) removed from trypanosome-positive koala hosts (Barbosa et al., 2017). Geographic 

range of each trypanosome species differs based on the distribution of its vectors and hosts 

(Thompson et al., 2014). Detection frequencies appear to be greater in northern koala 

populations, although southern populations may be understudied (Table 1.2). T. gilletti 

infection has been associated with reduced packed cell volume values and body condition 

scores (BCS) in koalas with signs of other disease, such as chlamydiosis, PKAD such as bone 

marrow disease (McInnes et al., 2011a; McInnes et al., 2009); suggesting that Trypanosome 

sp. infection may not be the primary cause of disease but could be a potentiating factor 

(Barbosa et al., 2017; McInnes et al., 2011a). 
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Table 1.2: Summary of Trypanosome detection results from the literature 

 
Detection 
frequency 

Sample type Study Population Reference 

Trypanosome(s) 20.2% (18/89) Blood Mount Lofty, SA (Howard, 2022) 
 80.6% (58/72) Blood Moreton Bay, South-east Qld (Howard, 2022) 
 35.1% (59/168) Blood South-east Qld & northern NSW (Barbosa et al., 2017) 
 73.8% (439/595) Blood South-east Qld & northern NSW (McInnes et al., 2011a) 
 71.4% (5/7) Liver South-east Qld & northern NSW (Ortiz-Baez et al., 2020) 

T. irwini 71.1% (423/595) Blood South-east Qld & northern NSW (McInnes et al., 2011a) 
 32.1% (54/168) Blood South-east Qld & northern NSW (Barbosa et al., 2017) 
 52% (72/139) Blood South-east Qld & northern NSW (McInnes et al., 2011b) 
 60% (35/58) Blood Moreton Bay, South-east Qld (Howard, 2022) 
 38.2% (26/68) Blood South-east Qld & northern NSW (McInnes et al., 2009) 
 36.6% (15/41) Blood Southern Highlands, NSW (Fernandez et al., 2024b) 

T. gilletti 21.5% (128/595) Blood South-east Qld & northern NSW (McInnes et al., 2011a) 
 25% (42/168) Blood South-east Qld & northern NSW (Barbosa et al., 2017) 
 2% (3/139) Blood South-east Qld & northern NSW (McInnes et al., 2011b) 
 7% (2/29) Spleen South-east Qld & northern NSW (McInnes et al., 2011b) 
 28% (16/58) Blood Moreton Bay, South-east Qld (Howard, 2022) 

T. copemani 4.4% (26/595) Blood South-east Qld & northern NSW (McInnes et al., 2011a) 
 27.4% (46/168) Blood South-east Qld & northern NSW (Barbosa et al., 2017) 
 3% (4/139) Blood South-east Qld & northern NSW (McInnes et al., 2011b) 

T. vegrandis 13.6% (6/44) Blood South-east Qld & northern NSW (Barbosa et al., 2016) 
 10.1% (17/168) Blood South-east Qld & northern NSW (Barbosa et al., 2017) 

T. noyesi 0.6% (1/168) Blood South-east Qld & northern NSW (Barbosa et al., 2017) 
T. AB-2017 4.8% (8/168) Blood South-east Qld & northern NSW (Barbosa et al., 2017) 

Unidentified 
Trypanosoma cruzi clade 

20.2% (18/89) Blood Mount Lofty, (SA) (Howard, 2022) 

Mixed infection 1.5% (2/139) Blood South-east Qld & northern NSW (McInnes et al., 2011b) 
 27.4% ( /168) Blood South-east Qld & northern NSW (Barbosa et al., 2017) 
 21% (125/595 Blood South-east Qld & northern NSW (McInnes et al., 2011a) 

 
 

1.4.2 The Damage Response Framework in the context of koala chlamydiosis 

 
Host responses contribute to the determination of outcomes; hence Immunology is central 

to resistance, tolerance and pathogenesis. According to the damage-response framework, 

duality exists in the direction of pathogenesis that is not solely lead by the pathogen, but by 

damage incurred through the responses of the host (Casadevall & Pirofski, 2003). In koala 

chlamydiosis, it is accepted that a balance and coordination of both humoral and cellular 

adaptive immune responses is required for protection against infection and disease (Phillips 

et al., 2024b; Quigley & Timms, 2020, 2021; Redgrove & McLaughlin, 2014). Therefore, factors 

such as co-infections and stress that may impact this balance through up or downregulation 

or inhibition of immune pathways, could increase host susceptibility to infection or lead to 

immune-mediated damage potentiating disease, as observed in infections by other 

Chlamydia sp. (Di Pietro et al., 2019; Ghasemian et al., 2023). Currently, our understanding of 

the immune responses resulting from host-C. pecorum interactions is fragmented, with 
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evidence demonstrating the involvement of various immune arms but few studies showing 

how these pathways interact in the koala (Madden et al., 2018). Despite this, it is clear that 

diversity in immune responses exists and contributes to the variations in clinical outcomes for 

koalas; for example, sub-clinical C. pecorum-infected koalas have been reported and an 

estimated 1/3 of these cases are able to resolve infection without intervention (Nyari et al., 

2017; Quigley et al., 2018a; Robbins et al., 2019). Furthermore, cases presenting with classical 

signs of chlamydiosis but without detectable C. pecorum by qPCR could represent ongoing 

immune mediated damage despite resolution of C. pecorum infection (Nyari et al., 2017).  

 

Koala immune responses are likely species-specific and thus require in-depth characterisation 

rather than assuming similarities with the immune systems of placental mammals. Like other 

marsupial neonates, koalas are born altricial with naïve immune systems as demonstrated by 

an underdeveloped thymus, which completes development around 8 months of age (Canfield 

et al., 1996; Symington, 1898). Additionally, in many other marsupial species, postpartum 

haematopoiesis occurs within the liver until the bone marrow and thymus have matured (Old, 

2016), although this needs to be confirmed in the koala. During this time, neonates rely upon 

maternal strategies such as passive transfer of immunological compounds through milk 

(Morris et al., 2016), and microbial inoculation via the pouch environment (Maidment et al., 

2023) and pap feeding (Blyton et al., 2022c). Although a similar pattern of T and B cell 

distribution in lymphoid tissues can be observed in koalas compared to eutherian mammals 

(Mangar et al., 2016; Wilkinson et al., 1995; Wilkinson et al., 1994), immunological variations 

can also been observed in mature koalas compared to other species; koalas have complex but 

less gut-associated lymphoid tissues (Hanger & Heath, 1994; Hemsley et al., 1996), B-cells 

have four Ig heavy (H) loci isotypes including IgA, IgG, IgM, and IgE but lack IgD (Wilkinson et 

al., 1991), major-histocompatibility complex (MHC) II is predominantly expressed on 

circulating B lymphocytes and rarely on T lymphocytes in vitro (Lau et al., 2012), and a diverse 

array of innate antimicrobial peptides, including defensins and cathelicidins exist (Jones et al., 

2017; Park et al., 2025; Peel et al., 2025; Peel et al., 2024).  

 

Given the significance of host responses to pathogenesis of chlamydiosis, there has been 

some research focus on examining immune-associated parameters to determine the 

dominant pathways and intensity of immune responses in koalas. Studies using 
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immunohistochemistry helped to identify several key immunological molecular and cellular 

components in koala lymphoid tissues, mitogen stimulated peripheral-blood-mononuclear 

cells (PBMCs) and lymphocytes: major-histocompatibility complex (MHC) I and II (Canfield et 

al., 1996; Hemsley & Canfield, 1997; Hemsley et al., 1995, 1996; Pagliarani et al., 2024), T- 

and B-cell surface markers CD3ε, CD4, CD8α, CD8β, and CD79b (Canfield et al., 1996; Hemsley 

& Canfield, 1997; Hemsley et al., 1995, 1996; Higgins, 2004; Mangar, 2018; Mangar et al., 

2016; Pagliarani et al., 2024), cytokines IFN- and IL-4 (Higgins et al., 2004), and 

immunoglobulins  (Higgins et al., 2005a). More recently, deep sequencing, targeted gene 

sequencing, and cytometric techniques (Cui et al., 2015; Lau et al., 2012; Lau et al., 2013; 

Olagoke et al., 2020a; Quigley et al., 2018a; Quigley et al., 2020; Robbins et al., 2020; Silver 

et al., 2022) and transcriptomics (Abts et al., 2015; Cheng et al., 2018; Jobbins et al., 2012) 

have demonstrated a diverse set of immune genes and proteins with variable expression 

among koala immune compartments and tissues. This transcriptomic data has helped to 

identify gene targets for qRT-PCR to assess the relationships between immune gene 

expression and clinical and intervention outcomes such as for chlamydiosis antibiotic 

treatment or vaccination: Interleukin (IL)-1β, IL-4, IL-6, IL-8, IL-10, IL-12, IL-17A/F, IL-18, IL-22, 

IL-32 (Desclozeaux et al., 2017; Khan et al., 2016; Maher et al., 2014; Maher & Higgins, 2016; 

Maher et al., 2019; Mathew et al., 2013a; Mathew et al., 2013b; Mathew et al., 2014; Simpson 

et al., 2023), Toll-Like Receptors (TLRs) TLR2-10, and TLR13 (Kayesh et al., 2021b). Importantly 

for post-vaccination responses, various methods utilising ELISA techniques have been used to 

quantify immunoglobulin titres in the koala (Desclozeaux et al., 2017; Higgins et al., 2005a; 

Khan et al., 2016; Nyari et al., 2019; Olagoke et al., 2019; Olagoke et al., 2020a; Phillips et al., 

2020; Quigley et al., 2023; Simpson et al., 2023; Waugh et al., 2016). 

 

As the number of known immune parameters grows rapidly, multiplex gene expression 

technologies such as NanoString nCounter have been used to assess many immune targets to 

account for multiple levels of the immune response (Fernandez et al., 2024b; Olagoke et al., 

2020b; Quigley et al., 2023). While the panel designs differ in the number and types of gene 

targets, this method allows for a combined analysis of diverse sets of immune targets such as 

cell receptors and cytokine gene expression (CD4, CD8β, IL-1β, IL-4, IL-6, IL-8, IL-10, IL-17A, IL-

18, & IFN-) (Fernandez et al., 2024b; Olagoke et al., 2020b; Quigley et al., 2023), alternative 

cytokine and chemokines: CCL4L (Olagoke et al., 2020b), TNF-α (Fernandez et al., 2024b; 
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Quigley et al., 2023), IL-12A and IL-22 (Fernandez et al., 2024b), cellular differentiation 

markers CD3 and CD79b (Fernandez et al., 2024b), koala host restriction factors (BST2, ISG15, 

RSAD2 and TRIM1) (Olagoke et al., 2020b), TLRs (TLR2, TLR4, & TLR7) (Fernandez et al., 

2024b), MHC I and MHC II (Fernandez et al., 2024b; Quigley et al., 2023), stress signalling 

genes MID2 (Quigley et al., 2023) and FKBP5 (Fernandez et al., 2024b), and pathogen genes 

for C. pecorum (Quigley et al., 2023), KoRV (Fernandez et al., 2024b; Quigley et al., 2023), and 

Trypanosomes (Fernandez et al., 2024b). While whole transcriptome techniques such as 

RNAseq can provide a complete assessment of immune gene expression, the affordability and 

simplicity of the NanoString workflow makes it an increasingly popular method in human and 

animal studies (Alijagic et al., 2025; Bondar et al., 2020; Chilimoniuk et al., 2024; Hyeon et al., 

2017; Pescarmona et al., 2019; Ryan et al., 2023; Veldman-Jones et al., 2015). In the koala, 

the relationships between the degree of expression or circulation of immune markers and 

clinical and pathogen parameters have varied considerably among studies and are 

summarised in Supplementary Table 7.2.  

 

Although the appropriate response to Chlamydia sp. infection has not been elucidated, it is 

evident that a balance between key immunological pathways within the innate and adaptive 

immune arms is required. The direction of the immune response is established early within 

the innate phase, and varies based on the types of pathogens, the ligation of receptors to 

pathogen elements, and the resulting production of cytokines that direct appropriate 

adaptive responses. In chlamydial infection, pathogen associated molecular patterns 

(PAMPs), and damage associated molecular patterns (DAMPs), including alarmins released 

from damaged cells (Chen et al., 2019a) stimulate the fluid and cellular phases of innate 

inflammation, which then drive adaptive immune responses (Spector & Willoughby, 1963). 

The fluid phase promotes vascular permeability, vasodilation and chemotaxis through the 

complement cascade and plasma-derived factors. The cellular phase includes the recognition 

of PAMPs by resident sentinel cells such as dendritic cells and tissue macrophages that 

contain pattern recognition receptors (PRRs) such as toll-like receptors (TLRs) and C-type 

lectin receptors (CLRs) (Medzhitov, 2007). PRRs are adapted to bind different ligands, helping 

to shape downstream responses to the pathogen group involved, for example TLR4 is an 

extracellular receptor targeting bacterial LPS, while TLR7 is an intracellular receptor targeting 

viral ssRNA, and CLEC4E/Mincle is a CLR recognising microbial glycolipids (Fisher et al., 2021; 
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Smith & Williams, 2016). Depending on which PRR ligates with the pathogenic element, 

several transcription factors can be activated (NF-KB, interferon regulatory factors, and AP-1, 

for example) to direct rapid transcription of pro-inflammatory chemokines and cytokines such 

as IL-8 (CXCL8),  TNF-, IL-1, and IL-6 (Fu & Harrison, 2021). These and other cytokines such 

as IL-12 and IL-18 and a range of other chemotaxins attract additional innate immune cells 

(monocytes, neutrophils, eosinophils and natural killer cells [NK]) to the site of infection and 

prime the adaptive immune response through the NK cell production of IFN- (Hook et al., 

2005; Tseng & Rank, 1998). Antimicrobial peptides such as cathelicidins are produced and 

released by epithelial cells, a range of mononuclear immune cells, and recruited neutrophils, 

contributing to the first line of defence through bactericidal effects (Hou et al., 2019; Peel et 

al., 2021; Tang et al., 2015). These pro-inflammatory, phagocytic and antimicrobial elements 

of the innate system are critical in establishing a rapid and effective primary response but can 

be deleterious to the host when in excess.  

 

Professional antigen presenting cells (APCs), e.g. dendritic cells and macrophages, bridge the 

innate and adaptive immune responses through presentation of antigen on MHC II. Along 

with co-stimulatory molecules this stimulates the differentiation of antigen-specific naïve T 

helper (Th) cells (Sagerström et al., 1993). The specific cytokine milieu stimulated by the 

interactions between PRRs and the pathogen ultimately directs the pathways activated in the 

adaptive immune response (Campe & Ullrich, 2022; Mangar, 2018; Wilkinson et al., 1995).  IL-

12 production promotes T-helper 1 (CD3+CD4+Th1) differentiation through IFN-, leading to 

macrophage and CD8 cytotoxic T-cell (Tc) activation for direct elimination of intracellular 

bacteria and viruses (Johnson et al., 2020). MHC I, which presents endogenous antigens on 

the surface of all cells, binds to antigen-specific CD8 Tc cells to direct them to infected or 

neoplastic cells (Norment et al., 1988). A positive feedback loop exists in that IFN- promotes 

greater MHC expression and phagocytosis by APCs and inhibits IL-10 anti-inflammatory 

functions (Keller et al., 1988). IL-4 production stimulates CD3+CD4+Th2 pathways and B-

lymphocyte (CD79b) production to support antibody (humoral) response neutralisation of 

cell-cell transmission (Egholm et al., 2019). IL-6 is a pleotropic cytokine that drives B-cell 

differentiation and can promote CD3+CD4+Th17 pathways to produce IL-17, which is 

particularly important in neutrophil led elimination of bacteria at mucosal sites (Wilton et al., 
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2025). IL-10 is produced by regulatory-T-lymphocytes (T-regs) to moderate Th1 cytotoxic 

pathways through the inhibition of IFN- production (Omosun et al., 2015).  

 

Classically, severe fibrotic disease associated with chlamydiosis was thought to be due to an 

immune system that is skewed towards Th2 humoral responses, resulting in the upregulation 

of pro-fibrotic pathways involved in wound-healing, downregulation of the pro-inflammatory 

Th1 mechanisms required for bacterial elimination, and allowing for Chlamydial persistence 

(Asquith et al., 2011; Bailey et al., 1995; Gondek et al., 2009; Holland et al., 1996; Holland et 

al., 1993; Johnson et al., 2014). Current thinking considers the progression to severe disease, 

such as those resulting in infertility, can be quick due to florid pro-inflammatory innate 

responses (Crother et al., 2019; Latz et al., 2013; Nagarajan et al., 2012; Prantner et al., 2009), 

and be cell mediated through Th1 and Th17 led cytotoxicity and neutrophil production of 

reactive oxygen species that cause damage (Andrew et al., 2013; Murthy et al., 2011; 

Redgrove & McLaughlin, 2014; Vlcek et al., 2016; Wilton et al., 2025). In koalas, the 

observation that reproductive damage can develop quickly suggests that host immune 

responses are a more likely driver rather than prolonged or repeated exposure to chlamydial 

antigens (Robbins et al., 2019). Ultimately, the host response to Chlamydia sp. infection 

requires balance and coordination of innate and adaptive arms to effectively eliminate or 

sequester bacterial infection whilst mitigating the cellular damage incurred through clearance 

mechanisms (Barr et al., 2005; Natividad et al., 2007; Stelzner et al., 2023).  

 

Anti-chlamydial vaccine protocol optimisation and validation is ongoing in the koala and the 

overall long-term efficacy may not be comparable between populations with varying disease 

impacts. Current vaccine formulations undergoing assessment include recombinant protein 

and synthetic peptide types which use C. pecorum Major Outer Membrane Protein (MOMP) 

or MOMP peptide derivatives, respectively. Overall, recombinant MOMP vaccines have been 

shown to induce systemic and mucosal humoral (Waugh et al., 2016; Waugh et al., 2015) and 

cellular immune responses (Khan et al., 2016; Khan et al., 2014; Nyari et al., 2019). Synthetic 

MOMP peptide vaccine has also demonstrated mucosal humoral responses (Nyari et al., 

2018). Earlier multi-subunit vaccine designs demonstrated strong antibody and lymphocyte 

proliferation with no clinical change (Carey et al., 2010; Kollipara et al., 2012), as did mono- 

and poly-valent MOMP vaccines (Kollipara et al., 2013b). A study compiling the results of five 
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separate vaccine trials over a 10-year period in the Moreton Bay koala population concluded 

that there was an observed reduction in the development of chlamydial disease in vaccinated 

koalas compared with unvaccinated koalas (Phillips et al., 2024a). The vaccines included in 

this compilation included two full recombinant MOMP vaccines (a one-dose (Desclozeaux et 

al., 2017; Khan et al., 2016) and a triple-dose (Khan et al., 2016; Kollipara et al., 2012)), two 

MOMP four-peptide types with one also including a KoRV protein as an additional antigen 

(Quigley et al., 2023; Waugh et al., 2016). However, using the same synthetic MOMP peptide 

vaccine design as Waugh et al. (2016), Simpson et al. (2023) found the vaccine to not be 

effective in stimulating significant additional systemic humoral or cellular immune responses 

in a population with pre-existing responses due to a high prevalence of C. pecorum infection 

and chlamydiosis.    

 

1.4.3 Extending to the disease triangle: effects of the environment on host-pathogen 
relationships 

 

Susceptibility of a host to disease is generally affected by a range of environmental and 

external factors, through their interaction with immune responses, energy and nutrient 

reserves or microbiota. These factors are not independent of each other but are often 

assessed as separate factors (Casadevall & Pirofski, 2018). Here we separate them into two 

classes: factors that are likely to be involved in host-pathogen interactions (stress, climate 

and the environment, diet, microbiomes, and genetics) and factors that can confound these 

relationships (circadian rhythm and seasonality, demographics, and sampling conditions). 

Due to the complexity of analysis for attributes such as genetics, nutrition, and microbiomes 

and the rarity in recording accurate animal-specific or population specific histories, climate 

and environmental data – especially within the clinical setting – the collective investigation of 

most of these attributes is out of scope for this thesis. However, due to their importance as 

potential mediators of host responses, here a brief overview of the current literature is 

provided to demonstrate the connectivity amongst these variables and their implications to 

the interpretation and understanding of host responses and pathogenesis. 

 
Evidence exists that supports the involvement of host stress, climate and environmental 

factors, and relatedly, diet and microbiomes, and host and pathogen genetics in pathogenesis 
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of koala diseases. Stress activates the hypothalamic-pituitary-adrenal (HPA) axis, releasing 

glucocorticoid steroid hormones such as cortisol, which is detectable in koala circulation and 

as metabolites in faeces (Johnston et al., 2013). Faecal cortisol metabolites (FCMs) are a non-

invasive but generalised measure of stress that is influenced by factors such as climate and 

environment, population, sex, reproductive status, clinical presentations, length of stay in 

hospital, time of day and season and can be confounded by handling and sampling stress 

(Charalambous et al., 2021; Davies et al., 2013; Narayan & Vanderneut, 2019; Narayan et al., 

2013; Santamaria et al., 2021a; Santamaria et al., 2021b; Santamaria et al., 2023; Webster et 

al., 2017). Recently, the FKBP5 gene, coding for FK506 binding protein 5, was used as a marker 

of stress in the koala (Fernandez et al., 2024b). Koalas exposed to extreme climatic pressures 

demonstrated elevated FKBP5 transcription in circulation (Fernandez et al., 2024b), 

consistent with studies that present evidence of a role of FKBP5 in shaping acute stress 

responses in humans and mice (Daneri-Becerra et al., 2019; Häusl et al., 2021; Kwon et al., 

2019; Pei et al., 2009; Staibano et al., 2011; Sun et al., 2014; Zannas et al., 2019). However, 

while elevation of stress markers is generally assumed to predispose to disease, the 

thresholds at which this occurs and the impacts on the immunity, inflammation and disease 

have not been determined in the koala. Furthermore, while several reviews demonstrate 

ample evidence in human biology of the independent regulatory actions and interactions 

other steroid hormones such as estrogens, androgens and vitamin D have on the immune 

response (Bereshchenko et al., 2018; Dupuis et al., 2021; Gotelli et al., 2024; Quatrini et al., 

2021), the interplay between these steroid hormones and the immune response is unclear in 

the koala. 

 

Changes in the environment can directly alter host-pathogen interactions by modulating 

pathogen and host density and diversity across landscapes (Albery et al., 2019; Meza Cerda 

et al., 2022), and can directly or indirectly constrain host defences by limiting available 

nutritional resources, altering feeding behaviours, deviating homeostasis, and inducing 

physiological stress (Vicente-Santos et al., 2023; Youngentob et al., 2021). For example, 

during drought and temperature oscillations, greater FCM levels were observed and diets 

shifted to browse species with greater leaf-moisture content relative to post-flood conditions 

(Davies et al., 2014), and climate-associated elevations in ambient temperatures and CO2 

exposure altered the nutrient composition of koala feed sources (Duff et al., 1994; Kanowski, 
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2001). Varied exposure to dietary plant secondary metabolites may impact host responses; 

these have been shown to modulate cytokine gene expression in koala immune cells in vitro 

(Marschner et al., 2019b). Supporting the connection between environment, stress, and 

immune responses, a recent multivariate study showed that greater expression of a stress co-

chaperone gene, FKBP5, coincided with a heat stress event, along with a shift from adaptive 

to pro-inflammatory innate responses (Fernandez et al., 2024b). 

 

In koalas, gut microbiome composition is hypothesised to be a driver of browse selection 

(Blyton et al., 2023; Blyton et al., 2019) and may therefore impact immune responses and 

disease outcomes via nutrient availability and PSM exposure. The microbiome-gut-brain axis 

is a bi-directional communication system that enables gut microbes and the brain to 

communicate using a variety of routes, including cytokines (Dinan & Cryan, 2017). While our 

understanding of the communicating pathways between the koala microbiome and immune 

responses is limited, one study noted that age-related changes in microbiomes and immune 

responses in captive koalas were coordinated: subadult microbiomes associated with T-cell 

activity (CD4 and CD8b) and adult koala microbiota with macrophage activity (CLEC4E gene) 

(Chen et al., 2023c). Other studies have noted marked variations in gut microbiomes in 

response to several factors: age and duration of maternal dependency (Blyton et al., 2022b, 

2022c), diet (Brice, 2017; Brice et al., 2019), within, between, and across landscapes (Brice, 

2017; Littleford-Colquhoun et al., 2022), disease status (Barker et al., 2013), and antibiotic 

treatment outcomes (Dahlhausen et al., 2018). Whether the link between changes in the 

microbiome and immune responses is directed by microbe-immune system communication,  

is a direct effect of age, or other factors such as dietary compounds is unclear. Nonetheless, 

it is important to determine the factors that can shift microbiomes and the consequences for 

immune responses and disease outcomes.  

 

The environment and host-pathogen genetics are linked, as genetics evolve in response to 

environmental change, which can have broad implications for immune responses (Mathew et 

al., 2013a). In the host, genetic diversity, particularly in the MHC gene, was associated with 

disease outcomes but significant variation across studies highlights the need for further 

research (Cheng et al., 2018; Lau et al., 2014; Nyari et al., 2019; Quigley et al., 2018a; Quigley 

et al., 2020; Robbins et al., 2020; Silver et al., 2022; Silver et al., 2024). Other immune-related 
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polymorphisms, such as in toll-like receptors and interleukins, are under-researched in koalas 

but have been shown to affect immune responses to pathogens like Chlamydia sp. and the 

efficacy of quantitative gene expression techniques in other species (Mathew et al., 2013a; 

Mukherjee et al., 2019; Nieters et al., 2006; Thorolfsdottir et al., 2024). The relationship 

between pathogen genetic divergence and host immune responses and pathogenesis has yet 

to be fully elucidated, however genetic diversity in both C. pecorum and KoRV across 

landscapes and between populations has been observed (Fernandez et al., 2023; Fernandez 

et al., 2024a; Fernandez et al., 2019) and in some studies was associated with distinct immune 

responses (Desclozeaux et al., 2017; Mathew et al., 2013a). 

 

Although further validation is needed to determine the interrelationships among stress, diet, 

climate, environment, genetic and microbiome diversity and immune responses, collectively 

these findings demonstrate the potential for each factor to impact host function 

independently and through compounding effects. As such, the importance of external or 

environmental factors in pathogenesis should be given equal consideration to host and 

pathogen-driven mechanisms.  

 

Complex relationships exist among other factors such as demographics, temporality, and 

sampling conditions and the immune system, which can confound findings. In koalas there is 

evidence to support a seasonal fluctuation in immune gene expression (Lau et al., 2012; 

Maher & Higgins, 2016) and an effect of age on gut microbiota and immune function in captive 

koalas (Chen et al., 2023c). However, evidence for sex-related differences in koala cytokine 

gene expression is mixed and could be due to individual hormone fluctuations, population-

specific diversity in environment and disease pressures or sampling differences associated 

with timing and anaesthetic protocols (Maher et al., 2014; Maher & Higgins, 2016; Maher et 

al., 2019; Mathew et al., 2013a; Pagliarani et al., 2024). In other species, variations in immune 

function can be observed throughout the day (Bellet et al., 2013; Curtis et al., 2015; Early et 

al., 2018; Halberg et al., 1960; Keller et al., 2009; Nguyen et al., 2013; Oishi et al., 2017; 

Schlamp et al., 2021; Silver et al., 2018; Spengler et al., 2012), and in response to different 

anaesthetic drugs, including those commonly used in the koala during routine health 

examinations and for invasive sampling (Downey et al., 2020; Vogelnest & Portas, 2019); 

alfaxalone induction and isoflurane maintenance (Boost et al., 2009; Kotani et al., 1999; 
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Mazoti et al., 2013; Sayed et al., 2015; Wu et al., 2012; Zhao et al., 2023b). Although drug-

associated and daily oscillations in immune gene expression have yet to been investigated in 

the koala, data from other species suggests that interpreting the significance of immune gene 

expression variation requires careful consideration of the potential confounding factors, and 

where able, inclusion of these factors into analyses to allow for better comparison between 

studies. 

 

1.5 Approaches to koala disease investigations and the examination of 
immune responses 

1.5.1 Univariate approaches and sample treatment 

 
In wildlife disease investigations, immune responses are sometimes measured to better 

understand the host-pathogen interactions and mechanisms driving pathogenesis. Although 

mechanistic studies are needed to confirm functions, univariate studies are often employed 

first, to identify potentially important relationships and risk factors (Grace, 2024; Kock et al., 

2018). In the koala, studies have utilised several different experimental and statistical 

approaches to investigate the relationship between independent variables and immune 

function, of which the most common are univariate hypothesis testing and modelling in wild 

or rehabilitated koalas, and ex vivo stimulation of peripheral blood mononuclear cells 

(PBMCs). Both approaches have contributed to fundamental understanding of koala immune 

responses in relation to host-pathogen-environment factors and therapeutics such as 

vaccines. Currently, an abundance of studies employing univariate approaches exist that 

collectively demonstrate the diversity of koala immune responses associated with study 

contexts, methods and the assessed independent variables (Supplementary materials: Table 

7.2) and highlight the complexity of cytokine networks that regulate immune responses. Here 

we briefly describe the benefits and challenges of each approach and highlight why validation 

of immune response relationships using non-stimulated samples and the development of 

multivariate analyses should now follow. 

 
Univariate analyses that test the relationships between immune gene expression targets and 

host-pathogen-environment variables has formed the basis of our understanding of koala 

pathogenesis and immunology. In wildlife epidemiology, simpler statistical analyses are often 
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needed for the identification of relationships as sample sizes often limit statistical power 

(Bonapersona et al., 2021; Joseph et al., 2013; Kophamel et al., 2022; Peacock et al., 2020). 

In the koala, these studies identified potentially key immune genes and relationships within 

the study context that can be used to build hypotheses and be further validated in larger 

studies (Supplementary materials: Table 7.2) (Desclozeaux et al., 2017; Khan et al., 2016; 

Maher et al., 2014; Maher & Higgins, 2016; Maher et al., 2019; Mathew, 2014; Mathew et al., 

2013a; Mathew et al., 2013b; Mathew et al., 2014; Nyari et al., 2019; Pagliarani et al., 2024). 

As the field of immunology grows, and so does the understanding of the complexity and 

diversity of immune gene functions, a broader immunological approach is needed to better 

understand the mechanisms behind these univariate relationships. 

 
Immune gene expression can be measured in unstimulated or stimulated samples and each 

of these approaches offers different information. Ex vivo stimulation of peripheral blood 

mononuclear cells (PBMCs) is a common technique in immunology, offering insights by 

amplifying otherwise undetectable immune responses or indicating which molecular patterns 

provoke immune activity (Norian et al., 2015; Sullivan et al., 2000). Stimulation of PBMCs 

offers an opportunity to assess responses in a controlled artificial exposure setting, which is 

useful as it is unethical to implement in vivo infection experiments on an endangered species 

and it can be challenging to determine the natural infection or disease stage in wildlife (Ohmer 

et al., 2021; Segner et al., 2022). PBMC stimulation has been used to model koala immune 

responses to C. pecorum before and after the application of vaccination, developing our 

understanding of the variations in antigen-induced immune gene expression of the koala and 

the efficacy and immunological effect of various anti-chlamydiosis vaccines (Supplementary 

materials: Table 7.2) (Desclozeaux et al., 2017; Khan et al., 2016; Lizárraga et al., 2020a; Nyari 

et al., 2019; Simpson et al., 2023).  

 
Several challenges exist with ex vivo PBMC stimulations, which highlight the usefulness of 

analysing unstimulated samples to help validate findings in a natural experimental setting. 

Immune responses determined through PBMC stimulation can be challenging to interpret as 

(1) uncontrolled individual variation in sensitivity to stimulants exists (Maher et al., 2014), (2) 

stimulants are often of a single antigenic type and thus cannot account for genetic diversity 

in natural microbial patterns, (3) the impact of diverse co-infections are difficult to replicate 
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artificially, (4) most stimulation protocols lack representation of later or chronic stages of 

immune responses as immune gene expression is often measured 3-72 hours post challenge, 

and (5) validated “true” baselines are needed to accurately interpret fold changes in 

stimulated immune responses. Furthermore, identifying consistent relationships between 

studies is difficult due to the study-specific stimulation protocols which can differentially 

impact immune gene expression (Desclozeaux et al., 2017; Higgins et al., 2004; Kayesh et al., 

2020a; Khan et al., 2016; Lau et al., 2012; Lizárraga et al., 2020a; Maher et al., 2014; Maher 

& Higgins, 2016; Mathew et al., 2013a; Mathew et al., 2013b; Mathew et al., 2014; Nyari et 

al., 2019; Simpson et al., 2023; Sullivan et al., 2000).  

 

The significance of variations in cytokine gene expression cannot be determined without a 

deeper understanding of the natural progression of immune responses and the individual 

kinetics of functional cells and cytokines. Although the interpretation of immune responses 

in unstimulated samples can be challenged by undetectable/unmeasurable levels of immune 

gene expression (Fernandez et al., 2024b; Quigley et al., 2023), this in itself improves our 

understanding of the natural levels and fluctuations in immune gene expression in real-world 

contexts. Similarly to stimulated experimental designs, identification of natural “baseline” 

immune gene expression and determination of clear relationships between host responses 

and independent variables can be challenging. In the koala and other species, “baseline” 

implies a pre-challenged state (Maher & Higgins, 2016; Nehar-Belaid et al., 2023; Olagoke et 

al., 2020b), which depends on our understanding of what can challenge or stimulate an 

immune response and which of these factors are included in the analysis. Longitudinal 

sampling and analyses of immune responses and infection status in unstimulated samples 

from a clinically diverse range of cases is an avenue that may clarify host-responses to   

naturally occurring and dynamic shifts in infection and disease. This approach was previously 

adopted to investigate Leptospira interrogans infection in California sea lions (Zalophus 

californianus), which utilised several biomarkers to map the trajectory of infection and 

disease (Prager et al., 2020). Additionally, extending investigations beyond the peripheral 

blood and into tissues to capture tissue-resident immune cells and inflammatory processes is 

an important consideration, as these may or may not be related at any given time. 
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Cytokines and chemokines mediate cell interactions, triggering a range of biological processes 

from cell survival to apoptosis and further cytokine production. Many of these ligands have 

multiple binding sites across different cell types, making them versatile but difficult to 

interpret in isolation (Elenkov & Chrousos, 1999; Fu & Harrison, 2021; Gervassi et al., 2004; 

Hussain et al., 2007; Mangar, 2018; Xiang et al., 2021). Although cytokines like IFN- and IL-

17 are traditionally associated with specific immune pathways (e.g., Th1 and Th17 responses), 

they are actually produced by a range of cell types and influence multiple signalling 

mechanisms (Hagai et al., 2018; Quigley & Timms, 2021). For example, IFN- is produced by 

cells as diverse as T-cells and macrophages and modulates thousands of genes and pathways 

related to antigen presentation, cellular survival, and differentiation (Kato, 2020; Rusinova et 

al., 2012). As human immunological investigations continue to demonstrate, every immune 

parameter has the potential to interact with virtually the whole immune system and other 

homeostatic pathways (Gaiffe et al., 2023). Furthermore, as there are limited mechanistic 

studies of koala immunology, interpretations on the importance and roles of many koala 

immune genes are based on the assumption that they behave similarly to their eutherian 

equivalents. However, gene transcription in response to the same stimulation has been 

shown to vary across cells and species (Hagai et al., 2018). It is imperative that a more global 

approach that allows immune parameters to be viewed in the context of their associated 

systems, is developed to consider the complexities of immune responses in the koala, and in 

other animals with similar investigative limitations (Bossart et al., 2019; Gaiffe et al., 2023; 

Meza Cerda et al., 2022; Mordecai et al., 2020; Teffer et al., 2022).  

 

1.5.2 Multivariate approaches  

 
As immune responses are shaped by complex interactions between host, pathogen, and 

environmental factors, holistic approaches should now use the findings from univariate 

studies to collectively assess potentially important relationships and capture immune system 

dynamics (Casadevall & Pirofski, 2018; Fernandez, 2023). By accounting for natural 

complexity, multivariate analysis can help to better understand pathogenesis and determine 

relevant health indicators that can be used to improve health assessments. Multivariate 

analytical techniques can range from relatively simple multivariate modelling of key variables 

to complex machine learning approaches for big data, which require greater sample sizes 
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(Taylor et al., 2016). As large sample sizes are rarely achieved in wildlife research, dimension 

reduction methods are valuable tools that enable datasets to be simplified for analysis using 

small sample sizes without losing complexity (Lubyayi et al., 2021). Dimension reduction 

techniques can serve both as a method of understanding the roles and relationships of whole 

systems – rather than single indicators – and as a holistic method of parameter selection for 

further predictive modelling (Ray et al., 2021).  

 

While studies have demonstrated the multifactorial nature of disease in the koala, only 

recently have different facets of aetio-pathogenesis been integrated within individual 

investigations (Chen et al., 2023c; Fernandez et al., 2024b; Quigley et al., 2018a; Robbins et 

al., 2020). Developing a holistic approach to investigating pathogenesis is a key step in 

developing a better understanding to support disease management. While a big-data 

approach using transcriptomic or genomic information would be a powerful method to 

explore the relationships between host biology and non-host variables, it is an expensive 

approach that is sensitive to the heterogenous and incomplete data and small sample sizes 

common in wildlife studies (Hariri et al., 2019; Maugis, 2018; Saidulu & Sasikala, 2017).  

 

A key challenge of this thesis was to navigate a balance between what was desired – which is 

as integrated approach as possible – with limitations imposed by heterogeneity and limited 

sample size. Before investing in big-data approaches, which would require stringent data 

collection and large sample sizes, this thesis provides a stepwise approach that can help to 

focus future big-data investigations. Importantly, this work determines the strength of 

relationships among a range of variables of putative significance to koala health and disease, 

helping to identify factors that might introduce noise in future big-data analyses (Xiong et al., 

2006). Based on our current understanding, it could be said that (1) the koala has a diverse 

range of infectious agents, most of which have an unknown significance to pathogenesis, and 

(2) the koala immune response is complex and dynamic and is likely impacted by a range of 

infectious, environmental, and intrinsic host factors. Using sequential multivariate modelling, 

this thesis begins to breakdown knowledge gaps using separate and targeted investigations. 

This body of work first assesses infectious agents, their interrelationships and relationships 

with disease in the koala. Then, an integrated analyses is conducted, incorporating markers 
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of the koala immune response. Finally, environmental and external factors are considered 

alongside infectious and immunological variables. 

 

Multivariate modelling can determine relationships between select factors and an outcome 

but requires in depth understanding of the interrelationships between predictor variables to 

support parameter selection and inference of relationships. Multivariate modelling 

approaches are sensitive to overfitting and small sample sizes and so evidence-based 

selection of predictor variables using confident understanding of the roles, relationships and 

variations of parameters is required to avoid introducing major biases to interpretations 

(Gaiffe et al., 2023). As the number of potentially important health indicators grow, holistic 

assessments are needed to guide inclusion within predictive models. Multivariate modelling 

approaches used in koala research have included structural equation modelling (Lizárraga et 

al., 2020b; Quigley et al., 2018a), generalised linear models and regression models (Blyton et 

al., 2022a; Lau et al., 2014; Santamaria et al., 2023; Sarker et al., 2020a; Stalder et al., 2015; 

Stephenson, 2021). Most of these studies utilise a priori power analysis to determine the 

maximum number of variables that can be assessed according to their sample size, and 

backwards elimination to remove variables from models if they do not meet model 

performance criteria. Whilst this maintains statistical power of the study and produces high-

quality models, the resulting relationships are highly specific to the study context and the 

retained parameters.  

 

Dimension reduction allows for the addition of multiple variables into analyses without 

costing statistical power in datasets with smaller sample sizes. This generates robust data 

analyses that simultaneously reduces data complexity whilst maximising its usage and 

retaining essential variability to identify patterns and relationships which would otherwise 

not have been readily found using univariate methods or by selective inclusion of parameters 

into regression models (Ray et al., 2021). Principal Components Analysis (PCA) can reveal 

complex interactions but is only interpretable within the context of clear and pre-conceived 

groups. PCA is a dimension reduction method that retains information by summarising the 

interactions between multiple variables within large datasets into fewer variables or 

“principal components” (Greenacre et al., 2022). This technique is useful when assessing 

correlated factors, such as immune gene expression, and has been utilised in the study of 
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various species such as the Australian sea lion (Neophoca cinerea) (Meza Cerda et al., 2022), 

Berthelot's pipit (Anthus berthelotii) (Gonzalez-Quevedo et al., 2016), Florida gopher tortoises 

(Gopherus polyphemus) (Elbers et al., 2018), field voles (Microtus agrestis) (Jackson et al., 

2011), and more recently in the koala (Fernandez et al., 2024b; McEwen et al., 2021). 

Collectively, these studies demonstrate the extensive utility of PCA for generating and 

investigating immunophenotypes among important groups such as different animal 

populations, demographics, clinical cohorts, and treatment groups.  

 

Clustering of principal components is an alternative method used to allow the data to 

generate groups based on existing variability within the dataset (Maugeri et al., 2021). 

Through this, the relationship between pre-conceived definitions of clinical presentation, 

disease stages and severity with immunophenotypes can be tested without conforming the 

data into these respective groups. Hence, clustering can reveal relationships which are not 

readily observed, such as subtle changes in immune responses over time (Gaiffe et al., 2023; 

Ndoricyimpaye et al., 2023), immunologically similar cases which are clinically distinct and, 

conversely, clinically similar but immunologically distinct cohorts (Dissanayake et al., 2020). 

In disease investigations where pathogenesis is unclear and various complex relationships 

exist between co-infecting agents, host responses and disease outcomes, such as those in the 

koala, clustering of multivariate parameters can be key in advancing our understanding of key 

knowledge gaps and identifying strong prognostic indicators of outcomes (Ndoricyimpaye et 

al., 2023). 

 

Not only do study contexts need to be considered when inferring relationships and comparing 

findings among investigations, but they should be maximised to support experimental aims. 

Disease relationships in the koala are mostly studied in the clinical, captive, and field setting 

(free ranging/wild). These settings can bias a study due to specific environmental, 

demographic, and genetic characteristics that aren’t reflective of the general koala 

population. For example, in the clinical setting hospital-admitted cases represent a selective 

cohort, often biased towards animals displaying severe clinical signs, trauma, or abnormal 

behaviours linked to proximity to human threats, leading to underrepresentation of healthy 

individuals or early-stage infections and disease. This introduces a potential bias when 

assessing relationships with outcomes such as treatment efficacy or survival (Leigh et al., 
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2023). However, this skewed sample provides the opportunity to capture heterogeneity by 

assessing a high throughput of cases with diverse clinical presentations, immune responses, 

demographics, environments of origin, co-infections, treatments and outcomes, which is 

needed to better understand the varying relationships among these factors.  

 

Field settings are the best setting in which to test relationships and compare between 

populations. Although some degree of heterogeneity exists among members of a free-ranging 

population, the genetic, microbiome, environmental, dietary, and pathogen diversity is much 

reduced compared to clinical cohorts, which are often sourced over a large catchment area. 

By reducing this variability, important population-specific relationships can be determined to 

provide a more accurate and refined understanding of koala health. Disease prevalence also 

varies regionally, with factors such as hospital catchment areas, population density, 

environment-disease dynamics, and amplified community vigilance/citizen science affecting 

admission rates (Griffith & Higgins, 2012; Kerlin et al., 2022; Lunney et al., 2022a, 2022b). 

Without extending surveillance to wild populations, clinic-based research alone cannot 

capture the true scale of disease prevalence or inform effective intervention strategies across 

diverse environments. 

 

Longitudinal monitoring in both contexts, throughout and post rehabilitation, and in wild 

populations is needed to understand how relationships alter over time. Currently, incomplete 

post-release follow-up restricts the evaluation of disease progression and outcomes to the 

point of death during rehabilitation or release, which further hinders efforts to evaluate the 

long-term efficacy and impacts of treatment and rehabilitation on koala health (Burton & 

Tribe, 2016; DEH, 2022; Haering et al., 2020). Furthermore, longitudinal monitoring is 

required to elucidate not only the intricacies of various relationships among changing 

seasons, climatic and environmental conditions, but also changes in the host as they age and 

how this relates to immune responses and disease outcomes.  

 

Although research is slowly advancing our understanding, additional studies are required to 

further explore disease dynamics and generate approaches that cohesively assess these 

various aspects of pathogenesis, which can be adapted further as our understanding grows. 

Given the seemingly unmitigated impact of koala chlamydiosis and the differing impacts of 
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this disease on various populations, the long-term efficacy of current therapies and the 

influence of host, pathogen, and environment factors should be further investigated in both 

clinical contexts and wild populations to support the development of superior indicators of 

health and disease, and improve long-term disease mitigation outcomes. 

 
 

1.6 Aims & Hypotheses  

Disease presentations in the koala are diverse and treatment and survival outcomes vary. 

Current health assessments do not incorporate potentially important indicators of health and 

disease that are likely to contribute to heterogeneity in pathogenesis. Disease is the result of 

multifactorial and dynamic interactions between the host, one or more pathogens, and the 

environment. Many gaps in our understanding of these relationships have been highlighted 

and are partly due to the ongoing identification of putatively significant indicators and in part 

due to limiting methods of analysis. The overall aim of this thesis is to contribute to the 

progression of heath assessments in the koala by applying holistic approaches to assess the 

interactions among co-infections, immune responses, and key attributes of host susceptibility 

and determine their relative contribution to disease, treatment, and survival outcomes. 

Several infectious agents are expected to be differentially associated with disease 

presentations, which is likely to be reflected by diverse immune responses. It is hypothesised 

that chlamydiosis, treatment response and survival is influenced by host attributes - including 

immune responses, population demographics and co-infection diversity. 

 

The following aims address the main aim and hypothesis of the thesis: 

1. Determine the relative prevalence of co-infections in koalas admitted to hospital by 

detecting mucosal and circulating C. pecorum and PhaHV-1 and -2, and circulating 

KoRV, Trypanosome irwirni, T. copemani, and T. giletti 

2. Determine the relationships among co-infection parameters, clinical presentation and 

admission outcome of koalas. 

3. Examine how immune responses relate to infection status, clinical presentations, and 

outcomes 

4. Compare the capacity of immune responses and KoRV parameters to predict clinical 

outcomes on admission and in rehabilitation. 

5. Identify genes that are differentially expressed  between 

a. koalas with clinical signs of chlamydiosis and koalas without clinical signs of 

disease 



 
 

58 

b. koalas that were euthanised and koalas that survived 

6. Validate the NanoString mRNA quantification and transcription counts for immune 

genes below the quantifiable limit in Chapter 3: IL10, IL17A, IFNy, and TNFa. 

7. Determine if demographics, clinical presentation, co-infection status, and immune 

gene transcription profiles predict long-term survival in 

a. two wild koala populations with difference prevalence of disease  

b. koalas with chlamydiosis and/or C. pecorum infection  

c. koalas that were treated for chlamydiosis and/or C. pecorum infection 

8. In koalas treated for chlamydiosis and/or C. pecorum infection, determine if  

demographics, clinical presentation, co-infection status, and immune gene 

transcription profiles predict treatment outcomes including: 

a. Short-term post-treatment mucosal infection clearance 

b. Long-term post-treatment mucosal infection clearance 

 

In Chapter 2, the clinical setting is intentionally targeted to maximize heterogeneity, enabling 

aims 1 and 2 to address key gaps in the current understanding of the prevalence of major 

infectious agents and their interrelationships in a clinical context. This chapter evaluates the 

hypothesis by analysing how pathogen detection parameters relate to one another and 

examining the potential role of co-infections in contributing to variations in clinical outcomes. 

 

In Chapter 3, aim 3 builds on the multivariate approach introduced in Chapter 2, using a 

subset of the sample population from the same clinical setting to capture diversity in host 

responses. Through aim 3 and 4, this chapter investigates whether infectious status, clinical 

states, and outcomes are reflected in the host immune response. The findings further 

advance our understanding of immune-physiological responses and contribute to identifying 

potential health indicators that may inform the biological mechanisms behind conventional 

clinical classifications. 

 

In Chapter 4, aim 5 seeks to enhance future immune-physiological analyses by identifying 

additional gene targets associated with clinical, infectious, and survival states, thus 

contributing to the development of a more comprehensive multi-gene panel. Aim 6 confirms 

the validity of the NanoString panel and the low-level expression patterns of key immune 

genes—IL10, IL17A, IFNγ, and TNFα—observed in Chapter 3, and provides alternative but 

associated gene candidates for future analyses. This chapter expands our understanding of 

these genes' potential functions, roles, and significance in disease dynamics. 
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Chapter 5 synthesizes findings from the previous chapters to reexamine the relative 

contributions of co-infections, host responses, and demographics to health outcomes in a 

field setting. By comparing two populations with differing rates of morbidity and mortality, 

aims 7 and 8 assess the prognostic capacity of various factors to predict short- and long-term 

outcomes. This chapter identifies risk factors associated with mortality and treatment 

outcomes across two distinct environmental contexts. 

 

Finally, Chapter 6 situates the work of this thesis within the broader field of disease 

investigation, discussing how its findings address the overarching aims of the study. This 

chapter highlights the contributions of the research to advancing scientific understanding and 

improving wildlife health assessments, particularly for koalas, while identifying areas for 

further study to continue supporting conservation and health outcomes. 
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Chapter 2 The relationships of viral and 

protozoal co-infections to Chlamydia pecorum 

infection and chlamydiosis outcomes in 

northern koalas (Phascolarctos cinereus) 
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2.2 Abstract: 

Several infectious agents concurrently infect wild koalas and so, as for similar agents in other 

species, co-infection interactions could affect disease presentation and clinical outcomes. 

This study determines the frequency of circulating and mucosal Chlamydia pecorum 

infections along with phascolarctid herpesvirus (PhaHV), Koala retrovirus (KoRV), and 

trypanosome infections in 115 wild koalas admitted to wildlife hospitals in the states of 

Queensland and New South Wales. C. pecorum, PhaHV, trypanosomes, and KoRV 

(endogenous subtype A and exogenous subtype D) were detected in 61.1%, 68.9%, 63.3% and 

100% of the individuals sampled, respectively. The co-infection relationships identified 

generate hypotheses for the observed variation in disease presentations in that they 

resemble co-infection interactions that drive the variations in presentation and response to 

treatment for chlamydiosis in other species, including humans. PhaHV-1 mucosal shedding 

positively predicted euthanasia on admission in koalas with chlamydiosis, and accounting for 

Trypanosome irwini infection status improved the model quality. Additionally, the detection 

of mucosal PhaHV-1 and greater KoRV proviral pol loads were equal predictors of chlamydial 

reproductive disease in female koalas. While the detection frequency of C. pecorum, PhaHV-

1, PhaHV-2, and T. gilletti in circulation were low, cases with circulating C. pecorum and 

without mucosal C. pecorum shedding or clinical chlamydiosis were observed presenting an 

important consideration for future diagnostic testing. This study serves as a basis for 

investigating co-infection interaction pathways through mechanistic studies to determine 

their effect on pathogenesis of chlamydiosis, improve our understanding of host-pathogen-

environment dynamics impacting the koala, and identify novel intervention and screening 

methods. 
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2.3 Introduction: 

Koalas are separated broadly into two groups that differ geographically and genetically: the 

northern population (Queensland [Qld], New South Wales [NSW], & Australian Capital 

Territory) and the southern population (Victoria & South Australia) (Neaves et al., 2016; 

Speight et al., 2016). In 2022, the northern koala population was listed as endangered under 

Australian Commonwealth legislation (DCCEEW, 2022b).  In NSW, between 2020-2021, 46.8% 

of rescued koalas died or were euthanised (DEH, 2022). This rate is 3.1% and 5.6% greater 

than those recorded in 2019-2020 and 2018-2019, respectively (DEH, 2022). Although the 

catastrophic ‘Black Summer’ bushfires of 2019-2020 likely contributed to increases in 

admissions during that period, on average 71% of koalas admitted for chlamydiosis die and 

25% are released (DEH, 2022), suggesting room for improvement in clinical management of 

disease in koalas. In many regions of Australia, non-traumatic disease is the leading cause for 

koala admission to wildlife hospitals (Kerlin et al., 2022), with chlamydiosis due to C. pecorum 

the leading cause in NSW (2018-2021) (DEH, 2022). This obligate intracellular bacterium is 

present within most mainland koala populations and affected animals classically present with 

conjunctivitis and/or ‘wet bottom’, a urine-stained rump from incontinence due to cystitis. 

Both presentations range from mild, acute inflammation to severe and chronic proliferative 

or fibrotic disease in which the structural tissue damage can result in renal failure, blindness, 

secondary infection, death or infertility. Infertility is a great concern for population viability, 

and in females is due to inflammation and associated scarring of the uterus and uterine tubes 

(pyometra, endometriosis, ovarian bursal cyst formation, obstructive fibrosis and tubal 

defects) and in males inflammation of the epididymis, prostate or testes, resulting in sperm 

reduction, damage & abnormal morphology (Higgins et al., 2005a; Hulse et al., 2021; Hulse et 

al., 2022; Johnston et al., 2015; Palmieri et al., 2019; Phillips et al., 2021).  
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Due to the high probability of infertility and in some cases poor quality of life (Pagliarani et 

al., 2022), the presence of ovarian bursal cysts is one criterion for euthanasia supported by 

the Code of Practice for the Care of Sick, Injured or Orphaned Protected Animals in 

Queensland and Code of Practice for Injured, Sick and Orphaned Koalas in New South Wales 

(NSW Government, 2023; WTOB, 2020). In other species the pathogenesis of chlamydiosis is 

complex, comprising intestinal, urogenital, ocular and systemic activity and interactions with 

other viruses and bacteria, as well as a range of stressors (Ball et al., 2024; Das & Röst, 2023; 

Ghasemian et al., 2023; Koster et al., 2022; Leonard et al., 2017; Pérez-Soto et al., 2021; Prusty 

et al., 2012; Schuchardt & Rupp, 2018; Zhou et al., 2021). Chlamydial sp. infection in humans 

and animals can also be sub-clinical (Biesenkamp-Uhe et al., 2007; Poudel et al., 2012; 

Reinhold et al., 2008; Yang et al., 2014), and has been reported as such in the koala (Chen et 

al., 2023b; Robbins et al., 2019). Overall, the mechanisms behind clinical variation in 

chlamydiosis outcomes are poorly understood. 

 

In humans and other animals, co-infections are common and influence the severity and 

progression of chlamydial infection through various mechanisms involving different host, 

pathogen, and environmental factors (Devi et al., 2021; Ghasemian et al., 2023). As observed 

in experimental mouse models, of C. trachomatis and other bacterial and viral co-infection, 

specific effects of co-infections on C. pecorum activity and chlamydiosis in the koala could be 

highly dependent on the particular infectious agents involved, the timing and sequence of 

infections, and the host's immune status (Ghasemian et al., 2023; Schuchardt & Rupp, 2018). 

The interplay between different agents in a co-infection scenario is complex, causing 

alterations to pathogenesis through mechanisms such as immunomodulation, competition 
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for resources, synergistic effects, antagonistic effects, recurrence and reactivation, and 

disease modulation (Devi et al., 2021). Variations in clinical disease presentations, treatment 

response, and pathogen detection highlight key gaps in our understanding of pathogenesis 

and the roles of non-chlamydial infectious agents in driving host-pathogen-co-pathogen 

interactions. The list of infectious agents of putative significance to the pathogenesis of 

chlamydiosis in koalas is growing and now includes endogenous and exogenous Koala 

retrovirus (KoRV) (Madden et al., 2018; Maher & Higgins, 2016; Maher et al., 2019), 

phascolarctid gamma-herpesvirus (PhaHV) (Stalder et al., 2015; Vaz et al., 2019b), and 

trypanosomes (McInnes et al., 2011a). In the northern koala population, KoRV subtype A is 

endogenous and ubiquitous, while exogenous subtypes B-M are locally prevalent (Blyton et 

al., 2022a; Blyton et al., 2022d; Chappell et al., 2017; Joyce et al., 2021; Oliveira et al., 2006; 

Tarlinton et al., 2006). Various KoRV characteristics have been associated with chlamydiosis 

(Blyton et al., 2022a; Fabijan et al., 2020; Joyce et al., 2022; Joyce et al., 2021; Waugh et al., 

2017), and it is postulated that these associations exist due to the KoRV immunosuppressive 

domain (ISD) (Fiebig et al., 2006; Kleinerman et al., 1987; Madden et al., 2018), circular 

interaction with oxidative stress and inflammation (Rangel et al., 2022), amplification of 

innate anti-viral immune defences (Srinivasachar Badarinarayan & Sauter, 2021), or insertion 

adjacent to immune genes as observed in retroviruses in humans (Chuong et al., 2016; 

McEwen et al., 2021).  

 

Two types of gammaherpesvirus have been identified in the koala so far: PhaHV-1 (Vaz et al., 

2011) and PhaHV-2 (Vaz et al., 2012). PhaHV-1 shedding increases with age and PhaHV-2 

shedding is more common in euthanased koalas with poorer body condition (Kasimov et al., 

2020; Wright et al., 2024). A number of possible pathogen interactions have already been 
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noted. PhaHV-1 and exogenous KoRV A infection is associated with uterine/ovarian bursal 

cysts and testicular malformation, reduced female fertility, urinary incontinence, and the co-

detection of C. pecorum in South Australian (SA) koalas (Vaz et al., 2019b). In humans, herpes 

simplex virus Type-2 and Chlamydia trachomatis have a dynamic relationship that, depending 

on which is the primary infection, can significantly alter pathogenesis (Slade, 2016). 

 

Of the four species of trypanosome known to infect koalas (T. copemani, T. Irwini, T. gilletti, 

and T. vegrandis), T. gilletti has been suggested to exacerbate anaemia and body condition 

loss in northern populations (Barbosa et al., 2017; McInnes et al., 2011a). More specifically, 

koalas with signs of chlamydiosis that were also infected with T. gilletti had significantly lower 

packed cell volumes and body condition scores compared to non-trypanosome infected 

diseased koalas (McInnes et al., 2011a). These association studies, whilst not yet providing 

information on causation, are an important and necessary step that guide further focused 

analyses into potential causal relationships between co-infection risk factors and health 

outcomes. 

 

With koala populations declining across their northern range, we must establish which 

infectious agents are likely to impact disease mitigation, prevention, and conservation efforts. 

Before co-infection associated modulation of the koalas’ host response can be explored, the 

types of co-pathogen interactions and their association with clinical outcomes must be 

established. To this end, this study utilises gold-standard and novel methods to detect and 

quantify parameters for four key groups of infectious agents; C. pecorum, KoRV, PhaHV-1 & -

2, and trypanosomes to: (1) determine the potential for NanoString to detect koala pathogens 

in circulation, (2) determine the detection frequency of these infectious agents in a sample 
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population of 115 wild northern koalas with diverse clinical presentations, demographics, and 

geographical origins, admitted to three wildlife hospitals within NSW and Qld, (3) determine 

whether co-infections are preferentially associated with C. pecorum infection in koalas on 

admission, and (3) assess the relationships of co-infections with clinical chlamydiosis. Future 

directions are suggested to further explore the relationship between co-infections to identify 

pathological mechanisms which may be involved in persistent/recurring infections and the 

presentation of clinical signs and poor responses to chlamydiosis treatment necessitating 

euthanasia.  

 

2.4 Methods: 

Sample Collection 

Sampling was conducted from September 2021 to April 2022 at three koala care facilities 

servicing South-east Qld , Northern and Mid-North Coast NSW, and Central NSW (Figure 2.1). 

Sampling was completed at Australia Zoo Wildlife Hospital, Port Macquarie Koala Hospital, 

and Friends of the Koala between September and December 2021, January to April 2022, and 

February 2022, respectively. Sampling of koalas was conducted under the University of 

Sydney Animal Ethics Approval Number 2021/1975, NSW NPWS Scientific License SL102379 

and Qld NPWS WA0019256. All koalas admitted during these periods were considered for 

inclusion, except cases of extreme trauma where the koalas’ condition or instability under 

general anaesthetic (GA) could not support sampling, as advised by the veterinarian; or koalas 

that were dead on arrival. Sampling was performed under GA in accordance with the 

hospitals’ routine procedures: induction via intramuscular injection of 3 mg/kg alphaxalone 

(Alfaxan®-CD, RTU; Jurox Pty Ltd., Rutherford, Australia) followed by maintenance using 2% 
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isoflurane in 100% oxygen delivered either through face mask or via cuffed 4-4.5mm 

endotracheal tube. 

 

 

 
In Figure 2.1 Geographical points represent the location (latitude and longitude) from which each individual 
koala was rescued from before admission to hospital with the shape of points depicting which hospital they 
were admitted to; Australia Zoo Wildlife Clinic (AZWH, circle), Friends of the Koala (FOK, triangle), and Port 
Macquarie Koala Hospital (PMKH, square). Red points represent major cities in proximity to koala rescue 
locations. This map was generated in R using the Natural Earth public domain package. 

Figure 2.1: Map of Australian states Queensland and New South Wales (truncated) and the distribution 
of sampled koalas.  
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Blood (3 mL) was collected from the cephalic or saphenous veins into an EDTA tube 

(Vacuette® Tube, Greiner Bio-One GmBH, Kremsmünster, Austria) and processed into whole 

blood and buffy coat separations. EDTA whole blood was divided into two 300 µL aliquots, 

one preserved in 900 µL RNAlaterTM (Qiagen). The remaining EDTA blood was then 

centrifugated at 1,000 x g for 10 min. From the separated EDTA blood, 250 µL of the buffy 

coat layer was aliquoted with 750 µL RNAlaterTM (Qiagen) for RNA analysis. All cryogenic vials 

containing RNAlaterTM (Qiagen) were left at ambient temperature for 24 hours and then 

stored at -20°C until analysis. All other cryogenic vials were stored at -80°C until analysis. Dry 

aluminium shaft cotton tipped swabs (Copan Italia, Brasica, Italy) were used to sample the 

urogenital mucosa (the urogenital sinus in females and the urethra in males), oropharyngeal 

mucosa, and left and right conjunctivae. Swab tips were cut into respectively labelled 

cryogenic vials (Biologix Grp Ltd, Kansas, United States) and stored at -80°C.  

 

Clinical information included data recorded from visual assessments, ultrasonography, x-ray, 

haematology and biochemistry, urinalysis, paracentesis, point of care C. pecorum LAMP 

assays, laparotomy examinations, faecal wet preparations, blood smears, bone marrow 

aspirates, and post-mortem assessment. When conducted, all clinic-based loop-mediated 

isothermal amplification (LAMP) testing of ocular and urogenital swabs was performed to 

detect C. pecorum shedding, according to the protocols described by Hulse et al. (2019c), with 

the Genie II (OptiGene, Horsham, South of England, UK). Diagnostic modalities were 

employed based on the veterinarian’s assessment of each individual case and influenced by 

facility protocols. Clinical examination data was collated by pooling information recorded by 

the veterinarian and nurses using the standard hospital recording sheets and a standardised 
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recording sheet designed by the researcher. Some cases of euthanasia were not assessed by 

radiography due to severity of trauma, emaciated body condition or acute deterioration in 

clinical condition. In these cases, necropsies were performed to identify internal 

abnormalities (N = 18). Necropsies were conducted on site at respective hospitals with the 

majority completed within 24 hours of euthanasia. Most carcasses were stored at 0 – 4°C until 

necropsy that same day. Three were examined after 48 hours after storage at 0 – 4°C. All 

necropsies followed the methods outlined by the Koala Health Hub and using their koala 

necropsy record sheet (Koala Health Hub, 2019). Photos were taken to accompany written 

records of necropsy findings.  

 

Categorisation of clinical groups: 

Clinical groups of interest included the presentation of clinical chlamydiosis, untreatable 

chlamydiosis, and reproductive disease in females, specifically. These were used as 

dependent binary outcome variables. As outlined in the clinical criteria table (Supplementary 

materials: Table 7.3), cases were designated (1) ‘clinical chlamydiosis’ if presenting with wet-

bottom (evidence of recent or current incontinence) and/or conjunctivitis (swelling, 

proliferation and/or inflammation of the conjunctiva +/- cataracts or ocular ulceration), 

cystitis (thickened bladder walls and inflammation observed on ultrasound using doppler) +/- 

other urinary tract abnormalities including renal disease (hyperechoic medulla on ultrasound, 

hydronephrosis, hydroureter), and/or reproductive disease observed on ultrasound (ovarian 

bursal cyst(s), pyometra, uterine oedema, endometriosis). It should also be noted that koalas 

with any of these clinical signs may also have presented with other abnormalities such as 

candidiasis, anaemia, poor body condition, trauma, etc, and that it is possible for unidentified 

pathogens to have caused clinical signs of disease. If koalas presented with no abnormalities, 
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or with abnormalities but without clinical signs attributable to C. pecorum infection, they were 

classed as (0) ‘no clinical signs of chlamydiosis’. Koalas with clinical chlamydiosis were sub-

classified as (1) ‘untreatable chlamydiosis’ if they were euthanised on admission or (0) 

‘admitted for chlamydiosis treatment’ to explore the relationships between co-infections and 

the severity of clinical conditions. Euthanasia was elected on welfare grounds where 

prognosis was poor due to untreatable/irreparable structural damage to tissues/organs 

derived from disease and/or trauma, or complex comorbidities in conjunction with 

emaciation and/or mature age (age > 10 years old). Finally, to determine the importance of 

co-infections to the prediction of reproductive disease, female koalas were classified as either 

(1) presenting with evidence of ‘reproductive disease’ as described above, or (0) ‘no evidence 

of reproductive disease’.  

 

Pathogen detection techniques 

Gene transcription 

Of the 115 koalas sampled on admission, 101 had buffy coat samples available for RNA 

extraction. Adequate buffy coat samples are difficult to collect when the initial blood 

collection is low in volume or becomes clotted. This is often the case in koalas with clinically 

severe trauma or disease where dehydration and shock decrease the blood pressure. RNA 

was extracted from available buffy coat samples stored in RNAlater using the RNeasy® Mini 

Kit (QIAGEN) following the manufacturer’s instructions. The purity and concentration of 

nucleic acid in extracted RNA samples was determined using a Nanodrop Spectrophotometer 

ND-1000 (Thermo Fisher Scientific Co., Waltham, MA, USA) followed by specific quantification 

of RNA and measure of RNA integrity and quality (IQ) using the Qubit ® RNA HS Assay Kit 

(Q32852) and Qubit ® RNA IQ Assay Kit (Q33222) on the benchtop Qubit™ 4 Fluorometer 

https://www.thermofisher.com/order/catalog/product/Q32852
https://www.thermofisher.com/order/catalog/product/Q33222


 
 

72 

(Invitrogen, Thermo Fisher Scientific), respectively. The extracted RNA samples were stored 

at −80 °C until required. 

 

A custom NanoString nCounter plex-set (NanoString Technologies, WA, USA) was designed to 

quantify transcribed mRNA from a multiplexed set of 72 genes of interest for koala biological 

and pathological pathways (Supplementary Table 7.4). While different panels may 

demonstrate variations in sensitivity and specificity due to probe-specific biological 

variations, overall the NanoString nCounter platform has demonstrated comparable or 

improved results compared to RT-qPCR (Hyeon et al., 2017; Pescarmona et al., 2019), 

microarrays (Geiss et al., 2008), immunohistochemistry and fluorescence in situ hybridisation 

(Hyeon et al., 2017), and RNA-Seq (Bondar et al., 2020; Veldman-Jones et al., 2015). For this 

study, only pathogen gene targets (14/72) were examined to determine relationships 

between infection status and clinical outcomes in koalas. Similarly to previous NanoString 

panel designs for the koala (Olagoke et al., 2020b; Quigley et al., 2023), four housekeeping 

genes (GAPDH, ACTB, Stx12, Nckap1l) were included for normalisation of data (Sarker et al., 

2018).  

 

The fourteen infectious agent genes included four KoRV genes targeting three major env 

subtypes (KoRVAenvRBD, KoRVBenvRBD and KoRVDenvRBD), the immunosuppressive 

domain (KoRVenvCKS17), and the pol gene (KoRVpol) (Quigley et al., 2023). For C. pecorum, 

the single-copy conserved hypothetical protein CpecG_0573 was included as a general 

pathogen detection target (Jelocnik et al., 2015; Jelocnik et al., 2017), the chaperonin GroEL 

gene encoding the C. pecorum heat-shock protein 60 (Cpec_hsp60) (White et al., 2021), C. 

pecorum strain L17 major outer membrane protein (ompA) gene (Mohamad et al., 2014; 
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Quigley et al., 2023), and C. pecorum strain L1 plasmid pCpecL1 (Pgp3) gene was included 

(Jelocnik et al., 2016). For PhaHV detection, the PhaHV-1 (Vaz et al., 2011) and PhaHV-2 (Vaz 

et al., 2012) specific DNA dependent DNA polymerase gene (dpol) was included. Finally, for 

trypanosome detection the species-specific 18s rRNA regions were targeted for Trypanosome 

copemani (McInnes et al., 2011b), T. gilletti (McInnes et al., 2011b), and T. irwini (McInnes et 

al., 2009). Blasting of the C. pecorum gene probes confirmed specificity to the C. pecorum 

species. Given that buffy coat samples were used, detection of transcription for each 

infectious agent gene is hereafter referred to as ‘circulating infection’ of each target. 

 

Using the RNA quality and quantification results obtained from the previously described 

methods, a total concentration of 50 – 100 ng in a total volume of 7-10 µL of eluted RNA was 

prepared using RNA/DNA free water to adjust concentrations. Additional quality control and 

sample normalisation was completed by Ramaciotti Centre for Genomics, UNSW, Sydney, 

Australia preceding mRNA analysis and transcript counting which was performed by the same 

institute according to the manufacturers protocol (NanoString Technologies, WA, USA).  

Briefly, this process included mRNA hybridisation with both reporter and capture probes 

according to the nCounter XT CodeSet Gene Expression Assays Protocol (NanoString 

Technologies, WA, USA). A NanoString nCounter FLEX Analysis System (NanoString 

Technologies, WA, USA) was then used as per the manufacturer’s recommendations for 

purification and transcript counting. Final transcript counts were determined using a Digital 

Analyzer (NanoString Technologies, WA, USA). 

 

Raw data was analysed using nSolver™ 4.0 Analysis Software (NanoString Technologies, WA, 

USA). Briefly, Reporter Code Count (RCC) files containing barcode counts from each gene and 
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control within each lane in the CodeSet and Reporter Library Files (RLF) including instrument 

and gene probe information were loaded into nSolverTM. Only samples with housekeeping 

gene transcription levels exceeding 50 counts were considered for analysis. Using this 

criterion, 7 samples were omitted from the analysis.  

 

While a Trypanosome, PhaHV-1 or PhaHV-2, or KoRV free population was not available to 

validate the detection threshold for gene mRNA counts, data from a C. pecorum free 

population was. As a preliminary validation, we tested two approaches to thresholding counts 

for C. pecorum gene targets, Cpec_hsp60 and CpecG_0573 in a small sample set acquired from 

a known “Chlamydia free” wild koala population in Campbelltown, NSW, Australia (N = 33): 

(1) using raw counts compared to (2) normalised counts. For this Campbelltown sample set, 

samples were obtained, processed, stored, and extracted utilising the same methods 

reported above. Because the NanoString 72-plex panel design was refined to a 48-plex design 

following investigations using the sample population of this study (termed ‘DAWE’), later 

investigations using Campbelltown samples do not have data for C. pecorum ompA and pGP3 

genes. Raw counts were compared to normalised counts according to gene using box-plot 

scatter plots visualisation. 

 

Based on the effect of normalisation observed on C. pecorum gene targets, which mostly 

elevated background levels, raw counts were used to classify detection in non-ubiquitous 

infectious agent genes. As suggested by NanoString Technologies (NanoString Technologies 

Inc, 2009, 2017), transcription counts below 20 cannot be discerned from background noise 

so any samples with raw expression levels below this threshold were flagged as below the 

limit of detection (LOD) and were considered negative. Any sample with raw expression levels 
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above this threshold were considered positive for circulating infection of the associated 

infectious agent. The distribution of raw counts above and below the threshold, and the 

resulting number of samples classified as ‘positive’ for gene transcription is presented in a 

box-plot. Quantification of gene transcription was conducted in samples that were considered 

positive for detection of an infectious agent. In these samples, counts were adjusted against 

expression thresholds to account for differences in sample content and normalised against 

housekeeping genes (GAPDH, ACTB, Stx12 & Nckap1l). 

 

Mucosal C. pecorum DNA qPCR 

DNA was extracted from urogenital (UGT) and ocular swabs using the MagMAX™ CORE 

Nucleic Acid Purification Kit (Thermo Fisher cat# A32702; ThermoFisher Scientific, Waltham, 

MA, USA) with modifications to the manufacturer’s instructions. Swab samples were shaved 

into a 1.5 mL tube containing 350 µL of MagMAX CORE Lysis Solution and 10 µL of Proteinase 

K and incubated for 1 hour at 56°C. The lysate was then added to a 96DW-plate containing 

350 µL of MagMAX CORE Binding Solution and 20 µL of MagMAX CORE Magnetic Beads, then 

immediately processed on a KingFisherTM Flex automated extraction instrument using the 

MagMax_Core_Flex protocol. Each extraction batch contained a sterile unused swab as an 

extraction blank. DNA was eluted to a final volume of 100 µL and stored at -80°C until analysis.  

 

Extracts were assessed in a multiplex real-time qPCR using a CFX96 TouchTM Real-Time PCR 

Detection System with the corresponding CFX Maestro software (Bio-Rad, Australia). Briefly, 

this PCR included a Chlamydia genus (23S) and species (C. pecorum) ompB gene primer set as 

well as a sample quality control that quantified host DNA by amplification of the koala β-actin 

gene. Detailed information on the primer set adapted from (Hulse et al., 2018) is described in 
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Supplementary materials Table 7.5. A total PCR reaction volume of 20 µL consisted of 400 nM 

of each primer, 200 nM of each probe, 10 µL of SensiFASTTM Probe No-ROX (Bioline cat# BIO-

86005), 4.4 µL dH2O and 2 µL of DNA template. Samples were analysed in duplicates and a 

negative control (no template control; dH2O) was included. A pUCIDT-AMP vector (Integrated 

DNA Technologies, USA) containing the 3 target regions and flanking sequences (β-actin, C. 

pecorum and Chlamydia genus) was used as a synthetic positive control to generate a 

quantification standard curve at 10-fold dilutions, ranging from 103 to 107 copies. PCR plates 

were prepared manually or using a Myra Liquid Handling System (Bio Molecular Systems). 

qPCR conditions consisted of an initial 3-min denaturation at 95°C (1 cycle) followed by 40 

cycles of a 10 s denaturation at 95°C and a 40 s annealing at 58°C.  

 

As a quality control, samples that repeatedly failed to amplify β-actin were not included in 

further analysis (ocular samples, N = 6; UGT samples, N = 7). Samples were considered positive 

if amplification of β-actin and either C. pecorum ompB or 23s genus, was achieved in both 

duplicates. Any sample with discordant results between duplicates was retested and samples 

that failed to amplify were re-run at 1:10 dilution to dilute inhibitors. LOD was determined 

using probit regression analysis for this assay and was found to be 86 copies of C. pecorum 

per reaction (95%CI) (Premachandra et al., 2024). Hence, samples with copy counts below 

this threshold were not included in quantitative analysis. Quantitative results were reported 

as β-actin normalised C. pecorum counts by dividing ompB gene counts by β-actin gene 

counts. qPCR efficiencies were between 89-100% and intra-assay variation below 5% for all 

genes. 
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PhaHV-1 & -2 DNA qPCR 

DNA was extracted from oropharyngeal swabs using the same methods described for 

urogenital and ocular swabs above. Oropharyngeal swab extracts were analysed using the 

same PhaHV-1 dpol and PhaHV-2 dpol DNA qPCR design and method described by (Wright et 

al., 2023) and (Church et al., 2025), respectively. Koala β-actin was included as a DNA quality 

and quantity control (Hulse et al., 2018). The primers listed in Supplementary materials Table 

7.5 were used at a concentration of 250 nM in a total reaction volume of 20 µL using 2 µL 

DNA template and SsoAdvancedTM Universal SYBR® Green Supermix (Bio-Rad, Australia 

#1725270). A pMG-Amp vector (Macrogen, South Korea) synthetic plasmid (positive control) 

containing the target region and flanking sequence (PhaHV-1: 166 bp, PhaHV-2: 87bp) was 

used to generate a standard curve at 10-fold dilutions to quantify viral loads (ranging from 

103 to 107 copies/µL). qPCR conditions consisted of an initial 3-min denaturation at 95°C (1 

cycle) followed by 40 cycles of a 10 s denaturation at 95°C, and then a 30 s 

annealing/extension at 56°C. Finally, a melt curve at 56 - 95°C for PhaHV-1 and 65 – 90°C for 

PhaHV-2 at 0.5°C increments was produced. A sample was considered positive if both 

duplicates amplified β-actin and produced a melt curve at 81 – 81.5°C for PhaHV-1 and/or at 

87 – 87.5°C for PhaHV-2. Any sample with discordant results between duplicates was retested 

and samples that failed to amplify were re-run at 1:10 dilution to dilute potential inhibitors. 

Samples which failed to amplify koala β-actin were excluded from further analysis (PhaHV-1, 

N = 4; PhaHV-2, N = 1). For quantitative analysis, the limit of quantification (95%CI) of PhaHV-

1 and PhaHV-2 was 12 copies and 133 copies per reaction, respectively. Samples resulting in 

counts for PhaHV1 or PhaHV-2 below this threshold were not included in quantitative 

analysis. qPCR efficiencies ranged between 90.2–103.9% for PhaHV-1 and 90.2-96.7% for 

PhaHV-2 and the inter-assay variation was less than 5% for both targets. 
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KoRV pol (cDNA) and proviral (DNA) qPCR 

For KoRV pol expression, 16 µL of extracted buffy coat RNA, extracted using methods 

previously described for NanoString, were DNAse treated as neat samples using the DNase I, 

RNase-free (1U/ µL) kit #EN0521 (Thermo ScientificTM) alongside a blank control (dH2O) 

following the manufacturer’s instructions. A final volume of 20 µL DNAse treated samples 

underwent cDNA synthesis using RevertAid First Strand cDNA Synthesis Kit (#K1622, 

ThermoFischer) following the manufacturer’s instructions. Cycling was completed using a 

T100 Thermal Cycle (Bio-Rad) and consisted of 5 min at 25°C, followed by 42°C for 1 hour, 

then 70°C for 5 min. RT positive and RT negative cDNA products, and DNAse and cDNA blank 

controls were then assessed in a KoRV pol quantitative PCR (RT-qPCR). 

 

For KoRV proviral pol, DNA was extracted from EDTA whole blood samples using a MagMAX 

CORE Nucleic Acid Purification Kit (Thermo Fisher cat# A32702; Thermo Fisher Scientific, 

Waltham, MA, USA). Briefly, 200 μL of EDTA blood was added into a 1.5 mL tube containing 

350 μL of MagMAX CORE Lysis Solution and 10 μL of Proteinase K and incubated at 56 °C for 

10 min. The lysate was then added to a 96DW-plate containing 350 μL of MagMAX CORE 

Binding Solution and 20 μL of MagMAX CORE Magnetic Beads, then immediately processed 

on a KingFisherTM Flex automated extraction instrument, using the MagMax_Core_Flex 

protocol. DNA was eluted to a final volume of 100 μL. Each extraction batch contained one 

no-DNA blank (sterile PBS) to control for potential contamination. DNA extracts were then 

diluted 1:10 using dH2O for qPCR.  
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Both diluted DNA and neat cDNA were assessed using the same KoRV pol qPCR protocol. PCR 

plates were prepared manually and using a Myra Liquid Handling System (Bio Molecular 

Systems). Separate master mixes were generated for KoRV pol gene detection and koala β-

actin reference gene detection and applied to independent wells so that DNA (for whole 

blood extracts) and cDNA (for buffy coat extracts) quality and quantity could be assessed in 

real-time alongside KoRV pol. Primer and probe sets used are described in Supplementary 

materials Table 7.5. For each KoRV pol reaction, a total volume of 20 μL comprised of 0.6 μL 

of primer (10 μM), 0.2 μL of probe (10 μM), 10 μL of SensiFASTTM Probe No-ROX (Bioline cat# 

BIO-86005), 6.6 µL dH2O and 2 μL of template. Each 20 μL β-actin reaction comprised of 0.8 

μL of each primer (10 µM),0.4 μL of the  probe (10 µM), 10 μL of SensiFASTTM Probe No-ROX 

(Bioline cat# BIO-86005), 6 μL dH2O and 2 μL of template. 

 

Samples were run in duplicates alongside a serial dilution of a positive standard (synthetic 

KoRV pol positive control) and an NTC (no template control; dH2O). qPCR conditions consisted 

of an initial 3 min denaturation at 95°C (1 cycle) followed by 40 cycles of a 10 s denaturation 

at 95°C and a 40 s annealing at 60°C. The limit of quantification for this assay was determined 

to be 21 copies per reaction and no samples were excluded.  For KoRV pol qPCR using cDNA, 

only copy counts from samples with at least a 10 cycle (Ct) difference between the respective 

RT- and RT+ were retained for further analysis (Laurell et al., 2012). Circulating KoRV pol 

quantities are reported as β-actin normalised KoRV pol copies per mL of template by taking 

the ratio of KoRV pol counts per μL to koala β-actin counts per μL x 1000. qPCR efficiencies 

for the KoRV pol gene ranged between 90.6–100% for analysis of DNA samples and 87.2-103% 

for cDNA samples and the inter-assay variation being less than 5% and less than 6%, 

respectively. 
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Statistical Analysis:  

The distribution of age in the population was assessed using histograms and Shapiro-Wilk 

normality tests. Due to a non-normal distribution, age was reformed as a 3 levelled factor: 

young adult (1.5-3 years old), adult (>3-9 years old), and aged (>9-12 years old). The 

proportions of male and female koalas were compared using chi-squared tests of 

independence and were considered equally distributed between all infectious agent groups 

but showed significant differences in select clinical groups. Co-infection combinations are 

presented in a Venn diagram. 

 

For Generalized Linear Models (GLM), all non-ubiquitously detected markers were 

transformed into binary variables (detected (1), not detected (0)) to improve the assessable 

sample sizes. To ensure meaningful contributions to model estimations by avoiding low 

variation and high data skewness, only markers with a minimum of 10 events were included 

in GLM analysis as independent variables (Courvoisier et al., 2011; Peduzzi et al., 1996; 

Vittinghoff & McCulloch, 2006). Hence, circulating C. pecorum, PhaHV-1, PhaHV-2, and T. 

gilletti transcription status were excluded. Correlations between the five ubiquitous KoRV 

markers (KoRV pol cDNA/mL, KoRV pol DNA/mL, KoRV env A mRNA, KoRV env D mRNA, KoRV 

env CKS17 mRNA) were assessed using Spearman’s Rank correlations, firstly without 

considering KoRV env B (N = 95) and then in KoRV env B positive koalas (N = 29). In the cases 

of strong and significant co-correlations (r > 0.7, p < 0.05), the parameter with the greatest 

sample size was retained for further analysis (KoRV pol cDNA/mL). Residual plots were 

constructed, and Shapiro Wilk tests performed to check for normality of continuous variables. 

Log10 transformation was applied to non-normal variables.  

 



 
 

81 

Four separate GLMs were conducted to test the effect of co-infection variables on (1) mucosal 

C. pecorum detection (N = 87), (2) the presentation of clinical chlamydiosis (N = 87), (3) 

untreatable chlamydiosis (N = 48), and (4) reproductive disease in females (N = 50). These are 

referred to as “global models (1-4)”. In each global model, age group (young adult, adult, & 

aged), mucosal PhaHV-1, PhaHV-2, and circulating T. copemani, T. irwini and KoRV-B 

detection were used as independent factor variables and KoRV pol transcription and proviral 

loads as independent continuous variables. Mucosal C. pecorum detection was included as an 

independent factor variable in global models 2-4. Sex (male = 0 or female = 1), was included 

as an independent factor variable in global models 1-3. Observations with missing data for 

any of the assessed variables were removed as required for GLMs. To the best models and 

the relative importance of each independent variable on the outcome, global model 

coefficients were standardised and model averaging was undertaken using the MuMIn 

package (Barton, 2023). Comparison of the corrected Akaike’s Information Criterion (AICc) 

estimations between models as well as two associated measures of model fit, delta AICc (Δi) 

and Akaike weights (wi), was used to assess the ”best” fitting models. Akaike weights (wi) are 

a measure of relative strength of evidence for models (Anderson, 2002). Only models 

returning Δi < 2 were considered for model averaging. Precision of model-averaged estimates, 

also termed the unconditional SE, and unconditional 95% confidence intervals were 

calculated. All statistical analysis were performed using R Statistical Environment (Version 

2022.12.0+353) (R Development Core Team, 2024) and statistical significance threshold of p-

value < 0.05 was applied to all tests conducted. A network plot was generated to summarise 

the relative importance of predictors with RI > 0.5 and the direction of the interaction 

between predictors and outcome variables. The thickness of arrows between predictors and 
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outcome variables reflects the magnitude of RI (0.5-1) and the colour indicates a positive 

(black) or negative (red) interaction. 

 

2.5 Results: 

Classification of pathogen ‘detection’ using NanoString: 

Samples taken from koalas originating from a “chlamydia-free” population (n = 33) did not 

demonstrate raw counts above the LOD threshold (20 mRNA counts) for Cpec_Hsp60 mRNA 

counts (Figure 2.2). One koala demonstrated CpecG_0573 mRNA counts above the LOD 

(Figure 2.2). Normalisation markedly increased the number of counts above the LOD for both 

genes in the chlamydia free population, indicating that raw counts should be used to reduce 

false positives.  
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Figure 2.2: Raw and normalised mRNA counts for C. pecorum gene targets quantified using NanoString 
nCounter between two datasets obtained from Chlamydia-free and Chlamydia-affected koala 
populations. 

In Figure 2.2 four scatter-box-plots present the raw (first column) and normalised (second column) mRNA 
counts for C. pecorum gene targets: Cpec_hsp60 & CpecG_0573. Counts are separated by dataset and 
coloured by Chlamydia status: Campbelltown – a chlamydia free koala population (pink), and DAWE – 
sample populations of koalas from Chlamydia-affected areas analysed (blue). DAWE refers to the grant 
providers for the dataset: Department of Air, Water, and Environment (DAWE).  
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Using raw counts, most infectious agent genes were detected above the LOD (20 counts) in 

at least one sample (Figure 2.3).  As expected due to their high transcription loads in northern 

koalas (Blyton et al., 2022d; Sarker et al., 2020a; Sarker et al., 2019; Tarlinton et al., 2022c), 

all raw counts were above the LOD for several KoRV genes: KoRVAenvRBD, KoRVDenvRBD, 

KoRVenvCKS17, and KoRVpol. Therefore, counts for these four genes were normalised for 

further analysis as continuous variables. 

 

Figure 2.3: Raw mRNA counts according to gene and the number of cases above the LOD. 

In Figure 2.3, box-plots with scatter points are displayed demonstrating the distribution of raw counts 
according to gene. The limit of detection (LOD) for NanoString is plotted as a red dotted line at 20 counts 
on the y-axis to demonstrate counts that fall above or below the threshold. The number of cases with counts 
above the LOD, which were classified as positive for gene transcription detection are indicated above each 
box-plot. In total, 98 koalas had analysable data from NanoString. 

 
 

Frequency of C. pecorum detection: 

In the current study, detection of C. pecorum mRNA from buffy coats identified cases 

potentially infected by C. pecorum that were not identified using DNA detection at mucosal 

sites alone. Nine mucosal and 17 buffy coat samples were excluded from analysis due to 
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either missing or poor-quality extracts. Of 93 koalas with conclusive results for all C. pecorum 

detection parameters, 61.1% (51/93) were positive for at least one C. pecorum target (Table 

2.1). In these C. pecorum positive koalas, mucosal C. pecorum was most frequently detected 

(86.3%, 44/51), followed by combined mucosal and circulating C. pecorum (7.8%, 4/51), then 

by circulating C. pecorum only (5.8%, 3/51).  

 

Table 2.1: Detection frequency of infectious agents and specific targets on admission 

 

 

Infectious 
agent 

Sample Type Target 
N samples 

tested 
Positive count 

Positive frequency 
(%) 

C. pecorum Mucosal Ocular 110 25 22.7 
Urogenital 108 56 51.8 

 Total Mucosal1 106 60 56.5 
Circulating G_0573 98 2 2.0 

Hsp60 98 4 4.1 
OmpA 98 1 1.0 

Pgp3 98 1 1.0 
Total Circulating2 98 8 8.2 

PhaHV Mucosal PhaHV-1 112 66 58.9 
PhaHV-2 112 23 20.5 

 Total Mucosal1 112 71 63.4 
Circulating PhaHV-1 98 2 2.0 

PhaHV-2 98 4 4.1 
Total Circulating2 98 5 5.0 

KoRV Circulating KoRV pol DNA 112 112 100 
KoRV pol cDNA 113 113 100 

KoRV pol mRNA 98 98 100 
KoRV env A 98 98 100 
KoRV env B 98 33 34.7 
KoRV env D 98 98 100 

KoRV env CKS17 98 98 100 

Trypanosomes Circulating T. irwini 98 59 60.2 
T. copemani 98 27 27.6 

T. gilletti 98 3 3.1 
Total Circulating2 98 62 63.3 

1 Grouping all positive results for infectious agent at mucosal sites: C. pecorum at UGT or ocular sites, and 
PhaHV-1 or PhaHV-2 at oropharyngeal site. 

2 Grouping all positive results for infectious agent gene transcription to represent circulating presence: C. 
pecorum = G_0573, Hsp60, OmpA and/or PgP3, PhaHV = PhaHV-1 and/or PhaHV-2, Trypanosomes = T. 
copemani, T. gilletti, and/or T.irwini. 
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Frequency of PhaHV-1 & PhaHV-2 detection: 

PhaHV DNA and/or mRNA was detected in 68.9% (73/106) of koalas in the study cohort. 

Irrespective of detection site, PhaHV-1 and PhaHV-2 infection was identified in 62.1% 

(64/103) and 26.7% (28/105) of koalas, respectively. PhaHV infection largely consisted of 

mucosal PhaHV-1 and combined mucosal PhaHV-1 and PhaHV-2 (Table 2.2). Overall, there 

were a total of 95/115 samples with available results for all PhaHV targets (Table 2.2). Single 

type PhaHV infection was more common than combined PhaHV-1 & PhaHV-2 co-infection; 

75.8% (47/62) vs 24.2% (15/62), respectively (Table 2.2). Detection of PhaHV-1 and PhaHV-2 

in circulation was rare: 2.1% (2/95) and 4.2% (4/95), respectively (Figure 2.2). Of note, two 

cases with circulating PhaHV-2 did not have detectable mucosal shedding. PhaHV-2 mucosal 

detection was significantly associated with geographic origin (p < 0.001). The odds of a koala 

shedding mucosal PhaHV-2 was 6.33 times greater if they originated from NSW compared to 

Qld (12/24, 50%; vs 12/78, 15.4 %, c2 = 13.2, df = 1, p < 0.001; Odds ratio = 6.33, 95%CI = 2.3-

17.9). It should be highlighted that 75% (9/12) of PhaHV-2 positive koalas from NSW 

originated from Port Macquarie, while koalas from Port Macquarie only represented 45% 

(12/25) of those from NSW in this study.  

 
Table 2.2: Frequency of detection of mucosal and circulating PhaHV -1 & -2 in koalas with 
complete results for all targets 

PhaHV Infection Combinations Count % 

PhaHV1 Mucosal 40 42.1 
PhaHV2 Mucosal 4 4.2 
PhaHV2 Circulating 2 2.1 
PhaHV1 Mucosal x PhaHV2 Mucosal 13 13.6 
PhaHV1 Mucosal x PhaHV1 Circulating 1 1.1 
PhaHV1 Mucosal x PhaHV2 Circulating 1 1.1 
PhaHV1 Mucosal x PhaHV1 Circulating x PhaHV2 Circulating 1 1.1 
None 33 34.7 
Total 95 100 
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Frequency of KoRV detection: 

All KoRV parameters, apart from KoRV-B env mRNA (detection frequency 33/98, 33.7%), were 

detected ubiquitously and were quantifiable in the analysed sample population (Table 2.1, 

Figure 2.4). All KoRV parameters were non-normally distributed and were Log10 transformed 

to assess Spearman’s correlations. Strong and significant correlations existed between most 

KoRV pol cDNA (qPCR) and mRNA (Nanostring) parameters (Figure 2.4). Therefore, to avoid 

effects of multicollinearity in downstream models, KoRV pol cDNA/mL was used as a 

representative for KoRV transcription in further analysis due to greater sample size. KoRV pol 

proviral DNA copies/mL did not correlate with cDNA or mRNA parameters and was retained 

as an independent predictor in further analysis. 

 

 

Figure 2.4: Pearson’s correlation matrices of KoRV markers.  

In Figure 2.4, (A) Depicts correlations between parameters without KoRV B results using 95 observations. 
(B) Correlations between all markers, inclusive of KoRV B, using 29 observations. Correlations marked X are 
insignificant (p > 0.05). 

 

 

 



 
 

88 

Frequency of Trypanosome detection: 

Trypanosome mRNA was detected in 63.3% of analysed buffy coat samples (62/98) with gene 

transcription for more than one species detected in 40.3% of those (25/62). T. irwini was the 

most prevalent trypanosome infection, followed by T. copemani. T. gilletti was the least 

prevalent (3/98) and 100% of T. gilletti detection occurred alongside either T. copemani or T. 

irwini. Similarly, 88.9% of samples with T. copemani gene transcription also transcribed T. 

irwini. Due to low frequency of detection for T. gilletti (Figure 2.3), only T. copemani and T. 

irwini were assessed further. 

 

Frequency of chlamydial co-infections: 

The detection frequencies of most assessed infectious agents were high. As a result, the 

frequency of co-infection among chlamydia-infected koalas was also high within the 

examined population (Figure 2.5). Of the 66 koalas in which mucosal and/or circulating C. 

pecorum was detected (61.1%), only 5 cases (6%) had C. pecorum infection alone (irrespective 

of ubiquitously expressed KoRV, Figure 2.5). The odds that a C. pecorum infected koala was 

co-infected with mucosal or circulating PhaHV -1 and/or PhaHV -2 was 3.1 times the odds of 

a C. pecorum negative koala (49/63, 77.8%; vs 21/40, 52.5%, χ2 = 6.06, df = 1, p = 0.014; Odds 

ratio = 3.12, 95%CI = 1.32-7.55, p = 0.009). Specifically, koalas with C. pecorum infection had 

2.8 times and 2.9 times the odds of shedding PhaHV-1 or PhaHV-2, respectively: 44/65, 67.7%; 

vs 17/40, 42.5%; χ2 = 5.46, df = 1, p = 0.019; Odds ratio = 2.79, 95%CI = 1.24-6.45, p = 0.012, 

and 19/66, 28.7%; vs 5/42, 11.9%; χ2 = 3.31, df = 1, p = 0.068; Odds ratio = 2.91, 95%CI = 1.04-

9.64, p = 0.04. Mucosal loads of C. pecorum DNA were not significantly correlated with either 

PhaHV-1 or PhaHV-2 DNA loads (N = 38, Cor = 0.08, p > 0.05; N = 16, r = 0.05, p > 0.05). When 

co-infection combinations were assessed in koalas with results for all infectious agent targets 
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(N = 92), the most common infection combination included C. pecorum, PhaHV-1, KoRV B and 

trypanosome tri-infection irrespective of detection site or trypanosome species (13/92, 

Figure 2.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Euler venn diagram of complete pathogen detection status. 

Euler venn diagram demonstrating the full pathogen detection results for 92 koalas with complete results 
for all targets. Positive detection of different markers representing the same pathogen were combined so 
that each case had one result per pathogen: C. pecorum includes detection at mucosal sites and/or 
transcription of genes CpecG_0573, Cpec_hsp60, ompA, or pGP3 in circulation, PhaHV-1 and PhaHV-2 
includes detection of each respective type at mucosal sites or in circulation, Trypanosomes include detection 
of any of the three species, T. copemani, T. gilletti, and/or T. irwini in circulation. KoRV B is depicted 
independently from other KoRV targets as it was not ubiquitously detected. All 92 koalas were positive for 
KoRV pol, KoRV A env, KoRV D env, and KoRV CKS17 env transcription in circulation. In total, 23/115 koalas 
in the whole sample population had missing/inconclusive results for any one pathogen and were exluded. 
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General Linear Models: The relationships between co-infections and disease outcomes  

Clinical characteristics of tested koalas: 

Of the 115 koalas sampled on admission to hospitals, 61% presented with clinical signs of 

chlamydiosis including any one or combination of cystitis, conjunctivitis and reproductive 

disease (Figure 2.6B). The remaining koalas presented with trauma (n = 17), disease other 

than chlamydiosis (n = 8), and no clinical abnormalities (n = 20). In total, 71 koalas (62% of 

admissions) were retained for rehabilitation and the remainder were euthanised following 

clinical assessment. Of the euthanised koalas, 84% (N = 37) were classed as ‘untreatable 

chlamydiosis’. Female koalas represented 60% of the sampled population (Figure 2.6A). Over 

half of female koalas presented with evidence of reproductive disease on admission with or 

without other signs of chlamydiosis. Reproductive disease was the leading cause for 

euthanasia in the sample population (45.5%).  

 

The distribution of age groups and sex were unequal within the sampled cohort (Figure 2.6A). 

Females were more frequently represented by the following categories: Chlamydiosis (χ2 = 

7.94, df = 1, p < 0.01), non-treatable chlamydiosis (χ2 = 12.96, df = 1, p < 0.001), cystitis (χ2 = 

5.51, df = 1, p < 0.05), and reproductive disease (χ2 = 32.55, df = 1, p < 0.001). Significantly 

fewer young-adult koalas were shedding mucosal C. pecorum in comparison to adults (χ2 = 

8.42, df = 2, adj. p < 0.05) and mucosal PhaHV-1 in comparison to adults (χ2 = 16.55, df = 2, 

adj. p < 0.001) and aged koalas (χ2 = 16.55, df = 2, adj. p < 0.01). Examination for male 

reproductive disease was not conducted in this study, so modelling for reproductive disease 

was only performed on the female subset.  
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Figure 2.6: Distribution of age, sex, and clinical presentations. 
 

Figure 2.6 presents graphical summaries of demongraphic and clinical status. (A) Pyramid plot showing 
counts of koalas within each age group according to sex. (B) Bar plot of the clinical allocation count for 115 
koalas admitted to hospital including the proportion of specific chlamydiosis-clinical signs detected in cases. 

 

C. pecorum mucosal shedding: 

The selected “best model” explaining the differences in likelihood of shedding C. pecorum at 

mucosal sites (urogenital or ocular) included positive relationships with female koalas, 



 
 

92 

detection of KoRV-B env, mucosal PhaHV-2 shedding, and with KoRV pol transcription (Table 

2.3). Although the top model included T. copemani as a predictor, the relative importance < 

0.50 and in the next model, which didn’t include T. copemani, the penalisation of AICc and wi 

was considered minor (Δi = 0.20, and change in wi = 0.1). After sex, KoRV-B env detection was 

considered the most important pathogen predictor variable, followed by PhaHV-2 mucosal 

infection, then KoRV pol transcription. Of note, the 95% confidence intervals (CIs) for the 

three pathogen predictors included 1, indicating that while these variables showed positive 

associations of relative importance with C. pecorum mucosal shedding, the increases in odds 

were not statistically significant in this sample. 

Chlamydiosis: 

The best model explaining the differences in the likelihood of koalas presenting with 

chlamydiosis on admission included positive relationships with sex (female), mucosal C. 

pecorum shedding, and mucosal PhaHV-1 shedding. This model had the lowest AICc and 

included all predictors with relative importance > 0.50. C. pecorum mucosal shedding and sex 

(female) were of equal greatest importance to the prediction of chlamydiosis. This was 

followed by mucosal PhaHV-1 shedding.  

Untreatable chlamydiosis: 

The best model explaining differences in the probability of koalas with chlamydiosis requiring 

euthanasia on admission included a positive relationship with sex (female) and PhaHV-1 

mucosal shedding, and a negative relationship with circulating T. irwini infection. However, 

the 95% CI for circulating T. irwini included 1, indicating that while this variable showed 

relatively important negative association with koalas with chlamydiosis being untreatable, the 

decrease in odds was not statistically significant in this sample. 
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Reproductive disease in females: 

The best model explaining differences in the probability of female koalas presenting with 

reproductive abnormalities on admission included positive relationships with mucosal C. 

pecorum shedding, mucosal PhaHV-1 shedding, and KoRV pol proviral loads. This model had 

superior AICc and wi scores and included all predictors with relative importance > 0.50. In fact, 

all three predictors demonstrated equally high levels of relative importance to the prediction 

of reproductive disease in females.  

 
Table 2.3: Best model selections using Akaike Information Criterion corrected for small sample sizes 
(AICc) and model averaging. Models were generated from a global model and ranked by AICc values. 
Model averaging was applied using Akaike weights. 

 
 
 
 
 
 
 
 
 

Best Model 
Number of 

observations 
Number of 
parameters 

AICc 
Delta 
AICc 
(Δi) 

Akaike 
weight 

(wi) 
Coeff SE 

95% CI 
Relative 

importance 

2.5% 97.5%  

C. pecorum mucosal shedding 87 5 114.96 0.20 0.9      

Sex: Female      1.04 0.48 0.11 2.03 1 

Circulating KoRV B      1.02 0.55 -0.04 2.14 0.87 

Mucosal PhaHV-2 shedding      1.02 0.61 -0.13 2.28 0.62 

Log10 KoRV pol cDNA/ml      0.79 0.46 -0.09 1.75 0.60 

Chlamydiosis 87 3 73.44 0.00 0.21      

C. pecorum mucosal shedding      3.39 0.67 2.17 4.87 1 

Sex: Female      1.63 0.67 0.37 3.05 1 

Mucosal PhaHV-1 shedding      1.24 0.65 0.004 2.59 0.91 

Untreatable chlamydiosis 48 3 51.34 0.00 0.17      

Mucosal PhaHV-1 shedding      2.41 0.86 0.84 4.27 1 

Sex: Female      2.73 0.90 1.10 4.72 1 

Circulating T. irwini      -1.42 0.89 -3.36 0.21 0.67 

Reproductive disease 50 3 54.40 0.00 0.45      

C. pecorum mucosal shedding      2.49 0.79 1.04 4.24 1 

Mucosal PhaHV-1  shedding      1.71 0.80 0.23 3.45 1 

Log10 KoRV pol DNA/ml      3.49 1.87 0.91 8.97 1 

Each model presented AICc values, Akaike weights (wi) and delta AICc differences (Δi). Standardised model-averaged coefficients (Coeff) weighted 
unconditional standard errors (SE), 95% confidence intervals (95% CI) and relative importance are provided for each independent variable in the best-
supported models. Relative importance values below 0.5 are shown in red. 
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Figure 2.7: Relative Importance (RI) Network Plot demonstrating the degree of importance of infectious 
predictor variables on clinical outcome variables. 

In Figure 2.7, all variables included as predictors in best models are represented in green ovals, and outcome 
variables in red and green squares. The arrows indicate the direction and positivity (black) or negativity 
(red) of the interaction. While these arrows are unidirectional to clearly define the model design, the 
independent and dependent variables, this study does not denote causation and bidirectionality may exist.  
Only predictors with RI > 0.5 were retained in best model fits and are displayed here. The thickness of the 
dotted arrows represents the magnitude of RI (0.5-1). 

 

2.6 Discussion: 

The findings of this study demonstrate a need to reassess the current understanding of host-

pathogen-environment relationships involved in chlamydiosis of koalas. This first collective 

examination of key infectious agents in northern koalas showed that C. pecorum, PhaHV-1, 

KoRV, were fairly equal in terms of importance to the prediction of chlamydiosis outcomes. 

Of all the assessed pathogen targets, the relationship between clinical chlamydiosis and C. 

pecorum infection appear to be intertwined with PhaHV-1 shedding, KoRV activity, and - to a 

lesser extent – Trypanosome irwini infection (Figure 2.7). Although the detection of C. 

pecorum and PhaHV-1 and -2 were greater at mucosal sites, the successful – albeit low – 

detection of circulating pathogen genes suggests that further studies are required to 
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determine their significance to pathogenesis; CpecG0573, Cpec_hsp60, ompA, Pgp3, PhaHV-

1 dpol, PhaHV-2 dpol, and Tgilletti18S. In particular, the finding of circulating C. pecorum gene 

transcription in koalas without detectable mucosal C. pecorum shedding indicates that 

diagnostic testing of circulatory cell samples should continue to be validated. The strong 

associations found here between PhaHV, C. pecorum, and chlamydiosis mirror those 

identified in humans and mouse models and the pathogenesis of these relationships is worth 

further exploration. Finally, given the combination of expected (KoRV B and viral KoRV pol) 

and unexpected (proviral KoRV pol) associations of KoRV with mucosal C. pecorum and 

chlamydiosis, we discuss the complexities of KoRV’s significance in this condition.   

 

The incorporation of all key koala infectious agents into a single analysis in this study 

demonstrated equal importance of PhaHV and KoRV to koala chlamydiosis and a high 

frequency of co-infection. Previously, the relationships of these agents with disease in 

northern koalas have been studied separately, resulting in an incomplete understanding of 

the relative importance of co-infecting agents and their interrelationships. Although a study 

of PhaHV-1, -2, C. pecorum and KoRV co-infections was conducted in southern koalas (Vaz et 

al., 2019b), direct comparison of our results is limited due to the differences host genetic 

backgrounds and replication competent KoRV activity (Blyton et al., 2022d; Sarker et al., 

2020a; Sarker et al., 2019; Tarlinton et al., 2022b). Here, the inclusion of Trypanosome 

detection revealed that the most common co-infection included C. pecorum, PhaHV-1, KoRV 

(including env subtypes KoRV A, B, & D), and at least one Trypanosome species. Similarly to 

Vaz et al. (2019b), here older koalas and those with C. pecorum had high odds of also being 

co-infected with either PhaHV-1 and/or PhaHV-2. As expected, and corroborating with Vaz et 

al. (2019b), PhaHV-1 shedding was a strong predictor of  C. pecorum shedding and 
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chlamydiosis, but PhaHV-1 shedding and KoRV proviral pol loads were equally important 

indicators of reproductive disease in females, which differed to Vaz et al. (2019b). 

 

Collectively, our results suggest that in northern koalas, to better understand chlamydiosis 

both KoRV and PhaHV should be examined alongside C. pecorum to account for possible 

interactions. While co-infection has yet to be investigated as a mechanism driving the 

variations in the pathogenesis of chlamydiosis in koalas, evidence of co-infection relationships 

exists in humans, mice models, and other animals infected with other Chlamydia spp. (Gieffers 

et al., 2004; Howe et al., 2019; Hyseni, 2021). Considering similar relationships in chlamydial 

disease of humans, association of herpesviral and chlamydial co-infection with chlamydial 

disease outcomes in koalas in this study suggests that these co-infection interactions should 

be further investigated. In this study, over 70% of C. pecorum positive koalas were coinfected 

with either PhaHV-1 and/or PhaHV-2. Contrasting to a study in southern Australian koalas 

(Vaz et al., 2019b), mucosal PhaHV-2 was not strongly associated with the detection of C. 

pecorum (circulating and/or mucosal) or clinical disease, whereas mucosal PhaHV-1 was 

strongly associated with C. pecorum infection and clinical disease.  

 

Although Figure 2.7 reflects these interactions with a unidirectional arrow, we emphasise that 

this study does not denote causation. Given the propensity for herpesviruses to be 

reactivated with tissue and DNA damage and immunosuppression in humans (Huang et al., 

2023; Libert et al., 2015; Shulgina et al., 2025; Simonnet et al., 2021) and other animals 

(Krstanović et al., 2025; Santos et al., 2020; Tempesta et al., 1998), the relationship between 

PhaHV-1, C. pecorum infection and chlamydiosis may be bi-directional. As in koalas, the 

pathogenesis of reproductive disease and other fibrotic conditions associated with chronic 
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chlamydiosis of humans has not been determined (Callan et al., 2021). However, urogenital 

microbiome and virome composition and, in particular, chlamydial and herpes viral co-

infection in people are areas of significant interest (Kaelin Emily et al., 2022; Raimondi et al., 

2021; Zhao et al., 2023a).  

 

Given the relationship between PhaHV, C. pecorum, and disease severity in this study, these 

two infectious agents appear likely to be synergistic, but outcomes could depend on which 

pathogen infected first (Devi et al., 2021). C. trachomatis and HSV-2, are currently the leading 

sexually transmitted pathogens in humans globally (Das & Röst, 2023; Slade, 2016). Disease 

induced by HSV-2 infection comprises genital ulcers, dysuria, cervicitis, and inguinal 

lymphadenopathy (Johnston & Corey, 2016). Early epidemiological observations suggested 

that women positive for both pathogens experience more severe outcomes than are typically 

experienced during single infections with either pathogen (Lehtinen et al., 1985; Vetter et al., 

1990). These observations were supported more recently by studies assessing the incidence 

of disease in mixed and single Chlamydia sp. infection (Kajaia et al., 2006) and the disease 

outcomes from HSV-2 and Chlamydia muridarum single and mixed infections in mouse 

models (Slade et al., 2019). Studies have also demonstrated an antagonistic relationship 

between HSV-2 and C. trachomatis, with HSV entry into host cells causing down regulation of 

cell-junction protein nectin-1, on which chlamydial development relies (Slade et al., 2016; 

Slade, 2016). In murine models, HSV-viral recovery and disease was reduced in C. trachomatis 

pre-infected subjects and this protection ceased when viable C. trachomatis was removed 

(either naturally or through antibiotic treatment) (Slade et al., 2016; Slade, 2016). The 

interplay between herpesvirus and chlamydial activity and latency/persistence is clearly 
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complex but strong associations between these two infectious agents and various clinical 

outcomes warrants further investigation.  

 

Although trypanosome and Chlamydia spp. co-infection dynamics are yet to be investigated 

in other species, trypanosomes can supress the establishment of infection by co-pathogens 

(Dwinger et al., 1989; Kasozi et al., 2021; Morrison et al., 1982; Sanches-Vaz et al., 2019) and 

produce trans-sialidase enzymes, which can impact C. pneumoniae viability (de Lourdes 

Higuchi, 2004). Previously, T. gilletti was associated with anaemia and poor body conditions 

in koalas with chlamydiosis (McInnes et al., 2011a). Unfortunately, T. gilletti was infrequently 

detected in this study (3.1%) and was not assessed in general linear models. Although the 

opposing relationship between T. irwini infection and chlamydiosis severity was not 

significant, accounting for T. irwini detection improved the predictive quality of the model. 

Hense, our study suggests either the possibility of trypanosome species specific interactions 

with C. pecorum or an indirect effect of T. irwini infection on chlamydiosis pathogenesis. 

Transcriptomic analysis of mucosal and buffy coat samples from koalas with no infections, 

single infections (Trypanosome spp., PhaHV-1, or PhaHV-2, or C. pecorum), and co-infections 

should be utilised to: (1) compare gene expression between sites, (2) identify any differences 

in pathogen specific persistence/latency associated gene expression, (3) explore the likely 

mechanisms that drive persistence/latency, and (4) generate a detection method which 

assesses appropriate gene targets that are indicative of the various phases of activity in PhaHV 

and C. pecorum. 

 

The differing relationships between chlamydiosis outcomes and viral and proviral KoRV pol 

loads in the current study could be a temporal effect. The strong correlations between KoRV 
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A, KoRV B (in positive cases), KoRV D, KoRV CKS17 and KoRV pol transcription is consistent 

with previous studies demonstrating that increased exogenous subtype transcription is a 

significant contributor to increased viral KoRV pol loads (Blyton et al., 2022a; Hashem et al., 

2021; Quigley et al., 2018b; Sarker et al., 2019), which are associated with C. pecorum 

infection (Blyton et al., 2022a; Madden et al., 2018; Maher & Higgins, 2016; Maher et al., 

2019). It is possible in early stages of active disease or co-infection that genes involved in cell 

cycle, innate immunity, adaptive immune responses, and hormone regulation increase KoRV 

transcription, perhaps leading to greater integrations (Gomez-Lucia et al., 2023). Over time, 

increases in KoRV integrations would also increase proviral and viral DNA loads, which are 

often associated to advanced and chronic disease (Chen et al., 2011; Chen et al., 2006; 

Takenouchi et al., 2003; Yu et al., 2005), In this study, KoRV proviral loads were more 

associated to reproductive disease in females. While the temporal development of 

reproductive disease is less clear in koala chlamydiosis, this suggests that in these koalas, 

mechanisms that support reverse-transcription of replication-competent virus are more 

active. A similar relationship has been observed in koalas with greater KoRV proviral loads 

and cell-proliferative disorders (Fabijan et al., 2020; Sarker et al., 2020a). To unravel the 

intricacies between KoRV and chlamydiosis pathogenesis, mechanistic studies are required. 

Given that KoRV is endogenous in northern populations, controlled infection studies cannot 

be conducted. However, longitudinal monitoring of KoRV integrations in koalas before and 

during acquisition of natural C. pecorum infection, while accounting for co-infections, may 

determine whether integration-driven promotion of immune dysregulation can explain 

variations in clinical outcomes (McEwen et al., 2021).  
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Our data suggests that further validation of NanoString nCounter multiplexing is needed to 

confirm detection of C. pecorum in circulation. Given the rarity of observing circulating C. 

pecorum above the limit of detection, a greater sample size is required to support 

investigations of significance. Nonetheless, the lack of raw transcription of C. pecorum genes 

in a C. pecorum free population is suggestive of good specificity of this detection method and 

that these results are not solely attributed to background noise (Figure 2.2). Given that 50% 

(4/8) of koalas with C. pecorum in circulation did not have detectable shedding at mucosal 

sites indicates that circulating C. pecorum could be considered for inclusion in Chlamydia 

pecorum detection strategies. Current point-of-care and gold-standard laboratory testing, 

using loop-mediated isothermal amplification (LAMP) and qPCR, target the C. pecorum mreC, 

ompB and 23s rRNA genes at either urogenital or ocular mucosal sites (Hulse et al., 2019c). 

Only koalas with clinical signs of disease and/or detection of C. pecorum using one of these 

tests are considered for antibiotic treatment. Hence, in this study, two of the koalas with 

circulating C. pecorum and without mucosal C. pecorum shedding or clinical signs of disease 

went undetected and were subsequently released. Depending on how prevalent circulating 

C. pecorum is in the general koala population, this presents a perplexing therapeutic problem; 

firstly, whether these infections impact individuals or populations, and secondly whether 

currently available treatments are able to eliminate circulating infections. Investigation of 

whether circulating C. pecorum represents a reservoir for recrudescence of mucosal disease 

is an important topic for future research. Systemically disseminated C. pneumoniae resists 

elimination by standard anti-chlamydial treatment in humans and is hypothesised to initiate 

reinfection and generate systemic conditions such as atherosclerosis (Gieffers et al., 2001). It 

is a reasonable proposition to investigate whether the same is true for C. pecorum. As a 

priority for research and diagnosis, we need to determine whether C. pecorum can be 
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detected in blood samples by the more accessible current LAMP and qPCR methods; this 

would facilitate research to understand the pathogenesis and significance of this finding.  

 

2.7 Conclusion: 

The high frequencies of co-infections in koalas admitted to rehabilitation and their important 

association to C. pecorum infection and chlamydiosis in this study shifts the classical paradigm 

of koala chlamydiosis pathogenesis to one which includes multiple co-infection interactions. 

It highlights the complexity of pathogenesis of chlamydiosis in koalas that can be altered by 

various host, pathogen, and environmental factors. Interdisciplinary approaches combining 

mechanistic in-vitro studies with multivariate analyses incorporating diverse pathogen, 

environment and host factors are needed to understand these dynamic interactions and 

improve disease treatment and mitigation strategies. 
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Chapter 3 Clustering of immune gene 

transcription identifies immune phenotypes 

associated with poorer triage outcomes in the 

koala. 
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3.2 Abstract: 

Immune gene transcription panels offer a more comprehensive understanding of 

immunophenotypes and overall host response than approaches more common in wildlife 

immunology, using single or limited immune indicators. However, the large number of 

variables and high individual variation pose challenges for statistical analysis, especially with 

the limited sample sizes available in wildlife studies. Here, we utilise dimensionality reduction 

methods in conjunction with clustering of immune components to facilitate the identification 

of relationships between host biological profiles, infection status, and clinical and survival 

outcomes for koalas in rehabilitation. We identified an association between poor triage 

outcomes and an immunophenotype that included reduced adaptive lymphocytic and innate 

immune and transcription-associated gene expression, providing a biological perspective that 

may explain the heterogeneity in clinical severity and responses to treatment. Furthermore, 

upregulation of the gene coding for a transcription intermediary factor (tripartite motif-24, 

TRIM24) was identified as a consistent predictor of positive outcome at triage and post-

treatment. Greater KoRV pol transcription on admission was associated with negative triage 

outcomes, corroborating current understanding of KoRV-health outcome relationships. This 

study demonstrates a suitable approach to enable the incorporation of the complexity of 

host-pathogen interactions and host responses to direct further research and support disease 

risk assessment, passive surveillance, and assessments of intervention and disease 

management efficacy.  
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3.3 Introduction: 

The koala (Phascolarctos cinereus) is an iconic Australian marsupial that currently faces  

significant population declines across most of its range due to habitat loss and fragmentation, 

and disease, and was re-classified as endangered in the states of New South Wales (NSW), 

Queensland (Qld) and the Australian Capital Territory (ACT) in 2022 (DCCEEW, 2022b). 

Previous modelling suggested that controlling disease could prevent further population 

declines (Rhodes et al., 2011). Chlamydiosis is arguably the most significant disease affecting 

koalas; not only can it be fatal in severe cases but the development of reproductive disease 

and infertility limits population regeneration (Hulse et al., 2021; Hulse et al., 2019a; Phillips 

et al., 2021; Robbins et al., 2018). 

 

Rescue and rehabilitation are significant aspects of koala conservation that provide an 

opportunity to study wildlife disease in an accessible and controlled environment (Yabsley, 

2019). On admission to a veterinary/wildlife clinic, clinical examination and diagnostic 

techniques determine the course of treatment and predict the likelihood of survival 

(prognosis) through rehabilitation and subsequent release. To properly support declining 

populations of northern koalas, and the welfare of individual animals, veterinary and 

management decisions and comparative analyses must be backed by a solid evidence base. 

As disease is the product of various host, pathogen, and environmental (HPE) factors, which 

are often interrelated (Guégan et al., 2024), currently the factors that underpin the 

heterogeneity of chlamydial disease outcomes in the clinic and the wild are poorly 

understood. This compromises clinical decision-making in triage and prognostication (Burton 

& Tribe, 2016), including predicting treatment-induced complications, such as caecal-
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dysbiosis-typhlocolitis-syndrome (CDTS), oxalate nephrosis, and candidiasis (Govendir et al., 

2012; Robbins, 2020; Robbins et al., 2018).   

 

Many studies have explored factors potentially associated with the pathogenesis of 

chlamydiosis in the koala: Chlamydia pecorum genetic diversity (Fernandez et al., 2019; 

Robbins et al., 2019, 2020), co-infecting agents (Blyton et al., 2022a; Kasimov et al., 2020; 

Kayesh et al., 2020b; McInnes et al., 2011a; Vaz et al., 2019b; Wright et al., 2024), host 

genetics and immune responses (Kayesh et al., 2021b; Quigley et al., 2018a; Robbins et al., 

2020; Silver et al., 2022), and stress (Davies et al., 2013; Santamaria et al., 2023). Of note, the 

complex relationship between koala retrovirus (KoRV) and chlamydiosis is difficult to unravel 

due to their high concurrent prevalence in many wild koala populations (Quigley et al., 2023), 

although it is hypothesised that cytotoxic effects, immunomodulating functions of the KoRV 

immunosuppressive domain or impacts of genomic viral integrations may play a role (Fiebig 

et al., 2006; Kleinerman et al., 1987; Madden et al., 2018; Maher & Higgins, 2016; Maher et 

al., 2019; Sarker et al., 2020a; Sarker et al., 2020b; Tarlinton et al., 2005; Tarlinton et al., 

2008a). While these studies contribute significantly by identifying important facets of koala 

biology and disease, the relative importance of these factors is unclear because of the 

complexity of the interactions and a paucity of integrated multivariate analyses (Burton & 

Tribe, 2016; Fernandez et al., 2024b; Kerlin et al., 2022; Leigh et al., 2023; Queensland 

Government, 2021). Multivariate associative studies may generate new perspectives for 

disease characterisation, identify hypothesis-driven mechanistic studies, and markers with 

which to evaluate disease risk in individuals and populations. 
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Clustering of principal components can allow dimension reduction to improve the depth of 

investigations and characterise heterogeneity into biologically applicable groupings.  In the 

koala, recent multivariate analyses within select captive and wild populations have 

demonstrated how immune function (Fernandez et al., 2024b); and disease (Chen et al., 

2023c; Cristescu et al., 2022; Fernandez et al., 2024b; Silver et al., 2022) can vary significantly 

among individuals according to their genetics, microbiome diversity, age, sex, and season of 

sampling, and also between populations with differing population genetics and 

environmental pressures. In humans, factor analysis and clustering techniques are being 

applied to understand heterogeneity in biological responses and thereby define variations in 

disease manifestations and outcomes to several conditions (Gaiffe et al., 2023; Guo et al., 

2023; Maugeri et al., 2021; Perea et al., 2021; Robinson et al., 2020; Xu et al., 2021). These 

new perspectives are made possible because, rather than imposing pre-conceived clinical 

definitions to assess patterns within a target group, clustering allows cases to be defined by 

the data (Pina et al., 2020).  

 

This study examines the relationships between immune and stress responses, presence and 

activity of infectious agents, age, sex, body condition score, and clinical disease states in the 

context of koala rehabilitation. Through cluster analysis of principle components, this study 

tests whether host and pathogen gene transcription profiles are associated with disease, 

infection status, or triage outcomes. To identify potential health indicators, the relationships 

of genes of significance to survival-associated dimensions are determined using multivariate 

modelling. In a small subset of koalas that were admitted to rehabilitation for treatment, we 

determined whether gene transcription at triage or at their final sampling point could predict 

treatment outcomes. Rehabilitation-based studies provide an alternative perspective to field 
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studies, where there is often limited diversity in disease presentations (Dutton-Regester, 

2024; Gonzalez-Astudillo et al., 2017; Griffith & Higgins, 2012). The analysis will generate new 

hypotheses for potential mechanistic pathways in the pathogenesis of chlamydiosis in the 

koala and development of prognostic biomarkers for use in the clinical setting. Methods 

presented here build upon previous multivariate immunophenotyping studies in wildlife 

species (Fernandez et al., 2024b; Meza Cerda et al., 2022) to further develop an effective 

approach for analysis of multivariate data in complex wildlife disease scenarios.  

 

3.4 Methods: 

Study cohort and Specimen collection 

Under the University of Sydney Animal Ethics Approval Number 2021/1975, NSW NPWS 

Scientific License SL102379 and Qld NPWS WA0019256, buffy coat samples were collected 

from 105 koalas on admission to a koala treatment facility (Figure 3.1). Three koala care 

facilities servicing South-east Qld, Northern NSW extending down the east-coast, and central 

NSW regions were targeted for cross-sectional sampling between September 2021 to April 

2022 (Figure 3.1). Samples were taken under general anaesthesia (GA) at the discretion of the 

veterinarian using alfaxalone induction (1–3 mg/kg IM) and Isoflurane maintenance with 

oxygen. Sampling included one swab each of the left and right conjunctiva, the oropharynx, 

and the urogenital tract (the urogenital sinus in females and the urethra in males) using dry, 

aluminium shaft, cotton tipped, swabs (Copan Italia, Brasica, Italy) and 3 mL of blood drawn 

into an EDTA tube. Cut off swab tips were stored at -80 °C in individual cryogenic vials (Biologix 

Grp Ltd, Kansas, United States). From the EDTA tube, 300 µL of whole blood was stored in a 

cryogenic vial at -80 °C. Remaining blood in the EDTA tubes was centrifugated at 1,000 x g for 
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10 mins. From the separated EDTA blood, 250 µL of the buffy coat layer was pipetted into a 

cryogenic vial containing 750 µL RNAlaterTM (Qiagen), incubated at ambient temperature for 

24 hrs and then placed into -20 °C for storage until analysis.  

 

Figure 3.1: Sample population map of 105 koalas admitted to three wildlife clinics across Queensland 
and New South Wales. 

Figure 3.1 is a map illustrating the rescue location of the 105 koalas admitted to wildlife hospitals that were 
analysed in this study. The map indicates the latitude and longitude coordinates of the point of capture for 
each analysed koala. Locations include south-east Queensland through to coastal and central New South 
Wales. Where this region exists within Australia is depicted by red rectangle to the right of the map. The 
associated clinic where each sampled koala was admitted to is indicated in the legend: Australia Zoo 
Wildlife Hospital (AZWH, circle), Friends of the Koala (FOK, triangle), and Port Macquarie Koala Hospital 
(PMKH, square). Red points represent major cities in proximity to koala rescue locations. This map was 
generated in R using the Natural Earth public domain package. 
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Health assessment 

Health assessment data was extracted from clinical examination records and rehabilitation 

monitoring sheets. Outcomes were determined on a case-by-case basis by veterinary 

professionals, independent to this study, based on examination and diagnostic results (Figure 

3.2). Euthanasia was elected on welfare grounds, where prognosis was considered poor. 

Clinical presentations contributing to poor prognosis at triage included: untreatable/ 

irreparable structural damage to tissues/organs derived from disease and/or trauma; and 

complex comorbidities in conjunction with emaciation and/or mature age (age > 10 years 

old). Demographics and health assessment results of the study population at their first 

sampling event (time zero; T0) were described using counts of observations with percentages 

(%). 
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Figure 3.2: Flow diagram of the progression from admission of a koala to a wildlife clinic to triage and 
post-treatment outcomes (green borders). 

Figure 3.2 demonstrates the flow of decision making for survival and euthanasia in wildlife clinics treating 
koalas. Upon initial health assessment, koalas were released when no disease or infection was detected. 
Cases with detectable pathology and/or infection were considered for treatment based on their prognosis 
(fair or poor). Koalas with poor prognosis were euthanised on welfare grounds due to the presentation of 
untreatable/irreparable structural damage to tissues/organs derived from disease and/or trauma; and 
complex comorbidities. Koalas with fair prognosis were retained for rehabilitation where follow-up 
examination repeated the same procedure as on admission to determine whether each cases had a fair or 
poor prognosis. All cases at follow-up with fair prognosis were released, while those with poor prognosis 
were euthanised. 

 

Gene transcription analysis 

A custom 72 gene NanoString nCounter plex-set (NanoString Technologies, WA, USA) was 

used to measure pathogen and host gene transcription counts. This same plex-set design was 

used previously in Fernandez et al. (2024b) and Chapter 2 of this thesis. Although a brief 

description of the 14 pathogen-specific gene targets was provided in Chapter 2, information 

regarding the full panel design and optimisation is detailed here to support the following 
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analysis of all gene results. Probe and primer generation, quality control, normalisation, 

sample concentration determination, and gene transcript counting, was the same for all 72 

genes (see Chapter 2). Briefly, probe sequences for these were designed and synthesised 

according to standard procedure (Kulkarni, 2011) and submitted to Ramaciotti Centre for 

Genomics (UNSW, NSW, Australia). The CodeSet containing reporter codes and capture 

probes was manufactured by NanoString Technologies (Supplementary materials Table 7.6). 

 

Gene targets were chosen and designed based on previous studies and putative biological 

and clinical relevance to koalas (Supplementary materials Table 7.6). Of interest for this study, 

the following genes were included: reference genes (GAPDH, ACTB, Stx12, Nckap1l, and 

Tmem97) (Sarker et al., 2018); immunological genes including T- and B-cell differentiation 

markers (CD3G, CD4, CD79b, CD8beta) (Mangar, 2018; Pagliarani et al., 2024); MHC I 

(MHCIUA) and II (PhciDAB & PhciDBB) (Lau et al., 2014; Pagliarani et al., 2024; Quigley et al., 

2018a; Quigley et al., 2020; Robbins et al., 2020); cytokines and cytokine-associated genes 

representative of key immunological pathways: Th1 (IFNG, IL18, IL12A, and TNFalpha), Th2 

(IL4), Th17 (IL17A, IL22, IL6, IL1beta, and Caspase recruitment domain family member 9 

[CARD9]), and T-regulatory (IL10, & Forkhead box P3 [FOXP3) pathways (Maher et al., 2014; 

Maher & Higgins, 2016; Morris et al., 2014; Olagoke et al., 2020b; Quigley et al., 2023); 

chemokines (IL8/CXCL8 & C-C Motif Chemokine Receptor 4 [CCR4]) (Sarker et al., 2020b; 

Tarlinton et al., 2021); macrophage (C-Type Lectin Domain Family 4 Member E [CLEC4E]) and 

natural killer (NK) cell surface receptor (Natural Cytotoxicity Triggering Receptor 3 [NCR3]) 

(Chen et al., 2023c; Morris et al., 2015a); cathelicidin genes (PhciCATH5 & Cathelicidin-like 

[LOC110217150]) (Peel et al., 2021); toll-like receptors associated with the detection of 

PAMPS of bacterial (TLR2 & TLR4) and viral (TLR10) origins (Kayesh et al., 2021b); KoRV 
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insertion-site associated genes (Tripartite motif-24 [TRIM24], DICER1, and Solute Carrier 

Family 29 Member 1 [SCL29A1]) (Johnson et al., 2018; McEwen et al., 2021) and a potential 

antiviral immune response marker, SAM And HD Domain Containing protein 1 [SAMDH1] 

(Chen et al., 2019b; Wang et al., 2020) 

 

Other gene transcripts hypothesised to be available in plasma were included in the panel, but 

only those with high detection frequency and potential associated roles with the immune 

system were examined in this study. On the panel, genes included those associated with 

metabolism and detoxification (Resistin [RETN] leptin [LEP], cytochrome oxidase genes 

[CYP2E1, CYP3A4, CYP4A15, & CYP3A78]) (Johnson et al., 2018); endocrine function 

(Proopiomelanocortin [POMC], corticotropin releasing hormone [CRH], melanocortin 

receptor 2 [MC2R], vasopressin receptor 1A [AVPR1A], androgen receoptor [AR], estrogen 

receptor 1 [ESR1], progesterone receptor [PGR], oxytocin/neurophysin I prepropeptide [OXT], 

and the dopamine receptors D1 [DRD1] and D3 [DRD3]) (Tarlinton et al., 2021); and stress 

response (mineralocorticoid receptor [NR3C2], FKBP prolyl isomerase 5 [FKBP5]) (Häusl et al., 

2021; Lee, 2016; Touma et al., 2011; Zimmer et al., 2024). In this study, RETN and FKBP5 were 

retained for analysis. 

 

As described in Chapter 2, fourteen infectious agent targets were included in the analysis for 

this investigation: four C. pecorum markers; the C.pecG_0573 general C. pecorum species 

specific gene target derived from the MC/Marsbar strain, chlamydial heat-shock protein gene 

Hsp60 (Cpec_hsp60), major outer membrane (MOMP) gene ompA, and plasmid gene 

fragment 3 Pgp3; two PhaHV markers targeting the dpol region of PhaHV-1 & PhaHV-2; five 

KoRV markers (KoRV pol, KoRV env A, KoRV env B, KoRV env D, KoRV env CKS17); and three 
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trypanosome markers targeting the 18s rRNA species specific regions of T. copemani, T. 

gilletti, T. irwini.  

 

Prior to running the full set of samples, a trial run using RNA extracted from different sample 

types was assessed to determine which had optimal gene expression. Overall, buffy coat 

samples generated the greatest proportion of quantifiable data, compared to plasma, whole 

blood, urogenital swab and buffy coat samples incubated in cell culture media for 12 h at 37 

°C. Buffy coat samples had quantifiable expression across the most samples and genes, 

whereas in the other sample types – particularly the urogenital swabs and unstimulated 

mitogen samples, many targets were below detection limits (data not shown). Based on this 

preliminary data, buffy coats were utilised for RNA extraction and gene expression analysis 

using NanoString. 

 

In total, RNA was extracted from 129 buffy coat samples stored in RNAlaterTM using the 

RNeasy® Mini Kit (QIAGEN) following the manufacturer’s instructions. Purity and 

concentration of extracted nucleic acid were assessed using a Nanodrop spectrophotometer 

ND-1000 (Thermo Fisher Scientific Co., Waltham, MA, USA) and the benchtop Qubit™ 4 

Fluorometer (Invitrogen, Thermo Fisher Scientific) using the Qubit® RNA HS Assay Kit 

(Q32852) and Qubit® RNA IQ Assay Kit (Q33222). Extracted RNA was stored at −80 °C until 

required.  

 

Of the 129 buffy coat RNA extracts, 99 represented time-zero (T0) samples taken individual 

koalas on admission and 30 were follow-up samples taken throughout rehabilitation. These 

extracts were assessed using the NanoString nCounter FLEX Analysis System (NanoString 

https://www.thermofisher.com/order/catalog/product/Q32852
https://www.thermofisher.com/order/catalog/product/Q33222
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Technologies, WA, USA) as per the manufacturer’s protocol. Raw transcript count data was 

assessed for quality and normalised against housekeeping genes (GAPDH, ACTB, Stx12 & 

Nckap1l) using nSolver™ 4.0 Analysis Software (NanoString Technologies Inc, Washington). 

Because of low counts, Tmem97 was not included as a house-keeping gene to normalise 

mRNA counts and was omitted from further analysis. Four samples were omitted as their 

housekeeping genes were detected below the threshold of 50 counts, indicating poor quality 

RNA and unreliable mRNA quantification (NanoString Technologies Inc, 2009).  

 

As indicated by NanoString Technologies Inc (2009), raw counts below 20 were considered 

below the limit of detection as they cannot be discerned from background noise. To avoid the 

impact of zero-inflated (or below-threshold) data, which violates assumptions of equal 

variance and can distort results of principle components analysis (Silverman et al., 2020), 

genes with raw counts below 20 in over 50% of the sample population were excluded from 

further analysis (Supplementary materials Table 7.7). As a result, the following host genes and 

several infectious agent markers were excluded from PCA; MHCIUA, IFNG, IL12A, IL4, IL17A, 

IL22, IL10, FOXP3, NCR3, LEP, CYP2E1, CYP3A4, CYP4A15, POMC, CRH, MC2R, AVPR1A, AR, 

PGR,  OXT, DRD1, DRD3, NR3C2, C.pecG_0573, Cpec_hsp60, ompA, Pgp3, PhaHV-1 dpol & 

PhaHV-2 dpol, KoRV env B, and Trypanosome copemani, T. gilletti, T. irwini 18s rRNA regions. 

Although the frequency of detection above LOD for TNFalpha (48.4%) was below 50%, due to 

its significance as a classical cytokine it was retained for analysis. Furthermore, given the 

significance of pathogen markers to the study, results below the LOD for these genes were 

considered negative and were analysed as binary categories (present/ absent) to determine 

the relationships of immune profiles with infectious status and, in positive cases only, as 

continuous data representing pathogen loads (Supplementary materials Table 7.7). Given 



 
 

117 

that these infectious agent markers were detected in buffy coat samples, positive results are 

referred to as detection in circulation. For genes that were retained for PCA, a threshold was 

not applied to counts below the limit of detection and normalised counts were used in the 

analysis as it was considered that the error within this low range was negligible compared to 

the amplitude of variation of each target (Fernandez et al., 2024b). Only koalas with results 

from NanoString coinciding with their first examination on admission to hospital following 

rescue from the wild (N = 95) were included in the PCA and modelling of time-zero immune 

profiles. In koalas admitted for rehabilitation, box-cox normalised gene mRNA counts from 

the last opportunistic follow-up sample were included in a separate model analysing follow-

up immune profiles post-rehabilitation (N = 28).  

 

DNA extraction:  

All samples (whole blood and urogenital, ocular, and oropharyngeal swabs) used in qPCRs for 

DNA detection and quantification were extracted using the MagMAX CORE Nucleic Acid 

Purification Kit (Thermo Fisher cat# A32702; Thermo Fisher Scientific, Waltham, MA, USA) 

using the same methods as Chapter 2, this thesis. 

 

Detection and quantification of infectious agents via qPCR: 

Data for mucosal C. pecorum, mucosal phascolarctid herpesvirus (PhaHV) -1 and -2, and 

circulating koala retrovirus (KoRV) pol proviral loads determined through qPCR of the first 

timepoint sample, derived and reported in Chapter 2, this thesis, were used within this 

analysis; and so Chapter 2 describes the following methods in full:  sampling, health 

assessment data recording, RNA and DNA extraction, quantification of gene transcription 

using NanoString technologies, C. pecorum multiplex qPCR, PhaHV-1 and PhaHV-2 qPCR, and 
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KoRV pol proviral qPCR. All qPCRs were loaded on 96-well PCR plates which were prepared 

using a Myra Liquid Handling System (Bio Molecular Systems) or manually. qPCRs were 

performed using a CFX96 TouchTM Real-Time PCR Detection System with the corresponding 

CFX Maestro software (BioRad, Australia). Primer and probe set information for all qPCRs are 

described in Supplementary materials Table 7.8. 

 

Proviral KoRV pol DNA qPCR 

KoRV proviral pol loads were quantified from DNA extracted from 124 whole blood samples 

in EDTA taken from 105 koalas at admission, and 19 of those again at end of treatment. One 

no-DNA blank (sterile PBS) was included in each extraction batch to control for potential 

contamination. dH2O diluted DNA extracts (1:10) were used for qPCR to prevent PCR 

inhibition due to high gDNA concentration in extracts of blood samples. DNA quality and 

quantity were assessed by separate qPCR for the koala β-actin gene. KoRV pol reaction mixes 

were made to a total volume of 20 µL and comprised of 0.6 µL of each primer (10 µM), 0.2 µL 

of probe (10 µM), 10 µL of SensiFASTTM Probe No-ROX (x2; Bioline cat# BIO-86005), 6.6 µL 

dH2O and 2 µL of template. For each 20 µL β-actin reaction mix 0.4 µL of each primer (10 µM) 

and 0.4 µL of the probe (10 µM), 10 µL of SensiFASTTM Probe No-ROX, 6.8 µL dH2O and 2 µL 

of template was included. Samples were run in duplicates alongside a serial dilution of a 

positive standard (synthetic KoRV pol positive control) and an NTC (no template control; 

dH2O). qPCR conditions were as follows: 1 cycle of denaturation (3 min at 95°C), then 40 cycles 

of denaturation (10 s at 95°C), and finally an annealing step (40 sat 60°C). The limit of 

quantification for this assay was determined to be 21 copies per reaction and no samples 

were excluded.  Circulating KoRV pol quantities are reported as β-actin normalised KoRV pol 

copies per mL of DNA extract by taking the ratio of KoRV pol starting copies per μL to koala β-
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actin starting copies per μL x 1000. As reported in Chapter 2, qPCR efficiencies ranged 

between 90.6–100% and the inter-assay variation was less than 5%. 

 

Quantification of C. pecorum mucosal shedding 

In total, 119 urogenital swabs and 136 ocular swabs from 105 individual koalas at 124 

different sampling events were used to quantify mucosal C. pecorum shedding (DNA). Of the 

timepoints included, 77% (n = 95) were admission samples and 23% (n = 29) were repeat 

samples post-treatment. Extracts were assessed in a multiplex real-time qPCR targeting 

Chlamydia genus (23S) and C. pecorum species (ompB gene) as well as the koala β-actin gene 

to quantify host DNA (quality control). The PCR reaction mix consisted of 10 µL SensiFASTTM 

Probe No-ROX (Bioline cat# BIO-86005), 400 nM of each primer, 200 nM of each probe, 4.4 µL 

of dH2O and 2 µL of DNA, making a final volume of 20 µL. Cycling conditions were as follows; 

1 cycle of denaturation (3 min at 95 °C), followed by 40 cycles of denaturation (10 s at 95 °C), 

and a combined annealing and extension step (40 s at 58 °C). In each run a synthetic positive 

control and a negative control (no template control; dH2O) was included. The positive control, 

a pUCIDT-AMP vector (Integrated DNA Technologies, USA) containing the 3 target regions and 

flanking sequences (β-actin, C. pecorum and Chlamydia genus), a standard curve in 10-fold 

dilution from 103 to 107 copies, was included in each run. Samples were assessed as neat 

(undiluted) and diluted (1:10) extracts to account for inhibitors. Samples that repeatedly 

failed to amplify β-actin were not included in further analysis (Ocular samples, N = 6; UGT 

samples, N = 7). Samples were considered positive for C. pecorum shedding if amplification of 

ompB and 23S targets occurred. LOD for this assay was determined to be 86 copies of C. 

pecorum per reaction (95%CI) using probit regression analysis (Premachandra et al., 2024).  

Quantitative results were reported as β-actin normalised C. pecorum starting quantities (gene 
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copies) by dividing ompB gene copies by β-actin gene copies. Where a koala was shedding at 

both urogenital and ocular sites, the site with the greatest copies was used as the 

representative result.  qPCR efficiencies were between 89-100% and intra-assay variation 

below 5% for all genes. 

 

Quantification of PhaHV-1 & -2 mucosal shedding 

Oropharyngeal swabs were the primary sample used for the detection of PhaHV. However, 

where this sample was not obtained or failed quality-control, either urogenital or ocular 

swabs, if available, were assessed. Although urogenital and ocular swabs are not the optimal 

sample, PhaHV has been detected at these sites (Kasimov et al., 2020; Vaz et al., 2019b; 

Wright et al., 2023). In total, oropharyngeal swabs (n = 121), urogenital swabs (n = 2), and 

ocular swabs (n = 2) from 105 koalas at 125 timepoints were used for the detection of PhaHV-

1 dpol and PhaHV-2 dpol using established qPCR assays (Church et al., 2025; Wright et al., 

2023). Of the timepoints included, 76% (n = 95) were admission samples and 24% (n = 30) 

were repeat samples post-treatment. For PhaHV-1, reaction mixes consisted of 10 µL of SYBR 

Green Supermix (SsoAdvanced™ Universal SYBR® Green Supermix—BIORAD), 250 nM of each 

primer, 7 µL of dH2O and 2 µL of DNA to make up a final volume of 20 µL. PhaHV-1 PCR cycling 

conditions were as follows: 1 cycle of denaturation (3 min at 98°C), then 40 cycles of 

denaturation (10 s at 98°C), and a combined annealing and extension step (30 s at 56°C), 

followed by a PCR product melt curve analysis (56 - 95°C at 0.5°C increments) for PhaHV-1. 

PhaHV-2 primers were used at a concentration of 250 nM in a total reaction volume of 20 µL 

using 2 µL DNA template and 10 µL of SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, 

Australia). qPCR conditions were as follows: 1 cycle of denaturation (3 min at 95°C) followed 
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by 40 cycles of denaturation (10 s at 95°C), then an annealing and extension step (30 s at 

56°C), and finally a melt curve analysis (65 – 90°C at 0.5°C increments). 

 

For both PhaHV-1 and PhaHV-2 qPCRs, samples were run in duplicate alongside a standard 

dilution of a pMG-Amp vector (Macrogen, South Korea) synthetic plasmid (positive control) 

containing the target region and flanking sequence PhaHV-1: 166 bp, PhaHV-2: 87bp). The 

resulting standard curve at 10-fold dilutions was used to quantify viral loads (ranging from 103 

to 107 copies/µL). A sample was considered positive if both duplicates amplified β-actin and 

produced a melt curve at 81 – 81.5°C for PhaHV-1 and/or at 87 – 87.5°C for PhaHV-2. 

 

Any sample with discordant results between duplicates were reassessed and samples that 

failed to amplify as neat (undiluted) were re-run at 1:10 dilutions to account for potential 

inhibitors. Samples which failed to amplify koala β-actin were excluded from further analysis 

(PhaHV-1, N = 2; PhaHV-2, N = 2). For quantitative analysis, the limit of detection (95%CI) of 

PhaHV-1 and PhaHV-2 was 12 copies and 133 copies per reaction, respectively. Samples 

resulting in starting quantities for PhaHV1 or PhaHV-2 below this threshold were not included 

in quantitative analysis. qPCR efficiencies ranged between 90.2–103.9% for PhaHV-1 and 

90.2-96.7% for PhaHV-2 and the inter-assay variation were less than 5% for both targets. 

 

Statistical analysis 

All statistical analysis were performed using R Statistical Environment (Version 4.3.3) (R 

Development Core Team, 2024). Gene transcription data did not meet normality assumptions 

and so Box-cox transformation was employed. Observations at time-zero (admission samples, 
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n = 95) and repeat observations (post-treatment samples, n = 29) were used in separate 

analyses.  

 

Multivariate analysis and hierarchical clustering at time-zero 

Principal components analysis (PCA) was performed on the scaled and box-cox normalised 

gene counts for 27 genes on admission to observe gene expression relationships and reduce 

the number of dimensions for subsequent clustering analysis. Given that the PCA method is 

capable of handling highly correlated variables, ubiquitously transcribed KoRV parameters 

(KoRV A env RBD, KoRV D env RBD, KoRV env CKS17, & KoRV pol) were included within the 

PCA to observe marker specific relationships with host genes. A common rule in PCA is to 

account for ~70% of the variability within the dataset (Jolliffe & Cadima, 2016). Hence, the 

first 5 dimensions were retained, accounting for 67% of the variation in the dataset 

(Supplementary materials Table 7.9). A gene contribution matrix and varimax rotation of the 

PCA was conducted to aid in interpretation of gene contributions to each component (Figures 

3.3 & 3.4A). A Hierarchical Clustering on Principle Components (HCPC) approach was used on 

the scaled PCs 1-5. This approach employs both hierarchical clustering and k-means clustering 

to generate a robust cluster solution (Husson et al., 2010; Koh et al., 2022; Maugeri et al., 

2021). Based on the most common result among five methods of optimal cluster number 

determination (Supplementary materials Table 7.12), 5 clusters were elected (k = 5). PCA and 

clustering were performed using the FactoMineR package version 2.8 . 

 

Characterising clusters at time-zero 

The validity of clustering results was assessed using Kruskal-Wallis tests to determine whether 

the clusters differed significantly in the distribution of PC contributions. Clusters were 
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characterised according to clinical and infectious characteristics listed in Table 3.1 

(Supplementary materials Table 7.13 and Table 7.14). Pearson’s Chi-Squared tests of 

independence were conducted to assess the relationship between clusters and categorical 

data employing both a post-hoc Pearson’s Chi-Squared test of independence with Cramers V 

and pairwise Fisher’s T test with false discovery rate (FDR) correction to further assess 

significant relationships. Kruskal Wallis rank sum tests were utilised for continuous data and 

post-hoc Dunnett’s pairwise testing using Holm’s multiple comparison correction to generate 

adjusted p-values. Significant post-hoc relationships are depicted using ‘ggstatsplot’ (Patil, 

2021). Clusters were then characterised in terms of PC (Supplementary materials Table 7.15 

& 7.16) and gene (Supplementary materials Table 7.17) contributions using HCPC V.test 

statistics, which measures the difference between the mean value of gene expression or PC 

scores within a cluster and the overall mean across all clusters. A positive or negative v.test 

statistic accompanied by p-value < 0.05 indicates that a PC score or gene is expressed at a 

higher level (upregulated) or lower level (downregulated) in the cluster compared to the 

overall mean. Post-hoc pairwise comparisons were performed using Dunn’s test with 

Bonferroni correction (Supplementary materials Table 7.16), due to non-normal distribution 

of PC2 and PC3, to identify between cluster differences in the distributions of principal 

dimensions.  
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Table 3.1: Clinical and infectious agent variables 

 Categorical variable Continuous variable 

Clinical characteristics   
Age Age group: young (1-3) NA 

Age group: adult (4-9) 
Age group: mature (10+) 

Sex Male or female NA 
Body condition score 1-5 NA 
Clinical pathology Yes or no NA 
Chlamydiosis Yes or no NA 
Reproductive disease Yes or no NA 
Other disease Yes or no NA 
Trauma Yes or no NA 
Outcome at sample Euthanised or survived NA 

Infectious characteristics   

C. pecorum shedding (mucosal) Yes or no C. pecorum DNA loads (mucosal) 

C. pecorum transcription (circulating) Yes or no C. pecorum G-0573 mRNA loads (circulating) 
C. pecorum Hsp_60 mRNA loads (circulating) 

PhaHV-1 shedding (mucosal) Yes or no PhaHV-1 DNA loads per mL (mucosal) 

PhaHV-2 shedding (mucosal) Yes or no PhaHV-2 DNA loads per mL (mucosal) 

PhaHV-2 transcription (circulating) Yes or no PhaHV-2 mRNA (circulating) 

Agreggated trypanosome transcription 
(circulating) 

Yes or no T. copemani 16s mRNA (circulating) 
T. irwini 16s mRNA (circulating) 
T. gilletti 16s mRNA (circulating) 

Proviral KoRV pol (circulating) NA KoRV pol DNA loads per mL (circulating) 

KoRV B transcription (circulating) Yes or no KoRV-B env mRNA (circulating) 

 

 

General linear modelling of outcome-associated genes 

Multivariate modelling, conducted to determine gene-specific relationships with outcomes, 

incorporated those genes that strongly contributed to the dimensions that differentially 

clustered koalas based on survival. Genes that were differentially transcribed between 

clusters 1 and 5 (Figure 3.7) were selected for general linear modelling to determine the 

relationships with triage and post-treatment outcomes. Pearson’s correlations and variable 

inflation factors (VIFs) were used for gene model selection. Any gene significantly associated 

with outcomes with VIFs > 5 was excluded from final models (Gaona et al., 2023; Williams et 

al., 2008). We used three separate General Linear Models (GLMs) to assess the effect of 

selected individual gene transcription measured both on admission (time-zero) and post-

treatment, on survival outcomes both at triage and post-rehabilitation. Model 1 assessed 



 
 

125 

whether transcription of KoRV pol, IL18, CD79b, FKBP5, SLC29A1, TLR2, TLR7, TRIM24, and 

Cathelicidin-like (LOC110217150) gene measured on admission affected triage outcome (N = 

95). Model 2 assessed whether transcription of genes measured on admission that affected 

triage outcome in Model 1 (TRIM24 and FKBP5), also affected post-rehabilitation outcome (N 

= 29). Model 3 assessed whether transcription of genes measured post-treatment that 

affected triage outcome in Model 1 also affected post-rehabilitation outcome (N = 29). 

Akaike’s Information Criterion (AIC) compared to other models including other gene 

iterations.  

 

3.5 Results 

Study population characteristics 

Characteristics of this sample population are depicted in Table 3.2. The majority (84.2%) of 

the sample population were admitted to Australia Zoo Wildlife Hospital (Qld) during 

September-November, which is within the first half of the koala breeding season (Ballantyne 

et al., 2015). Overall, 59% of koalas were female; 41% male, while 28% were considered young 

adults (1.5 – 3 years old); 60% of koalas were considered adults (3.5 - 9 years old); and 12% 

mature (10 – 12 years old). Of the 40 koalas euthanised on admission, 43% had multifocal 

chlamydiosis including reproductive disease, 28% had multifocal chlamydiosis without 

reproductive disease, 15% had complicated disease and trauma-related co-morbidities, 10% 

had complicated disease only, and 5% complex trauma presentations only. Euthanasia post-

treatment was applied in cases where no, poor, or adverse response to treatments resulted. 

Of the 13 cases euthanised post-treatment, 15% had chlamydiosis including reproductive 
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disease, 23% had chlamydiosis without reproductive disease, 46% had disease and trauma 

related co-morbidities, and 15% complex trauma presentations.  

 
Table 3.2: Health assessment characteristics of study population 

 

 

 

Characteristics T0 samples (No. = 95) 

Age group  
Young adult, n (%) 27 (28) 

Adult, n (%) 57 (60) 
Mature, n (%) 11 (12) 

Sex  
Female, n (%) 56, (59) 

Male, n (%) 39 (41) 
Body Condition Score (1-5)  

1, n (%) 12, (13) 
2, n (%) 16, (17) 
3, n (%) 36, (38) 
4, n (%) 30, (32) 
5, n (%) 1, (1) 

Sampling months, n (%) September-April* S = 24 (25), O = 32 (34), N = 18 (19),  
D = 6 (6), J = 5 (5), F = 6 (6), M = 1 (1), 

A = 3 (3) 
Sampling state  

Qld, n (%) 80 (84) 
NSW, n (%) 15 (16) 

No pathology, n (%) 18 (19) 
Pathology, n (%) 77 (81) 

Chlamydiosis without reproductive disease, n (%) 21 (22) 
Chlamydiosis with reproductive disease, n (%) 28 (30) 

Other disease, n (%) 6 (6) 
Trauma, n (%) 21 (22) 

Detection of infectious agents  
Mucosal C. pecorum (ocular and/or urogenital swab), n (%) 47 (50) 

Circulating C. pecorum (buffy coat), n (%) 8 (8) 
Mucosal PhaHV-1 (oropharyngeal swab), n (%) 56 (60) 
Mucosal PhaHV-2 (oropharyngeal swab), n (%) 19 (20) 

Circulating PhaHV-1 or 2 (buffy coat), n (%) 5 (5) 
Circulating KoRV-B env (buffy coat), n (%) 33 (35) 

Circulating trypanosomes (buffy coat), n (%) 58 (61) 
Admission Outcomes  

Euthanised post-triage, n (%) 40 (42) 
Admitted for rehabilitation, n (%) 34 (37) 

Approved for release, n (%) 20 (21) 
Koalas with follow-up samples, n (%)     30 (32) 

*Months: S = September, O = October, N = November, D = December, J = January, F = February, M = 
March, A = April 
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Overall, 81% of analysed koalas had evidence of pathology, of which 52% were characteristic 

of chlamydial disease. As expected, KoRV pol replication and transcription, and KoRV A, D, 

and CKS17 env transcription was detected ubiquitously. Of the non-ubiquitously detected 

infectious agents, circulating trypanosomes were most frequently detected (61%), followed 

by mucosal PhaHV-1 (60%), mucosal C. pecorum (50%), KoRV B (35%), mucosal PhaHV-2 

(20%), and finally circulating agents C. pecorum (8%) and PhaHV-1 and/or PhaHV-2 (5%) (Table 

3.2). 

 

NanoString performance 

The immune targets CCR4, PhciCATH5, MHCIUA, NCR3, LEP, IL4, IL22, Il12A, IL17A, IL10, and 

IFNG were omitted from further analysis as they were not detected above threshold levels (> 

20 counts, Supplementary materials Table 7.7) in more than 50% of samples. Targets retained 

for PCA were therefore: CARD9, CD3G, CD4, CD79b, CD8beta, CLEC4E, DICER1, FKBP5, IL18, 

IL1beta, IL6, IL8, KoRVAenvRBD, KoRVDenvRBD, KoRVenvCKS17, KoRVpol, Cathelicidin-like 

(LOC110217150), PhciDAB, PhciDBB, RETN, SAMDH1, SLC29A1 TLR2, TLR4, TLR7, TNFalpha, 

and TRIM24. The five dimensions retained from PCA, performed using scaled and Box-Cox 

normalised transcription counts of 27 host immunological genes, accounted for 67% of the 

total variance within the dataset (Figure 3.3, Supplementary materials Table 7.9). 
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Figure 3.3: Principal components and gene representations amongst dimensions.  

In Figure 3.3, the variation described by the first ten principal components and the gene representation 
among the five retained principal components are presented in the scree plot of first ten dimensions within 
the PCA of koala gene transcription on admission (bottom left), and the Cos2 plot visualizing the quality of 
representation for each variable across PCA dimensions (right). The Cos2 values (ranging from 0 to 1) 
measure the proportion of the variable’s variance explained by each principal component, with higher 
values indicating better representation. Colour intensity corresponds to the magnitude of Cos2, with darker 
colours representing higher values. The matrix rows represent variables, and the columns correspond to 
PCA dimensions (e.g., PC1/Dim.1, PC2/Dim.2). This plot highlights the dimensions that most effectively 
represent the variables based on their squared cosines. In total, 95 samples were included. 
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Hierarchical clustering of biological gene components 

Hierarchical clustering of host gene and KoRV-associated principal components identified 

major koala immune-physiological phenotypes on admission. Five clusters of koalas were 

identified based on the distances between each branch of the dendrogram (Figure 3.4B) and 

by the total within-cluster sum of squares, which was reached at k-clusters = 5 

(Supplementary materials Table 7.12). The initial partition was consolidated using the k-

means algorithm with the number of clusters defined through unsupervised hierarchical 

clustering analysis of biological gene expression profiles (Figure 3.4C). The five clusters 

comprised four larger clusters that each included more than ten biologically similar koalas; 

and one minor cluster, which comprised six individuals. Post-hoc validation of cluster 

assignments using Kruskal-Wallis test showed that each cluster derived from the HCPC was 

statistically distinct in terms of their distributions along the five principal components.  
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Figure 3.4: Principal Components Analysis (PCA) dimensions used to identify immune profiles of koala 
immune gene transcription counts on admission, through k-means clustering with Ward’s method.  

Figure 3.4 demonstrates the host gene dimensions obtained from principal components analysis that were 
used in hierarchical clustering to partition the dataset. (A) Varimax rotated principal components network 
plot: Varimax rotation, an orthogonal rotation that minimises the number of high loading variables, is used 
to simplify the interpretability of retained dimensions and show the characterisation of each PC ultimately 
used in clustering. (B) Dendrogram and (C) scatter plot of koala clusters: using branch separation, the 
dendrogram identifies 5 distinct clusters among the immunological gene transcription data of 95 koalas 
sampled on admission prior to the application of treatments. The assignment of clusters largely reflects 
differences in the first two dimensions generating five clusters. The five clusters included: cluster 1, n = 20, 
cluster 2, n = 29, cluster 3, n = 6, cluster 4, n = 29, and cluster 5, n = 11. 

 

Clusters are associated with triage outcome 

The proportion of koalas within each age group differed significantly among the clusters (p < 

0.05) (Supplementary materials Table 7.13). The distribution of males and females differed 
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among clusters (p = 0.03) (Supplementary materials Table 7.13) and, while chi-squared testing 

showed that this was associated with an overrepresentation of males in cluster 5 (p = 0.03), 

post-hoc pairwise Fisher’s testing identified no significant differences in the distribution of 

sexes between clusters. There were no significant differences in the proportions of koalas 

among clusters according to body condition, the presence of general pathology, presentation 

of chlamydiosis, reproductive disease, other disease, or trauma (Supplementary materials 

Table 7.13). 

 

There was a significant difference in the distribution of cases with detectable circulating C. 

pecorum according to cluster (p = 0.0014, Supplementary materials Table 7.13). Although 

Pearson’s Chi-Squared testing suggested that the association between cluster and circulating 

C. pecorum was non-random, it is likely that the lack of cases with detectable circulating C. 

pecorum in cluster 1 drove this association (Figure 3.5A). Overall, small frequencies of 

detection (N = 8) prevented post-hoc pairwise comparisons. The distribution of outcome 

(euthanised or survived) on admission (i.e. time-point or triage outcome) was significantly 

different across clusters (p = 0.004) (Figure 3.5B, Supplementary materials Table 7.13). In 

cluster 1, the proportion of euthanised koalas was significantly greater compared to cluster 4 

(adj. p = 0.04) and cluster 5 (adj. p = 0.006). 

 

For other infectious agents, with all koalas included, there was no significant differences 

among clusters in the proportions of koalas with and without detectable mucosal C. pecorum, 

mucosal PhaHV-1 or PhaHV-2, circulating PhaHV-1 or PhaHV-2, circulating KoRV B, or 

circulating trypanosomes (Supplementary materials Table 7.13). Among koalas with loads 
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above the LOD for respective quantitative tests, no significant differences in pathogen loads 

for any marker were observed among clusters (Supplementary materials Table 7.14). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Pearson’s Chi-Squared test of independence with Cramers V testing the association between 
(A) detection of circulating C. pecorum within clusters and (B) triage outcomes (euthanised or survived) 
within clusters.  

Figure 3.5 presents Pearson’s Chi-Squared tests that determine the associated between (A) detection of 

circulating C. pecorum and (B) triage outcomes and host clusters. Chi-squared statistic (2) is printed above 
the graph with degrees of freedom  followed by the p-value, Cramer’s V effect size score, 95% confidence 
intervals, and sample size (n). 
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Clusters associated with survival have greater PC1 scores 

The first dimension/PC accounts for the greatest amount of variation (24.7%) and partitions 

the dataset along a gradient (Figures 3.4C and 3.6, Supplementary materials Table 7.9-7.11): 

less influence of PC1 in clusters associated with euthanasia (Supplementary materials: Table 

7.15). Clusters 3, 4 and 5 had significantly greater mean scores of PC1 compared to cluster 1; 

(p adj. < 0.001), (p adj. < 0.001), and (p adj. < 0.001) respectively (Figure 3.6, Supplementary 

materials Table 7.16). Similarly, clusters 4 and 5 had significantly greater mean scores of PC1 

compared to cluster 2; (p adj. < 0.001) and (p adj. < 0.001), respectively (Figure 3.6, 

Supplementary materials Table 7.16).  
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Figure 3.6: Cluster-wise distribution of principal components (dimensions) using Dunn’s Test with 
Bonferroni correction for pairwise comparisons. 
 
Figure 3.6 presents the distribution of principal component scores among the five clusters using Dunn’s Test 
with Bonferroni correction to determine pairwise comparisons. This test identifies which pairs of clusters 
differ significantly for each principal component; p > 0.05 = ns, p < 0.05 = *, p < 0.01 = **, p < 0.001 = ***. 
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The relationship between PC2-5 scores and clusters with better or poorer outcomes was 

unclear. The mean score for PC2 was significantly greater in clusters 4 (p < 0.05) and 2 (p < 

0.001) and significantly lower in clusters 1 (p < 0.01) and 3 (p < 0.001) compared to the mean 

across all clusters (Supplementary materials Table 7.15). PC3 scores were significantly lower 

on average in clusters 2 (p < 0.01) and 5 (p < 0.01) and significantly greater in cluster 4 (p < 

0.001) compared to the average score across clusters (Supplementary materials Table 7.15). 

The mean score for PC4 was significantly greater and lower on average in clusters 5 (p < 0.01) 

and 3 (p < 0.05), respectively, compared to the average score across clusters (Supplementary 

materials Table 7.15). Overall, PC5 scores were not differentially distributed among clusters. 

 

Clusters associated with better outcomes have upregulated immune gene and cellular activity 

gene transcription. 

From the HCPC output (Supplementary materials Table 7.17), clusters 4 and 5, which were 

associated with improved outcomes, are distinguished by significant upregulation (p < 0.05) 

of the genes positively contributing to PC1, relative to the mean transcription of genes across 

all clusters. This includes greater transcription of MHCII (PhciDAB, PhciDBB),  TLR7, adaptive 

cellular immune genes (CD3G, CD4, CD8B, & CD79b), and transcription-associated genes 

(DICER1 & SLC29A1), and downregulation of an innate antimicrobial peptide gene 

(Cathelicidin: LOC110217150) (Figure 3.7). IL6 and CARD9, both pleotropic immune genes, 

were downregulated in cluster 5 but upregulated in cluster 4. Furthermore, in cluster 4, FKBP5 

transcription, was downregulated and the transcription of other transcription-associated 

genes, TRIM24 and SAMHD1, and innate immune genes, IL1beta, TNFalpha, and TLR2 was 

upregulated. In cluster 5, significant downregulation of the adipose tissue associated pro-
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inflammatory gene RETN along with other innate immune associated genes IL18, TLR4, and 

CLEC4E was observed (Figure 3.7 & Supplementary materials: Table 7.17). 

 

Like cluster 5, in cluster 3, transcription of RETN, CARD9, CLEC4E, and TLR4 was 

downregulated, while SLC29A1, TNFalpha, DICER1, TRIM24 and SAMHD1 was upregulated 

compared to the mean across all clusters (Figure 3.7 & Supplementary materials: Table 7.17). 

However, unlike clusters 4 and 5 PhciDAB was significantly downregulated and IL18 and KoRV 

pol transcription was significantly upregulated in cluster 3 (Figure 3.7 & Supplementary 

materials: Table 7.17). 

 

In clusters 1 and 2, a direct contrast is observed in gene expression compared to clusters 4 

and 5. Adaptive immune genes, CD3G and CD4, and transcription-associated genes, DICER1, 

SAMHD1, and SLC29A1, and cytokine gene TNFa were significantly downregulated in clusters 

1 and 2 (p < 0.05), respectively, compared to the average gene transcription across all clusters 

(Figure 3.7 & Supplementary materials: Table 7.17). Furthermore, in cluster 1, additional 

adaptive immune genes such as CD79b and CD8b, MHCII genes such as PhciDAB, PhciDBB; 

innate immune genes such as TLR2 and TLR7, and pleotropic cytokine IL1b were significantly 

downregulated (p < 0.05). In contrast, cytokine IL18, TLR4, KoRV pol, and FKBP5 were 

significantly upregulated in cluster 1 (Figure 3.7 & Supplementary materials: Table 7.17). 

Downregulation of KoRV markers (KoRV A env, KoRV D env, KoRV CKS17 env, and pol) and 

upregulation of RETN and CLEC4E was observed in cluster 2 resulting in a significantly greater 

contribution of PC2 in cluster 2 compared to cluster 1 (Figure 3.7 & Supplementary materials: 

Table 7.17).  
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Figure 3.7: Bar chart of V-test scores from hierarchical clustering of principal components (HCPC).  

Figure 3.7 illustrates the extent to which a cluster (1-5) is significantly associated with the transcription of 
certain gene, identifying which genes contribute the most to the characterisation of a given cluster. The null 
hypothesis of the V-test assumes that the mean gene transcription in the cluster does not differ from the 
overall mean. Only genes with significantly different mean transcription compared to overall mean are 
displayed. A positive V-test value (red bars) indicates that the gene is upregulated/increased in the cluster 
compared to the overall population, similarly a negative V-test value (blue bars) suggests that the gene is 
downregulated/decreased in the cluster. Larger absolute values of the V-test indicate stronger 
contributions of the gene to the cluster. 
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TRIM24, IL18, and KoRV pol gene transcription at admission predicts triage outcomes. 

In a GLM assessing the relationship between triage outcome and genes with low collinearity 

(VIF > 5) that were differentially transcribed between cluster 1 and cluster 5 (Figure 3.7), IL18, 

TRIM24, and KoRV pol transcription were significant predictors of triage outcomes on 

admission (Table 3.3). KoRV pol and IL18 transcription is associated with negative triage 

outcomes, indicating that greater transcription increases the likelihood of euthanasia. 

Whereas, TRIM24 is associated with positive triage outcomes, suggesting that increased 

transcription of TRIM24 predicts greater likelihood of survival. 

Table 3.3: General linear model predicting triage outcome (euthanised = 0, survived = 1) in N = 95 
koalas using Box-cox transformed gene transcription 

 

 

 

 

 

 

 

 

 

TRIM24 gene transcription at triage is associated with improved post-treatment outcomes in 

koalas admitted to rehabilitation. 

In the GLM accounting for age and sex in the subset of 29 koalas that were admitted to 

rehabilitation, TRIM24 was associated with positive outcomes, suggesting that greater levels 

of TRIM24 at admission resulted in a higher likelihood of being released post-treatment (Table 

3.4). 

N = 95 Coefficient S.E. Z score P-value 95%CI 

(Intercept) -19.0 49.1 -0.39 0.70 -117.2 - 78.7 
Sex: Male 0.55 0.64 0.87 0.39 -0.71 - 1.84 

Age group: Mature -1.68 1.15 -1.47 0.14 -4.09 - 0.47 
Age group: Young adult -0.83 0.85 -0.98 0.33 -2.57 - 0.80 

KoRV pol -20.9 8.17 -2.56 0.01 -38.2 - -5.77 
IL18 -5.04 2.57 -1.96 0.05 10.5 - -0.24 

CD79b 0.44 0.48 0.92 0.36 -0.49 - 1.41 
FKBP5 -12.1 6.59 -1.83 0.07 -26.4 - 0.03 

SLC29A1 -2.51 2.01 -1.25 0.21 -6.77 - 1.21 
TLR2 0.004 0.01 0.49 0.63 -0.01 - 0.02 
TLR7 0.58 0.51 1.12 0.26 -0.42 - 1.63 

TRIM24 4.12 1.42 2.90 0.004 1.57 - 7.22 
Cathelicidin 69.5 45.0 1.54 0.12 -15.7 - 163.4 

Null deviance: 130.4 on 94 degrees of freedom 
Residual deviance: 77.0 on 82 degrees of freedom 
AIC: 102.9 
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Table 3.4: General linear model predicting post-treatment outcome (euthanised or survived) in N = 
29 koalas admitted to rehabilitation using Box-cox transformed gene transcription measured on 
admission. 

 

 

 

 

 

 

FKBP5 and IL18 transcription at final veterinary examination predicts post-treatment 

rehabilitation outcomes. 

In the same subset of rehabilitated koalas (N = 29) at their last veterinary examination, the 

GLM model with the lowest AIC included sex, age group, IL18 and FKBP5 (Table 3.5). 

Contrasting to the relationship between IL18 and negative triage outcomes, IL18 has a 

positive relationship with post-treatment outcome, meaning higher levels of IL18 are 

associated with a higher likelihood of being released post-treatment. Male koalas were also 

associated with higher likelihood of being released post-treatment. 

Table 3.5: General linear model predicting post-treatment outcome (euthanised/survived) in N = 
29 koalas admitted to rehabilitation using Box-cox transformed gene transcription measured at 
final veterinary examination. 

 

 

 

 

 

N = 29 Coefficient S.E. Z score P-value 95%CI 

(Intercept) 18.8 20.3 0.93 0.35 -20.1 - 64.5 
Sex: Male 2.20 1.28 1.72 0.08 -0.02 - 5.32 

Age group: Young adult* 1.55 1.24 1.25 0.21 -0.71 - 4.36 
TRIM24 6.46 2.78 2.33 0.02 2.12 - 13.6 
FKBP5 -19.8 10.8 -1.84 0.07 -46.9 - -2.11 

Null deviance: 42.9 on 30 degrees of freedom 
Residual deviance: 22.5 on 26 degrees of freedom 
AIC: 32.5 
*Contrasting group is ‘adult’. No ‘mature’ koalas were represented within this cohort. 

N = 29 Coefficient S.E. Z score P-value 95%CI 

(Intercept) -4.22 2.50 -1.69 0.09 -12.6 - -0.58 
Sex: Male 6.15 2.77 2.22 0.03 2.34 - 14.6 

Age group: Young adult* 2.05 2.11 0.97 0.33 -1.55 - 7.84 
FKBP5 -0.02 0.01 -1.83 0.07 -0.05 - 0.01 
IL18 0.07 0.03 2.40 0.02 0.03 - 0.16 

Null deviance: 38.2 on 27 degrees of freedom 
Residual deviance: 14.3 on 23 degrees of freedom 
AIC: 24.3 
*Contrasting group is ‘adult’. No ‘mature’ koalas were represented within this cohort 
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3.6 Discussion: 

To effectively prevent and treat complex diseases such as chlamydiosis, we must first 

understand the extent to which host, pathogen, and environmental factors determine the 

severity of disease. In this study, hierarchical clustering of principal components based on 

immunological variables defined clusters that aligned more closely with clinical decision 

making at triage than with aetiological diagnosis and generated a novel perspective on the 

biology associated with varied clinical presentations and rehabilitation outcomes. This 

biological variation was mostly captured within one component of lymphocytic pathway-

associated genes (lymphocyte differentiation markers, MHCII and TLR7), which partitioned 

the clusters along a gradient whereby koalas with greater transcription of associated genes 

had greater likelihood of release. Additionally, TRIM24 transcription at triage was associated 

with improved triage and post-treatment outcomes and should be assessed further in 

different populations for potential inclusion within health assessments to aid decision making 

and predict treatment response. Our findings support and build on the current understanding 

of the relationships between KoRV and clinical outcomes by identifying additional 

relationships between host-genes and KoRV transcription. Variable associations between 

FKBP5 and IL18 transcription and outcomes highlight an area for further investigation to 

determine the factors and mechanisms behind stress induced immunomodulation and the 

inhibition of IL-18 induced functions, respectively.  

 

The clustering approach used here created a novel perspective on the host features 

associated with koala health decline and the resulting triage outcomes. Clusters derived from 

the data were independent of the aetiologically based categories and assumed gene functions 

generally applied in disease association studies in the koala (Blyton et al., 2022a; Hashem et 
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al., 2021; Kayesh et al., 2021a; Legione et al., 2017; Maher & Higgins, 2016; Maher et al., 

2019; Quigley et al., 2019; Waugh et al., 2017; Xu et al., 2013) and thereby avoided the 

potential for those a-priori categorizations to obscure relationships or confound outcomes 

(Loftus et al., 2022). While fewer dimensions could have been used for simplicity to perform 

clustering, the five dimensions accounting for ~70% of variability were retained due to the  

large degree of variation in clinical characteristics of koalas within the dataset. The grouping 

of the comprehensive set of markers into expected host gene systems using PCA also 

improved our confidence in interpretation of results, relative to our previous approaches that 

relied on single parameters to represent immunological pathways (Kayesh et al., 2022; Kayesh 

et al., 2021a; Lizárraga et al., 2020b; Maher et al., 2014; Maher & Higgins, 2016; Maher et al., 

2019; Marschner et al., 2019a; Mathew, 2014; Mathew et al., 2013a; Olagoke et al., 2020b). 

The observed spectrum of declining host gene function with worsening prognosis provides a 

more holistic picture of why cases with similar aetiological diagnosis have disparate 

outcomes.  

 

Marked downregulation of adaptive immune and transcription-associated genes was 

associated with poor outcomes. PC1, which accounted for the greatest variation within the 

dataset (24.7%), largely reflected adaptive immunity, with upregulation of lymphocyte-

associated immune responses associated with better outcomes at triage i.e. transcription of 

T- & B- cell differentiation marker genes (CD3G, CD4, CD8b, & CD79b) and MHCII class DAB 

and DBB genes associated with lymphocyte proliferation (PhciDAB & PhciDBB) (Lau et al., 

2012), upstream innate immune and transcription-associated genes expected to promote 

them, such as, Toll-like-receptor 7 (TLR7), an adenosine transporter (SLC29A1), a ribonuclease 

(DICER1), and a dNTP regulating enzyme (SAMHD1). Inversely related elements of this PC 
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included genes encoding products more associated with innate immune responses, such as 

macrophage-produced cytokine Interleukin-18 (IL-18), a Cathelicidin antimicrobial peptide 

(LOC110217150), and resistin (RETN), a hormone secreted from adipose tissue that can act as 

an innate TLR4 binding chemokine that stimulates macrophages to release ‘pro-

inflammatory’ cytokines TNF-,  IL-1, IL-8, IL-12, IL-6, (represented by PC4 and PC5) and 

monocyte-chemotactic protein-1 (MCP-1) secretion (Codoñer-Franch & Alonso-Iglesias, 2015; 

Filková et al., 2009; Ruiz-Ojeda et al., 2018; Silswal et al., 2005). RETN also positively 

correlated with TLR4, CARD9 and CLEC4E transcription in PC2; CARD9 can transmit signals 

from CLEC4E on macrophages and natural killer cells and TLRs, including TLR4, to promote 

pro-inflammatory responses against bacterial patterns such as LPS (Hattori et al., 2014). The 

apparently central role for RETN in promoting innate and pro-inflammatory pathways over 

adaptive immunity was evident in its significantly lower expression in clusters associated with 

survival at triage. A shift from adaptive to proinflammatory innate immunity with worsening 

outcomes is consistent with comparisons between healthy and declining populations 

evaluated with the same expression panel and was not related to circulating leucocyte counts 

(Fernandez et al., 2024b). Further study is needed to longitudinally examine the shift from 

innate to adaptive immunity post-infection to clarify whether it occurs either due to a down-

regulation of adaptive immunity or from a failure to effectively progress from innate 

immunity. Regardless, the ability to measure an apparent dysregulation or collapse of 

adaptive immunity provides a way to quantify impacts of potential disease drivers and further 

elucidate causative mechanisms so these can be targeted in population and clinical 

management.  
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The relationship between TRIM24 transcription and positive outcomes may reflect different 

co-infection-host interactions, although our dataset could not definitively demonstrate this 

link. TRIM24 belongs to a large group of enzymes that not only orchestrate antiviral immunity 

by regulating pattern recognition receptors through post-translational modifications (Herquel 

et al., 2013; Sayyad et al., 2024), but have also demonstrated involvement in the host 

response to chlamydial infection (Stepanenko et al., 2023). The concurrent upregulation of 

adaptive immune genes (captured in PC1) and TRIM24 in this study may represent a beneficial 

host-response to infection as it aligns with immune phenotypes observed in latent infections 

by herpesviruses and Wuchereria bancrofti (Arndts et al., 2012; Reddehase et al., 2008; White 

et al., 2012). Further supporting this theory, here TRIM24 was inversely correlated with TLR4, 

a gene that becomes downregulated as infection resolves during antibiotic treatment of 

koalas with chlamydiosis (Phillips et al., 2019). Additionally, TRIM24 transcription was strongly 

inversely correlated with innate immune genes in PC2, including CLEC4E, which is upregulated 

during the acute phases of Chlamydia spp. infections (Hattori et al., 2014; Morris et al., 

2015b). Collectively, these relationships identify a potential network of communicating host 

genes that could be involved in the host-pathogen response driving variation in chlamydial 

pathogenesis. Unlike the relationships demonstrated in mouse models between TRIM24 and 

other retroviruses (Margalit et al., 2020) and gamma herpesviruses (De La Cruz-Herrera et al., 

2023; Fletcher & Towers, 2013; Sayyad et al., 2024), and bacteria (Stepanenko et al., 2023),  

we observed no direct associations between TRIM24 transcription and PhaHV loads, KoRV 

transcription, or mucosal C. pecorum loads. Unfortunately, the relationship between TRIM24 

transcription and circulating C. pecorum could not be assessed because of the low detection 

frequency of circulating C. pecorum in this dataset. Using a larger sample size to capture a 

greater frequency of infections, future studies should longitudinally measure TRIM24 
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transcription in koalas to determine whether a relationship exists between TRIM24 and the 

occurrence and development of infection and disease over time. 

 

The relationship between FKBP5 gene transcription and koala health and disease requires 

further investigation. FKBP5 is a co-chaperone gene that modulates the glucocorticoid 

receptor and directly influences the actions of glucocorticoids and other hormones on the 

hypothalamic-pituitary-adrenal axis (Nicolaides et al., 2014). It is also an immunophilin; 

exhibiting high specificity in binding to immunosuppressive agents (Cugliari, 2023; Haughey, 

2010; Zgajnar et al., 2019). While a relationship between greater FKBP5 transcription and 

reduced adaptive immune responses was observed previously (Fernandez et al., 2024b) and 

a similar pattern could be observed here (Figure 3.7), FKBP5 was a marginally non-significant 

predictor in all outcome models.  Fernandez et al. (2024b) hypothesised that greater FKBP5 

transcription and immune suppression was driven more-so by environmental pressures 

rather than disease and so it may be possible that the cross-sectional sampling of koalas from 

a wide range of environments supressed this relationship.  

 

The varied relationship between IL18 and outcomes at triage and post-treatment (IL-18 

transcription was associated with euthanasia at triage but was associated with successfully 

treated candidates post-treatment) may reflect the complex function of this cytokine in 

directing adaptive responses. Increased Interleukin 18 (IL-18), also known as interferon-

gamma inducing factor, is downstream of IL-1 and has similar proinflammatory functions but 

can also mediate inflammation by regulating the secretion of IFN- in the presence of IL-12 

and IL-10 (Nakanishi, 2018; Zheng et al., 2020a). Although the small sample size utilised in 

these post-rehabilitation models present a clear limitation, considering the potential for IL-18 
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to mediate different adaptive responses depending on what co-stimulation exists in the 

surrounding milieu warrants further investigation to confirm these mechanisms.   

 

Our findings support and build upon current thinking around the relationship between KoRV 

and disease outcomes by expanding the picture to include host-gene expression. Keeping 

with present understanding, KoRV pol transcription was more strongly correlated with 

exogenous KoRV env D than KoRV env A supporting the predominant contribution of 

exogenous transcription to overall KoRV transcription (Hashem et al., 2021; Quigley et al., 

2018b; Sarker et al., 2019). Similar to the association found between exogenous KoRV D 

transcription and secondary disease (Blyton et al., 2022a), here KoRV pol and, by proxy, 

exogenous KoRV D transcription was a predictor of negative triage outcomes. There was no 

association between KoRV A transcription and outcomes and instead, a weak positive 

correlation with PC1 was observed. The positive relationship between KoRV pol, env -A, -D 

and CKS17 with SAMHD1 and KoRV env -A, -D and CKS17 with DICER1 might indicate active 

host-viral interactions. SAMHD1 depletes dNTP pools available for reverse transcription in 

viral cDNA synthesis, preventing viral replication (Wang et al., 2020); knock-down of SAMHD1 

in mouse monocytic cell-lines and macrophages increased their susceptibility to HIV-1 

infection (Zhang et al., 2014). The DICER enzyme cleaves double-stranded RNA and pre-

microRNA facilitating the activation of RNA-induced silencing complexes essential for RNA 

interference (Komori et al., 2020); in HIV-1 infection this can inhibit viral replication and 

downregulate cellular genes to protect infected cells from apoptosis, contributing to viral 

latency (Klase et al., 2007; Klase et al., 2009; Komori et al., 2020; Li et al., 2016b). The positive 

relationship among these markers might indicate cells responding to viral transcription. To 

better understand the function and significance of these viral-host interactions, we suggest 
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that future investigation determines whether knockdown of SAMHD1 and DICER1 in koala cell 

lines elevate dNTP pools and how this effects KoRV markers (Franzolin et al., 2013), or 

whether the transition between lytic-latent-lytic stages is affected by these genes in 

endogenous and exogenous KoRV and other viruses such as PhaHV.  

 

Although nonstimulated samples provide a realistic indication of biological events in the koala 

at that point of time, expression of some targets was low, and it would be useful to explore 

more strongly expressed alternative targets. Like Fernandez et al. (2024b), genes producing 

cytokines of likely significance to koala chlamydiosis: IFN-, IL-10, IL-17A (Mathew, 2014; 

Mathew et al., 2013a), were frequently not quantifiable. Although another study using the 

same quantification method demonstrated low yet detectable levels of IL-10, IL-17A, IL-4, and 

IFN- in incubated, non-stimulated PBMCs of 10 northern koalas (Olagoke et al., 2020b), no 

additional health or demographic information was provided in that study to determine why 

this difference in gene transcription may exist. RNA transcriptomics would be the best 

method to identify alternative, more strongly expressed genes of relevance. 

 

Overall, NanoString determination of gene transcription was a useful, cost effective, research 

tool to identify the relationships among measurable markers in population-based studies to 

assess health status. In the clinical setting, where individual animals are the focus, it is less 

useful because of its large batch format and timeframes involved in processing. We suggest 

that a way to apply these indicators could be through integration of select qPCR targets within 

in a scoring system, similar to those used to predict disease severity cytokine storms in COVID-

19 patients (Ndoricyimpaye et al., 2023; Reiff & Cron, 2021), predict survival and response to 

therapy in cancers (Mezheyeuski et al., 2023), and in critically ill patients with systemic 
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inflammatory response syndrome (Shimazui et al., 2017). TRIM24 and IL-18 appear to be 

strong candidates for further investigation of potential host-response scoring systems in the 

koala.  

 

3.7 Conclusion 

The PCA clustering approach used in this study allowed the large number of potentially 

relevant variables to be incorporated in analysis and thereby identified relationships among 

major pathways and systems, such as lymphocytic responses, and significant indicators of 

health and disease outcomes, such as TRIM24. New perspectives of the factors associated 

with clinical variations within the koala developed here can be used to support disease risk 

assessment and management. Mechanistic investigations are required to determine the 

funcitonal roles of markers identified within this study, and test their involvement in the 

pathogenesis of various morbidities including chlamydiosis, trauma, and neoplasia. Through 

the identification and manipulation of these mechanisms, improved treatment outcomes and 

disease mitigation strategies can be developed.  
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Chapter 4 Koala pro-inflammatory genes 

IL1R2, MARCO, MYO1B, and RARRES1 show 

upregulated expression in koalas with clinical 

chlamydiosis and in those that are 

euthanised. 
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4.2 Abstract: 

Chlamydiosis is an important disease affecting koala health. Currently, the understanding of 

host responses at different stages of chlamydial pathogenesis in this wildlife species is limited. 

To identify candidate biomarkers of health and pathogenesis, this study performed RNAseq 

transcriptomic analysis on 49 buffy coat samples obtained from koalas admitted to hospitals 

in New South Wales and Queensland. Here, we firstly validate the use of NanoString for koala 

gene mRNA quantification and through this, corroborate the low expression of key immune 

genes, IL10, IL17A, IFNG, and TNF found previously. Unfortunately, in this study we found no 

correlation between IL10, IL17A, IFNG, and TNF  gene expression and the expression of their 

associated receptor genes, indicating that other methods should be explored to quantify 

lowly expressed cytokine genes in koala circulation. Then we identify IL1R2, MARCO, MYO1B, 

and RARRES1 as genes that are upregulated in koalas with chlamydiosis and those that are 

euthanised. The findings of this study provide the foundation to further investigate the roles 

of various immune genes and cellular pathways potentially involved in koala chlamydiosis. 

 

4.3 Introduction: 

The koala (Phascolarctos cinereus) is an iconic marsupial of Australia, now classified as 

endangered in its northern range (Queensland [Qld], New South Wales (NSW), and Australian 

Capital Territory [ACT]) (DCCEEW, 2022b). This species is currently experiencing local and 

regional population declines due to collective pressures from disease, vehicle strikes, 

domestic & feral animal attacks, climate change, habitat destruction and fragmentation 

(DCCEEW, 2022a; Dissanayake et al., 2023; McAlpine et al., 2015). The investigation of koala 

disease has largely targeted chlamydiosis and putative koala-retrovirus (KoRV)-associated 
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diseases (Kayesh et al., 2020b; Madden et al., 2018; Quigley & Timms, 2020; Zheng et al., 

2020b). Chlamydiosis, caused by the intracellular obligate bacterium Chlamydia pecorum, is 

the leading infectious disease currently affecting koalas and is also endemic in the koalas’ 

northern range (Vitali et al., 2023). Chlamydiosis presents most commonly as inflammatory 

and fibrotic urogenital and/or conjunctival pathology, however these presentations range in 

severity from sub-clinical or mild-moderate inflammation to severe, chronic and irreversible 

fibrotic structural damage resulting in blindness, incontinence, renal failure, infertility, 

septicaemia and/or death (Vogelnest & Portas, 2019). Recent discovery of cases with 

circulating C. pecorum but without mucosal C. pecorum or clinical disease (Chapter 2, this 

thesis) presents the hypothesis that beneficial host-C. pecorum interactions might exist and 

may utilise different immune pathways.  

 

Host genes are often used as biomarkers to represent host responses to infection, disease, or 

clinical interventions. However, the fundamental biology associated with the activity of these 

genes in the koala, including knowledge of their interrelationships and functional dynamics, 

is limited and this impedes our understanding of pathogenesis and development of health 

indicators. Numerous immunological targets have been identified in various koala tissues 

using in vivo and in vitro methods such as immunohistochemistry and flow cytometry 

(Canfield et al., 1996; Hemsley & Canfield, 1997; Hemsley et al., 1995, 1996; Higgins, 2004; 

Higgins et al., 2004; Mangar, 2018; Mangar et al., 2016; Palmieri et al., 2019), gel 

electrophoresis and chromatography (Wilkinson et al., 1992a; Wilkinson et al., 1992b), ELISA 

(Higgins et al., 2005a; Khan et al., 2016; Nyari et al., 2019; Olagoke et al., 2018; Olagoke et al., 

2019; Olagoke et al., 2020a; Quigley et al., 2023), cytometric analysis (Lau et al., 2012), and 

quantification of mRNA transcripts (Abts et al., 2015; Chen et al., 2023c; Desclozeaux et al., 
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2017; Fernandez et al., 2024a; Kayesh et al., 2020a; Kayesh et al., 2022; Kayesh et al., 2021b; 

Khan et al., 2016; Lizárraga et al., 2020b; Maher et al., 2014; Maher & Higgins, 2016; Maher 

et al., 2019; Marschner et al., 2019a; Mathew, 2014; Mathew et al., 2013a; Mathew et al., 

2013b; Mathew et al., 2014; Morris et al., 2014; Morris et al., 2015a; Nyari et al., 2019; 

Olagoke et al., 2020b; Quigley et al., 2023; Simpson et al., 2023). Some, such as mRNA 

expression of cytokine genes (IFNG, TNFalpha, IL17, IL8, IL6, IL10), NOD-like receptor genes 

(NCF12 & NOX2), cell-surface marker genes (CLEC4E, CD4, CD8b), and MHC alleles have all 

been assessed in relation to infection and/or vaccination of koalas with either C. pecorum 

(Desclozeaux et al., 2017; Khan et al., 2016; Kidd et al., 2024; Lizárraga et al., 2020b; Mathew 

et al., 2013a; Mathew et al., 2013b; Mathew et al., 2014; Nyari et al., 2019; Pagliarani et al., 

2024; Phillips et al., 2024b; Silver et al., 2022; Simpson et al., 2023), or KoRV (Kayesh et al., 

2020a; Kayesh et al., 2021b; Olagoke et al., 2020b), or both (Fernandez et al., 2024a; Quigley 

et al., 2023; Robbins et al., 2020). While the individually investigated targets may be useful 

and can be confirmed by this study, taking a transcriptomics approach may help to identify 

key linkage points across these networks of gene transcription. 

 

In koala disease investigations, the most assessed immune genes include the cytokines IL-10, 

IL-17, IFN-, and TNF- due to their significance to chlamydiosis in other species (Gervassi et 

al., 2004; Gondek et al., 2009; Jendro et al., 2004; Natividad et al., 2007; Rank et al., 2010; 

Rixon et al., 2022; Schrader et al., 2007; Vats et al., 2007; Xiang et al., 2021; Yang et al., 1999; 

Yeung et al., 2017), and their expression is measured most commonly in mitogen- or antigen- 

stimulated samples (Desclozeaux et al., 2017; Khan et al., 2016; Lizárraga et al., 2020a; Maher 

et al., 2014; Maher & Higgins, 2016; Mathew, 2014; Mathew et al., 2013a; Mathew et al., 

2013b; Mathew et al., 2014; Nyari et al., 2018; Simpson et al., 2023). The analysis of gene 
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expression within unstimulated samples potentially provides a more accurate indication of 

real-world interactions driving fluctuations in immune responses in the animal at that time 

(Negash et al., 2024), but quantification of gene targets in unstimulated samples can be 

challenging due to their low abundance  (Fisher et al., 2020). For example, multivariate mRNA 

quantification hybridization microarrays, such as NanoString (NanoString Technologies, 

Seattle, WA) (Alijagic et al., 2025; Kim et al., 2018; Kretzschmar et al., 2024; Kulkarni, 2011; 

Tan et al., 2025; Zarinsefat et al., 2025), offer a holistic method of analysis of koala immune 

responses that incorporate real-life complexity and generate clearer relationships with 

disease outcomes compared to single-gene analyses (Fernandez et al., 2024b). As observed 

in the previous chapter and other studies, due to the assay’s higher limit of quantification, 

detection of genes with low expression such as IL10, IL17, IFNG, and TNFalpha, has met with 

variable success (Fernandez et al., 2024b; Quigley et al., 2023). Although other techniques 

with lower limits of quantification may be used to quantify gene expression, as was done by 

Fernandez et al. (2024b) using previously validated RTqPCR methods (Maher et al., 2014; 

Mathew et al., 2013a; Mathew et al., 2013b; Mathew et al., 2014), this is labour intensive for 

multiple genes.  

 

Measuring cytokine receptors could be an alternative approach to understand the activity of 

their cytokine ligands if their expression is correlated, however this is currently unknown for 

the koala. As reviewed by (Pestka et al., 2004), classically, IL-10 activity should lead to 

activation of the IL-10 alpha receptor (IL10RA), and a positive relationship representing this 

mechanism has been observed in human neoplastic tissue (Zadka et al., 2018). As an inhibitor 

of T-helper 1 cell functions, studies have also suggested that IL-10 activity leads to decreased 

TNF and IFN- production (Balcewicz-Sablinska et al., 1999; Gazzinelli et al., 1992; Shibata et 
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al., 1998; Veenbergen et al., 2019), and conversely pro-inflammatory TNF and IFN- inhibit 

IL10 gene transcription (Donnelly et al., 1995). In an inflammatory bowel disease in vitro 

model of human colonic mucus, IFN- treatment upregulated the IFN- receptor 1 (IFNGR1) 

and TNF receptor 1 (TNFR1, also referred to as TNFRSF1A) gene transcription (Johnson et 

al., 2022). In the context of human tuberculosis, IL10, IFNGR1, and TNFRSF1A genes shared 

genetic regulation and were associated with TNF gene expression in Mtb culture filtrate 

(Stein et al., 2007). Additionally, a relationship between IL-17, IL-10 and TNF gene family has 

been observed; TNFR-associated factor (TRAF) 6 and IL-17E (also termed IL-25) receptor 

(Maezawa et al., 2006), and the IL-10 receptor and Th17 cell responses (Chaudhry et al., 2011; 

Huber et al., 2011), which may be reflected in their gene expression. It is therefore necessary 

to assess the relationships amongst cytokines and cytokine receptors specifically in the 

context of koala chlamydiosis. 

 

Using RNA transcriptomics, all known gene transcripts within a sample can be analysed 

together to determine average expression levels among koalas and identify genes 

differentially expressed between key groups. Two studies previously utilised RNA sequencing 

(RNAseq) to determine the differential expression of genes in conjunctival tissue between 26 

koalas with and without ocular disease (Johnson et al., 2018), and in lymph node tissue 

between 29 koalas originating from “southern” and “northern” genotypes (Tarlinton et al., 

2021). Collectively, the findings from these studies show that gene expression significantly 

differs between disease groups and between populations, demonstrating the use of this 

technique to increase our understanding of circulating host pathways associated with 

chlamydiosis.  
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This study has three main aims. Firstly, the transcriptomic dataset generated here was used 

to validate the mRNA counts for non-pathogen genes previously assessed using NanoString 

in Chapter 3 of this thesis and in another study (Fernandez et al., 2024b). Secondly, we 

compared receptor gene expression with their respective cytokine gene expression for 

cytokines important to chlamydiosis (IL10, IL17A, IFNG, and TNFalpha) that had previously 

reported low mRNA counts in unstimulated samples (Fernandez et al., 2024b). Finally, 

following the identification of an association between improved clinical outcomes and 

upregulated lymphocytic gene and TRIM24 (tripartite motif-containing 24) gene transcription 

(Chapters 2 and 3), this study seeks to determine whether full gene expression differs 

significantly between (1) koalas with and without signs of chlamydiosis, and (2) koalas that 

were euthanised compared to released.  

 

4.4 Methods: 

Animals 

Samples and data used in this study were collected  under the University of Sydney Animal 

Ethics Approval Number 2021/1975, NSW NPWS Scientific License SL102379 and Qld NPWS 

WA0019256, in conjunction with two other related studies (Chapter 2 and Chapter 3, this 

thesis). Those studies investigated the significance of co-infections (Chapter 2) and immune 

response profiles to disease and rehabilitation outcomes (Chapter 3) in koalas admitted to 

one of three wildlife hospitals: Australia Zoo Wildlife Hospital (AZWH), Qld, Friends of the 

Koala (FOK), Lismore, NSW, and Port Macquarie Koala Hospital (PMKH), NSW. Overall, 57/115 

cases had samples available for RNAseq and formed comparable subsets of koalas (1) with 
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and without chlamydiosis (chlamydiosis comparison), and (2) koalas that were euthanised or 

survived triage (outcome comparison) (Table 4.1).  

Table 4.1: Case characteristics among sample population and according to comparison groups. 
Values are reported as counts with the associated percentage of the respective group in brackets. 

  Sample 
population 

Comparison 1 (N = 36)1 Comparison 3 (N = 49)2 

  N = 49 
Chlamydiosis 

(N = 22) 
None  

(N = 14) 
Survived 
(N = 26) 

Euthanised (N = 
23) 

Age group Young Adult 18 (37) 6 (27) 8 (57) 11 (42) 7 (30) 
Adult 28 (57) 15 (68) 6 (43) 14 (54) 14 (61) 

Mature 3 (6) 1 (5) 0 (0) 1 (4) 2 (9) 
Sex Male 21 (43) 5 (23) 9 (64) 16 (62) 5 (22) 

Female 28 (57) 17 (77) 5 (36) 10 (38) 18 (78) 
Body condition score ≤ 2 8 (16) 8 (36) 0 (0) 1 (4) 7 (30) 

> 2 41 (84) 14 (64) 14 (100) 25 (96) 16 (70) 
Syndrome None 14 (29) 0 (0) 14 (100) 14 (54) 0 (0) 

Chlamydiosis 22 (45) 22 (100) 0 (0) 6 (23) 16 (69) 
Trauma 11 (22) 0 (0) 0 (0) 6 (23) 5 (22) 
Other 2 (4) 0 (0) 0 (0) 0 (0) 2 (9) 

Mucosal C. pecorum 
shedding 

Detected 22 (45) 18 (82) 1 (7) 5 (20) 17 (74) 
Not detected 27 (55) 4 (18) 13 (93) 21 (80) 6 (26) 

Outcome Survived 26 (53) 6 (27) 14 (100) 26 (100) 0 (0) 
Euthanised 23 (47) 16 (73) 0 (0) 0 (0) 23 (100) 

*NA: cases without results  
1Comparison 1: comparison of genes between koalas with chlamydiosis and those with no signs of disease 
2Comparison 2: comparison of genes between koalas that were euthanised and those that survived triage 

 

Briefly, cases used within the three comparisons were defined using clinical data from triage 

veterinary examinations and gene expression data (Table 4.1). Cases that presented with 

clinical signs attributed to C. pecorum infection were classified as ‘chlamydiosis’; these 

included disease of the urogenital tract (cystitis, renal abnormalities, and reproductive 

disease) and/or ocular sites (conjunctivitis or keratoconjunctivitis) (Canfield, 1989; Griffith, 

2010; Nyari et al., 2017; Pagliarani et al., 2022; Pagliarani et al., 2024; Palmieri et al., 2019; 

Polkinghorne et al., 2013; Speight et al., 2016; Wan et al., 2011). Cases were also 

characterised by mucosal C. pecorum shedding, mucosal PhaHV-1 shedding, mucosal PhaHV-

2 shedding, circulating C. pecorum, circulating PhaHV-1 or PhaHV-2 transcription, circulating 

KoRV B transcription, and circulating trypanosome transcription (Supplementary materials 
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Table 7.18) (Chapter 2). Triage/Treatment outcomes were determined by veterinarians 

through case-specific examination and standard diagnostic results used to make informed 

clinical decisions based on welfare. Cases were euthanised due to poor prognosis, which 

included the presentation of disease- or trauma-derived irreparable structural damage, or 

complicated comorbidities concurrent with mature age (age > 10 years old) or emaciation.  

 

Sample preparation and RNA extraction 

Blood was collected from koalas and buffy coats prepared and stored in RNALater (Qiagen, 

Germany) as previously described (Chapters 2 & 3, this thesis). Total RNA was extracted using 

the Qiagen RNeasy Mini kit (Qiagen, Germany) according to the manufacturer’s instructions. 

RNA extraction quality and yields were measured using both a NanoDrop ND-1000 160 

Spectrophotometer and a Qubit® RNA HS Assay Kit (Q32852, Invitrogen, Thermo Fisher 

Scientific). In total, 57 samples with concentrations above 18 ng/mL were retained for 

analysis.  

 

RNA extracts were DNAse treated using the TURBO DNA-free™ Kit (Invitrogen™ # AM1907) 

according to the manufacturer’s instructions with the following modifications: 35 mL RNA 

extract is heated for 30 minutes at 37°C with 5 mL 10X reaction buffer and 10 mL Turbo DNase 

(2U/mL). Following this, 5 mL Inactivation agent is added then vortexed every 10-15 seconds 

over 2 minutes. Tubes were then spun at 10,000 x g for 3 minutes. The top 40 mL of the 

reaction mix was retained for downstream analysis and the remaining 15 mL was discarded.  

 

Samples were adjusted using DNA/RNA free water to ensure there was less than 50 ng/mL in 

a total volume of 20 mL. Further quality control (QC) was completed prior to sequencing by 

https://www.thermofisher.com/order/catalog/product/Q32852
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Ramaciotti Centre for Genomics (UNSW, Kensington, NSW, Australia) as follows. QC was 

conducted measuring purity with Epoch/Nanodrop spectrophotometer to identify samples 

outside the appropriate range of 260:280, i.e. <1.8 or > 2.2. RNA integrity was measured using 

either the Agilent TapeStation or Bioanalyser (Agilent Technologies, Santa Clara, CA, USA) to 

identify samples with desirable RIN values above 7. As a secondary RNA quality measure, the 

DV200 was calculated when the TapeStation was used. DV200 is a measure of the percentage 

of RNA fragments above 200 nucleotides. In total, 8 samples failed QC and were removed 

from further analysis due to irreparably poor RIN values (N = 5), low A260/A230 (N = 3), and 

one due to large fragments. We note here that the library preparation method can cope with 

a degree of RNA degradation and so even with a RIN < 7, if the DV200 is above 55% the 

protocol can be used. All retained samples had a DV200 percentage above 55% and total RNA 

per sample ranged from 128 ng to 1491 ng.  

 

RNA library preparation and sequencing 

Library preparation and sequencing were performed by Ramaciotti Centre for Genomics. RNA 

sequencing libraries were prepared using Illumina TruSeq Stranded Total RNA with Ribo-Zero 

Globin kit (Illumina, San Diego, CA, USA) according to the manufacturer’s instructions, using 

1ng total RNA as input. The first step of this protocol included both globulin-encoding mRNA 

and ribosomal RNA (rRNA) depletion steps to reduce non-target abundant transcripts. 

Samples were sequenced on a NextSeq 500 150cycle MID (Illumina, USA) run with expected 

output of ~130M reads, hence ~30M reads/sample. Library preparation for three samples 

resulted in low yields but were retained for analysis. Each library was indexed with a different 

sequencing barcode and were sequenced over 49 lanes, i.e. one lane per sample, with 7-10 

million read pairs per lane. 
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Genome mapping and SNP calling 

Raw sequences were assessed for quality using fastQC (Andrews, 2023). Trimmomatic was 

then used to clean adaptors and trim to 60 base pairs (bp) to remove bias observed within 

the first 12 bp and last 3 bp (Parameters used: ILLUMINACLIP: All_adaptors.fa:7:25:8:1:true/ 

SLIDINGWINDOW:20:28 HEADCROP:12 CROP:60 MINLEN:50) (Bolger et al., 2014). Using 

adapted commands from Chew and Sadsad (2022), reads were mapped to the 

phaCin_unsw_v4.1 assembly (Johnson et al., 2018) using the STAR script with default 

parameters (overhang of 149bp) (Chew & Sadsad, 2022; Dobin & Gingeras, 2015). SAMtools 

was used to merge and index the paired reads over lanes per sample and RSeQC 

infer_experiments was used as an additional quality check to confirm paired-end, strand-

specific data (Li et al., 2009; Wang et al., 2012). The previous tool also confirmed the use of 

the reverse strand for htseq count (Anders et al., 2015). Finally, bamstat was used to generate 

read distribution results (Lindenbaum, 2015).  

 

To investigate pathogen gene expression and validate the quantification of infectious agent 

gene targets using NanoString in previous chapters, reads were mapped to C. pecorum, KoRV, 

and PhaHV-1 assemblies. For C. pecorum, reads were mapped to both the CpecDBDeUG1.0 

and CpecMC/MarsBar1.0 strain assemblies (Bachmann et al., 2014). The ASM28885v1 

assembly was used to map to KoRV (Hanger et al., 2000), and the ASM1858315v1 assembly 

for PhaHV-1 (Vaz et al., 2019a). For all infectious agents, the percentage of mapped reads was 

less than 1% and so the data was not usable.  
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Agreement between RNAseq and NanoString gene counts in non-stimulated samples 

To validate the normalised mRNA counts of genes in unstimulated buffy coat samples 

previously observed using NanoString in Chapter 3 and in a study by Fernandez et al. (2024b), 

the RNAseq counts for the same genes were compared. Pearson’s correlations for raw counts 

of each gene using the two methods were calculated and tested for and presented in a bar-

chart. The average and median correlation across targets was calculated, as was the 

proportion of statistically significant correlations (using a significance threshold of p < 0.05). 

A scatter plot of the average counts for each gene using the two quantification methods was 

generated to demonstrate the trend between the results. On this plot, a 1:1 best fit line is 

plotted along with a regression line, which is calculated using the following formula: y = a + b 

 x, where a is the intercept and b is the slope. 

 

Comparison between lowly expressed key cytokine genes and their receptors 

To determine whether cytokine receptors may be an appropriate alternative indicator of 

cytokine activity for cytokines that are transcribed below quantifiable levels in NanoString, 

cytokine receptor and cytokine gene expression was compared. For four key cytokine genes, 

IL10, IL17A, IFNG, and TNFa, which had low mRNA transcript counts in unstimulated buffy 

coat samples previously observed using NanoString in Chapter 3 and elsewhere (Fernandez 

et al., 2024b), the expression of their respective receptor genes were investigated using 

RNAseq. In total, 11 individual genes were examined: IFNG, IFNGR1, IFNGR2, IL10, IL10RA, 

LOC110214852 (IL10RB), IL17A, IL17RA, TNF, TNFRSF1A, and TNFRSF1B. Firstly, the average 

normalised read counts among the whole sample population were assessed to compare those 

observed in IL10, IFNG, and TNF with other related genes. Although the average counts of 

IL17A are reported, due to low raw read counts IL17A was omitted from further investigation. 
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Average normalised counts were visualised using bar charts for the sampled population. 

Finally, to determine the relationships among the 10 genes and identify alternative genes that 

may be used to infer the activity of IL10, IFNG, and TNF, Pearson’s correlations were 

generated and visualised in a matrix. 

 

Gene expression analysis 

To increase the ability to compare genes across samples, raw gene counts were pre-filtered 

to retain only genes where the total number of reads across all samples was greater than 5. 

Gene expression analysis was performed using the standard DESeq2 (version 1.42.1, alpha = 

0.05) pipeline on the pre-filtered, raw counts from untrimmed paired-end mapped genes in 

R (version 4.0.3) (Love et al., 2018; Love et al., 2024). Read quality was assessed using the log2 

transformed raw counts and then again on the DESeq element using dispersion plots. Two 

DESeq experiments were constructed based on the comparisons previously detailed, the first 

comparing (1) koalas with chlamydiosis (N = 22) and koalas without signs of disease (N = 14), 

and (2) koalas that were euthanised (N = 23) and koalas which survived (N = 26).  

 

MA-plots were constructed to visualise the genomic data, evaluate the magnitude of fold 

changes, and assess the distribution relative to the mean expression using no shrinking and 

‘ashr’ shrinking of the log2 fold changes (LFC) (Stephens, 2017). To account for low count 

genes, which exhibit high variance and bias measures of significance, the shrunken LFC results 

were used furthermore. The DESeq2 pipeline employs Benjamin-Hochberg (BH) procedure to 

control for the false discovery rate (FDR or q-value, 0.05) on the raw p-values generated 

through Wald testing, resulting in an adjusted p-value. For this study, significant differentially 

expressed genes for the three sets of comparisons are reported using the following 



 
 

164 

thresholds: adjusted p-value ≤ 0.01 and LFC cutoff = 0.58 (fold change of 1.5). Normalised 

differential gene expression results were visualised in box-plots and column plots using 

‘ggplot2’, heatmaps using ‘pheatmap’, and volcano plots. Counts were normalised using the 

median of ratios method.  

 

Using the koala genome annotation file available from NCBI under the assembly accession 

GCF_002099425.1, functions for significant differentially expressed genes in the three 

comparisons were obtained (Johnson et al., 2018). DE genes were mapped to the gene 

ontology (GO) IDs from the annotated datafile by matching gene symbols. GO terms were 

further classified by ontology; biological process (BP), molecular function (MF), and cellular 

component (CC) by mapping GO IDs to ontology types using the AnnotationDbi org.Hs.eg.db 

database (Carlson et al., 2019) and querying GO.db to add GO term descriptions and 

definitions. Due to small sample sizes within each DEseq model, GO term and pathway 

analysis could not be conducted. 

 

4.5 Results: 

Validation of NanoString gene mRNA transcription using RNAseq 

Concordance was observed between RNAseq and NanoString data across targets, with an 

average Pearson correlation of 0.59, a median correlation of 0.73, and 79.5% of targets 

showing a significant correlation (p < 0.05) (Figure 4.1). On average, RNAseq counts were 

greater than those quantified using NanoString for the same genes (Figure 4.2). 
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Figure 4.1: Gene target-wise correlation between NanoString and RNAseq counts. 

Figure 4.1 presents a bar-plot of Pearson’s correlation between NanoString and RNAseq counts for each 
non-pathogen gene included on the NanoString panel. Bars are colour coded according to statistical 
significance status: correlations which were statistically significant (p < 0.05) in blue, non-significant (p > 
0.05) correlations are in grey, and targets without a Pearson’s correlation result (i.e. NA) have no bar. NA 
results were due to RNA counts of 0 for all samples on RNAseq, for which no correlation could be calculated. 
Genes used as house-keeping genes on the NanoString panel are flagged with a red triangle. 
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Figure 4.2: Comparison of NanoString gene mRNA transcription counts with gene expression counts 
from RNAseq. 

The scatterplot in Figure 4.2 displays the Log10 transformed average counts for non-pathogen genes with 
NanoString results on the x-axis and RNAseq results on the y-axis. Two lines are plotted; a 1:1 line (dotted) 
that demonstrates the expected one to one ratio if RNAseq counts were equal to NanoString counts, and a 
second regression line (red) which presents the best-fit predictive relationship between the two methods. 

 

Validation of cytokine genes expression in non-stimulated samples 

Among all samples analysed using RNAseq, average normalised read counts for IL10, IL17A, 

IFNG, and TNF were 24.34, 1.04, 17.93, and 50.16. In comparison, the associated receptor 

genes of IL10, IFNG, and TNF had 51 – 309 fold greater average read counts, while the main 

receptor gene for IL17A, IL17RA, was expressed at read counts 7555-fold more than that of 

the ligand gene (Figure 4.3). Among all samples, IL10 gene expression was not significantly 

correlated with IL10RA nor IL10RB gene expression (Figure 4.3). However, a significant, weak 
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positive correlation existed between IL10 and IFNGR1 (r = 0.38, adj. p-value = 0.01). IFNG gene 

expression was not significantly correlated with IFNGR1 but had a significant weak negative 

correlation with IFNGR2 gene expression (r = -0.28, adj. p-value = 0.05). INFG positively 

correlated with TNF (r = 0.43, adj. p-value = 2.1e-03) and negatively correlated with TNFRSF1A 

(r = -0.37, adj. p-value = 0.01). Similarly, TNF gene expression did not significantly correlate 

with the expression of either of its receptor genes TNFRSF1A or TNFRSF1B.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Column plot of and Pearson’s correlations amongst normalised read counts for key 
cytokine IL10, TNFa, and IFNγ and their receptors. 

Figure 4.3 presents the normalised read counts for IL10, TNF, and IFNG and their receptors along with a 
correlation matrix among the normalised read counts for these genes. Right: Column plot of the average 
normalised read counts among the whole sample population for key cytokine genes IL10, IFNG, and TNF 
and their receptors, including the IL17A receptor. Left: Pearson’s correlation plot with hierarchical 
clustering of normalised gene counts for key koala immune genes IL10, IL17, TNFa, and IFNγ and their 
associated receptor genes. Non-significant (p-value > 0.05) correlations are not shown. Due to low read 
counts, IL17A was omitted from the plots. 
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Differential expression analysis: Comparison group characteristics 

Health characteristics of cases included in the sample population and according to each 

respective comparison group are summarised in Table 4.1.  In koalas with clinical chlamydiosis 

compared to koalas without clinical signs of disease, there was a greater proportion of C. 

pecorum at mucosal sites (2 = 14.7, df = 1, p = 1e-04), and body condition scores equal to or 

below 2 (2 = 4.6, df = 1, p = 0.03).  

 

In euthanised koalas, compared to koalas that survived triage, there was a greater proportion 

of mucosal C. pecorum shedding (2 = 12.62, df = 1, p = 4e-04), KoRV B env transcription (2 = 

7.39, df = 1, p = 0.006), of koalas with clinical chlamydiosis (2 = 21.2, df = 4, p = 3e-04), of 

koalas with body condition scores equal to or below 2 (2 = 4.5, df = 1, p = 0.03), and of females 

(2 = 6.35, df = 1, p = 0.012). This likely results from the presentation of reproductive cysts 

(32%, 9/28) in females, which was also associated with euthanasia (2 = 5.86, df = 1, p = 0.02).  

 

Sequence assembly and pre-filtering 

Overall, on average approximately 34.7% of reads across samples mapped to 25,743 genes of 

the koala genome. Across samples, the average number of reads that overlapped with an 

individual gene was 1230 (range 0 - 2,604,825). Of the mapped genes, 5148 (20%) were 

filtered out as they had a total number of reads across all samples less than 5. The distribution 

of read counts across samples, assessed as log2 transformed counts, were not identical 

(Figure 4.4). The median log2 counts was 6.98 (blue line) and the mean was 9.74. Lower than 

median counts were observed in two samples, DAWE_047 and DAWE_049. These samples 

were flagged for careful interpretation in downstream analysis.  
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Figure 4.4: Box-plot distribution of raw counts, log 2 transformed, among samples coloured according 
to their outcome group: green = survived and white = euthanised.  

In the box-plot distribution of raw counts displayed in figure 4.4, the median log2 count, 6.98, is plotted as 
a blue horizontal line. Red asterixis highlight two samples (DAWE_047 and DAWE_049) with counts lower 
than the median across all samples. 

 

The dispersion plots for the three experiments are visually comparable, displaying similar 

fitted curves and shrinking of gene-wise dispersion estimates (Supplementary materials: 

Figure 7.1). Generally, the gene estimates fit well along the curve, with some data points 

unable to be fitted and are highlighted as potentially differentially expressed genes or 

outliers. A group of gene estimates that are outside of the fitted trends sit on the left middle 

of plot. 

 

Normalised read counts ranged from 41,140,665 – 408,320,223 across all samples. The 

median and mean for normalised read counts was 88,267,669 and 99,437,939 respectively. 

Significant genes could be observed to be more normally distributed across the full range of 

expression using ‘ashr’ shrinking compared to no shrinking (Supplementary materials: Figure 

7.2). The magnitude and distribution of fold changes relative to mean expression followed a 

* * 
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similar pattern between the two different comparisons. However, significant genes that were 

differentially expressed between koalas with chlamydiosis compared to koalas without 

chlamydiosis had smaller fold changes and distribution of fold changes compared to other 

comparisons. 

 

Differential expression analysis 

Following ‘ashr’ shrinking on the normalised counts in conjunction with an adjusted p-value 

and LFC threshold of 0.01 and 0.58, respectively, the number of differentially expressed genes 

between groups reduced compared to the original DESeq: from 185 genes to 27 genes 

between koalas with chlamydiosis and those without signs of disease, and from 976 genes to 

210 genes between koalas that were euthanised and those that survived triage. 

 

Differentially expressed genes between koalas with chlamydiosis and koalas without signs of 

disease: Chlamydiosis is associated with IL-1 signalling pathways and cell proliferation and 

migration. 

After correction for multiple testing (adjusted p-value ≤ 0.01), there were 27 DE genes 

between koalas with chlamydiosis compared to koalas without chlamydiosis, of which 81% 

were upregulated and 19% were downregulated (Supplementary materials: Table 7.19). 

Genes upregulated in koalas with chlamydiosis were associated with inflammatory and 

immune responses such as interleukin-1 (type II) blocking receptor activity, cytokine activity 

and signalling pathways, lymphocyte, monocyte, and neutrophil chemotaxis, cellular 

response to type II interferon, interleukin-1, and tumour necrosis factor, chemokine mediated 

signalling pathways, positive regulation of ERK1 and ERK2 cascades, and positive regulation 

of GTPase activity, phagocytosis, engulfment, pattern recognition receptor activity and 
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receptor-mediated endocytosis. Of these genes, IL1R2 was expressed at over 14.8-fold 

greater levels koalas with chlamydiosis (Figure 4.5A). 

 

In koalas with chlamydiosis, genes associated with cell proliferation and migration were 

upregulated. In particular, the MYO1B gene was over 13.3-fold upregulated in koalas with 

chlamydiosis. This gene, called Myosin-1B, was associated with the biological processes 

vesicle transport along actin filaments and actin filament organisation. Other similarly 

upregulated genes were associated with protein binding, negative regulation of cell 

population proliferation, and metalloendopeptidase inhibitor activity, proteolysis and serine-

type endopeptidase activity, intracellular signal transduction and phosphatidylinositol 

phosphate biosynthetic process.  

 

Differentially expressed genes between euthanised koalas and those that survived triage: 

Koalas selected for euthanasia have increased expression of genes associated with immune 

responses, BMP signalling pathways, and anti-oxidation. 

After correction for multiple testing there were 210 DE genes between koalas that were 

euthanised and koalas that survived (Supplementary materials: Table 7.20), of which 20% 

were downregulated and 80% were upregulated. The same genes associated with immune 

responses and cell proliferation in that were upregulated in koalas with chlamydiosis, 

compared to koalas without signs of disease, were also upregulated in euthanised koalas, 

compared to koalas that survived: IL1R2, MARCO, and RARRES1 (Figure 4.5B). Furthermore, 

other genes associated with the immune response were upregulated in euthanised koalas 

and were associated with the following functions: complement cascade, complement 

receptor mediated signalling pathway, inflammatory response, antimicrobial humoral 
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immune response mediated by antimicrobial peptide, cellular response to lipopolysaccharide, 

chemokine-mediated signalling pathway, chemokine activity, neutrophil chemotaxis, innate 

immune response, and negative regulation of T cell proliferation. Interestingly there was 

opposing regulation of genes associated with bone morphogenic protein (BMP) signalling 

pathways that regulate cell proliferation, differentiation and apoptosis, although one gene 

was markedly upregulated: SCUBE3 (Signal peptide, CUB domain and EGF like domain 

containing 3) 8.2-fold expression in euthanised koalas. Additionally, in euthanised koalas, 

compared to koalas that survived, genes functioning within NADP binding and glutathione 

peroxidase activity and glutathione metabolic process were upregulated. 
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Figure 4.5: Volcano plots (left) of significant (blue points) and non-significant (red points) differentially 
expressed (DE) genes for the two comparisons. 

Figure 4.5 demonstrates significantly differentially expressed genes among the three comparisons. (A) 
Koalas with chlamydiosis and koalas without signs of disease (first row). (B) Koalas that were euthanised 
and koalas that survived (second row). The x-axis represents the log2 transformed fold-change of gene 
expression between the comparison groups and the y-axis shows the -log10 adjusted p-value. The top 10 
significant DE genes are labelled. Adjacent to each volcano plot are plots showing boxplots per comparison 
group of the log10 normalised gene counts (y-axis) for the top 20 DE genes, which are labelled in 
alphabetical order on the x-axis. Where presented, shared significant genes are highlighted in yellow (IL1R2, 
MYO1B, RARRES1, & MARCO). No plotting of a box-plot is indicative of no expression present in the group 
(BDNF & 110197580). 

 

4.6 Discussion: 

This investigation generated a transcriptomic dataset that achieved several aims and can be 

used as a resource for further investigations. The strong correlation between gene expression 

data generated using RNAseq and gene transcription (mRNA) counts derived from NanoString 
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nCounter methods suggests that NanoString is a robust and efficient tool for high throughput 

analyses. Low IL10, IL17A, IFNG, and TNF expression on NanoString was corroborated in 

RNAseq, and the lack of strong relationships with respective receptor genes furthers our 

understanding of cytokine gene relationships. Differential gene expression analysis among 

two comparisons (chlamydiosis status and survival outcomes) demonstrated significant 

differential expression of the genes IL1R2, MARCO, MYO1B, and RARRES1 suggesting their 

potential functional significance in pathogenesis (Supplementary materials Table 7.21). This 

data helps to identify genes that may be used as indicators to monitor changes in the balance 

of the host response towards unfavourable (pro-inflammatory) clinical outcomes and higher 

risk of euthanasia. Similar to previous findings in Chapter 3 and in a previous study (Fernandez 

et al., 2024b), overexpression of genes associated with the innate immune response and T-

cell inhibition provide a broader perspective of the biology behind cases with poor prognosis.  

 

Overall, gene transcription quantified using NanoString, a multi-gene mRNA hybridisation 

technique (Fernandez et al., 2024b; Quigley et al., 2023), is comparable to RNAseq gene 

expression. Gene-specific variation exists and is likely to be associated with the sample type. 

For example, many of the genes with weaker and/or insignificant correlations between the 

two methods may be better quantified in alternative tissue types, such as adipose tissue for 

endocrine genes DRD1, DRD3, AR, ESR1, PGR, OXT, POMC, HTR1A, HTR2A, HTR3A, LEP, CRH 

and MC2R (Ahmed et al., 2025). Further validation of the pathogen targets used on the 

NanoString is necessary as mapping to C. pecorum, KoRV, and PhaHV-1 genomes did not result 

in analysable data using this sample set, which likely resulted from low frequency of detection 

and low abundance of the targets relative to other transcripts. Given the unknown 

significance of circulating C. pecorum, validation of these pathogen gene targets is an 
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important next step to allow for further optimisation of the NanoString method, 

epidemiological investigation, and prevalence monitoring. 

 

The limited expression of important cytokine genes representative of classical immune 

pathways (IL17A, IL10, IFNG, and TNF) in unstimulated buffy coat samples using both 

NanoString and RNAseq quantification suggests that alternative methods may be required to 

determine their significance in pathogenesis. Although receptor genes were expressed at 

greater levels, IL10, IFNG, or TNF did not strongly correlate with the expression of their 

respective receptor genes, which is consistent with highly controlled and restricted 

expression of potent cytokines compared to their receptors in humans (Jiang et al., 2021; 

Karlsson et al., 2021; Valente et al., 1992). The lack of correlation between cytokine ligands 

and their receptors suggests that, in circulating cells, (1) a better understanding of cytokine-

receptor relationships is needed, and (2) alternative gene targets or sample sites should be 

investigated to represent these key pathways. A recent study employing RNAseq to assess 

gene expression in mucosal epithelium of koalas differed in their observations compared to 

those found here in blood samples, such as the upregulated expression of IFNG in koalas with 

chlamydial conjunctivitis (Phillips et al., 2024b). Optimally, a comparison of gene expression 

between koalas that only show circulating C. pecorum, those that only show mucosal C. 

pecorum, and those that show both would provide a holistic perspective of the relationships 

or independence between these states and better inform the succession of events. 

Additionally, a comparison of cytokine and cytokine receptor expression across various 

tissues in healthy and diseased koalas would help to inform tissue-specific cytokine activity in 

pathogenesis. 
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IL1R2, MARCO, MYO1B, and RARRES1 have emerged as potential biomarkers for mechanisms 

underlying disease severity in koalas. In koalas with chlamydiosis and in koalas that were 

euthanised, the upregulation of IL1R2 suggests inhibition of IL-1 signalling either following IL-

1B upregulation or due to inhibitory mechanisms of the innate immune response such as 

“M2” polarisation and production of anti-inflammatory cytokines IL-4, IL-13, and IL-10 

(Colotta et al., 1993; Colotta et al., 1996; Dickensheets & Donnelly, 1997; Kalliolias et al., 2010; 

Supino et al., 2022). IL-1 signalling is potentially critical for driving host responses to 

Chlamydia pecorum infection. As a decoy receptor, IL-1R2 binds IL-1A, IL-1B, and IL-1R1 to 

suppress inflammatory activity, a mechanism observed in other chlamydial infections, such 

as C. pneumoniae (He et al., 2010; Shimada et al., 2011) and C. muridarum (Nagarajan et al., 

2012). Dysregulation of this pathway can exacerbate inflammation and alter immune cell 

dynamics, increasing susceptibility to tissue damage and uncontrolled proliferation (Chen et 

al., 2022; Oelmann et al., 2015). In koalas with chlamydiosis and in koalas that were 

euthanised, the observed upregulation of MARCO (Macrophage Receptor with Collagenous 

Structure) in buffy coats may reflect shifts in inflammatory responses. MARCO, a scavenger 

receptor typically restricted to tissue-resident macrophages in the spleen, liver, and lymph 

nodes, plays roles in regulating toll-like receptor-induced inflammation, inducing mast cell 

TNFα production, and suppressing neutrophil infiltration (Kissick et al., 2014; Kraal et al., 

2000). Its heightened expression in circulating monocytes may indicate macrophage 

activation or tissue damage facilitating macrophage escape into circulation, as suggested by 

recent studies detecting MARCO mRNA in human and murine monocytes (Getts et al., 2014; 

Ingersoll et al., 2010). Similarly, the upregulation of MYO1B (Myosin 1B) in koalas with 

chlamydiosis and in koalas that were euthanised could be reflective of immune cell 

infiltration, tissue hypoxia, and inflammation observed in cancer models like Arecoline-
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associated oral carcinoma (Sun et al., 2023) and several other cancers (Zhang et al., 2018). 

Finally, increased expression of RARRES1 (Retinoic Acid Receptor Responder 1) in koalas with 

chlamydiosis and in koalas that were euthanised may indicate renal damage and should be 

validated with histological analysis. This gene encodes a membrane protein critical to 

podocyte function, where overexpression is linked to podocytopenia, glomerulosclerosis, and 

apoptosis in glomerular diseases (Chen et al., 2021; Feng et al., 2024). Collectively, these 

findings are suggestive of an intense innate pro-inflammatory response that MARCO, MYO1B, 

RARRES1 appear to be reflecting and IL1R2 may be attempting to down-regulate. Longitudinal 

studies are required to confirm that these genes are upregulated post-damage or if this 

represents an earlier phase of the innate inflammatory response.  

 

IL18 and FKBP5 gene transcription may be important markers of koala chlamydiosis and 

clinical severity. Consistent with the previous findings in Chapter 3, in this study IL18 and 

FKBP5 gene transcription were upregulated amongst koalas with chlamydiosis, and in koalas 

that were euthanised, respectively. No other host gene included on the NanoString panel in 

Chapter 3 were identified as being significantly differentially expressed in the current study. 

This is likely due to the smaller sample set analysed here that was selected to have an equal 

representation of presence and absence of chlamydiosis disease and outcomes of euthanasia 

and survival. The identification of novel genes, despite the smaller sample size suggests their 

effect may be large and might be useful to investigate in future studies. For example, similar 

to the cell differentiation genes CD4, CD8beta, CD3, CD79b, and chemokines CCR4 and IL8, 

which were on the NanoString panel, related genes CD207, CD177, CD36, SOCS1, SKOR2, 

GPR1 and GPR84 were differentially expressed in this study. These genes have yet to be 
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analysed in the koala and should be included in future panels to clarify their significance in 

the pathogenesis of chlamydiosis. 

 

Further investigation of differential gene expression in the koala should prioritise maximising 

sample sizes with distinct comparison groups. This study was limited in the individual cases 

and samples available for analysis, resulting in overlap in the samples used to perform the 

two comparisons. Having distinct, independent comparison groups would reduce the risk of 

overlapping differentially expressed genes resulting from individual contributions rather than 

the dependent variables. The findings here should be corroborated using a larger sample set 

that can control for multiple confounding factors and variables of interest within the one 

DEseq model (Tarlinton et al., 2024). With a greater sample size, analyses may then support 

further validation of NanoString panels and GO term and pathway analyses to determine 

specific system variations according to clinical and infection status in the koala. 

 

4.7 Conclusion 

This study identifies several potentially biologically meaningful genes, IL1R2, MARCO, MYO1B, 

and RARRES1, that appear likely to be involved in koala chlamydiosis and severe disease 

warranting euthanasia. While further corroboration of these findings is recommended due to 

small sample sizes, IL1R2, MACRO, MYO1B, and RARRES1 are promising candidates for 

inclusion in future multivariate gene target panels. Results here suggest that NanoString is a 

comparable method for gene transcription quantification. Moreover, the validation of low 

circulating gene expression levels of IL10, IL17A, IFNG, and TNF highlights the need for 

alternative methods to support their quantification and further exploration. Overall, this 



 
 

179 

study lays a solid foundation for generating hypotheses that will underpin targeted 

mechanistic studies, ultimately guiding efforts to improve health outcomes for this species. 
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Chapter 5 Multivariate analysis of host 

gene expression and population health 

determinants predict chlamydiosis 

treatment outcomes and long-term 

survival at two wild koala sites in south-

east Queensland. 
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5.2 Abstract 

Chlamydiosis, caused by Chlamydia pecorum, is the main infectious disease affecting the 

welfare and population dynamics of koalas. The understanding of chlamydial pathogenesis is 

increasingly complex as a growing number of co-infecting agents and other host, pathogen, 

and environmental factors are considered as possible contributors to disease outcomes and 

treatment success. To overcome the lack of long-term, post-treatment monitoring studies, 

this study monitored 221 koalas originating from two neighbouring sites over a 2-year period. 

The two sites are geographically separated by a river, and have differing morbidity, mortality 

and detection rates of infectious agents. Multivariate analysis was employed to find factors 

associated with survival and post-treatment outcomes. Greater transcription of adaptive 

lymphocyte associated genes was associated with survival among koalas with detectable 

mucosal C. pecorum and koalas treated for chlamydiosis, which were more frequent at the 

high morbidity site. In koalas from the low morbidity site, increased KoRV pol and exogenous 

KoRV D transcription increased the risk of mortality. Indicators of disease, treatment 

outcomes, and survival identified here offer new perspectives on risk assessment and 

mitigation.  

 

5.3 Introduction  

Treatment and rehabilitation are integral components of wildlife conservation and disease 

management. When effective, they can help support local populations by returning 

individuals to health and are an important opportunity for disease surveillance, diagnostic 

and therapeutic development, wildlife research, community engagement, and rectifying a 

population’s path to local extirpation (Hanger, 2017; Tribe & Orr, 2019). The infectious 
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disease, chlamydiosis (caused by Chlamydia pecorum), has contributed to population declines 

in koala (Phascolarctos cinereus) populations, particularly throughout the northern part of 

the koala’s range (Adams-Hosking et al., 2016; Phillips et al., 2021; Rhodes et al., 2011; 

Robbins et al., 2018; Silver et al., 2022) where it is classified as endangered (DCCEEW, 2022a, 

2022b; ICUN, 2022). Antimicrobial treatments for chlamydiosis are available (Booth & Nyari, 

2020), however, their long-term success and the factors that determine survival of 

rehabilitated and non-rehabilitated koalas are poorly understood (Burton & Tribe, 2016; 

Kerlin et al., 2022; Leigh et al., 2023; Robbins et al., 2018).  

 

Historically, a paucity of longitudinal monitoring programs in wildlife health has led to a 

reliance on data generated by wildlife clinics, which report on treatment success in terms of 

admission and release rates, but only to the point of release (Dutton-Regester, 2024; Griffith 

et al., 2013; Griffith & Higgins, 2012; Queensland Government, 2021). Whole population 

veterinary management provides an opportunity for longitudinal study of risk factors in 

different contexts. For example, longitudinal monitoring studies of a koala population in the 

Moreton Bay Region, Queensland, demonstrated the efficacy of the standard antimicrobial 

treatment regime for chlamydiosis (Robbins et al., 2019), and described several outcomes 

that have been reported previously in wildlife clinics but are not well understood: 

development of additional illness during treatment, warranting euthanasia; poor response to 

treatment; recrudescence, and development of iatrogenic conditions post-treatment (Booth 

& Nyari, 2020; Griffith & Higgins, 2012; Jelocnik, 2019; Jelocnik et al., 2017; Jelocnik et al., 

2014; Robbins et al., 2018; Wilson et al., 2015). These studies, and findings in Chapters 2 and 

3 of this thesis, point to diverse interactions amongst hosts, pathogens, and environments 

resulting in varying health outcomes for koalas, suggesting co-infections and host gene 
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processes should be evaluated in different contexts to better predict the most effective 

approaches to disease management.  

 

In koalas, the limited understanding of co-infection interactions, diversity in immune 

responses, and how these factors are affected by the environment, warrants further 

investigation to understand the differences in disease and treatment responses. In other 

species, wildlife disease management has been improved by targeting co-infections and 

identifying individuals and populations at risk using advanced indicators of health (Alizon & 

van Baalen, 2008; Ezenwa et al., 2010; Ezenwa & Jolles, 2011; Joseph et al., 2013; Lehman et 

al., 2020; Miller et al., 2017; Miller et al., 2014; Mordecai et al., 2020; Teffer et al., 2019; 

Teffer et al., 2022). In the koala, previous studies have demonstrated the effect of co-infection 

status and host gene expression profiles on clinical, triage and post-treatment outcomes in 

rehabilitation (Chapters 2, 3, and 4 in this thesis) and population health status (Fernandez et 

al., 2024b). Before these factors are incorporated into routine health assessments, additional 

investigations are needed to determine the consistency of relationships within different wild 

populations and contexts. 

 

This study utilises an ongoing comprehensive longitudinal koala monitoring program to 

investigate the relationships between immune responses, co-infections, disease, treatment 

response, and survival in 221 koalas originating from two neighbouring sites with differences 

in morbidity. Using long-term monitoring data, we assess the role of host demographics, co-

infection status, immune and stress-associated gene transcription profiles on treatment 

outcomes. These relationships are expected to enable more effective koala population 

management procedures (such as risk-assessment, reintroductions, relocations, and breeding 
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initiatives) and inform population viability and disease mitigation modelling for these 

populations. 

 

5.4 Methods: 

Ethics statement 

This study is supported by the Department of Transport and Main Roads (TMR), Queensland 

Government, through Endeavour Veterinary Ecology Pty (ABN: 21 661 108 916). Animal Ethics 

was obtained by Endeavour Veterinary Ecology Pty Ltd: Qld Govt DAF: CA 2019/04/1278 and 

CA 2022/03/1595 Latest Date: 25/04/2025. Sampling was conducted under the research 

permit obtained by Endeavour Veterinary Ecology Pty Ltd through the department of 

Environment and Science, under the Nature Conservation (Animals) Regulation 2020: 

WA20210702-1. 

Study sites: 

Sampling took place from August 2021 to August 2023 within a koala management program 

(KMP) in a region of South East-Queensland’s Gold Coast from Nerang through Coomera to 

Pimpama managed by Endeavour Veterinary Ecology (Figure 5.1). The KMP involved capture, 

veterinary management, and ongoing telemetric monitoring of koalas, with relocation of 

koalas, located within a development corridor, to other suitable koala habitat. Koalas were 

captured for veterinary examination every 6 months, or earlier in cases of poor health status. 

Apart from the following alterations, koala monitoring, clinical examination and treatment 

protocols were identical to those adopted and described for a previously reported project 

(Robbins et al., 2018): clinic-based loop-mediated isothermal amplification (LAMP) testing of 

ocular and urogenital swabs was employed to detect C. pecorum shedding according to the 
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protocols described by Hulse et al. (2019c), anti-chlamydial chloramphenicol treatments 

(Chloramphenicol 150, Ceva, Glenorie, NSW) consisted of a 60mg/kg subcutaneous dose once 

a day for 14 days, all koalas in care received yoghurt and/or Yomogi® (Pharma-Zentrale GmbH, 

South Australia, Australia) supplementation, and oral Nystatin (Nilstat®, AUST R 48569, 

Aspend, Australia) was utilised for fungal infections when required.  

 

Figure 5.1: Study site map.  

Koala management areas (KMA) are indicated by the yellow pins (area codes). KMA’s areas (area polygons) 
within the ‘low morbidity’ site to the south of the Coomera River are distinguished by light blue borders and 
those with red borders indicate KMA’s included in the ‘high morbidity’ site to the north of the river. An 8 km 
ruler is provided in the bottom right corner with the North arrow indicator shown directly above the ruler. 
Google Earth was used to generate this map. 
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Sampling 

Sampling procedures were similar to those described previously in Chapter 3 and are briefly 

described here indicating any modifications. Sampling consisted of blood (2 mL) and 

urogenital, left and right ocular, and oropharyngeal swab collection under general anesthesia 

(GA). GA was conducted at the discretion of the veterinarian using alfaxalone induction (1–3 

mg/kg IM) and Isoflurane maintenance with oxygen. Several pediatric sized tubes were 

utilised for blood collection as was appropriate for the type of centrifuge: DLAB Palm Micro 

Centrifuge D1008. Blood was dispensed into each of the following tubes: 1x 0.5 mL and 1x 1.0 

mL EDTA, and 1x 0.5 mL serum (Vacuette® Tube, Greiner Bio-One GmBH, Kremsmünster, 

Austria). Following 20 minutes of gentle inversion, 250 µL of blood in EDTA was dispensed 

into a 1.5 mL cryovial containing 1 mL RNAlaterTM (Qiagen) and another 250 µL of blood in 

EDTA was dispensed into an empty 1.5 mL cryovial. The remaining blood in EDTA and serum 

tubes were centrifuged for 1 minute at 7000 rpm (DLAB Palm Micro Centrifuge D1008), 300 

µL of plasma dispensed into a 1.5 mL cryovial containing 1 mL RNAlaterTM and remaining 

plasma was dispensed into an empty 1.5 mL cryovial. The buffy coat of 250 µL was then 

aspirated and dispensed into a 1.5 mL cryovial containing 1 mL RNAlaterTM. All swabs and 

samples in plain cryovials were stored immediately at -80C, or temporarily at -20C whilst 

sampling took place at outpatient clinics and transferred to -80C freezer at the main clinic 

(Toorbul). All samples in cyrovials with RNAlaterTM were stored at room temperature for 24 

hours before storing at -20C. Samples were couriered at -80C (All swabs and blood samples 

in plain cryovials) using dry ice and -20C (all blood samples in cryovials with RNAlaterTM) to 

the University of Sydney where they were stored at the respective temperature until 

processing.  
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Overall, 221 individual koalas were sampled for this study, with 86% of first samples coinciding 

with the koalas first veterinary examination (i.e. Time-zero, T = 0), and 14% associated with 

mid- or end of treatment timepoints. Of the samples taken from the earliest sampling event 

available for extraction, not all sample types were able to be taken for each koala during 

sampling, with welfare of the koala prioritised by the treating veterinarian (Table 5.1). Due to 

differences in sampling constraints for male and female koalas, where additional swab 

samples were obtained from females compared to males to support multiple research 

projects, a greater female representation was obtained (Table 5.2). This was consistent 

between the high morbidity and low morbidity populations. 

Table 5.1: Time-zero samples available for DNA or RNA extraction from the sample population (n = 
221 koalas) 

 
 
 
 
 

 
* Aim was to acquire information about infection and disease status prior to application of treatment. 
However, 13% of samples were not taken at the time of the first exam (T = 0) – due to circumstances 
during examination some first samples were taken a few days later, mid-treatment, at the end of 
treatment prior to release, or at the next exam (in instances where treatments were postponed).  

 

Data obtained from the whole sample population (N = 221) at the earliest time-point for each 

case is used to report demographic, clinical examination and treatment outcomes, and 

detection results for infectious agents. For the remainder of the analyses, data obtained from 

samples taken at time-zero are considered (N = 191) and, of these, those with results for gene-

expression analysis (127/191) are utilised for principal components analysis and the 

subsequent modelling.   

 

 

 Ocular/UGT 
DNA Extracts 

Oropharyngeal 
DNA Extracts 

Buffy Coat RNA 
Extracts 

Count % Count % Count % 

Total 195 88.2 182 82.3 169 76.5 
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Metadata 

Clinical, rehabilitation and monitoring data collected by Endeavour Veterinary Ecology Pty Ltd 

(EVE) was used to identify factors of interest, characterise demographics according to site, 

and establish the frequencies of disease and treatment outcomes (Table 5.2). Demographics 

included site (‘high morbidity’ or ‘low morbidity’), sex (female or male), and age (continuous 

variable). The classification of sites into ‘high’ and ‘low’ morbidity was based initially on 

population monitoring observations of chlamydiosis and are subsequently validated in the 

study analysis. Koala management areas (KMA) situated north of the Coomera River (Figure 

5.1) were identified as the ‘high morbidity’ site and those south of the river as the ‘low 

morbidity’ site. ‘High morbidity’ site specific KMA’s included: TKMA – 1 (PRCA), KMA12b 

(Coomera Sports Park), KMA13a (Foxwell Rd), and KMA13b (TAFE). ‘Low morbidity’ site 

specific KMA’s included: KMA4 (Southport-Nerang Rd), KMA5 (Smith St Motorway), KMA6 

(Smith St/M1), KMA7a (Railway Reserve), KMA8 (Country Club Dr), KMA9 (Gold Coast 

Highway), KMA10a (Coombabah Lake), KMA11a (Monterey Keys), and KMA11b (River Downs 

Estate). Both sites are within or immediately adjacent to large patches of intact habitat 

between 30-100 ha but experience fragmentation and reduced connectivity due to bisecting 

roads. The regional ecosystems and vegetational species of both sites vary from north to 

south. 

 

Diagnostic records and observations made during veterinary examinations using 

observational and diagnostic results were used to characterise each case according to clinical 

signs, body condition score, and general diagnosis. Other factors that may impact treatment 

outcomes and survival were recorded including vaccination status, duration (days) of 

chloramphenicol treatment, ovariohysterectomy status, release location status, and evidence 
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of complications during treatment. Examination of treatment records was conducted to 

identify a chlamydiosis treatment group and, using LAMP testing results of mucosal swabs, to 

define treatment outcomes. Inclusion criteria and definitions for these groupings and 

variables are provided in Table 7.28 (Supplementary materials). 

 

Sample processing, infectious agent detection, and immune gene expression: 

Swab DNA extraction 

DNA was extracted from urogenital, ocular, and oropharyngeal swabs using the MagMAX™ 

CORE Nucleic Acid Purification Kit (Thermo Fisher cat# A32702; ThermoFisher Scientific, 

Waltham, MA, USA) with modifications to the manufacturer’s instructions described in Muir 

et al., 2024. Using the MagMax_Core_Flex protocol, lysates were processed on a 

KingFisherTM Flex automated extraction instrument. A sterile unused swab was included as 

an extraction blank in each extraction batch. DNA extracts, eluted to a final volume of 100 µL, 

were stored at -80°C until analysis.  

 

C. pecorum multiplex qPCR 

For the detection of mucosal shedding, ocular and/or urogenital swabs, available from 

205/221 koalas, were analysed. DNA extracts from urogenital and ocular swab samples were 

assessed in a multiplex real-time qPCR using a CFX96 TouchTM Real-Time PCR Detection 

System with the corresponding CFX Maestro software (BioRad, Australia). Primer sets and 

qPCR design and conditions used were identical to those described in Chapters 2 and 3 in this 

thesis, and were was adapted from Hulse et al. (2018) (Supplementary materials: Table 7.29). 

Briefly, this PCR amplified Chlamydia genus (23S), the species (C. pecorum) ompB gene, and 

koala β-actin gene. All samples passed quality control, amplifying β-actin. Based on the rarity 
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of chlamydial infections other than C. pecorum in koalas (Devereaux et al., 2003; Jackson et 

al., 1999; Vitali et al., 2023), samples were considered positive if either C. pecorum ompB or 

23s genus amplification was achieved in both duplicates. Any sample with discordant results 

between duplicates was retested and samples that failed to amplify β-actin were re-run at 

1:10 dilution to dilute inhibitors. No samples continued to be discordant after retesting with 

dilutions. qPCR efficiencies were between 90-104%. Of the koalas with analyzable samples, 

153 had results for both mucosal C. pecorum DNA and circulating C. pecorum mRNA of which 

the latter was determined using NanoString (below). 

 

PhaHV-1 and PhaHV-2 qPCR 

For PhaHV detection, 202/221 and 205/221 oropharyngeal mucosal swabs were assayed for 

the detection of PhaHV-1 and PhaHV-2 shedding, respectively. Oropharyngeal swab extracts 

were analysed using the same PhaHV-1 dpol and PhaHV-2 dpol DNA qPCR design and method 

described in Muir et al., 2024, based on (Wright et al., 2023)) and (Church et al., 2025), 

respectively (Supplementary materials: Table 7.29). Koala β-actin gene was included as a 

control measure of sample quality. Samples that failed to amplify koala β-actin were excluded 

from further analysis (PhaHV-1, N = 3; PhaHV-2, N = 1). A sample was considered positive if 

both duplicates amplified β-actin and produced a melt curve at 81 – 81.5°C for PhaHV-1 

and/or at 87 – 87.5°C for PhaHV-2. Any sample with discordant results between duplicates 

was retested and samples that failed to amplify β-actin were re-run at 1:10 dilution to dilute 

potential inhibitors. qPCR efficiencies ranged between 90–99% for PhaHV-1 and 90-102% for 

PhaHV-2 and the inter-assay variation was less than 5% for both targets. Of the koalas with 

analysable samples, 149 had results for both mucosal PhaHV-1 and -2 DNA and circulating 

PhaHV-2 mRNA, of which the latter was determined using NanoString (below). 
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Buffy coat RNA extraction 

Of the 221 koalas sampled, 169 (76%) had buffy coat samples available for RNA extraction. 

RNA was extracted from available buffy coat samples stored in RNAlaterTM using the Rneasy® 

Mini Kit (Cat. No. 74104, QIAGEN) following the manufacturer’s instructions (RNeasy Mini 

Handbook 2023, QIAGEN). The purity and concentration of nucleic acid in extracted RNA 

samples was determined using the Qubit ® RNA HS Assay Kit (Q32852) and Qubit ® RNA IQ 

Assay Kit (Q33222) on the benchtop Qubit™ 4 Fluorometer (Invitrogen, Thermo Fisher 

Scientific), respectively. The extracted RNA samples were stored at −80 °C until required. 

 

Gene transcription detection and quantification 

A custom NanoString nCounter plex-set (NanoString Technologies, WA, USA) was designed to 

quantify transcribed mRNA from a multiplexed set of 38 genes of interest for koala pathogens, 

host pathways, and four reference genes (GAPDH, ACTB, Stx12, and Nckap1l) (Supplementary 

materials: Table 7.27). Host gene targets were selected based on previously determined 

performance and relative association with koala health outcomes in Chapters 2 and 3 and in 

another study (Fernandez et al., 2024b), as well as differential expression results obtained in 

Chapter 4 of this thesis. To focus the plex-set on immune functions and infectious agents we 

retained the following genes: CD3G, CD4, CD79b, CD8beta, CLEC4E, CARD9, IL18, IL1beta, IL6, 

IL8, MHCIUA, PhciDAB, PhciDBB, RETN, SAMDH1, TLR2, TLR4, TLR7, TNFalpha, KoRVAenvRBD, 

KoRVBenvRBD, KoRVDenvRBD, KoRVpol, Cpec_Hsp60, CpecG_0573, PhaHV2_dpol, 

Cathelicidin-like (LOC110217150), AR, CCR4, PhciCATH5, and NCR3. Gene targets that were 

detected rarely in previous studies, such as IL10, IFNG, IL17, IL4 and IL12, were not included 

in this study (Fernandez et al., 2024b). Instead to improve our understanding of cytokine-

receptor relationships, related cytokine receptor genes were included, as they were 

https://www.thermofisher.com/order/catalog/product/Q32852
https://www.thermofisher.com/order/catalog/product/Q33222
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previously found to be expressed at higher levels than their associated cytokines (Chapter 4, 

this thesis): IL1R2, IL4R, IFNGR1, IL10RA, IL17RA, IL3RA, IL12RB2. Additionally, other genes 

that were significantly differentially expressed amongst koalas with different chlamydiosis 

status and survival outcomes in rehabilitation were included (Chapter 4, this thesis): MARCO, 

RENBP, and SLCO2A1. 

 

Using the RNA quality and quantification results obtained from the previously described 

methods, a total concentration of 50 – 100 ng in a total volume of 7-10 µL of eluted RNA was 

prepared using RNA/DNA free water to adjust concentrations. Additional quality control and 

sample normalisation was completed by Ramaciotti Centre for Genomics, UNSW, Sydney, 

Australia preceding mRNA analysis and transcript counting which was performed by the same 

institute according to the manufacturers protocol (NanoString Technologies, WA, USA).  

Briefly, this process included mRNA hybridisation with both reporter codes and capture 

probes according to the nCounter XT CodeSet Gene Expression Assays Protocol (NanoString 

Technologies, WA, USA). A NanoString nCounter FLEX Analysis System (NanoString 

Technologies, WA, USA) was then used as per the manufacturer’s recommendations for 

purification and transcript counting (NanoString Technologies Inc, 2017). Final transcript 

counts were determined using a Digital Analyser (NanoString Technologies, WA, USA). 

 

Raw data were analysed as described in Chapter 2 and 3 of this thesis using nSolver™ 4.0 

Analysis Software (NanoString Technologies, WA, USA). Briefly, Reporter Code Count (RCC) 

files containing barcode counts from each gene and control within each lane in the CodeSet 

and Reporter Library Files (RLF) including instrument and gene probe information were 

loaded into nSolverTM. Count results were normalised against housekeeping genes (GAPDH, 
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ACTB, Stx12 & Nckap1l). Counts were also adjusted against expression thresholds to account 

for differences in sample content. Only samples with housekeeping gene transcription levels 

exceeding 50 counts were considered for analysis. Using this criterion, 12 samples were 

omitted from the analysis.  

 

A combination of host genes and infectious agent genes were included in the analysis for this 

investigation. Detection of C. pecorum, PhaHV-2, and KoRV-B env subtype in circulation was 

not ubiquitous and recorded as binary variables, yes = 1 & no = 0. Positive detection of 

circulating C. pecorum included the detection of either markers; the CpecG_0573 gene target, 

derived from the MC/Marsbar strain, or chlamydial heat-shock protein gene Hsp60 

(Cpec_hsp60). As prescribed by NanoString Technologies, raw counts below 20 cannot be 

discerned from background noise and so, any samples with expression levels below this 

threshold were flagged as below the limit of detection and were considered negative. To 

avoid the impact of zero-inflated (or below-threshold) data, which violates assumptions of 

equal variance and can distort results of principle components analysis (Silverman et al., 

2020), gene targets that resulted in counts above threshold levels (> 20 raw counts) in more 

than 50% of the samples were retained for analysis (Supplementary materials: Table 7.27). As 

a result, the following host genes were excluded: PhciCATH5, SLCO2A1, MARCO, NCR3, AR, 

MHCIUA, CCR4, FAM19A2, TNFalpha, IL12RB2. For the same reasons, pathogen genes that 

were not ubiquitously detected amongst the analysed sample population and house-keeping 

genes were also excluded from immune gene continuous data analysis: KoRVBenvRBD, 

Cpec_Hsp60, CpecG_0573, PhaHV2_dpol, ACTB, GAPDH, Nckap1l, Stx12. In total, thirty host 

gene targets were retained for principal components analysis (PCA): CARD9, CD3G, CD4, 

CD79b, CD8beta, CLEC4E, FKBP5, IL18, IL1beta, IL1R2, IL4R, IL6, IL8, IFNGR1, IL10RA, IL17RA, 
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IL3RA, KoRVAenvRBD, KoRVDenvRBD, KoRVpol, LOC110197639,  Cathelicidin-

like (LOC110217150), PhciDAB, PhciDBB, RENBP, RETN, SAMDH1, TLR2, TLR4, and TLR7.  

 

Gene expression analysis 

Of 169 buffy coat RNA extracts analysed using NanoString nCounter technologies, twelve 

failed due to low mRNA concentration, leaving 157 for statistical analysis (71% of the 221 

koalas in the study). Using gene expression results from these samples, PCA was conducted 

on the thirty host genes to reduce the number of dimensions used in statistical modelling. 

PCA was performed on the correlation matrix of scaled immune gene mRNA counts. 

Consistent with the analysis in Chapter 3, to prioritise explained variance the first eight PC’s 

were retained (Supplementary materials: Table 7.23 & Figure 7.4) (Jolliffe & Cadima, 2016). 

Variable representation (Supplementary materials: Table 7.24 & Figure 7.5), loadings 

(Supplementary materials: Table 7.25), and contributions (Supplementary materials: Table 

7.26) to the eight dimensions were examined visually using firstly a Cos2 matrix on the raw 

PCA data (Figure 5.3) and then varimax rotated PCA network plot (Figure 5.4), and PCA bi-

plots to identify outlier observations (Supplementary materials: Figure 7.6), respectively. No 

individual outliers were observed, resulting in no further sample exclusions. 

 

Statistical Analysis 

The principal components resulting from the PCA of immune gene expression were assessed 

as continuous variables alongside other demographics, clinical characteristics, examination 

and treatment outcomes from the first veterinary examination associated with the sampling 

date (Supplementary materials: Table 7.28). These variables were described as counts and 

percentages (%) for categorical/observational data and median and interquartile ranges (IQR) 
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for continuous data. A violin plot was generated to demonstrate the distribution of age and 

sex. Wilcoxon’s test was used to determine whether the distribution of males and females 

significantly differed (p ≤ 0.05) at each site (Figure 5.2).  

 

Infectious agent detection frequency results associated with sampling events are reported as 

detection counts and percentages (%) for each pathogen in three evaluations: (1) the 

complete results, which include only samples without missing results for any detection 

method of that pathogen, (2) incomplete results, which include all results and detail missing 

data, and (3) aggregated results, which separate the methods of detection, include all 

positives and report an overall detection frequency for the pathogen.  

 

Data are reported for the whole study population and according to site of origin (‘High 

morbidity’ vs ‘Low morbidity’). Chi-Squared tests of independence and Odds Ratio 

calculations were performed to assess the relationship between two categorical variables. 

Fisher’s Exact T tests were employed where counts were less than 5 in any category 

(Courvoisier et al., 2011; Peduzzi et al., 1996; Vittinghoff & McCulloch, 2006). Continuous data 

were first assessed for residual normal distribution and homogeneity of variances using a 

range of visual and statistical techniques: plotting residuals in Q-Q plot and standardised 

residual plot with fitted value line, histogram of residuals, Shapiro-Wilk test of normality, and 

boxplot to visualise variance and outliers. The residuals of Weight (kg) at examination were 

normally distributed, and so parametric Two-Sample T-tests were used. Where variances 

were unequally distributed between groups of interest, a Welch’s Two Sample T-test was 

utilised. The residuals of age (years) at exam and immune gene expression PCA dimensions 



 
 

197 

(PC1-PC8) were not normal and so non-parametric Mann-Whitney-Wilcoxon’s Rank Sum tests 

were used. 

 

To validate the observation that the two sites differed in morbidity and mortality, Kaplan-

Meier survival analysis was conducted for the study population to quantify mortality rates 

and measure the probability of survival according to site. Following confirmation of site-

specific differences in mortality, multivariate cox-proportional hazards modelling for each site 

(high morbidity site and low morbidity site [models 1 and 2 in Figure 5.7]) was used to 

determine whether survival probabilities were associated with demographic, infectious, 

clinical, and genetic covariates (Supplementary materials: Table 7.28). Given that no 

circulating PhaHV-2 was detected in koalas from the low morbidity site, this variable was 

excluded from the model. Cox proportional hazards regression modelling was used according 

to the Andersen-Gill formulation to determine the proportional effect of covariates on the 

hazard function of koala survival time.  

 

From the whole sample population, two other different cohorts of interest were assessed to 

determine which covariates (Supplementary materials: Table 7.28) were associated with 

survival probabilities in: koalas with chlamydiosis and/or mucosal C. pecorum shedding, and 

koalas treated for chlamydiosis at T0 (models 3 and 4 in Figure 5.7). In these two tests, site 

was included as a co-variate. Because of the overlap between koalas with clinical signs of 

chlamydiosis and evidence of mucosal C. pecorum shedding, these were combined into the 

one outcome: chlamydiosis and/or mucosal C. pecorum shedding (Supplementary materials 

Figure 7.3). Because of small sample sizes for koalas treated for chlamydiosis at T0 (N = 32), 

univariate tests were employed to determine the relationship between covariates and the 
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probability of survival. Here, continuous variables were firstly assessed using univariate cox 

proportional hazards models, and categorical variables were assessed using log-rank chi-

squared tests (Supplementary materials: Table 7.28). Variables with significant univariate 

relationships to survival were then assessed collectively in a multivariate cox-proportional 

hazards model. To focus on factors associated with disease-related mortality, koalas that did 

not die by the end of the monitoring period (25/6/2024) (N = 134), could not be followed-up 

(collar drop/signal failure; N = 12), or died from non-disease related reasons including trauma 

(N = 16) were censored (Table 5.2).  

 

Where cox-proportional modelling was employed, covariates were firstly assessed within a 

full model if sample size permitted (survival at the (1) high morbidity site, and in (3) koalas 

with chlamydiosis and/or mucosal C. pecorum shedding), or in several preliminary models to 

achieve convergence in cohorts with small sample sizes (survival at the (2) low morbidity site). 

Covariates that were identified as potentially significant (p ≤ 0.05) factors associated with the 

dependent variables were then assessed collectively within a reduced model to scrutinise 

potential effects of multicollinearity, confounding and overfitting. The removal of insignificant 

covariates achieves several benefits including a reduction in overfitting by improving model 

simplicity, an increased sample size by removing insignificant covariates that had missing 

values, and a reduction in the effect of potentially correlating or confounding variables. Model 

quality metrics and covariate performance were compared between the full and reduced 

models. Model quality metrics included the concordance index (C-index) which measures the 

discriminatory power of the model where a value of 0.5 suggests no predictive discrimination 

(random chance) and a value of 1 indicates perfect discrimination. The likelihood ratio test, 

which tests the overall significance of the model, was also assessed in addition to the Wald 
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test which tests the significance of each coefficient within the model, and the log-rank Score 

test which tests the proportional hazards assumption and the overall fit of the model. 

 

All statistical analysis were performed using R Statistical Environment (Version 

2024.04.1+748) (R Development Core Team, 2024) and statistical significance threshold of p-

value < 0.05 was applied to all tests conducted.  

 

5.5 Results  

Site-specific characteristics 

Demographics: Relative to koalas from the “low morbidity” site to the south of the Coomera 

River, koalas from the “high morbidity” site, originating north of the Coomera River, were 

significantly older (ꭓ2 = 5.8, df = 1, p‐value = 0.015), had lower body condition scores (ꭓ2 = 18.6, 

df = 5, p-value = 0.002), and had significantly greater odds of chlamydial disease (Odds ratio: 

6.9, 95% CI = 3.6-13.9, p < 0.001) (Table 5.2). As a result, these koalas had greater odds of 

admission for chlamydiosis treatment (36% vs. 12%, Odds ratio: 4.2, 95% CI = 2-8.3, p < 0.001) 

and odds of disease-related mortality (Odds ratio: 3.3, 95% CI = 1.6-6.6, p < 0.001). Although 

a potential sampling bias for female koalas existed due to greater availability of samples, there 

were no significant differences in the proportions of males and females within (Figure 5.2) or 

between sites, diagnoses, time‐zero chlamydial treatment status, or survival outcomes. 
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Table 5.2: Demographics, clinical characteristics and examination outcomes for koalas originating 
from high morbidity and low morbidity sites 

   High Morbidity 
(N = 130) 

Low Morbidity 
(N = 91) 

Total 
(N = 221) 

Demographics Male Count (%) 48 (37) 27 (30) 75 (34) 
 Female Count (%) 82 (63) 64 (70) 146 (66) 
 Age (Years) Median (IQR) 5 (3-6) 3 (2-5.8) 4 (2.5-6) 
 Weight (Kg) Median (IQR) 5.8 (5.2-7.0) 5.5 (4.6-6.3) 5.7 (5.0-6.7) 
 BCS ≤ 2 Count (%) 7 (5) 4 (4) 11 (5) 
 BCS > 2 Count (%) 123 (95) 87 (96) 210 (95) 
T0 Clinical 
Status 

Healthy (NAD) Count (%) 44 (34) 60 (66) 104 (47) 
Other Disease* Count (%) 15 (12) 15 (16) 30 (14) 
Clinical Chlamydiosis Count (%) 71 (54) 16 (18) 87 (39) 

Conjunctivitis Count (%) 40 (53) 5 (36) 45 (51) 
Cystitis Count (%) 19 (25) 3 (21) 22 (25) 

Reproductive Disease Count (%) 42 (56) 9 (64) 51 (57) 
T0 Examination  Released (healthy) Count (%) 39 (30) 59 (65) 98 (45) 
Outcomes Released (other disease) Count (%) 9 (7) 14 (15) 23 (10) 
 Released (chlamydiosis) Count (%) 23 (18) 3 (3) 26 (12) 
 Admitted for chlamydiosis Count (%) 47 (36) 11 (12) 58 (26) 
 Euthanised Count (%) 12 (9) 4 (5) 16 (7) 
Other 
treatments 

OHE** Count (%) 31 (24) 5 (5) 36 (16) 
Vaccination Count (%) 51 (39) 49 (54) 100 (45) 

Study Outcome  Alive Count (%) 71 (55) 63 (69) 134 (61) 
(25/6/2024) Ongoing monitoring Count (%) 53 (75) 60 (95) 113 (84) 
 Not being monitored  Count (%) 18 (25) 3 (5) 21 (16) 
 Dead Count (%) 52 (48) 23 (25) 75 (34) 
 Disease Count (%) 37 (59) 13 (52) 50 (67) 
 Disease - iatrogenic Count (%) 9 (13) 0 (0) 9 (12) 
 Misadventure Count (%) 1 (2) 0 (0) 1 (1) 
 Predation - carpet python Count (%) 3 (5) 0 (0) 3 (4) 
 Old-age-related Count (%) 0 (0) 1 (4) 1 (1) 
 Trauma Count (%) 2 (3) 9 (39) 11 (15) 
 Loss to follow-up*** Count (%) 7 (5) 5 (5) 12 (5) 

*Other disease: inclusive of periodontal disease/gingivitis, candidiasis, oxalate crystals + hyperechoic kidneys, 
osteoarthritis, generalised lymphadenopathy, ascites, chronic dermatopathy, dysbiosis, mammary tumour, keratinised 
growth, otitis, pneumonia, subcutaneous mass, microphthalmia, eosinophilia. 
**OHE: Ovariohysterectomy performed at any point during monitoring period, i.e. can be before or after sampling event. 
***Loss to follow-up refers to koalas that could not be located due to failure of GPS tag or other unknown reasons for 
disappearance 
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Figure 5.2: Violin plots of age distribution by sex according to site 

In Figure 5.2, the estimated age determined at veterinary examination (y-axis) is plotted by sex (Female = 
red and Male = blue, x-axis) according to site of origin: High morbidity or Low morbidity site. Within each 
violin form, a box-plot is plotted to demonstrate the interquartile ranges. The significance result (p-value) 
from a Wilcoxon’s rank-sum test (Mann-Whitney U test) of sex distributions within each site is displayed 
above each set of violin plots. 

 

Pathogen detection: The overall detection rate of mucosal C. pecorum, PhaHV-1, and PhaHV-

2 differed between sites (Table 5.3). At the high morbidity site, relative to the low morbidity 

site, C. pecorum within mucosal samples was detected at a significantly greater frequency (ꭓ2 

= 28.67, df = 1, p-value < 0.001). Mucosal PhaHV-1 and PhaHV-2 were both detected at 

significantly greater frequencies within koalas from the high morbidity site (ꭓ2 = 10.4, df = 1, 

p‐value = 0.001 and ꭓ2 = 21.23, df = 1, p-value < 0.001). Circulating PhaHV-2 was only detected 

in koalas from the high morbidity site. Overall, there was no difference in the detection 

frequency of circulating C. pecorum or KoRV B between sites: ꭓ2 = 0.5, df = 1, p-value = 0.48 

and ꭓ2 = 0.1, df = 1, p-value = 0.74, respectively. Further detection information including target 

co-detection frequencies according to infectious agent are outlined in Table 7.22 

(Supplementary materials).  
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Table 5.3: Detection results for infectious agents that were not ubiquitously detected in samples 
obtained from 221 koalas originating from high morbidity and low morbidity sites 

Koala infectious agent detection status High morbidity 
(N = 130) 

Low morbidity 
(N = 91) 

Total  
(N = 221) 

Chlamydia pecorum Mucosal C. pecorum 82/120 (68%) 25/85 (29%) 107/205 (52%) 
 Circulating C. pecorum 9/95 (9%) 4/74 (5%) 13/169 (8%) 
 C. pecorum 86/118 (73%) 29/77 (37%) 115/195 (59%) 
PhaHV - 1 Mucosal PhaHV-1 80/118 (68%) 37/84 (44%) 117/202 (58%) 
PhaHV - 2 Mucosal PhaHV-2 52/121 (43%) 10/84 (12%) 62/205 (30%) 
 Circulating PhaHV-2 6/95 (6%) 0/74 (0%) 6/169 (3%) 
KoRV B Circulating KoRV B 13/95 (14%) 8/74 (11%) 21/169 (12%) 

 

Gene expression: Host gene targets that failed to meet threshold levels (20 counts) in more 

than 50% of the samples, were excluded from analysis: PhciCATH5, SLCO2A1, MARCO, NCR3, 

AR, MHCIUA, CCR4, FAM19A2, TNFalpha, IL12RB2. Infectious agent genes that weren’t 

ubiquitously detected and house-keeping genes were also excluded from host gene analysis: 

KoRVBenvRBD, Cpec_Hsp60, CpecG_0573, PhaHV2_dpol, ACTB, GAPDH, Nckap1l, Stx12, 

leaving 30 gene targets for gene expression analysis: CARD9, CD3G, CD4, CD79b, 

CD8beta, CLEC4E, FKBP5, IL18, IL1beta, IL1R2, IL4R, IL6, IL8, IFNGR1, IL10RA, IL17RA, IL3RA, 

KoRVAenvRBD, KoRVDenvRBD, KoRVpol, Cathelicidin‐like (LOC110217150), Cathepsin L1‐like 

(LOC110197639), PhciDAB, PhciDBB, RENBP, RETN, SAMDH1, TLR2, TLR4, and TLR7 

(Supplementary materials: Table 7.27).  

 

Principal components analysis (PCA) with varimax rotation was performed on the correlation 

matrix of scaled immune gene mRNA counts. Prior to rotation, the first two PCs accounted 

for 19.3% and 15% of the total variance within the dataset, respectively, with the majority of 

genes contributing to these dimensions (Figure 5.3). 
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Figure 5.3: Cos2 (quality of representation) values for genes across each principal component.  

Using the ‘corrplot’ function in R Studio, the cos2 values for each gene are visualized in Figure 5.3 using a 
custom matrix that demonstrates the quality of representation of each gene within each principal 
component (1-8). As indicated by the scale on the right side of the plot, greater cos2  values, and thus 
stronger representations, are coloured dark brown, whereas weaker representations are closer to white 
(colourless). 

 

Varimax rotation was applied to the standardised scores and loadings from the scaled PCA to 

maximise high, and minimise low, loadings and generate uncorrelated components of greater 

interpretability. A network plot was generated displaying the strongest contribution of 

correlated genes within each component, minimising multi-collinearity between components 

(Figure 5.4). The rotated components illustrate PCs characterised by the following genes; PC1: 

CD3G, CD8B, CD4, CD79B, TLR7, and IL8 emphasised, with a negative loading from RETN; PC2: 
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IL10R, IFNGR1, IL4R, IL17RA, CARD9, TLR2, TLR4, and FKBP5; PC3: FKBP5, IL1R2, IL3RA, RENBP 

and LOC110197639; PC4: SAMHD1 and KoRV A, PC5: KoRV pol, KoRV D and Cathelicidin-like 

(LOC110217150), PC6: CLEC4E, DAB and DBB, PC7: IL1beta and IL6, with a negative loading 

from RETN and Cathelicidin-like (LOC110217150), and PC8: IL1beta and IL18.  

 

 

Figure 5.4: Varimax rotated component network plot showing the rotated loadings of each gene within 
each component (1-8).  

Figure 5.4 displays the eight components retained from principal components analysis  that collectively 
account for 68% of the variation explained within the data Rotation to the standardised scores and loadings 
of genes generate components that are uncorrelated, supporting improved interpretation. 
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According to Mann-Whitney-Wilcoxon Tests, the distribution of individual koala scores for 

dimensions 1, 2, 4 and 6 differed significantly according to the site of origin. Koalas originating 

from high morbidity site had greater scores for PC2 and PC6 and lower scores for PC1 and PC4 

compared to koalas from the low morbidity site; PC1: high morbidity median = -1.35 (IQR = 

2.41), low morbidity median = 0.51 (IQR = 2.76); W = 1126, p value < 0.001; PC2: high 

morbidity median = 0.14 (IQR = 1.79), low morbidity median = -0.63 (IQR = 3.43), W = 2443, p 

value < 0.05; PC4: high morbidity median = -0.22 (IQR = 1.20), low morbidity median = 0.32 

(IQR = 1.84), W = 1540, p value < 0.05, and  PC6: high morbidity median = 0.09 (IQR = 0.95), 

low morbidity median = -0.44 (IQR = 1.24), W = 2672, p value < 0.01 (Figure 5.5).  
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Figure 5.5: Box-plots of principal components 1, 2, 4 and 6, which differed significantly in distribution 
between the two koala populations with high and low morbidity.  

The charts in Figure 5.5 plot the scores of principal components 1, 2, 4, and 6 according to site of origin; the 
high morbidity site or the low morbidity site. Mann-Whitney-Wilcoxon’s tests were conducted to test 
whether the distributions of the PC scores were identical between the sites. 

 

Factors affecting survival probability 

Between sites: The probability of survival differed significantly between the high and low 

morbidity sites as did the factors associated with survival. Kaplan-Meier survival analysis of 
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the whole study sample set identified a greater survival probability in koalas originating from 

the low morbidity site relative to those from the high morbidity site (Figure 5.6, p < 0.001). 

Because of this difference, a cox-proportional hazards model was generated for each 

population to identify site-specific factors associated with survival. 

 

 

Figure 5.6: Kaplan-Meier Survival Curves for koalas originating from either the low morbidity (blue) or 
high morbidity (red) sites.  

 
The Kaplan-Meier survival curves in Figure 5.6 represents the disease-associated mortality rate at each site. 
Overall, 59 cases died from disease-related causes and 162 cases were censored (134 cases alive, 16 cases 
died from non-disease related causes, and 12 of unknown status [lost to follow-up]). Confidence intervals 
are represented by the lighter shadowing around each respective curve. The median survival is not shown, 
as 50% of koalas at either site did not die from disease related causes over the course of the monitoring 
period. A risk table is presented below the graph detailing the total number of koalas alive at each time 
interval for each site. 

 

Of the 76 koalas originating from the high morbidity site with a time-zero sample, 68 had a 

complete data set and so were included within the model, which included 24 events (deaths). 
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In the final model (Table 5.4), decreases in PC1 was an approaching significant predictor of 

improved survival in koalas from the high morbidity site. Body condition scores (BCS) below 

2 increased the hazard risk significantly. Furthermore, receiving treatment for chlamydiosis 

at a follow-up examination during the monitoring period, reduced the hazard risk, while 

having detectable mucosal C. pecorum increased the hazard risk. The C-index (concordance) 

indicates that the model has good predictive accuracy and collectively, the likelihood ratio 

test, Wald test, and log-rank test scores demonstrate the overall significance of the model 

and the included variables. 

 

Table 5.4: Final Cox proportional hazards model predicting survival in koalas from the high 
morbidity site (N = 70, events [deaths] = 26, missing data = 6). 

Explanatory Variables Y Estimate Std. error HR † 95% CI Z value P value 

PC1 -0.24 0.13 0.78 0.60-1.02 -1.83 0.067 
BCS ≤ 2: YES 2.63 1.17 13.93 1.41-138 2.25 0.024 
Chlamydiosis treatment: Future -1.52 0.59 0.22 0.07-0.69 -2.58 0.009 
Chlamydiosis treatment: None 0.92 0.53 2.51 0.88-7.19 1.71 0.086 
Mucosal C. pecorum: NOT DETECTED -1.54 0.21 0.21 0.06-0.73 -2.46 0.013 

Concordance = 0.74 (se = 0.04) 
Likelihood-ratio test = 19.88 on 5 df, p = 0.001 
Wald test = 16.92 on 5 df, p = 0.005 
Score (logrank) test = 18.16 on 5 df, p = 0.003 
Y The categorical reference groups for covariates are: ‘NO’ for BCS ≤ 2, ‘Current’ for chlamydiosis treatment status, and 
‘detected’ for mucosal C. pecorum.. 
† The hazard risk (HR) calculated from the exponential of the estimate are provided with 95% confidence intervals, and 
significant covariates are identified by asterisks.  
 

 

At the low morbidity site, principal components that best predicted the survival of koalas 

differed from those for the high morbidity site. Of the 53 koalas in the low morbidity site with 

a time-zero sample, 49 had complete results and were included in the final cox proportional 

hazards model. These koalas contributed eight events (deaths) to the measurement of 

survival probability. In the final model (Table 5.5), increases in PC5 and BCS equal to or below 

2 increased the hazard risk in koalas originating from the low morbidity site. The C-index for 

this model was high and scores for likelihood ratio test, Wald test, and log-rank tests were 
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significant, indicating the overall accuracy and significance of this model and the final 

predictors. 

 
Table 5.5: Final Cox proportional hazards model predicting survival in koalas from the low 
morbidity site (N = 49, events [deaths] = 8, missing data = 4). 

Explanatory Variables Y Estimate Std. error HR † 95% CI Z value P value 

PC4 0.52 0.25 1.67 1.02-2.77 2.02 0.043 
PC5 0.70 0.21 2.02 1.35-3.03 3.41 0.0006 
Sex: Male 1.32 1.03 3.75 0.50-28.4 1.28 0.199 
Diagnosis at Sample: Healthy -1.51 1.25 0.22 0.02-2.58 -1.21 0.228 
Diagnosis at Sample: Other -2.43 1.51 0.08 0.00-1.70 -1.61 0.108 
Mucosal C. pecorum: NOT DETECTED -2.05 1.25 0.13 0.01-1.50 -1.64 0.101 

Concordance = 0.96 (se = 0.02) 
Likelihood ratio test = 28.01 on 6 df, p = 9e-05 
Wald test = 16.17 on 6 df, p = 0.01 
Score (logrank) test = 47.08 on 6 df, p = 2e-08 

Y The categorical reference groups for covariates are ‘Female’ for sex, ‘Chlamydiosis’ for diagnosis at sample, and ‘detected’ 

for mucosal C. pecorum. 
† The hazard risk (HR) calculated from the exponential of the estimate are provided with 95% confidence intervals, and 

significant covariates are identified by asterisks. 

 

Among koalas with chlamydiosis and/or mucosal C. pecorum: Among koalas that presented 

with clinical chlamydiosis and/or mucosal C. pecorum shedding at T0 (N = 69), 91% had 

complete data for the 22 independent variables and were used in cox proportional hazards 

modelling (Table 5.6). Risk of death in koalas with clinical chlamydiosis and/or mucosal C. 

pecorum shedding was reduced by increases in PC1 and PC3; having a ‘healthy’ diagnosis at 

sampling; and detectable KoRV B. Greater hazard risks and lower survival in koalas with 

clinical chlamydiosis and/or mucosal C. pecorum shedding was associated with greater PC2, 

PC5, and PC6 scores; greater age; having a BCS equal to or below 2; not experiencing any 

treatment for chlamydiosis during the monitoring period; originating from the low morbidity 

site; having detectable circulating C. pecorum and PhaHV-2; and a lack of PhaHV-1 detection. 
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Table 5.6: Final Cox proportional hazards model predicting survival in koalas with detectable C. 
pecorum shedding with or without clinical chlamydiosis (N = 63, events [deaths] = 24, missing data 
= 6). 

Explanatory Variables Y Estimate Std. error HR † 95% CI Z value P value 

PC1 -0.62 0.22 0.53 0.35-0.82 -2.85 0.004 
PC2 0.41 0.16 1.51 1.10-2.08 2.55 0.011 
Age 0.35 0.13 1.42 1.10-1.84 2.70 0.007 
BCS ≤ 2 : YES 1.86 0.72 6.41 1.54-26.6 2.55 0.011 
Diagnosis at Sample: Healthy -1.95 0.96 0.14 0.02-0.94 -2.02 0.043 
Diagnosis at Sample: Other -0.99 1.30 0.37 0.03-4.78 -0.76 0.45 
Chlamydiosis treatment: Future -0.80 0.57 0.45 0.14-1.39 -1.39 0.16 
Chlamydiosis treatment: None 2.21 0.84 9.16 1.77-47.4 2.64 0.008 
Mucosal PhaHV-1: NOT DETECTED 1.60 0.63 4.98 1.45-17.1 2.55 0.011 

Concordance = 0.82 (se = 0.051) 
Likelihood ratio test = 39.74 on 9 df, p = 8e-06 
Wald test = 30.34 on 9 df, p = 4e-04 
Score (logrank) test = 42.63 on 9 df, p = 3e-06 

Y The categorical reference group for is ‘no’ for BCS ≤ 2, ‘Chlamydiosis’ for diagnosis at sample, ‘Current’ for chlamydiosis 

treatment status, and ‘detected’ for mucosal PhaHV-1. 
† The hazard risk (HR) calculated from the exponential of the estimate are provided with 95% confidence intervals, and 

significant covariates are identified by asterisks. 

 

Indicators among treated koalas 

Among koalas that presented with clinical chlamydiosis and/or mucosal C. pecorum shedding 

at T0 (N = 84), 69% were admitted for treatment immediately. For the purposes of predicting 

treatment outcomes in subsequent modelling, only these cases treated at time‐zero, 

coinciding with sample collection, were considered (N = 58) (Supplementary materials: Figure 

7.3). The median chloramphenicol treatment duration was 11 days (range 1 – 17 days) and 

37% completed the minimum 14‐day regimen.   

 

Chlamydiosis treatment outcomes: Of the 58 koalas treated for chlamydiosis at time-zero, 

86% (50/58) obtained a LAMP negative result post-treatment, 9% (5/58) were LAMP positive, 

and 5% (3/58) did not have post-treatment LAMP results (Supplementary materials: Figure 

7.5). In total, 90% (45/50) of koalas that were LAMP negative post-treatment had follow-up 

LAMP results: 27% had detectable C. pecorum shedding at a mucosal site (ocular or 

urogenital) at a follow-up examination and 73% remained LAMP negative throughout the 
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remainder of the monitoring period. On average, mucosal C. pecorum shedding was detected 

169 days post treatment (range 30-589 days). Of the LAMP positive cases post-treatment, one 

koala received four doses of chloramphenicol then underwent ovariohysterectomy, and was 

euthanised due to welfare concerns from IV catheter complications. One koala completed the 

full course (14 days) of chloramphenicol while treatment was terminated early in three cases 

due to complications such as the development of oxalate nephrosis (n = 2), dysbiosis (n = 1), 

and extreme stress (n = 1), and all were released. 

 

Post-treatment survival probability in koalas treated for chlamydiosis: Survival was assessed 

in 55% (32/58) of the cohort of koalas treated for chlamydiosis at time-zero, excluding those 

with incomplete data. Univariate cox proportional hazard modelling demonstrated significant 

relationships between survival and PC1 and PC6 scores, while no other continuous or 

categorical variable was associated; PC2-5 or PC7-8, age, sex, BCS ≤ 2/5, site, diagnosis at 

sample, vaccination status, ovariohysterectomy status, release location status, mucosal C. 

pecorum, PhaHV-1 and PhaHV-2 status, and circulating C. pecorum, PhaHV-2, and KoRV B 

status. A multivariate cox proportional hazards model showed that one unit increase in PC1 

increased the odds of survival, while a one unit increase in PC6 decreased the odds of survival 

in koalas treated for chlamydiosis (Table 5.7). 

 

Table 5.7: Final Cox proportional hazards model predicting survival in koalas treated for 
chlamydiosis at sampling (N = 32, events [deaths] = 15, missing data = 6). 

Explanatory Variables Y Estimate Std. error HR † 95% CI Z value P value 

PC1 -0.52 0.22 0.59 0.38-0.92 -2.32 0.020 
PC6 0.51 0.26 1.67 1.01-2.78 1.98 0.047 

Concordance = 0.75 (se = 0.058) 
Likelihood ratio test = 10.92 on 2 df, p = 0.004 
Wald test = 7.71 on 2 df, p = 0.02 
Score (logrank) test = 8.34 on 2 df, p = 0.02 
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Figure 5.7: Diagram of the significant factors associated with mortality in wild koalas. 

In Figure 5.7 the significant factors associated with mortality in four different cohorts of koalas are 
demonstrated. Each of the four cohorts were assessed in a separate model and organised into three tiers 
separated by dotted lines: tier 1 assesses factors associated with mortality according to site, tier 2 assesses 
the same according to C. pecorum infection status, and tier 3 assesses the same in koalas treated for 
chlamydiosis. Analysed cohorts are represented in the blue boxes, and covariates in the red and green ovals 
represent increases and decreases in the odds of an outcome occurring, respectively. The presented 
covariates represent factors that were significantly (p < 0.05) associated with the odds of mortality obtained 
through cox-proportional hazards modelling. The genes strongly correlated to PC1-8 are as follows: PC1: 
positive loading of CD3G, CD8B, CD4, CD79B, TLR7, and IL8, and negative loading from RETN; PC2: positive 
loading from IL10R, IFNGR1, IL4R, IL17RA, CARD9, TLR2, TLR4, and FKBP5; PC3: positive loading from FKBP5, 
IL1R2, IL3RA, RENBP and LOC110197639; PC4: positive loading from SAMHD1 and KoRV A, PC5: positive 
loading from KoRV pol, KoRV D and Cathelicidin-like (LOC110217150), PC6: positive loading from CLEC4E, 
DAB and DBB, PC7: positive loading from IL1beta and IL6, and a negative loading from RETN and 
Cathelicidin-like (LOC110217150), and PC8: positive loading from IL1beta and IL18. 
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5.6 Discussion 

This study used a holistic, multivariate approach to identify indicators of survival and 

treatment outcomes in wild koalas from two adjacent but discrete sites and, in doing so, 

identified associations among survival rates, morbidity patterns, site-specific demographics, 

co-infection, immunophenotype and additional health indicators that provided potential 

insights into their interactions and relative importance in different contexts. Adaptive 

lymphocyte markers (PC1) were a consistent indicator of improved survival in koalas with 

chlamydiosis (clinical disease and/or mucosal C. pecorum shedding), and koalas treated for 

chlamydiosis. Increases in cytokine-receptor gene transcription (PC2) and pathogen/damage 

detection and presentation gene transcription (PC6) were negative indicators of survival. Lack 

of detection of mucosal PhaHV-1 shedding and increased transcription of KoRV markers 

negatively predicted survival in koalas with chlamydiosis and in koalas originating from the 

low morbidity site, respectively. Due to low detection of circulating C. pecorum and PhaHV-2, 

their significance to koala pathogenesis requires further investigation. This study lays 

groundwork for new prognostic tools to identify measurable risk factors in Chlamydia-

affected koalas and highlights the context-specific nature of risk assessment and mitigation, 

informing future research into drivers of morbidity and mortality, and effective conservation 

strategies. 

 

Inclusion of immune cytokine receptor genes to the targeted gene expression panel employed 

in previous studies provided a clearer picture of immune system activity by enhancing the 

distinction of the adaptive immune response in the rotated components. Gene inclusion can 

significantly influence PCA results, altering the degree of variance captured by principal 

components and yielding alternative representations (Tian et al., 2008). In the current study, 
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low transcribing genes from the NanoString panel used in Chapter 3 and prior studies 

(Fernandez et al., 2024b) were replaced by cytokine receptor genes: IL10RA, IL17RA, IFNGR1, 

IL1R2, IL3RA, and IL4RA. Although the expression of IL10RA, IL17RA, and IFNGR1 were not 

correlated with the expression of their ligands (Chapter 4, this thesis), the reportedly higher 

transcription levels of these receptors allowed for further examination of their relationships 

with other immune markers. With the expanded gene set, varimax rotation of scaled principal 

components revealed a distinct adaptive lymphocyte and associated TLR component (PC1: 

CD3G, CD79b, CD4, CD8beta, TLR7, IL8), consistent with previous studies that examined 

immune responses in rescued koalas admitted to rehabilitation clinics (Chapter 3, this thesis) 

and in wild populations in NSW (Fernandez et al., 2024b). Additionally, a separate but aligned 

PC comprised the novel adaptive pathway cytokine receptors, and previously employed 

PAMP receptors, and innate immune and stress pathway gene components (PC2: IL17RA, 

IFNGR1, IL10RA, IL4R, TLR2, TLR4, CARD9, FKBP5). Other components represented more 

distinct separation of system elements than previously observed using the panel design in 

Chapter 3 and in a previous study (Fernandez et al., 2024b): Innate cytokines (PC3: IL1R2, 

IL3RA, with RENBP, cathepsin L1-like [LOC110197639] and FKBP5 and PC7 & 8: IL6, IL1beta, 

IL18); MHCII and a PAMP receptor (PC6: PhciDAB, PhciDBB, CLEC4E) and KoRV (PC4: SAMHD1, 

KoRV A and PC5: KoRV D, KoRV pol, cathelicidin-like [LOC110217150]), allowing clearer 

distinctions between immune pathways, retroviral activity, and disease relationships.  

 

Increased transcription of adaptive lymphocyte differentiation markers has been a consistent 

indicator of improved health and survival outcomes in koalas with disease across most 

cohorts. Greater expression of genes associated with T- and B-lymphocytes (e.g., CD3G, CD4, 

CD8, CD79b), TLR7 and IL-8, was associated with improved survival in the current study, 
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particularly in koalas with chlamydiosis and/or mucosal C. pecorum detection, and koalas that 

were treated for chlamydiosis (Figure 5.7). This corroborates previous studies that indicated 

lower expression of these genes were associated with poorer outcomes such as euthanasia 

during rehabilitation (Chapter 3, this thesis) and a wild koala population under climatic stress 

(Fernandez et al., 2024b). In human and mouse cells, the activity of Chlamydial Protease-like 

Activity Factor (CPAF), an integral protease required for Chlamydial vacuole integrity, is 

inversely associated with IL-8 expression (Christian et al., 2010; Jorgensen et al., 2011). Hence, 

the strong contribution of IL8 to this dimension may be an indication of reduced Chlamydial 

activity or impaired CPAF expression. TLR7 is an important PAMP receptor for viral RNA and 

may be indicative of greater control over infectious viral pressures from either KoRV and/or 

PhaHV-1 or -2.  

 

Predictors of survival differed with context. Not surprisingly, the strength of lymphocyte 

differentiation markers as an indicator of survival was greater where the pressure exerted by 

infectious disease was greatest; in the cohort of koalas with, and being treated for, 

chlamydiosis. Whereas at the low morbidity site, increased lymphocyte differentiation marker 

transcription was not a significant indicator of survival in cox proportional hazards modelling, 

and rather lesser KoRV marker transcription was. This is because koalas from the low 

morbidity site had significantly greater PC1 scores compared to those from the high morbidity 

site, trauma-associated mortality was more frequent (39%) and associated with koala 

movement within an urban environment. Collectively, this suggests at least part of the 

relationship between exogenous retroviral transcription and survival or disease, noted in 

other studies (Blyton et al., 2022a; Hashem et al., 2021; Quigley et al., 2018a; Sarker et al., 

2019), may be independent of chlamydiosis and mucosal C. pecorum shedding.  
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Adaptive and innate inflammatory markers predicted adverse outcomes. Perhaps reflecting 

intensity of inflammation and associated pathology, upregulation of cytokine receptors (IL4R, 

IFNGR1, IL10RA, and IL17RA), PAMPs (TLR2, TLR4, and CLEC4E), MHCII (PhciDAB and PhciDBB), 

and a stress marker (FKBP5) in PC2 and PC6 predicted higher risk of mortality in koalas with 

mucosal C. pecorum shedding and/or clinical chlamydiosis and in koalas that were treated for 

chlamydiosis. Interestingly, upregulation of FKBP5 was observed in conjunction with elevated 

ambient temperatures and decreased adaptive immune gene expression in the study by 

Fernandez et al. (2024b). Here, increases in PC2 - which FKBP5 most strongly contributed to 

along with cytokine-receptor genes – was negatively associated with survival in koalas with 

chlamydiosis and/or mucosal C. pecorum shedding. Variations in adaptive immunity could be 

influenced by factors such as stage of pathogenesis (Andres-Terre et al., 2015; Miller et al., 

2017; Woods et al., 2013), co-infections (Ezenwa et al., 2010; Mabbott, 2018; Martini & 

Champagne, 2021; Yap et al., 2017), immunosenescence (Bajaj et al., 2021; Giefing‐Kröll et 

al., 2015; Peters et al., 2019b), genetics (Elbers et al., 2018; Mangino et al., 2017; Quigley et 

al., 2020; Robbins et al., 2020; Tarlinton et al., 2021), microbiomes (Grainger et al., 2018; 

Schachtschneider et al., 2013; Wiertsema et al., 2021), heat stress (Fernandez et al., 2024b), 

and other environmental and dietary factors (Becker et al., 2020; Maher & Higgins, 2016; 

Mangino et al., 2017; Marschner et al., 2019a), which alter the immune microenvironment in 

koalas and other species. Identifying immunophenotypes associated with greater morbidity 

and mortality allows for the impacts of these putative drivers of disease to be evaluated and 

more readily quantified than with clinical observations alone. 

 



 
 

217 

Age and body condition score were also significant indicators of survival. Having a body 

condition score below or equal to 2 was associated with decreased survival in koalas from the 

high morbidity site and in Chlamydia-affected koalas. While this finding supports the 

significance of body condition score as an indicator of health, as suggest by a previous study 

that found a relationship to survival post-rehabilitation (Leigh et al., 2023), further studies are 

needed to clarify the pathogenic mechanisms underlying poor body condition, which may be 

related to reduced ability of animals to access, digest and metabolise food (Blanshard & 

Bodley, 2008; Lanyon & Sanson, 1986).  As the proportion of males and females did not differ 

significantly among sites or according to diagnosis, treatment or mortality, it is unlikely that 

the female skewed sampling confounded indicators of survival.  

 

The finding that detection of mucosal PhaHV-1 was associated with greater survival in koalas 

with chlamydiosis is not consistent with previous studies. Previous findings support mucosal 

PhaHV-1 shedding and circulating PhaHV-2 transcription as risk factors associated with 

chlamydiosis, reproductive disease, and euthanasia in koalas admitted to rehabilitation 

(Chapter 2, this thesis). Mucosal PhaHV-1 and PhaHV-2 shedding were also associated with 

the presence of reproductive disease in males and females, reduced female fertility, and 

urinary incontinence (Vaz et al., 2019b). These varied results may resemble a co-infection 

dynamic previously observed in mouse models where pre-infection or simultaneous infection 

by C. muridium provides protection of the host to disease from herpes simplex virus-2 (HSV-

2) disease, which is lost if chlamydia replication stops or replication-incompetent chlamydia 

infection is applied (Ghasemian et al., 2023; Slade et al., 2016). Although a similar mechanistic 

study is required to determine whether these dynamics exist in the C. pecorum – PhaHV-1 

and PhaHV-2 interaction, the current study strongly suggests that the relationship between 
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koala gammaherpesviruses and chlamydiosis is complex and future studies would need to 

consider different stages of infection, such as latency and (re-)activation, that currently 

cannot be distinguished in the koala. 

 

Corroborating with previous studies (Chapter 2 and 3, this thesis), the frequency of detection 

of circulating C. pecorum is low in wild populations and does not always coincide with mucosal 

C. pecorum shedding (Supplementary materials: Table 7.22). Due to the low detection 

frequency and resultingly low variation and meaningful contribution to models, circulating C. 

pecorum was not a significant indicator of survival in any model. It is clear that the NanoString 

method of detection requires further validation to determine C. pecorum probe-specific 

sensitivity and specificity compared to gold-standard methods such as qPCR. For this, the first 

step would be to optimise and validate a C. pecorum qRT-PCR to quantify cDNA counts of the 

same targets. The same is suggested for circulating PhaHV-1 (which was not assessed in this 

study) and PhaHV-2, which was also rarely detected. 

 

Multivariate models that built by including significant univariate relationships in this study 

should be re-examined in a larger dataset to clarify their relative importance in the context of 

other factors. Further studies should also compare the mucosal and systemic immune 

responses from koalas with mucosal, circulating, and combined infections, given that mucosal 

immune responses differ to systemic immune responses (Phillips et al., 2024b; Vats et al., 

2007; Waugh et al., 2015). This comparison would likely provide a more complete perspective 

of the koala-C. pecorum relationship.  
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5.7 Conclusion: 

A complex interplay of clinical, immunological, and environmental factors influences the 

survival and treatment outcomes of wild koalas. Our findings highlight the critical role of 

adaptive lymphocyte immune responses while also emphasizing the diverse interactions 

among immune markers that may alter their functions. While causation cannot be inferred 

from this association study, we present compelling evidence that koalas with strong 

expression of lymphocyte differentiation markers are likely to experience better outcomes 

and longer survival. Therefore, the potential for site-specific pressures, such as demographics, 

pathogen factors, co-infections, and genetic factors, to impair this should be further 

evaluated and considered in both wildlife management and clinical settings. This study 

highlights the importance of understanding these site-specific risks linked to disease dynamics 

and co-infection status, reinforcing the need for targeted conservation strategies tailored to 

regional variations. By identifying measurable risk factors and enhancing our understanding 

of immune responses, our research establishes an approach that – when applied in a 

longitudinal setting - can elucidate the mechanisms driving morbidity and mortality in koalas 

and quantify immunological impacts of potential drivers of disease, ultimately informing 

effective conservation efforts and enhancing the resilience of this iconic species. 
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Chapter 6 General Discussion 
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6.1 General discussion of findings and future directions: 

Disease can generate significant pressures on wildlife populations. It is the result of complex 

interactions among multiple factors relating to the host, pathogen(s), and the environment. 

As environmental factors and pathogen prevalence vary with climate change and 

urbanisation, it is increasingly important to have strategies in place to monitor these factors 

and predict disease risk, to help prevent or mitigate its impacts. Using the koala as a model 

species, the work in this thesis has advanced our understanding of these complex 

relationships; revealing associations that appear likely to be important in expression and 

prediction of health and disease (Supplementary materials: Table 7.30). By first exploiting the 

variety of clinical cases admitted to wildlife hospitals to capture relationships among some of 

these systems (Chapters 2-4), and then re-assessing the consistency of findings in two wild 

populations (Chapter 5), we identified risk factors that may be applicable to predict health, 

treatment, and survival outcomes within these two different settings. Host gene expression 

phenotypes were not strongly associated with detection of an infectious agent, nor the 

presentation of a specific disease, but rather the severity of disease in general, which is 

reflected in survival and clinical outcomes. As hypothesised, chlamydiosis treatment 

response, and short and long-term survival were associated with co-infection status, gene 

transcription, and clinical interventions, highlighting the importance of understanding the 

variety of individual and population risks that may influence these outcomes. Here we discuss 

the collective findings from the four experimental chapters of this thesis and demonstrate the 

significance of this work to the progression of koala conservation and wildlife conservation in 

general.  
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The stepwise approach used in this thesis to break down and then integrate pathogen, host 

and environment systems allowed us to assess the relative strength of associations between 

a large number of variables and koala health and disease, and is likely to be a useful approach 

in future wildlife health investigations. Identifying the relative strength of these associations 

and placing them in the context of current knowledge allows them to be prioritised for 

investigation of causative relationships through longitudinal and mechanistic studies (Figure 

1.1). By first targeting infectious agents in Chapter 2, we determined the relative prevalence 

of potential pathogens in the clinical setting to focus further analysis on agents that were 

frequently detected or significantly associated with other agents, disease, and survival. In a 

subset of this same population, we then integrated host gene transcription data in Chapter 3 

and applied an approach, novel to wildlife immunology, to confirm the validity of targets as 

markers of immune and physiological systems and then assess their relationships with co-

infections, disease, and outcomes on admission to rehabilitation. This integration of host 

immune, stress, transcription/restriction-factor gene expression allowed a more complete 

evaluation of host-pathogen relationships that predicted, and could be driving, outcomes. 

The expression panel was then validated and expanded by identification of additional 

candidate indicators by use of transcriptomics in Chapter 4, before integrating environmental 

factors in Chapter 5, by extending beyond the clinical setting into free-ranging koala 

populations. The strategy employed here was inspired by a similar approach previously used 

to improve the understanding of host-pathogen-environment relationships and disease in 

several species of farmed and wild salmon, whereby health indicators, such as thermal stress, 

infection burden, and pathogen community composition, that could be used in health 

assessments and as a basis to adjust fishing practices, were identified (Miller et al., 2017; 

Miller et al., 2014; Mordecai et al., 2020; Teffer et al., 2019; Teffer et al., 2022). Although it 



 
 

225 

was not feasible for this thesis to incorporate all systems potentially significant to health and 

pathogenesis, the approaches taken here to assess the relationships among many clinical, 

infectious, genetic, and demographic variables appears suitable to allow incorporation of 

additional factors in future studies.  

 

This work showed some discord between detection of circulating and mucosal C. pecorum 

targets that raises questions about the pathogenesis of chlamydiosis. In Chapter 2, circulating 

C. pecorum was detected in koalas admitted to wildlife hospitals, sometimes independent of 

mucosal C. pecorum. This is a significant finding as it suggests that a cohort of sub-clinically 

infected koalas exist undetected and we do not know the risks they pose to perpetuating 

transmission. Although the NanoString detection method used throughout this thesis 

requires further validation against gold-standard C. pecorum detection techniques such as 

qPCR, the comparison with results from a C. pecorum free population suggests that the C. 

pecorum gene transcripts counted in this study are unlikely to be background noise. The good 

agreement between NanoString and RNAseq mRNA counts demonstrated in Chapter 4 

provides some additional confidence that the NanoString method is robust. However, due to 

the inability to generate analysable data when mapping to pathogen genomes in this thesis, 

perhaps due to their low copy number relative to many host and KoRV transcripts, additional 

studies are needed to compare the transcription of pathogen genes between the two 

methods.  

 

Circulating C. pecorum has been documented in other species (Li et al., 2016a) but this is the 

first time it has been documented in the koala. C. pecorum can infect immune cells of other 

mammals in vitro (Islam et al., 2019), and has been observed in several organs of the koala 
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that are suggestive of inhalation (Mackie et al., 2016) or systemic spread (Burach et al., 2014; 

Higgins et al., 2005b; Phillips et al., 2018; Wedrowicz et al., 2016)(Burnard et al., 2018). 

Naturally, a series of questions were formulated through these findings: (1) How does 

circulating C. pecorum infection occur? (2) Can C. pecorum in circulation disseminate to 

mucosal sites and induce pathology? (3) Does circulating C. pecorum represent a stage in the 

pathogen life-cycle that avoids immunosurveillance, also known as persistence (Hogan et al., 

2004)? (4) If so, what mechanisms induce this pathogen response and do these represent a 

“successful” host response? (5) How do currently applied chlamydiosis vaccinations affect the 

state and interactions of circulating C. pecorum with the host? Future investigations could 

employ several methods to explore these questions; single-cell RNAseq could indicate which 

cell types are infected with C. pecorum, and how this affects cell phenotype and overall 

immune phenotype relative to uninfected cells and hosts (Ravindra et al., 2021), and electron 

microscopy and Chlamydia sp. gene expression analysis could determine whether 

morphologically distinct aberrant bodies (aRBs) can be observed in circulating white blood 

cells and mucosal cells over the course of infection (Matsumoto & Manire, 1970; Schoborg, 

2011) and explore host and pathogen gene expression between the two infection sites to 

determine functional differences (Mathews et al., 2001; Muramatsu et al., 2016; Ouellette et 

al., 2006; Vollmuth et al., 2022; Yang et al., 2020). Given the limited number of positive cases 

in Chapter 4, additional sampling should be conducted to build a larger sample size to support 

gene expression analysis that could provide insight into the interactions between circulating 

C. pecorum and the host.  

 

Through the collective analysis of several key infectious agents of the koala, this thesis not 

only builds upon previous studies that investigated these agents separately but also provides 
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the relative importance of different infectious agents in the context of chlamydiosis. The 

frequency of co-infections detected was far greater than expected and is consistent with the 

heterogeneity of clinical chlamydiosis and treatment outcomes observed in hospital 

admissions and in wild populations (Fernandez et al., 2024b; Quigley et al., 2018a). This 

suggests that, firstly, co-infection relationships should be accounted for in investigations of 

drivers of disease to avoid confounding of results and, secondly, co-infection interactions are 

an important avenue for further investigation that may have significant implications for 

disease management. Here, the key findings that contribute to the development of our 

understanding of co-infections in the koala are discussed: the association between 

Trypanosome infection and lower likelihood of disease; the complex interactions of PhaHV-1 

and PhaHV-2 with chlamydiosis, which appear equally important to KoRV; and the 

interactions between KoRV, health status, and host gene expression. 

 

The association between Trypanosome co-infection and lower likelihood of chlamydial 

disease appears to be Trypanosome species-dependent but requires further investigation 

using a greater sample size. Previously, McInnes et al. (2011a) noted a link between T. gilletti 

infection and anaemia and poor body condition in koalas with chlamydiosis, while no 

relationships were observed between T. irwini or T. copemani and clinical outcomes. Although 

this thesis could not assess the relationship between T. gilletti and clinical outcomes due to 

low frequency of detection, in Chapter 2 inclusion of T. irwini improved the model prediction 

of chlamydiosis, with the negative relationship approaching significance. The mechanisms 

behind this are unclear as neither T. irwini, T. copemani, T. gilletti nor Trypanosome genus 

(combined variable) was associated with differential immune gene expression in Chapter 3. 

Further investigation of the relationship between trypanosome infection and pathogenesis in 
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the koala should consider the ability for trypanosome species to employ mechanisms of host-

immune system evasion (Cnops et al., 2015; Horn, 2014; Horn & McCulloch, 2010), and alter 

the direction of pathogenesis based on the diversity of existing co-infecting agents (Dwinger 

et al., 1989; Lozano et al., 2024; Morrison et al., 1982; Sanches-Vaz et al., 2019).  

 

The relationship between PhaHV-1 and PhaHV-2 and disease or survival is complicated by 

strong associations with C. pecorum infection and chlamydiosis. In Chapter 2, detection of 

mucosal PhaHV-1 was associated with chlamydiosis, reproductive disease, and euthanasia in 

C. pecorum-infected koalas. Although this complements some of the observations in southern 

koalas by Vaz et al. (2019b), where mucosal PhaHV-1 and PhaHV-2 was associated with 

reproductive disease, here mucosal PhaHV-2 was not associated with infection or disease 

outcomes and circulating PhaHV-1 and -2 were too rarely detected to meaningfully contribute 

to modelling. In female koalas, Vaz et al. (2019b) observed an association between the 

detection of PhaHV-1 and KoRV. Whilst this relationship was not directly assessed, in Chapter 

2 both KoRV proviral pol loads and the detection of PhaHV-1 were equally important 

predictors of female reproductive disease. Although these complementary findings would be 

suggestive of a potentially pathogenic role for PhaHV-1 in koala chlamydiosis, findings in 

Chapter 5 of this thesis indicate that the interactions are more complex and likely differ with 

context: mucosal PhaHV-1 detection predicted better survival in koalas treated for 

chlamydiosis. 

 

This thesis supports previous reports associating KoRV transcription and disease, and expands 

our knowledge of associated changes in gene expression in-vivo, which will inform 

investigations of causation. Consistent with  Blyton et al. (2022a)  and Fabijan et al. (2020), 
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strong associations between greater KoRV pol transcription and C. pecorum detection 

(Chapter 2) and poorer survival outcomes (Chapter 3) were observed in koalas in the clinical 

setting. In free-ranging koalas (Chapter 5), however, KoRV pol was not as strongly associated 

with chlamydiosis or C. pecorum infection as were immune gene principal components or 

demographic variables. Instead, KoRV pol was associated with mortality in a low morbidity 

free-ranging koala population with comparable chlamydial and non-chlamydial drivers of 

mortality.  Also consistent with Blyton et al. (2022a), Hashem et al. (2021), Quigley et al. 

(2018b), and Sarker et al. (2019), in Chapter 3, KoRV pol transcription was most strongly 

correlated with exogenous KoRV D env transcription, rather than  KoRV A, and this was further 

demonstrated in Chapter 5 by the separation of KoRV A into a separate principal component; 

these support exogenous KoRV transcription as the primary contributor to overall KoRV pol 

transcription. In this thesis, principal components analysis revealed positive correlations 

between endogenous KoRV A and lymphocytic genes and SAMHD1 (Chapter 3 and 5) and 

between exogenous KoRV and a cathelicidin-like gene (Chapter 5), demonstrating potentially 

interacting pathways that could be involved in the host-viral response or driving clinical 

relationships; relationships not evident when KoRV pol transcription was evaluated among 

populations, independent of host gene expression (Fernandez et al., 2024b).  

 

The use of principal components analysis in this thesis allowed for the immune response to 

be presented as a collective communicating network. This allowed understanding of the 

relationships and potential significance of individual markers to be developed in a way that 

has not been evident in less integrated studies with fewer variables (Desclozeaux et al., 2017; 

Jobbins et al., 2012; Kayesh et al., 2021a, 2021b; Khan et al., 2016; Lau et al., 2012; Lau et al., 

2013; Lizárraga et al., 2020a, 2020b; Maher et al., 2014; Maher & Higgins, 2016; Maher et al., 
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2019; Marschner et al., 2019a; Mathew, 2014; Mathew et al., 2013a; Nyari et al., 2019; 

Olagoke et al., 2018; Olagoke et al., 2019; Olagoke et al., 2020a; Olagoke et al., 2020b; 

Robbins et al., 2020; Simpson et al., 2023). Although many novel relationships were identified 

throughout this thesis, here we focus our discussion on the most prominent groups: genes 

associated with the adaptive immune response, the innate ‘pro-inflammatory’ response, and 

the stress-response; and their relevance to koala health risk assessment and disease 

management, and future research on pathogenesis and prognostic indicators. 

 

Aligning with the damage-response framework, which considers the host-response as a key 

contributor to the development of disease (Casadevall & Pirofski, 2003), the findings of this 

thesis identify immune genes that are differentially associated with survival in the koala. 

Consistent with the reduced expression of similar genes in a wild koala population under 

climatic stress (Fernandez et al., 2024b), reduced expression of lymphocyte differentiation 

markers consistently predicted poorer survival outcomes, across clinical (Chapters 3 and 4) 

and free-ranging (Chapter 5) study cohorts. In addition to these genes, upregulation of TLR7, 

an innate toll-like-receptor gene was correlated with lymphocytic activity and was therefore 

positively associated with improved survival in Chapter 3 and 5. The relationship between 

TLR7 and lymphocyte genes is consistent with its role in initiating responses, particularly to 

viral agents (Kayesh et al., 2021a, 2021b; Russ & Iordanskiy, 2023). On the other hand, 

transcription of innate pro-inflammatory and cytokine receptor genes of adaptive immunity 

appears to be associated with host-damage. Upregulation of some innate pro-inflammatory 

genes (RETN, TLR2, TLR4, CELC4E, CARD9 and Cathelicidin-like gene (LOC110217150) in 

clinical and free-ranging koalas in Chapter 3 and 5, respectively, and IL1R2, MARCO, MYO1B, 

and RARRES1 in clinical koalas in Chapter 4), was associated with poor survival. Also in 
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Chapter 5, greater adaptive cytokine receptor (IL10R2, IFNGR1, and IL17RA) transcription 

associated with mortality. Other genes had more context dependent relationships: MHCII 

genes PhciDAB and PhciDBB strongly correlated with lymphocytic differentiation markers and 

improved outcomes in clinical koalas in Chapter 3 but predicted mortality in free-ranging 

koalas treated for chlamydiosis in Chapter 5; and greater IL18 transcription on admission was 

strongly associated with euthanasia at triage, but greater IL18 post-treatment in clinical 

koalas in Chapter 3 lowered risk. Collectively, these findings likely reflect the interdependence 

of innate and adaptive responses, the potentially pleotropic functions of immune gene 

products, and the contexts in which immune responses are productive or pathogenic.  

 

At this stage, immune response indicators could help inform on whole population health 

status. For example, in bats with white-nose syndrome, population differences in innate-

adaptive immune activity impacted treatment efficacy, leading to the recommendation that 

bat populations are immunologically tested prior to treatment to help inform best 

management approaches (Maslo et al., 2017). From the findings of this thesis, adaptive 

immune markers clearly have potential utility in identifying at-risk populations requiring 

targeted conservation efforts, but it also appears that determining the balance between 

adaptive and innate pro-inflammatory immune responses could improve accuracy of 

prognosis and augment triage protocols in clinical settings. Here we propose several 

hypotheses worth testing to improve our understanding of the roles and interactions of 

innate and adaptive immune pathways: (1) lower expression of lymphocyte differentiation 

markers here and in the work by Fernandez et al. (2024b), is associated with immune 

impairment, whereas higher expression represents immunocompetence; (2) lower cytokine 

receptor expression reflects host responses that limit inflammatory pathology in 



 
 

232 

chlamydiosis, while higher expression reflects damaging host responses; and (3) 

overexpression of pro-inflammatory innate immune genes underpins the inflammatory 

pathology observed in koalas with severe disease. Although we suggest that these hypotheses 

are best tested by longitudinal studies across multiple populations under varying conditions, 

cell-culture using koala cell line and next-generation approaches to in vitro modelling of 

immune responses are rapidly developing. Next-generation approaches offer a range of 

strategies that retain native tissue structures, and can provide a 3D microenvironment with 

the relevant fluid dimension, biophysical cues and environmental control to test causes and 

effects (Aleman et al., 2019; de Oliveira et al., 2025; Gosselin et al., 2018; Hammel et al., 2021; 

Perucca et al., 2025; Sieber et al., 2018). While the adoption of these techniques in veterinary 

sciences is slow (Ferraz et al., 2020; Nagao et al., 2024; Premachandre et al., 2025; Sakata et 

al., 2024; Zdyrski et al., 2024), recent reviews have discussed their potential as an ethical, 

high-throughput, and physiologically relevant approach in this field (Chen et al., 2023a; Yin et 

al., 2025), which should be considered for future investigations of koala pathogenesis and 

immune response dynamics.  

 

Stress responses were not a strong indicator of koala health in the clinical or free-ranging 

setting, suggesting further investigation may be needed. The association between FKBP5, a 

key modulator of the stress response, and koalas’ health and survival in this thesis supports 

previous work that identified a relationship between upregulation of FKBP5 and climatic 

extremes and disease (Fernandez et al., 2024b): upregulation of FKBP5 was associated with 

euthanasia at triage in the subset of koalas analysed using RNAseq (Chapter 4); but not in the 

full sample-set analysed using NanoString (Chapter 3); and in free-ranging koalas (Chapter 5), 

FKBP5 positively correlated with genes that were associated with reduced (PC2) survival in 
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koalas with chlamydiosis. The relationships between this marker and health and survival 

observed here suggest that environmental factors may not be the only driver of FKBP5 

variation. For instance, despite having significantly different frequencies of morbidity and 

mortality, the two free-ranging populations studied in Chapter 5, although separated, were 

neighbouring and so it is expected that climatic conditions were similar. In comparison, the 

populations studied by Fernandez et al. (2024b) represented two distinct populations 

exposed to different climatic and infectious pressures. Thus, we suggest that outcome related 

variations in FKBP5 transcription may be associated with more subtle environmental and 

pathological diversity of the dataset rather than differences in sampling contexts, and that 

additional factors such as resource availability and population genetics may be influencing 

stress responses (Davies et al., 2014; Davies et al., 2013; Narayan & Vanderneut, 2019; 

Santamaria et al., 2023). To clarify the link between stress and immune outcomes, future 

research should incorporate complementary measures of stress, such as the more common 

measure of koala stress; faecal cortisol metabolites (FCMs) (Charalambous et al., 2021; Davies 

et al., 2014; Davies et al., 2013; Narayan & Vanderneut, 2019; Santamaria et al., 2023; Sheriff 

et al., 2011), and more novel techniques such as leukocyte coping capacity (LCC) (McLaren et 

al., 2003). These measures provide insights into different aspects of the stress response, from 

delayed systemic effects to acute immune responses (McLaren et al., 2003; Narayan et al., 

2013). Integrating these parameters in longitudinal studies could yield a more comprehensive 

understanding of how stress interacts with disease progression and immune function. 

 

The findings presented in this thesis have several practical applications for koala conservation 

and health management. To accurately determine the prevalence of C. pecorum in koala 

populations, detection in circulation should also be conducted. Given its strong relationship 
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with C. pecorum and chlamydiosis, PhaHV-1 and -2 detection in mucosal sites and in 

circulation should be determined across populations, and routinely in clinics, to help to 

improve our understanding of this agent. Adaptive and innate immune markers, particularly 

those associated with long-term immunity and pro-inflammatory responses, could serve as 

key indicators for assessing population health and identifying at-risk groups. We acknowledge 

the practical challenge of measuring so many plausible indicators of health, which is where a 

big-data approach would be appropriate. Alternatively, examples in the literature exist where 

similar immune parameters have been integrated within a holistic measure or scoring system 

to provide a simple indicator of immune function that can predict health outcomes: the 

immune health metric (IHM) (Kubo & Tanaka, 2024; Sparks et al., 2024; Vinuesa et al., 2024), 

Resistance(R)/Systemic Inflammation(SI)-based endotyping (Brandes-Leibovitz et al., 2024), 

the cytokine storm (CS) score (Cappanera et al., 2021), and modified APACHE II (Acute 

Physiology and Chronic Health Evaluation) or MOD (Multiple Organ Dysfunction) scores 

(Chakraborty & Burns, 2024; Choi et al., 2017; Oberholzer et al., 2005; Zimmerman et al., 

2006). Transcription-associated genes such as TRIM24 and SAMHD1 comprise promising 

candidates for predicting treatment outcomes and understanding host-pathogen 

interactions, particularly with KoRV pol transcription. Longitudinal monitoring of free-ranging 

koalas, combined with in vitro studies of immune responses, would provide critical insights 

into the temporal dynamics of host-pathogen interactions and stress responses. Additionally, 

integrating complementary stress measures, such as faecal cortisol metabolites and leukocyte 

coping capacity, could improve our understanding of the links between stress, disease 

progression, and survival outcomes. The role of cathelicidins in immune modulation and 

pathogen resistance also warrants further investigation. Understanding the context-
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dependent effects of these antimicrobial peptides could inform new therapeutic approaches 

for managing chlamydiosis and other infectious diseases in koalas. 

 

6.2 Conclusion: 

This thesis advances the understanding of host-pathogen-environment interactions and 

approaches to investigating these relationships in the koala. Collectively, the findings of this 

thesis demonstrate the complexity of biological responses in koalas and, due to the high 

frequency of co-infection, the challenge in associating host-responses and pathogenesis to a 

single infectious agent. The identification of key genes that could be used as indicators of 

individual and population health, such as those associated with adaptive lymphocytic 

responses, demonstrates why understanding, and accounting for, complexity is important, 

particularly in the context of disease management and conservation. To continue to develop 

the foundation for improving diagnostic, prognostic, and therapeutic strategies, future 

studies should investigate the key hypotheses generated through this work. In particular, 

longitudinal studies should elucidate the role of circulating infectious agents in the 

pathogenesis of chlamydiosis and determine whether circulating C. pecorum is a latent state 

invoked by the host, by co-infecting organisms, or by C. pecorum itself. Furthermore, although 

challenging, longitudinal studies and in vitro experimentation should be conducted to 

determine the relationship between exposure and cellular responses. Through this, the 

mechanisms driving host-responses associated with improved health or damage can be 

elucidated and better incorporated into actionable approaches for wildlife health 

management. 
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Chapter 1 Supplementary materials: 

 
Table 7.1: Summary of koala admission outcomes and trends in chlamydiosis admissions from retrospective studies 

 
Study 11 Study 22 Study 33 Study 44 Study 55 Study 66 Study 77 Study 88 Study 99 NSW DPEI5 

Study clinics 
AZWH, CWSH, 
RSPCA, MKH 

AZWH, 
CWSH, MKH 

AZWH, 
CWSH, 

RSPCA, MKH 
FOK 

PMKH, PSK, 
FOK 

AKWC PMKH 11 sources PMKH 40 sources 

State Qld Qld Qld NSW NSW SA NSW NSW NSW NSW 
Time period 1997-2013 1997-2019 2009-2014 1988-2020 1989-2018 2014-2021 1975-2004 1973-2020 2014-2022 2014-2022 
Total koala admissions 29,442 24,024 10,139 5,051 12,543 214 3,781 18,039 1227 9010 
No observations with outcomes 24,379 20,250 10,139 5,017 12,543 214 NA 18,039 1227 9010 

Died* 67.3% 81.9% 66.5% 63.8% 35.7% 32.7% NA 41.9% 45.7% 45% 
Treated/Released 22.5% 17.2% 27% 29.2% 20.7% 59.8% NA 51.6% 54.3% 29% 

Not treated & released 8.7% NA NA NA 17.30% NA NA NA NA NA 
Other fates NA NA NA 6.7% NA NA NA NA NA 26% 

Total chlamydial disease related 
koala admissions (%) 

48% 52% 22% 43% 52% 24% 20% 43% 21.8% 18.7% 

Died* 78.5% 61% NA 73% NA NA NA NA 53.1% 70.6% 
Released 21.5% 39% NA 27% NA NA NA NA 46.9% 24.7% 

Other fates NA NA NA NA NA NA NA NA NA 4.7% 
Greater frequency of female 
disease 

P < 0.001 NA NA P < 0.001 NA NA P < 0.001 NA NA NA 

Greater frequency of female 
mortality 

P < 0.001 P < 0.001 NA P < 0.001 NA NA NA NA NA NA 

*Died: NSW data groups all cases that have ‘died’, whereas other studies specify those that ‘died on arrival’ and those which were euthanised. Here these are combined for simplicity. 
1:(Lunney et al., 2022), 2:(Charalambous & Narayan, 2020), 3:(Pahuja & Narayan, 2023), 4:(Griffith & Higgins, 2012), 5:(Lunney et al., 2023), 6:(Dutton-Regester, 2024), 7:(Casadevall & 
Pirofski, 2003), 8:(DCCEEW, 2022), 9:(ICUN, 2022), NSW DPEI: Rehabilitation Dashboard Data. Last updated 2022. 
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Table 7.2: Summary of associations between immune genes, clinical signs, and infectious statuses in koalas derived from the literature 

Biomarker 
Category 

Immune 
gene 

Study Cohort Sample Association Study 

Chemokine GRO Human donated PBMCs KoRV stimulated PBMCs - Upregulated expression when exposing human PBMCs 
to KoRV in vitro  

(Fiebig et al., 2006) 

Chemokine IL-8 69 wild-caught northern (SE-Qld) koalas  vaccinated 
with a synthetic peptide MOMP vaccine (Chlamydia 
vaccine, N = 23), or a Chlamydia & KoRV Vaccine (N 
= 22), or not vaccinated (N = 23) 

Urogenital mucosa swabs mRNA 
transcription (NanoString) 

- Not differentially expressed between study groups - 
Chlamydia vaccine, Chlamydia & KoRV Vaccine, or 
Unvaccinated - throughout the study period 

(Quigley et al., 2023) 

Chemokine MCP-1 Human donated PBMCs KoRV stimulated PBMCs - Upregulated expression when exposing human PBMCs 
to KoRV in vitro  

(Fiebig et al., 2006) 

Cytokine IFN-γ 11-13 captive northern koalas with no history of 
chlamydial disease 

PMAio PBMCs (5 hour 
incubation) 

- Strongly up-regulated in August (Maher & Higgins, 
2016) 

PMAio/PMAPHA stimulated 
PBMCs 

- Strongly up-regulated in August 
- Upregulated in KoRV A and KoRV B positive koalas 

compared to those which were only KoRV A positive 
- Association between KoRV B infection and increased 

up-regulation of IFNy dependent on sampling month 
- Differential gene expression not associated with KoRV 

A or KoRV B viral loads 
Unstimulated PBMCs - Greatest expression in April and December and lowest 

in February and August  
Cytokine IFN-γ 74 wild southern koalas (Victoria) Buffy coat cDNA RT-qPCR - Low expression in Victorian koalas that were KoRV A 

positive compared to those which were KoRV A 
negative 

- Expression not associated with the Chlamydia infection 
status or any additional effect of dual infection with 
KoRV and Chlamydia infection, presence of pouch or 
back young, abnormal health status or age 

(Maher et al., 2019) 

Cytokine IFN-γ 69 wild-caught northern (SE-Qld) koalas  vaccinated 
with a synthetic peptide MOMP vaccine (Chlamydia 
vaccine, N = 23), or a Chlamydia & KoRV Vaccine (N 
= 22), or not vaccinated (N = 23) 

Urogenital mucosa swabs mRNA 
transcription (NanoString) 

- Not differentially expressed between study groups - 
Chlamydia vaccine, Chlamydia & KoRV Vaccine, or 
Unvaccinated - throughout the study period 

(Quigley et al., 2023) 

Cytokine IFN-γ 43 wild-caught koalas from SE-Qld (Old Hidden 
Vale and Moreton Bay) that acquired a Chlamydial 
infection at some point during the monitoring 
period 

Whole genome and RRS 
sequencing of DNA extracted 
from koala whole blood 

- Associated with the resolution of Chlamydia infection (Silver et al., 2022) 
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Biomarker 
Category 

Immune 
gene 

Study Cohort Sample Association Study 

Cytokine IFN-γ 63 chlamydia free wild-caught northern koalas (SE-
Qld) vaccinated with 3MOMP TriAdj vaccine (N = 
21), PmpG TriAdj vaccine (N = 21), and PmpG 
vaccine (N = 15) 

UV-inactivated C. pecorum G 
stimulated PBMCs prior to 
immunisation and then 5-7 
months post-vaccination 

- 3MOMP TriAdj vaccine and PmpG TriAdj vaccine 
induced a significant increase in IFN-γ 

- 86.6% of the PmpG vaccinated koalas exhibited an 
increase in IFN-γ post-vaccination 

(Desclozeaux et al., 
2017) 

Cytokine IFN-γ 15 wild-caught clinically healthy and qPCR C. 
pecorum negative northern koalas (SE-Qld) 
vaccinated with rMOMP + ISC adjuvant (N = 5) or 
the rMOMP + Tri-adjuvant (N = 10) 

UV-inactivated C. pecorum G 
stimulated or PMAio stimulated 
PBMCs (pre-stimulated, 12, and 
24 hours post-stimulation) prior 
to immunisation and then 2 and 
6 months post-vaccination 

- 6/10 for Tri-Adj and 3/5 for ISC adjuvant produced IFN-
γ at 2 or 6 months post vaccination in response to 
stimulation of PBMCs with UV-inactivated EBs 

(Khan et al., 2016) 

Cytokine IFN-γ 40 wild-caught northern koalas (SE-Qld) MOMP 
vaccinated from Waugh et al., 2016 and 
Desclozeaux et al., 2017 

UV-inactivated C. pecorum G 
stimulated PBMCs prior to 
immunisation and then 5-7 
months post-vaccination 

- No association between IFN-γ expression and 
urogenital chlamydial load or urogenital disease 

(Lizárraga et al., 2020) 

Cytokine IFN-γ 4 male and 3 female koalas from a captive, 
chlamydia-free, KoRV-A positive collection, with no 
history of disease within the past 6 months 

Unstimulated PBMCs - Greatest upregulation using PMA-ionomycin 
- Con A and PMA-PHA also induced expression 

(Maher et al., 2014) 

Cytokine IFN-γ 10 wild northern koalas admitted to AZWH (N = 4 
with clinical chlamydiosis) 

UV-inactivated C. pecorum G 
stimulated PBMCs 
(unstimulated, 12,  24, and 48 h 
post-stimulation) 

- Greater expression in PBMCs from animals in koalas 
with clinical signs of chlamydiosis compared to koalas 
without clinical signs of chlamydiosis (C. pecorum qPCR 
negative and +/- anti-MOMP IgG) 

- Expression comparable between koalas with clinical 
signs of chlamydiosis which were PCR negative by C. 
pecorum 16S rRNA PCR and PCR negative koalas in 
other groups (no clinical signs +/- anti-MOMP IgG). 

- Expression did not significantly differ in koalas without 
clinical chlamydiosis but with and without anti-MOMP 
IgG 

(Mathew et al., 2013b) 

Cytokine IFN-γ 41 wild-caught northern koalas (SE-Qld), 30% 
affected by chlamydial disease 

UV-inactivated C. pecorum G 
stimulated PBMCs (0, 12 and 24 
h post-stimulation) 

- Expression did not significantly differ between koalas 
with and without chlamydial disease 

(Mathew et al., 2014) 

Cytokine IFN-γ 7 wild northern koalas admitted to AZWH for 
ocular disease 

rMOMP G protein stimulated 
PBMCs 

- Expression did not differ, regardless of natural infection 
and diseased state, at pre-vaccination and at six-weeks 
post-vaccination 

(Nyari et al., 2019) 
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Biomarker 
Category 

Immune 
gene 

Study Cohort Sample Association Study 

Cytokine IFN-γ 52 wild-caught northern (central NSW) koalas 50% 
vaccinated with a synthetic peptide MOMP vaccine 

rMOMP genotype G stimulated 
koala buffy-coat samples taken 
at 0, 6, 12 and 18 months 
following vaccination 

- Expression was not associated with treatment, sex, or 
the interaction of time and treatment  

- Expression was higher 12 months post vaccination 

(Simpson et al., 2023a) 

Cytokine IL-10 Human donated PBMCs KoRV stimulated PBMCs - Upregulated expression when exposing human PBMCs 
to KoRV in vitro  

(Fiebig et al., 2006) 

Cytokine IL-10 9 captive koalas (Japan) Con-A stimulated PBMCs - No significant differences between subtype profiles in 
gene expression after stimulation 

- Expression was markedly higher in one KoRV-B-
positive, KoRV-C-negative individual (Koala also 
showed lymphoma) than in koalas with endogenous 
infection only (KoRV-A) 

(Kayesh et al., 2020) 

Unstimulated PBMCs 

Cytokine IL-10 15 wild-caught clinically healthy and qPCR C. 
pecorum negative northern koalas (SE-Qld) 
vaccinated with rMOMP + ISC adjuvant (N = 5) or 
the rMOMP + Tri-adjuvant (N = 10) 

UV-inactivated C. pecorum G 
stimulated or PMAio stimulated 
PBMCs (pre-stimulated, 12, and 
24 hours post-stimulation) prior 
to immunisation and then 2 and 
6 months post-vaccination 

- No measurable expression following PBMCS 
stimulation from any koala’s post vaccination 

(Khan et al., 2016) 

Cytokine IL-10 11-13 captive northern koalas with no history of 
chlamydial disease 

PMAio PBMCs (5 hour 
incubation) 

- Up-regulated in August (Maher & Higgins, 
2016) 

PMAio/PMAPHA stimulated and 
unstimulated PBMCs 

- Significantly greater up-regulation in 3/4 sampling 
periods in the KoRV B positive group but dependent on 
sampling month 

- Up-regulation in August 
- Baseline gene expression significantly higher in the 

KoRV B negative group in two sampling periods (April 
and December) 

- Differential gene expression not associated with KoRV 
A or KoRV B viral loads 

- Baseline gene expression greatest in April and 
December and lowest in February and August  

Cytokine IL-10 4 male and 3 female koalas from a captive, 
chlamydia-free, KoRV-A positive collection, with no 
history of disease within the past 6 months 

Unstimulated PBMCs - Expression induced by PMA-ionomycin 
- PMA–PHA and Con A did not measurably increase its 

expression 

(Maher et al., 2014) 
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Biomarker 
Category 

Immune 
gene 

Study Cohort Sample Association Study 

Cytokine IL-10 74 wild southern koalas (Victoria) Buffy coat cDNA RT-qPCR - Differential expression not associated with KoRV A 
infection status  

- Male baseline expression significantly higher females. 
- Expression not associated with C. pecorum infection 

status or any additional effect of dual infection with 
KoRV and C. pecorum infection, the presence of pouch 
or back young, abnormal health status or age on 
expression 

(Maher et al., 2019) 

Cytokine IL-10 10 wild northern koalas admitted to AZWH (N = 4 
with clinical chlamydiosis) 

UV-inactivated C. pecorum G 
stimulated PBMCs 
(unstimulated, 12,  24, and 48 h 
post-stimulation) 

- Koalas with clinical signs of chlamydiosis had 
significantly higher expression levels compared to 
koalas without clinical signs of chlamydiosis (C. 
pecorum qPCR negative and +/- anti-MOMP IgG) 

- In koalas with clinical signs of chlamydiosis on average, 
IL10 mRNA expression levels were significantly higher 
than TNFα mRNA expression levels 

- In koalas without clinical signs of chlamydiosis +/- anti-
MOMP IgG, no significant difference could be observed 
between TNFα and IL-10 mRNA expression 

(Mathew et al., 2013a) 

Cytokine IL-10 41 wild-caught northern koalas (SE-Qld), 30% 
affected by chlamydial disease 

UV-inactivated C. pecorum G 
stimulated PBMCs (0, 12 and 24 
h post-stimulation) 

- Expression did not significantly differ between koalas 
with and without chlamydial disease 

(Mathew et al., 2014) 

Cytokine IL-10 69 wild-caught northern (SE-Qld) koalas  vaccinated 
with a synthetic peptide MOMP vaccine (Chlamydia 
vaccine, N = 23), or a Chlamydia & KoRV Vaccine (N 
= 22), or not vaccinated (N = 23) 

Urogenital mucosa swabs mRNA 
transcription (NanoString) 

- Not differentially expressed between study groups - 
Chlamydia vaccine, Chlamydia & KoRV Vaccine, or 
Unvaccinated - throughout the study period 

(Quigley et al., 2023) 

Cytokine IL-17A 9 captive koalas (Japan) Con-A stimulated PBMCs - No significant differences between subtype profiles in 
gene expression before after stimulation 

(Kayesh et al., 2020) 

Unstimulated PBMCs 
Cytokine IL-17A 36 wild-caught northern koalas (SE-Qld) MOMP 

vaccinated from Waugh et al., 2016 and 
Desclozeaux et al., 2017 

UV-inactivated C. pecorum G 
stimulated PBMCs prior to 
immunisation and then 5-7 
months post-vaccination 

- Decreased expression in koalas with greater chlamydial 
loads and clinical disease 

- MOMP vaccination increased expression 
- Urogenital and ocular chlamydial load negatively 

predicted expression 
- Expression was not associated with urogenital disease 

(Lizárraga et al., 2020) 

Cytokine IL-17A 11-13 captive northern koalas with no history of 
chlamydial disease 

PMAio PBMCs (5 hour 
incubation) 

- Upregulated in December (Maher & Higgins, 
2016) 
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Biomarker 
Category 

Immune 
gene 

Study Cohort Sample Association Study 

PMAio/PMAPHA stimulated 
PBMCs 

- Expression greater in KoRV A and KoRV B positive 
koalas compared to only KoRV A positive koalas 

- Upregulated gene expression greatest in April and 
December and lowest in February and August 

- Association between KoRV B infection and increased 
up-regulation dependent on sampling month 

- Differential gene expression not associated with KoRV 
A or KoRV B viral loads 

Unstimulated PBMCs - Baseline gene expression greatest in April and 
December and lowest in February and August  

Cytokine IL-17A 74 wild southern koalas (Victoria) Buffy coat cDNA RT-qPCR - Gene expression lower in KoRV A positive koalas 
compared to KoRV A negative koalas 

- Males had significantly higher resting expression 
- No effect of Chlamydia infection status or any 

additional effect of dual infection with KoRV and 
Chlamydia infection, the presence of pouch or back 
young, abnormal health status or age on expression 

(Maher et al., 2019) 

Cytokine IL-17A 69 wild-caught northern (SE-Qld) koalas  vaccinated 
with a synthetic peptide MOMP vaccine (Chlamydia 
vaccine, N = 23), or a Chlamydia & KoRV Vaccine (N 
= 22), or not vaccinated (N = 23) 

Urogenital mucosa swabs mRNA 
transcription (NanoString) 

- Expression significantly decreased in both the 
‘Chlamydia only’ and ‘Chlamydia and KoRV’ vaccine 
groups 3–6 months post-vaccination and more so > 6 
months post-vaccination 

(Quigley et al., 2023) 

Cytokine IL-17A 52 wild-caught northern (central NSW) koalas 50% 
vaccinated with a synthetic peptide MOMP vaccine 

rMOMP genotype G stimulated 
koala buffy-coat samples taken 
at 0, 6, 12 and 18 months 
following vaccination 

- Expression was not associated with vaccination 
treatment, time, sex, or the interaction of time and 
treatment  

(Simpson et al., 2023a) 

Cytokine IL-17A 63 chlamydia free wild-caught northern koalas (SE-
Qld) vaccinated with 3MOMP TriAdj vaccine (N = 
21), PmpG TriAdj vaccine (N = 21), and PmpG 
vaccine (N = 15) 

UV-inactivated C. pecorum G 
stimulated PBMCs prior to 
immunisation and then 5-7 
months post-vaccination 

- 3MOMP TriAdj vaccine and PmpG TriAdj vaccine 
induced a significant increase in IL-17 

- 100% of the PmpG vaccinated koalas exhibited an 
increase in IL-17 post-vaccination 

(Desclozeaux et al., 
2017) 

Cytokine IL-17A 15 wild-caught clinically healthy and qPCR C. 
pecorum negative northern koalas (SE-Qld) 
vaccinated with rMOMP + ISC adjuvant (N = 5) or 
the rMOMP + Tri-adjuvant (N = 10) 

UV-inactivated C. pecorum G 
stimulated or PMAio stimulated 
PBMCs (pre-stimulated, 12, and 
24 hours post-stimulation) prior 
to immunisation and then 2 and 
6 months post-vaccination 

- IL-17A responses were lower than IFN-γ, and only 40% 
of animals (4/10 Tri-Adj; 2/5 ISC) produced IL-17A 
responses to stimulation above 1.0 fold 

(Khan et al., 2016) 

Cytokine IL-17A 41 wild-caught northern koalas (SE-Qld), 30% 
affected by chlamydial disease 

- Differential expression between koalas with and 
without chlamydial disease 

(Mathew et al., 2014) 
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Biomarker 
Category 

Immune 
gene 

Study Cohort Sample Association Study 

UV-inactivated C. pecorum G 
stimulated PBMCs (0, 12 and 24 
h post-stimulation) 

- Higher IL17A gene expression observed in koalas with 
active chlamydial urogenital disease than in animals 
with inactive disease 

Cytokine IL-17A 7 wild northern koalas admitted to AZWH for 
ocular disease 

rMOMP G protein stimulated 
PBMCs 

- Expression did not differ, regardless of natural infection 
and diseased state, at pre-vaccination and at six-weeks 
post-vaccination 

(Nyari et al., 2019) 

Cytokine IL-1β 69 wild-caught northern (SE-Qld) koalas  vaccinated 
with a synthetic peptide MOMP vaccine (Chlamydia 
vaccine, N = 23), or a Chlamydia & KoRV Vaccine (N 
= 22), or not vaccinated (N = 23) 

Urogenital mucosa swabs mRNA 
transcription (NanoString) 

- Not differentially expressed between study groups - 
Chlamydia vaccine, Chlamydia & KoRV Vaccine, or 
Unvaccinated - throughout the study period 

(Quigley et al., 2023) 

Cytokine IL-4 11-13 captive northern koalas with no history of 
chlamydial disease 

PMAio PBMCs (5 hour 
incubation) 

- Upregulated in December (Maher & Higgins, 
2016) 

PMAio/PMAPHA stimulated 
PBMCs 

- Upregulated in koalas with KoRV B infection compared 
to no KoRV B infection  

- Upregulated gene expression in stimulated koala 
PBMCs greatest in April and December and lowest in 
February and August  

- Association between KoRV B infection and increased 
up-regulation on sampling month 

- Differential gene expression not associated with KoRV 
A or KoRV B viral loads 

Unstimulated PBMCs - Baseline gene expression greatest in April and 
December and lowest in February and August  

Cytokine IL-4 4 male and 3 female koalas from a captive, 
chlamydia-free, KoRV-A positive collection, with no 
history of disease within the past 6 months 

Unstimulated PBMCs - Most upregulated by PMA-ionomycin followed by Con 
A  

- PMA-PHA did not induce expression. 

(Maher et al., 2014) 

Cytokine IL-4 69 wild-caught northern (SE-Qld) koalas  vaccinated 
with a synthetic peptide MOMP vaccine (Chlamydia 
vaccine, N = 23), or a Chlamydia & KoRV Vaccine (N 
= 22), or not vaccinated (N = 23) 

Urogenital mucosa swabs mRNA 
transcription (NanoString) 

- Not differentially expressed between study groups - 
Chlamydia vaccine, Chlamydia & KoRV Vaccine, or 
Unvaccinated - throughout the study period 

(Quigley et al., 2023) 

Cytokine IL-6 Human donated PBMCs KoRV stimulated PBMCs - Upregulated expression when exposing human PBMCs 
to KoRV in vitro  

(Fiebig et al., 2006) 

Cytokine IL-6 9 captive koalas (Japan) Con-A stimulated PBMCs - No significant differences between subtype profiles in 
gene expression after stimulation 

(Kayesh et al., 2020) 

Unstimulated PBMCs - Significantly higher in koalas positive for both 
exogenous subtypes (KoRV-B and KoRV-C) than in 
those with endogenous infection only 
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Biomarker 
Category 

Immune 
gene 

Study Cohort Sample Association Study 

Cytokine IL-6 11-13 captive northern koalas with no history of 
chlamydial disease 

PMAio PBMCs (5 hour 
incubation) 

- Upregulated in August (Maher & Higgins, 
2016) 

PMAio/PMAPHA stimulated 
PBMCs 

- Upregulation greatest in August 
- Up-regulation in stimulated PBMCs of KoRV B infected 

captive northern koalas compared to KoRV B negative 
Association between KoRV B infection and increased 
up-regulation of IL-6 dependent on sampling month 

- Differential gene expression not associated with KoRV 
A or KoRV B viral loads 

Unstimulated PBMCs - Baseline gene expression greatest in December  
Cytokine IL-6 4 male and 3 female koalas from a captive, 

chlamydia-free, KoRV-A positive collection, with no 
history of disease within the past 6 months 

Unstimulated PBMCs - No consistent or significant change in expression with 
any protocol (PMA-ionomycin, Con A, or PMA-PHA) 

(Maher et al., 2014) 

Cytokine IL-6 7 wild northern koalas admitted to AZWH for 
ocular disease 

rMOMP G protein stimulated 
PBMCs 

- Expression did not differ, regardless of natural infection 
and diseased state, at pre-vaccination and at six-weeks 
post-vaccination 

(Nyari et al., 2019) 

Cytokine IL-6 69 wild-caught northern (SE-Qld) koalas  vaccinated 
with a synthetic peptide MOMP vaccine (Chlamydia 
vaccine, N = 23), or a Chlamydia & KoRV Vaccine (N 
= 22), or not vaccinated (N = 23) 

Urogenital mucosa swabs mRNA 
transcription (NanoString) 

- Not differentially expressed between study groups - 
Chlamydia vaccine, Chlamydia & KoRV Vaccine, or 
Unvaccinated - throughout the study period 

(Quigley et al., 2023) 

Cytokine TNF-α 15 wild-caught clinically healthy and qPCR C. 
pecorum negative northern koalas (SE-Qld) 
vaccinated with rMOMP + ISC adjuvant (N = 5) or 
the rMOMP + Tri-adjuvant (N = 10) 

UV-inactivated C. pecorum G 
stimulated or PMAio stimulated 
PBMCs (pre-stimulated, 12, and 
24 hours post-stimulation) prior 
to immunisation and then 2 and 
6 months post-vaccination 

- No measurable expression following PBMCS 
stimulation from any koala’s post vaccination 

(Khan et al., 2016) 

Cytokine TNF-α 11-13 captive northern koalas with no history of 
chlamydial disease 

PMAio PBMCs (5 hour 
incubation) 

- Upregulation in December  (Maher & Higgins, 
2016) 

PMAio/PMAPHA stimulated 
PBMCs 

- Upregulated in koalas with KoRV B infection compared 
to no KoRV B infection  

- Upregulated gene expression greatest in April and 
December and lowest in February and August  

- Association between KoRV B infection and increased 
up-regulation dependent on sampling month 

- Differential gene expression not associated with KoRV 
A or KoRV B viral loads 

Unstimulated PBMCs - Baseline gene expression greatest in April and 
December and lowest in February and August  
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Biomarker 
Category 

Immune 
gene 

Study Cohort Sample Association Study 

Cytokine TNF-α 10 wild northern koalas admitted to AZWH (N = 4 
with clinical chlamydiosis) 

UV-inactivated C. pecorum G 
stimulated PBMCs 
(unstimulated, 12,  24, and 48 h 
post-stimulation) 

- PBMCs from animals in koalas with clinical signs of 
chlamydiosis had significantly higher expression levels 
when compared to koalas without clinical signs of 
chlamydiosis (C. pecorum qPCR negative and 
detectable anti-MOMP IgG) 

- Expression in koalas with clinical signs of chlamydiosis 
was comparable to that from koalas without clinical 
signs of chlamydiosis (C. pecorum qPCR negative and 
no anti-MOMP IgG) 

(Mathew et al., 2013a) 

Cytokine TNF-α 41 wild-caught northern koalas (SE-Qld), 30% 
affected by chlamydial disease 

UV-inactivated C. pecorum G 
stimulated PBMCs (0, 12 and 24 
h post-stimulation) 

- No statistically significant difference was observed for 
expression between koalas with and without 
chlamydial disease 

(Mathew et al., 2014) 

Cytokine TNF-α 69 wild-caught northern (SE-Qld) koalas  vaccinated 
with a synthetic peptide MOMP vaccine (Chlamydia 
vaccine, N = 23), or a Chlamydia & KoRV Vaccine (N 
= 22), or not vaccinated (N = 23), a total of 3 (one in 
each group) had clinical chlamydiosis 

Urogenital mucosa swabs mRNA 
transcription (NanoString) 

- Not differentially expressed between study groups - 
Chlamydia vaccine, Chlamydia & KoRV Vaccine, or 
Unvaccinated - throughout the study period 

(Quigley et al., 2023) 

Surface 
marker 

CD3 79 hospital admitted northern koalas (SE-Qld) Immunohistochemistry of 424 
tissue samples 

- Positively correlated with C. pecorum PCR loads within 
reproductive tract tissue of females and males 

- Negative correlation with the female genital tract gross 
pathology score 

(Pagliarani et al., 2024) 

Surface 
marker 

CD4 9 captive koalas (Japan) Con-A stimulated PBMCs - No significant differences between subtype profiles in 
gene expression before or after stimulation 

(Kayesh et al., 2020) 
Unstimulated PBMCs 

Surface 
marker 

CD4 4 male and 3 female koalas from a captive, 
chlamydia-free, KoRV-A positive collection, with no 
history of disease within the past 6 months 

Unstimulated PBMCs - Expression was significantly down-regulated with 
PMA–PHA stimulation  

(Maher et al., 2014) 

Surface 
marker 

CD4 79 hospital admitted northern koalas (SE-Qld) Immunohistochemistry of 424 
tissue samples 

- Positive correlation between C. pecorum PCR loads and 
CD4 scores in females and males 

- Statistically significant negative correlation with the 
female genital tract gross pathology score 

(Pagliarani et al., 2024) 

Surface 
marker 

CD4 69 wild-caught northern (SE-Qld) koalas  vaccinated 
with a synthetic peptide MOMP vaccine (Chlamydia 
vaccine, N = 23), or a Chlamydia & KoRV Vaccine (N 
= 22), or not vaccinated (N = 23), a total of 3 (one in 
each group) had clinical chlamydiosis 

Urogenital mucosa swabs mRNA 
transcription (NanoString) 

- Expression had decreasing trends, with > 6 months 
post-vaccination showing a statistically significant 
reduction in expression compared to baseline but not 
in the unvaccinated group 

(Quigley et al., 2023) 

Surface 
marker 

CD4:CD8 
ratio 

9 captive koalas (Japan) Con-A stimulated PBMCs - Fold change in CD4:CD8b ratio (vs. unstimulated 
PBMCs) was markedly increased in one koala with 

(Kayesh et al., 2020) 
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Biomarker 
Category 

Immune 
gene 

Study Cohort Sample Association Study 

endogenous infection only (H6; KoRV-A positive) and 
one koala positive for both exogenous subtypes (H7; 
KoRV-A, -B, and -C positive) 

Unstimulated PBMCs - CD4:CD8b ratio in unstimulated koala PBMCs was 
markedly higher in the KoRV-B-positive, KoRV-C-
negative individual (KM, which showed lymphoma) 
than in koalas with endogenous infection only (KoRV-
A); however, this ratio showed no other significant 
differences between KoRV subtype infection profiles 

Surface 
marker 

CD4:CD8 
ratio 

11-13 captive northern koalas with no history of 
chlamydial disease 

PMAio/PMAPHA stimulated 
PBMCs 

- Differential gene expression ratio not associated with 
KoRV A or KoRV B viral loads 

(Maher & Higgins, 
2016) 

Unstimulated PBMCs - Indifferent between KoRV subtype profiles  
- Baseline gene expression ratio highest in August and 

lowest in April  
- No differences detected between sexes 

Surface 
marker 

CD4:CD8 
ratio 

4 male and 3 female koalas from a captive, 
chlamydia-free, KoRV-A positive collection, with no 
history of disease within the past 6 months 

Unstimulated PBMCs - Expression levels of CD4 and CD8β are much higher 
than cytokine levels 

(Maher et al., 2014) 

Surface 
marker 

CD4:CD8 
ratio 

74 wild southern koalas (Victoria) Buffy coat cDNA RT-qPCR - Lower in KoRV A positive compared to those which 
were KoRV A negative  

- No apparent effect of Chlamydia infection status or any 
additional effect of dual infection with KoRV and 
Chlamydia infection, the presence of pouch or back 
young, abnormal health status or age on expression 

(Maher et al., 2019) 

Surface 
marker 

CD79b 79 hospital admitted northern koalas (SE-Qld) Immunohistochemistry of 424 
tissue samples 

- Positively correlated with C. pecorum PCR loads in 
females and males 

- Negative correlation with the female genital tract gross 
pathology score 

(Pagliarani et al., 2024) 

Surface 
marker 

CD8b 9 captive koalas (Japan) Con-A stimulated PBMCs - No significant differences between subtype profiles in 
gene expression before or after stimulation 

(Kayesh et al., 2020) 
Unstimulated PBMCs 

Surface 
marker 

CD8b 4 male and 3 female koalas from a captive, 
chlamydia-free, KoRV-A positive collection, with no 
history of disease within the past 6 months 

PMA-ionomycin, Con A, & PMA-
PHA stimulated PBMCs 

- Expression down-regulated with all mitogen 
stimulation protocols 

(Maher et al., 2014) 

Surface 
marker 

CD8b 79 hospital admitted northern koalas (SE-Qld) Immunohistochemistry of 424 
tissue samples 

- Positive correlations between C. pecorum PCR loads 
and CD8 scores in females and males 

- Negative correlation with the female genital tract gross 
pathology score 

(Pagliarani et al., 2024) 
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Biomarker 
Category 

Immune 
gene 

Study Cohort Sample Association Study 

Surface 
marker 

CD8b 69 wild-caught northern (SE-Qld) koalas  vaccinated 
with a synthetic peptide MOMP vaccine (Chlamydia 
vaccine, N = 23), or a Chlamydia & KoRV Vaccine (N 
= 22), or not vaccinated (N = 23), a total of 3 (one in 
each group) had clinical chlamydiosis 

Urogenital mucosa swabs mRNA 
transcription (NanoString) 

- Expression had decreasing trends, with > 6 months 
post-vaccination showing a statistically significant 
reduction in expression compared to baseline but not 
in the unvaccinated group 

(Quigley et al., 2023) 

Surface 
marker 

MHC I 101 wild-caught northern koalas (SE-Qld): 60 from 
Moreton Bay (30 Chlamydia-affected koalas and 30 
additional healthy koalas) and 20 koalas from 
Hidden Vale (sexually mature koalas undergoing 
monitoring) 

PCR amplification of DNA 
extracted from koala serum 

- UC*01:01 identified in koalas with C. pecorum infection 
but no clinical disease (asymptomatic cases) 

(Robbins et al. 2020) 

Surface 
marker 

MHC I 43 wild-caught koalas from SE-Qld (Old Hidden 
Vale and Moreton Bay) that acquired a Chlamydial 
infection at some point during the monitoring 
period 

Whole genome and RRS 
sequencing of DNA extracted 
from koala whole blood 

- UA*6 more prevalent in koalas that resolved Chlamydia 
infection (25%, 3/12) than those that did not resolve an 
infection (0%, 0/31)  

- Koalas that were heterozygous at UC were more likely 
to resolve a Chlamydia infection (50%, 6/12) than those 
that did not resolve an infection (9.68%, 3/31) 

(Silver et al., 2022) 

Surface 
marker 

MHC II 79 hospital admitted northern koalas (SE-Qld) Immunohistochemistry of 424 
tissue samples 

- C. pecorum PCR loads and HLA-DR scores were 
positively correlated in the female and male genital 
tracts. 

- Negative correlation with the female genital tract gross 
pathology score 

(Pagliarani et al., 2024) 

Surface 
marker 

MHC II 101 wild-caught northern koalas (SE-Qld): 60 from 
Moreton Bay (30 Chlamydia-affected koalas and 30 
additional healthy koalas) and 20 koalas from 
Hidden Vale (sexually mature koalas undergoing 
monitoring) 

PCR amplification of DNA 
extracted from koala serum 

- DAB*10 and UC*01:01 alleles associated with greater 
protection against chlamydial infection and disease  

- DBB*04 and DCB*03 alleles associated with increased 
susceptibility to chlamydiosis infection and disease  

(Robbins et al. 2020) 

Surface 
marker 

MHC II 94 wild female koalas admitted to Port Macquarie 
Koala Hospital and originating from Port Macquarie 
and Hastings River districts on the mid-north coast 
of New South Wales, Australia 

Isolation and sequencing of 
koala-specific DAB and DBB 
amplified through PCR of DNA 
samples that were extracted 
from ocular and/or urogenital 
swabs, separated blood cells, or 
liver 

- Koalas with DBB*04 allele had higher levels of 
Chlamydia heat shock protein 60 (c-hsp60) antibody 
levels 

- DAB*10 frequently found in Chlamydia-infected koalas 
relative to non-infected koalas 

- DAB*10 associated with C. pecorum infection, past-
infection, and persistence 

- DAB*15 associated with greater protection against 
chlamydial infection and disease 

(Lau et al. 2014) 

Surface 
marker 

MHC II 57 wild-caught koalas from SE-Qld (Moreton Bay) 
with the most ocular microbiome reads maintained 

Isolation and sequencing of Dab 
and DBb PCR amplicons from 
whole blood extracted DNA 

- Absence of DBB*03 linked with chlamydial disease at 
any site 

(Quigley et al. 2018) 
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Biomarker 
Category 

Immune 
gene 

Study Cohort Sample Association Study 

a comparable representation of chlamydia disease 
states and KoRV-B results to the overall population 

Surface 
marker 

MHC II 43 wild-caught koalas from SE-Qld (Old Hidden 
Vale and Moreton Bay) that acquired a Chlamydial 
infection at some point during the monitoring 
period 

Whole genome and RRS 
sequencing of DNA extracted 
from koala whole blood 

- No associations with MHC Class II genes (Silver et al., 2022) 

Surface 
marker 

MHC II 69 wild-caught northern (SE-Qld) koalas  vaccinated 
with a synthetic peptide MOMP vaccine (Chlamydia 
vaccine, N = 23), or a Chlamydia & KoRV Vaccine (N 
= 22), or not vaccinated (N = 23), a total of 3 (one in 
each group) had clinical chlamydiosis 

Urogenital mucosa swabs mRNA 
transcription (NanoString) 

- No consistent or significant trends in DAA or DBA allele 
diversity or detection frequency observed between 
study groups - Chlamydia vaccine, Chlamydia & KoRV 
Vaccine, or Unvaccinated - throughout the study period 

(Quigley et al., 2023) 
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Chapter 2 Supplementary materials: 

Table 7.3: Inclusion criteria for allocation of koala syndromes on admission 

 

Clinical Criteria Analytical Groups 

Admission 
Syndromes 

Clinical Signs Chlamydiosis Euthanasia? 
Female 

Reproductive 
disease 

Chlamydiosis 1. Reproductive Disease (incl. ovarian bursal cyst(s), 
pyometra, uterine oedema, and endometriosis) 

Chlamydiosis 

Yes = 
Untreatable 
Chlamydiosis 

 
No =  

Treatable 
Chlamydiosis 

Female = Yes 

2. Cystitis 

Female = No 

3. Renal Disease (incl. hydronephrosis, hydroureter) 

4. Conjunctivitis  

+/- Wet bottom (incl. rump ulceration) 

+/- Candidiasis 

+/- C. pecorum LAMP positive 

+/- Fibrotic (irreversible) change to urogenital structures 

+/- Infection associated anaemia 

+/- Poor body condition / emaciation 

+/- Cataracts 
+/- Other (Pulmonary infection, growths, alopecia, 
pustules) 

Chlamydiosis 
& Trauma 

Any one or combination of clinical signs listed in 
‘Chlamydiosis’ with at least one or more clinical signs 
listed in ‘Trauma’ 

Trauma 1. Superficial wounds 

No clinical signs 
of chlamydiosis 

NA 

2. Abdominal and/or visceral trauma (incl. 
haemoabdomen, peritonitis, metabolic alkalosis) 

3. Single or multiple fractures (incl. comminated, 
compound, and pathogenic fractures) 

4. Wound associated septicaemia 

5. Vestibular & neurological trauma 

6. Trauma associated anaemia 

Other Disease 1. Hepatitis 

2. Myelodysplasia 

3. Mammary adenocarcinoma 

4. Pulmonary Disease 

5. Congenital renal disease +/- elevated SDMA 

6. Congenital enophthalmos & Horners syndrome 

7. Emaciation without evidence of chlamydiosis 

8. Dysbiosis / Caecal Dysbiosis Typhlocolitis Syndrome 

No Disease 1. Nothing abnormal detected using any of the following 
diagnostic tools; visual assessment, ultrasonography, C. 
pecorum LAMP negative 

2. Mended musculoskeletal abnormalities 



 
 

313 

Table 7.4: NanoString Pathogen and House-Keeping Gene Target Summary 

Gene Full Name Accession Position Target Sequence 

PhaHV1 dpol Herpesvirus 1 dpol  JN585829.1 71-170 
GCTCCAAGGCCTTCATGGAATCCCTATCCACCTCAGATCTAGAATCAATAGTGGGACACACAGTCCCAAGC
GAAAAGGACTCATCCCTTCGTGTCATCTA 

PhaHV2 dpol Herpesvirus 2 dpol  JQ996387.1 108-207 
TCGCTCCTGTCCAAGCTCCTGACCACGTGGCTTGCCCGGCGCAAGGAGATCCGACGCCAACACGCGGCC
TGCAACGATCCAGCTCTGCGCACTATTCTGG 

CpecG_0573 Cpecorum MC/Marsbar strain NZ_CM002310.1 209-308 
TGGGAGTCTTCCTTACAACAGCCCTGCTTACGCTTTTTTGCCTCTGTGCCATCTTGAAGCCCAAAGCAATC
TCAGGTAAGTCTGTAACCAAACCAGAGGT 

pGP3 Cpecorum L1 strain KT223773.1 4625-4724 
CAATATTCGTTTGGGACAAATGACCAATGAATTGCAAGACAAGCAAATTATAATAGGCACACCAACTAC
TCCTACTGTAACAAGCCTCTCTTCTTCTAAT 

ompA Cpecorum L17 strain ompA GQ228181.1 19-118 
TCGGCGTTTTTATCCGCCGCATTTTTTGCTGGTGACGCCTCCTTACACGCTTTGCCTGTAGGGAACCCAGC
AGAGCCAAGTTTATTAATTGATGGGACGA 

Cpec_hsp60 CPE1_RS04735, chaperonin GroEL Cpec_hsp60.1 1084-1183 
CCCTGGGGTTCTAGACGAGTAATTGTATCGGCTGGAGAAGAACCATAATAGCCGTGTTCTAACGTACAC
AAGCGCACCAAAGAACAGAGAGATCGCTTTG 

KoRVpol KoRV pol NC_039228.1 2901-3000 
GGAATACCGATTACACGAAAAGCCGGTCCCTCCTTCTATCGACCCGTCATGGCTCCAACTCTTTCCCATG
GTTTGGGCCGAGAAGGCAGGTATGGGACTG 

KoRVAenvRBD KoRV-A env AF151794.2 6219-6318 
CCCCTGATTCAAACTATGAACATGCTTATAATCAGATCACTTGGGGAACCCTGGGATGTAGCTATCCCCG
GGCCAGAACAAGAATTGCTAGGTCCCAGTT 

KoRVBenvRBD KoRV-B env AB822553.1 315-414 
GGTGCTTTATAGTCAGGTCGGCAGGGGGTTAGTCAGGCAATCGAGCTATGGAACCTTGGGGTGTCGCT
GTCCCCGAGACCGGAACAGACTGGCTCAATCT 

KoRVDenvRBD KoRV-D env AB828004.1 121-220 
AACCCTCACCAACCCATGACTCTCACCTGGCAGGTACTGTCCCAGACGGGAAGTGTCGTTTGGGAAAAG
AAAGCAGTCGAGCCACCCTGGACGTGGTGGC 

KoRVenvCKS17 KoRV env p15E AF151794.2 7503-7602 
TCCAGAATAGGAGAGGCCTTGATCTGCTATTTTTGAAGGAAGGGGGCCTTTGTGCAGCCCTAAAAGAG
GAATGCTGTTTCTATGTTGACCACTCAGGCGC 

Tcop18S T. copemani 18s rRNA GU966588.1 595-694 
GTTGGTATTTAAAAGTCCATTGGAGATTATGGGGTCGTGTGACAAGCGGTCGGGCGTGTTGCTTTTTTG
GTCTTCACGGCCAGGGCGCCGCCCGTCGCCC 

Tirwini18S T. irwini 18s rRNA FJ649479.1 539-638 
CAAGTCTGGTGCCAGCACCCGCGGTAATTCCAGCTCCAAAAGCGTATATTAATGCTGTTGCTGTTAAAG
GGTTCGTAGTTGAACTGTGGGCCTTCAAGGC 

Tgil18S T. giletti 18s rRNA GU966589.1 715-814 
CGTGCACGGTGTGGTGCGAGGCACTTTGTGTGTTCCCGTCACCCACGCGCACGCCTCTTTCGGCTCGCG
GCGCCCAGGAATGAAGGAGGGTAGTTCGGGG 

GAPDH 
Glyceraldehyde 3-phosphate 
dehydrogenase 

XM_020994140.1 1136-1235 
CACCACTGGGGGAGCCCACATTCCTAACTTAACGTTCCTGTACTGGGGATCTCATGTCCCCATTCGCATC
CTTGTCCCAAAGCACCCCTGTAGTCTGGAG 

ACTB Beta-actin XM_021008442.1 1805-1904 
TTTACAGTCTCCCTGGGAGTTTTACGAGATTGGTGCCAGTACTTGGGGGAGGGGAGGAGCTTTACCTGT
ACACTGACTTAAGACCAGTTCAAATAAAAGT 

Stx12 Syntaxin 12 XM_020983277.1 674-773 
AGTTGGCCATTACAGAGCAAGACCTTGAACTTATCAAGGAGCGAGAAACTGCGATCAGGCAACTGGAG
GCCGACATTTTGGACGTCAATCAGATATTTAA 

Nckap1l Nck-associated protein 1-like XM_020966159.1 2922-3021 
CTGCCCATTCCTTATGGGCCCTATTGAGTGCCTGAAGGATTTCGTCACTCCAGATACAGATATAAAGGTG
ACCATGAGTGTCTTTGAGCTGGCCTCTGCT 
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Table 7.5: qPCR Primer/Probe Set Information for Chlamydia Multiplex qPCR, PhaHV-1 & -2 qPCR, and 
KoRV pol qPCR 

qPCR Assay Gene Amplicon 
size (bp) 

End Sequence Reference 

Chlamydia 
multiplex Probe 
qPCR 

Chlamydia 
(23S rRNA) 

137 Forward 5′-GCTCACCAATCGAGAATC-3′ (Hulse et al., 
2018) 137 Reverse 5-‘CCAACACTCCTTTCGGTA-3′ 

137 Probe ROX-CTGAATACTACGCTCTCCTACCGC-BHQ2 
C. pecorum 
(ompB gene) 

141 Forward 5′−CCAAGCATAATCGTAACAA-3′ 
141 Reverse 5′-CGAAGCAAGATTCTTGTC-3′ 
141 Probe FAM-ACTTGTTGGCAATTCTTCTCTTCACA-BHQ1 

Koala β-actin 
mRNA 

145 Forward 5′-CTCAGATTATGTTTGAGACCTTC-3′ 
145 Reverse 5′-CCTTCATAGATGGGCACA-3′ 
145 Probe HEX-ACCATCACCAGAGTCCATCACAAT-BHQ1 

Phascolarctid 
herpesvirus 1 & 
2 SYBR qPCR 

PhaHV-1 dpol 22 Forward 5’-GGGAAGAACTATGTTGGAACGC-3’ (Wright et 
al., 2023) 20 Reverse 5’-TGAGTCCTTTTCGCTTGGGA-3’ 

PhaHV-2 dpol 20 Forward 5’-GGTGACGTGCAATTCAGTGT-3’ (Church et 
al., 2025; 

Kasimov et 
al., 2020) 

20 Reverse 5’-TTTCGAGCATCATGCGTCCT-3’ 

Koala β-actin 
mRNA 

145 Forward 5′-CTCAGATTATGTTTGAGACCTTC-3′ (Hulse et al., 
2018) 145 Reverse 5′-CCTTCATAGATGGGCACA-3′ 

KoRV pol Probe 
qPCR 

KoRV pol 110 Forward 5’-TTGGAGGAGGAATACCGATTACAC-3’ (Hulse et al., 
2018; 

Tarlinton et 
al., 2005) 

110 Reverse 5’-GCCAGTCCCATACCTGCCTT-3’ 

110 Probe FAM-TCGACCCGTCATGGC-BHQ1 

Koala β-actin 
mRNA 

145 Forward  5’-CTCAGATTATGTTTGAGACCTTC -3’ (Hulse et al., 
2018) 145 Reverse  5’-CCTTCATAGATGGGCACA-3’ 

145  Probe HEX-ACCATCACCAGAGTCCATCACAAT-BHQ1  
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Table 7.6: NanoString nCounter Probe Design 

Well 
Position 

Gene Target Probe A Name Probe A Sequence Probe B Name Probe B Sequence 

A01 GAPDH XM_020994140.1:1135_T001 ATCCCCAGTACAGGAACGTTAAGTTAGGAATGTGGGCTCCCCCA 
GTGGTGCCTCAAGACCTAAGCGACAGCGTGACCTTGTTTCA 

XM_020994140.1:1135_ProbeB CGAAAGCCATGACCTCCGATCACTCCTCCAGACTACAGGG 
GTGCTTTGGGACAAGGATGCGAATGGGGACATGAG 

A02 ACTB XM_021008442.1:1804_T002 TCCCCCAAGTACTGGCACCAATCTCGTAAAACTCCCAGGGAGAC 
TGTAAACATCCTCTTCTTTTCTTGGTGTTGAGAAGATGCTC 

XM_021008442.1:1804_ProbeB CGAAAGCCATGACCTCCGATCACTCACTTTTATTTGAACTG 
GTCTTAAGTCAGTGTACAGGTAAAGCTCCTCCCC 

A03 Tmem97 XM_020963254.1:244_T003 AATGCCTGCACATACCACTTGAGCATGTCTGTCACCCACAATTCT 
GCGGGTTAGCAGGAAGGTTAGGGAAC 

XM_020963254.1:244_ProbeB CGAAAGCCATGACCTCCGATCACTCAAAGAAAGGACTTGA 
ACCAGCTTGGAGGGTTCAGCATCAGAGGGTCTTTA 

A04 Stx12 XM_020983277.1:673_T004 AGTTTCTCGCTCCTTGATAAGTTCAAGGTCTTGCTCTGTAATGGCT 
GTTGAGATTATTGAGCTTCATCATGACCAGAAG 

XM_020983277.1:673_ProbeB CGAAAGCCATGACCTCCGATCACTCTTAAATATCTGATTGA 
CGTCCAAAATGTCGGCCTCCAGTTGCCTGATCGC 

A05 Nckap1l XM_020966159.1:2921_T005 GAGTGACGAAATCCTTCAGGCACTCAATAGGGCCCATAAGGAAT 
GGGCAGCAAAGACGCCTATCTTCCAGTTTGATCGGGAAACT 

XM_020966159.1:2921_ProbeB CGAAAGCCATGACCTCCGATCACTCAGAGGCCAGCTCAAA 
GACACTCATGGTCACCTTTATATCTGTATCTG 

A06 IL1beta XM_020963753.1:1051_T006 CCAAACTATTACCGTGATTTTCCCAGATTCTGCTCAGCCAGGCACT 
GAAACGAACCTAACTCCTCGCTACATTCCTATTGTTTTC 

XM_020963753.1:1051_ProbeB CGAAAGCCATGACCTCCGATCACTCCCTGCCTATCAGCTAT 
CTAGTGCTCAAACCTCCATCTTGAATA 

A07 IL4 XM_020991403.1:166_T007 CTCAAAGATGTCCGGCACTTCCATCTCAAAGCAGGGAAACTTTTT 
CATAGCCAATTTGGTTTTACTCCCCTCGATTATGCGGAGT 

XM_020991403.1:166_ProbeB CGAAAGCCATGACCTCCGATCACTCCATGATGACTCCTCAG 
GAAACAGCTTCGGAGTACTGGAATTCTCTGTATC 

A08 IL6 XM_020993366.1:449_T008 CTCACAATCCTTGGCAAGCATGTCTCCTCATTGAATCCAGTAGCTT 
TCGGGTTATATCTATCATTTACTTGACACCCT 

XM_020993366.1:449_ProbeB CGAAAGCCATGACCTCCGATCACTCTCATCTCTGTTTCCATG 
TACCGAAGATACGTGTCAAACTCCTGAAGACCA 

A09 IL8 XM_020988483.1:279_T009 GCTCCCTGTTATCTTGAAGAGTGACAATGATTTCTGTGTTCGGGCA 
ACAGCCACTTTTTTTCCAAATTTTGCAAGAGCC 

XM_020988483.1:279_ProbeB CGAAAGCCATGACCTCCGATCACTCAAACACATGAAGAATT 
TTCTGCACCCACTTTGCTTGAGGGTCCAGGCAGA 

A10 IL10 XM_021002936.1:518_T010 CTCATAGGTGCTCTTGACTTGCTTGACAACTCTGCTCCACCGTGTG 
GACGGCAACTCAGAGATAACGCATAT 

XM_021002936.1:518_ProbeB CGAAAGCCATGACCTCCGATCACTCAATATATCAAAATCCCC 
CATTGCTTTGTAGACTCCTCGTTCCTGGAGCTT 

A11 IL12A XM_020988856.1:865_T011 CTAAAGTCATCGGGTGAGGAGCCCTTCACGAAGAAGCGGTCAGG 
AAGCCTGGAGTTTATGTATTGCCAACGAGTTTGTCTTT 

XM_020988856.1:865_ProbeB CGAAAGCCATGACCTCCGATCACTCCCTGATGGTGACAATC 
TTTGAGATCCAGGCTTTACTGTTATCCCGAAGAT 

A12 IL17A XM_020993976.1:292_T012 CCTCGGCATTGATGCAGCCTGAATGACGGCACCTAGCAGATAAG 
GTTGTTATTGTGGAGGATGTTACTACA 

XM_020993976.1:292_ProbeB CGAAAGCCATGACCTCCGATCACTCGATTTCGACGGAGTTC 
ACGTGGTGGTCCACTTTCC 

B01 IL18 XM_020989757.1:308_T013 TTTGGGGTGCATTTGCTTGAATCTCACAATCAGTCATATCCTCGAG 
TACACTTCCTTCCTGTGTTCCAGCTACAAACTTAGAAAC 

XM_020989757.1:308_ProbeB CGAAAGCCATGACCTCCGATCACTCTGCCAAGCCTTTGGGT 
ACAGTCTCTTTATAGGCTTGCATTATAAATACAG 

B02 IL22 XM_020990310.1:159_T014 TTATCGAACAAACTGCCCTGTTGGGCCAGCGACATGATTCGGTGG 
CTAATCATAAAATTGGTTTTGCCTTTCAGCAATTCAACTT 

XM_020990310.1:159_ProbeB CGAAAGCCATGACCTCCGATCACTCCACATCACTGAACATGG 
AACTCTCGAGGAGTCGAGTGCTGGTTTCA 

B03 INFgamma XM_020990282.1:359_T015 GATATTCTCCACACTTTTTTTGATGACGGTGTTGTTCTTGAAGATTT 
CAACTGGTCAAGACTTGCATGAGGACCCGCAAATTCCT 

XM_020990282.1:359_ProbeB CGAAAGCCATGACCTCCGATCACTCACTTTGCTGGCAGTGTT 
GTTAGTGAAGAATTTCATGATCATATCCTCTTT 

B04 TNFalpha XM_020974214.1:440_T016 ATCTGACTCTCTGGGTCAGAGGTTCCATGCCAAGAAAATCTGTGG 
CTTTCGTTGGGACGCTTGAAGCGCAAGTAGAAAAC 

XM_020974214.1:440_ProbeB CGAAAGCCATGACCTCCGATCACTCATCAGCTACAACATGA 
GCTACAGGCTTGTTACTTTCAGTCTGACAGG 

B05 PhciDAB XR_002323139.1:731_T017 CAGCACGAGGCCCCCGACTCCACTCAGCATCTTACTCTGGCCAGC 
AGACCTGCAATATCAAAGTTATAAGCGCGT 

XR_002323139.1:731_ProbeB CGAAAGCCATGACCTCCGATCACTCTTCTGACTCCTCT 
TGTAGACAAAGAGGCCAACCCCAAAGAAGATCAGGCC 

B06 PhciDBB XM_020974227.1:1563_T018 CTAAGCTCTCCCCATTTATGGCATCCTCTCAATTCCACAGAATAAC 
AAGGCCTGCCAATGCACTCGATCTTGTCATTTTTTTGCG 

XM_020974227.1:1563_ProbeB CGAAAGCCATGACCTCCGATCACTCTCAGGAGAAAGA 
AACATTGTAGATTAACTTGGGTTTACTCAGCCCTCCCA 

B07 MHCIUA XM_020974926.1:289_T019 ACTCGGTAAGTCTGTGTGACCGCCTTCATGTTCCGCGTCTCCTGGC 
AAACTGGAGAGAGAAGTGAAGACGATTTAACCCA 

XM_020974926.1:289_ProbeB CGAAAGCCATGACCTCCGATCACTCCCTTCGCTCTGGT 
TGAAGTAGCCGCGGAGGTTCTGCAGGCTC 
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Well 
Position 

Gene Target Probe A Name Probe A Sequence Probe B Name Probe B Sequence 

B08 RETN XM_020979876.1:0_T020 TGCCAGACTCTGGGATGACAGCACCTCTTGGTCCCCAATGTAGCG 

ATTGCTGCATTCCGCTCAACGCTTGAGGAAGTA 

XM_020979876.1:0_ProbeB CGAAAGCCATGACCTCCGATCACTCTCCCACTGGCCCC 

TTTGAGCAGAGTTGAGAAGAAGGTGCTGATAAGAATC 
B09 LEP XM_021002262.1:114_T021 ATGGTCTTGGTGAGGGTTTTAGTGTCGTCTTGGACCTGAGGCTGT 

TAAAGCTGTAGCAACTCTTCCACGA 
XM_021002262.1:114_ProbeB CGAAAGCCATGACCTCCGATCACTCGTTTGGCAGAGA 

TTGAGTACATGTGTGAGATGTCATTGATCCTGGTGATG 
B10 FOXP3 XM_020976440.1:719_T022 TGGGCAACCACTCAAGGTTGGCAAGGTTGATCCCAGCTAGGACG 

CAAATCACTTGAAGAAGTGAAAGCGAG 
XM_020976440.1:719_ProbeB CGAAAGCCATGACCTCCGATCACTCACACAGATAAGT 

TGTCAGCATGTTGGCTGGCTCCT 
B11 TLR2 XM_020994004.1:2643_T023 GAGAAAGAATGCACTGTGTTTTCACTGATGTTCATTGCCACCAAG 

TTGGGCCACGCGATGACGTTCGTCAAGAGTCGCATAATCT 
XM_020994004.1:2643_ProbeB CGAAAGCCATGACCTCCGATCACTCCAGCTGCCAAACT 

TCCCATTGTCTGAAAGGACTCAAGTTGTGCCTTA 
B12 TLR4 XM_020990604.1:933_T024 CTCCAAGGACCAGCTTATCAACTTGTAAGCCAGTCATTCCTTTAAG 

ACAACATTTGGAATGATGTGTACTGGGAATAAGACGACG 
XM_020990604.1:933_ProbeB CGAAAGCCATGACCTCCGATCACTCGTGTTGCTTTCAAA 

GCTGCCCAAGCGGATTTCATTTTTGTAGT 
C01 TLR7 XM_021007481.1:1701_T025 ATAATGCATGGAGTCATATACTTGGGAAGCACGGAACTCTGTCGA 

AGTCACACAAGAATCCCTGCTAGCTGAAGGAGGGTCAAAC 
XM_021007481.1:1701_ProbeB CGAAAGCCATGACCTCCGATCACTCTTCTCTTTGGTTTTG 

AACATGCAAGTTCGGGCAGACTCGTCGTATTTGAA 
C02 PhciCATH5 XM_020999124.1:314_T026 AGGCATTCTTTCACCACCCCATTTTCCTTGAAGTCACATTCATCCGG 

ATTCTTGACGTAGATTGCTATCAGGTTACGATGACTGC 
XM_020999124.1:314_ProbeB CGAAAGCCATGACCTCCGATCACTCCACAGGAAATATCA 

GCAGAGGGCTTAGGAGAATCCAGGGCAATGGCTCCA 
C03 CCR4 XM_020987510.1:1095_T027 TCATGATCCATAGTAGACTGAGTGTGAGATGAACTGGGTGTTTCC 

GAAGCCTTACAGATCGTGTGCTCATGACTTCCACAGACGT 
XM_020987510.1:1095_ProbeB CGAAAGCCATGACCTCCGATCACTCCTCTGGTGGAAGGG 

AGTCTGCTGTCGTTTACAAAGCATCATGGATT 
C04 NCR3 XM_020974295.1:474_T028 AGCCAAGCTGAAAATGTAGAGGGCCGCCCGAAGGAAGAGTGGGA 

ACACTTCTTGGAGGAGTTGATAGTGGTAAAACAACATTAGC 
XM_020974295.1:474_ProbeB CGAAAGCCATGACCTCCGATCACTCGTGATTGCGACTTG 

TCTCTTGTAATACAGAGTGGTCCCTATCACCACAAA 
C05 CLEC4E XM_020990221.1:659_T029 CACTCCCAATGACCATCAACCACTTGGTCTGTCAGCCCTACGTATAT 

ATCCAAGTGGTTATGTCCGACGGC 
XM_020990221.1:659_ProbeB CGAAAGCCATGACCTCCGATCACTCCCCCTATATCCCAGA 

AGCTCAAATTTTTGTTGAATGGCGTACCATCTACC 
C06 CD4 XM_020994251.1:1137_T030 AAATTTGGAGCCCCCTTTTCTAGAGTCAAAGAGTCACCCTTCCATGA 

AAACAGCAAGAAGGAGTATGGAACTTATAGCAAGAGAG 
XM_020994251.1:1137_ProbeB CGAAAGCCATGACCTCCGATCACTCGCAAGACAGGATGA 

AGAGTGATGGTGAGTGGGAACTTAGGATCACGACTG 
C07 CD8beta XM_020969485.1:855_T031 ACATACTTATGCTATGAACCCAACTCACAAGAGGGACAGGCAATGG 

TGCACACCCCTCCAAACGCATTCTTATTGGCAAATGGAA 
XM_020969485.1:855_ProbeB CGAAAGCCATGACCTCCGATCACTCCGGAAAGTGCTCGA 

GGTTTTAGAGAATGTTATGCTACTGATGACCGCCAA 
C08 CD3G XM_020984783.1:271_T032 GGTTTTTTCCCTTGATCTTCCTGGGCCACAATACCCCCGAAGCAATA 

CTGTCGTCACTCTGTATGTCCGT 
XM_020984783.1:271_ProbeB CGAAAGCCATGACCTCCGATCACTCTACAGTTCCATCTTG 

TCGATTGTCATCCAAGGCCACT 
C09 CD79b XM_020997546.1:415_T033 GATGCCATTGTCCTCAAATTGTATCTTTGAGATGATGAGAGTGGCG 

ATGGCCGGGAATCGGCATTTCGCATTCTTAGGATCTAAA 
XM_020997546.1:415_ProbeB CGAAAGCCATGACCTCCGATCACTCCAGCCCCGGGAGAC 

ATTATGACCCATTCCACAATCTTGTTGACAGTAATA 
C10 CYP2E1 XM_020994684.1:502_T034 AAGGGCTGGGAATTTGTATTCTTGAGTATCTCGAGCAGGAACTGAG 

ATTCCCGATCTTCATAACGGACAAACTGAACGGGCCATT 
XM_020994684.1:502_ProbeB CGAAAGCCATGACCTCCGATCACTCTGTCGTGGATGACAT 

TTAAGGGAGCACCACCGAGGACAAAGGTTGGATCA 
C11 CYP3A4 XM_020977781.1:1546_T035 CCTGCAGGACAATAGGTACAGTTGGTGAAAGAAGTGGCTTATTGCT 

CAGCCGCTATGCAGACGAGCTGGCAGAGGAGAGAAATCA 
XM_020977781.1:1546_ProbeB CGAAAGCCATGACCTCCGATCACTCTGAGAAGAAGAACTT 

CTAAGGTTGGTTTGCCTTCTTGGACCTTGGTACAG 
C12 CYP4A15 XM_020987668.1:1170_T036 AATGGATGGGACAGGAGGATAGAGACGAAGGGCTTCCTTGATGC 

ACATAGCATTCGCAACCATGTGAAGTAATGTGAGCGTACTT 
XM_020987668.1:1170_ProbeB CGAAAGCCATGACCTCCGATCACTCCCATCTGGAAAGG 

TGATGGTCTCTTTGATATCCCTGCC 
D01 CYP3A78 HQ595724.1:443_T037 GCATGAGAACATCTCCATGGTGTTTGATAATGGGAAACATCTCCTT 

CAGTCACCAGTTAGCGTGGCGTATACCATGTTGTTAACA 
HQ595724.1:443_ProbeB CGAAAGCCATGACCTCCGATCACTCATCCTTCATATTCAG 

AGACTCATCTTTAGCCATTCTCTTCTCAATATTTT 
D02 POMC XM_020983954.1:298_T038 ATTTGATCCATAGAGTGCATGGTCCAGATCACAGGATTTGAGGCA 

TGCCTGAATCAATAGAACAATATCAGTTATGGCGGTG 
XM_020983954.1:298_ProbeB CGAAAGCCATGACCTCCGATCACTCTATCATCATGGATA 

TCTCTTTGCTTTGTGCTACGTTTCAGCTC 
D03 CRH XM_021002119.1:59_T039 AATCACGCAGTACTTGCCTAATAAGCTGACGCTTTCTTGACAGCTA 

GATTCGGTTGTTAATATGACAGGCCGCTAAAGACGTTCT 
XM_021002119.1:59_ProbeB CGAAAGCCATGACCTCCGATCACTCTCTAATCAGAGCTT 

GGTTGCGGGATTTTTATAGCTTAGACCCTCTTATGG 
D04 MC2R XM_020985612.1:989_T040 AGGTGATCTTCTTGGCATGGGAATGAGCCAGTAGGAACATATGCA 

CATAGCCGTCTCAGATGAGTGGGTTAATCAATCAAGTATG 
XM_020985612.1:989_ProbeB CGAAAGCCATGACCTCCGATCACTCCTCCTTTCATGTTGA 

CTCTTGGGTGCACTCTATTTGAGGGTAAAG 
D05 AVPR1A XM_020990181.1:1847_T041 TCTTCAACTTACTCCTGTGCCAACAGAGAGGACATTCTCAGTTGCTG XM_020990181.1:1847_ProbeB CGAAAGCCATGACCTCCGATCACTCAACCTTCTCCATTTT 
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ACACATTAGTAACGTCGGCAAGCACTTAGTCG TGCATAAGGCTGATAGGAGGGACCTAGGATATCTG 

D06 FKBP5 XM_020999591.1:2852_T042 CTGCTCCAGACAAAATTTCTCCTTGTGTCGAGCTAACTAGATTGCAT 
GGACGTGAACCAGATTATGTATGGACGCGCAATAGATA 

XM_020999591.1:2852_ProbeB CGAAAGCCATGACCTCCGATCACTCTGTGACTAGAAGC 
ACAGTTTGGGAAACAGTTGGCTGGAGTTGGTC 

D07 NR3C2 XM_020994026.1:1490_T043 GAGAATTGGGAATCAGAATTGACTTTGCTATTGGCTCTGAGACATG 
AGCTCATACGAAATTTGAGCAAGCAATTGAAGGCTTAGA 

XM_020994026.1:1490_ProbeB CGAAAGCCATGACCTCCGATCACTCAAGAAGTACCTGA 
GCATGAATGCTTGGCTGACTCTTGTTTTACTGGTACT 

D08 AR XM_020967225.1:4408_T044 AGAAGAAGTGAGGCAAAAAGGAGGCTGCGGAAGAGAGGATGGCA 
GTGAGACTATCAGCTAATAGGGTCGGCTCAACAGTGTATCC 

XM_020967225.1:4408_ProbeB CGAAAGCCATGACCTCCGATCACTCCACCATTCAGACCA 
AGCAGAGTCAGAAGGTGCTAAGGTAGATGGGAATTT 

D09 ESR1 XM_020986619.1:3088_T045 GAAATGTAAGGGATGATGAACTTGCTCTCTGGTGACTGGGTAACCA 
TAGTCTATCAATTCGTGACCCCGATCATCCAGTCCAGAA 

XM_020986619.1:3088_ProbeB CGAAAGCCATGACCTCCGATCACTCAGACAAGACCATT 
AAGCCCCAAGCTGAGCCTGCCTAAGGAAAATGTTGAA 

D10 PGR XM_020996182.1:1576_T046 TCCCAGCTTCCTTTTGTACATCAAGTCCTGGTTCGAGTCAAAACCTTG 
AGCTCTAGGCCCAAAACGACCTTAATGGTCA 

XM_020996182.1:1576_ProbeB CGAAAGCCATGACCTCCGATCACTCGCCCATCCAAACCC 
AAGCCACTGAACCTAAAATAGATCTTGGTCACTTTC 

D11 OXT XM_021005530.1:118_T047 CCCCCTCACTTAGCCAGGTCAGGCTGGAGCACAAGCTAGCCCAGAT 
CCTACGAGATGAGCTACGTAACTA 

XM_021005530.1:118_ProbeB CGAAAGCCATGACCTCCGATCACTCTTGGAAGCTCACGC 
CCGGTCAGCGGGAAGTGAGTGCCACCAGTG 

D12 DRD1 XM_020969184.1:2262_T048 GGCTCATGATGGCTTGAAAACACGGCCCCATTATTGTTGATGCTAA 
CTGTCAAATGCACTCTATATGGAGGGAGAGTAGCTGGAT 

XM_020969184.1:2262_ProbeB CGAAAGCCATGACCTCCGATCACTCCTTGTGGAATCAGG 
TAAACCAGATTGCACTCCTTGGAAATGGACCCTCTG 

E01 DRD3 XM_021007165.1:1424_T049 TGCCCCACCCTATACAGTTTCAATCGTCATTGTCCCCTGGTCTAGGTA 
TCTAATTCGTGGGTCGGGTACT 

XM_021007165.1:1424_ProbeB CGAAAGCCATGACCTCCGATCACTCATGTCAAGCATTCT 
GGCAGGTGAAAGCCTAGAATGTAGGAGGCTTCTAAC 

E02 HTR1A XM_021007256.1:767_T050 GACCTGGTAGAGAGCAGCCATGGGCAAAACAAGCACGGAAACCAT 
CAGGTCATTAGCTCGGATGCTATCAGCTTGCGCCTATTAT 

XM_021007256.1:767_ProbeB CGAAAGCCATGACCTCCGATCACTCATAAAAATGTCGCA 
GGTTACCTGGCCCAGGGTCCACTTGTTGAG 

E03 HTR2A XM_020993783.1:786_T051 CATTTGTATCCGTACAAGATGGTTAATGTTGACACTGGCATCACCAG 
GAACACGATCTGTATTTTGCACCTTTCGCTATGCTGAG 

XM_020993783.1:786_ProbeB CGAAAGCCATGACCTCCGATCACTCAAAGCACATCCAGA 
TAAATCCAGACCGCACAGAGTTTTGTGGGCAAGGGC 

E04 HTR3A XM_020989830.1:836_T052 CAGAGTAGCCCAAGAGGAGAGTGATCTTGAAGGAGACTCTTTCACC 
TGTGTCCGTCTATACGCATACTGGTCCACATATA 

XM_020989830.1:836_ProbeB CGAAAGCCATGACCTCCGATCACTCGGTGCCAATAGCTG 
TGGCTGGAAGTGTATCAGACACGATGATAAGGAAGA 

E05 CARD9 XM_020981897.1:1153_T053 AGCTTCAATGCGTTCTTTGTACATCTTGGAATCCTTACGCAGGGCATG 
TTGGAGTTAACGGAGACCCGCCATCGTTTAC 

XM_020981897.1:1153_ProbeB CGAAAGCCATGACCTCCGATCACTCCCTTTCTATAGCTAC 
TTCCTCCATCTGCTGCAAGAT 

E06 SLC29A1 XM_020993889.1:912_T054 CATCTTTGCTTGCTGGTAATACTGGTAGAATTTCAGACTAGGCAGGA 
CCACGCTCATTTTGAACATACGATTGCGATTACGGAAA 

XM_020993889.1:912_ProbeB CGAAAGCCATGACCTCCGATCACTCATTCCTCTTCGAATC 
AAATCCATTTTGGTTTCCTGCTCCCCAAAAGCTTC 

E07 TRIM24 XM_020997959.1:1828_T055 TGGTAGGACTAGAAGGAGTAGATGTGGTACTACTGGCAGTTGAAGG 
AACACCTATGCATCATGTGCCTCACTAGGACATCATGCT 

XM_020997959.1:1828_ProbeB CGAAAGCCATGACCTCCGATCACTCAATCATAGGTGGTC 
CAAAAGACTTAGCATCATATCCAGCTGCGCTAGTAA 

E08 SAMHD1 XM_020998818.1:653_T056 TCTGAACACAAAGCACATCCCGCTCAGTTATCTTTAGTTCAGGCTG 
TTTTCCTAAATTGGGAAAAAAGGTTTTAGCTATTGATGG 

XM_020998818.1:653_ProbeB CGAAAGCCATGACCTCCGATCACTCAAACATGTGTGAAA 
ATGGCCCATGACCTAGATCATGACAGAGCCCAGCAA 

E09 LOC110217150 XM_020999329.1:491_T057 TCAGTCTCAGAAAGGAATTGAAAAGACCAGTGGGACCTCAAATGG 
AAGTTCTTCAGTTAAAGGCTATCTTGCTCCGCTCGTTCTC 

XM_020999329.1:491_ProbeB CGAAAGCCATGACCTCCGATCACTCAATCTGAGGAGCAC 
AAGGCCGAGCGCAGGGCCTTAAACAGAAACTGAGGC 

E10 DICER1 XM_021005138.1:4783_T058 ATAGCAGCCCAATAGAGCTTCTACACAGTCTGCAATGCTTTTATCAG 
CAACTTAAAGCTATCCACGAATGTCAAAAATGTGGTTT 

XM_021005138.1:4783_ProbeB CGAAAGCCATGACCTCCGATCACTCCCCAAAGAACAGAG 
GAAAAGTTGAGCAGCTCTCTCACCACAGCTGGTTAA 

E11 PhaHV1 dpol JN585829.1:70_T059 TATTGATTCTAGATCTGAGGTGGATAGGGATTCCATGAAGGCCTTG 
GAGCCCCGAATGTATAATGCTGACGTTCTTGCTTTTGGC 

JN585829.1:70_ProbeB CGAAAGCCATGACCTCCGATCACTCTAGATGACACGAAG 
GGATGAGTCCTTTTCGCTTGGGACTGTGTGTCCCAC 

E12 PhaHV2 dpol JQ996387.1:107_T060 ATCTCCTTGCGCCGGGCAAGCCACGTGGTCAGGAGCCTATTGAAG 
CAATCCTCTCCCCAATACTTAAAAA 

JQ996387.1:107_ProbeB CGAAAGCCATGACCTCCGATCACTCCAGAATAGTGCGCA 
GAGCTGGATCGTTGCAGGCCGCGTGTTGGCGTCGG 

F01 CpecG_0573 NZ_CM002310.1:208_T061 GGCACAGAGGCAAAAAAGCGTAAGCAGGGCTGTTGTAAGGAAGA 
CTCCCACTACGGTTACCGTCTTTATAAGTGAACAAAACCGG 

NZ_CM002310.1:208_ProbeB CGAAAGCCATGACCTCCGATCACTCACCTCTGGTTTGGTT 
ACAGACTTACCTGAGATTGCTTTGGGCTTCAAGAT 

F02 pGP3 KT223773.1:4624_T062 TAATTTGCTTGTCTTGCAATTCATTGGTCATTTGTCCCAAACGAATA 
TTGCTCTGTGAACTGTCATCGGTCCGATCAATTAGTCT 

KT223773.1:4624_ProbeB CGAAAGCCATGACCTCCGATCACTCATTAGAAGAAGAGA 
GGCTTGTTACAGTAGGAGTAGTTGGTGTGCCTATTA 
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F03 ompA GQ228181.1:18_T063 GCGTGTAAGGAGGCGTCACCAGCAAAAAATGCGGCGGATAAAAAC 

GCCGACTCCCCTTTCCCAAGTAAATGTACGGGAATTATCG 

GQ228181.1:18_ProbeB CGAAAGCCATGACCTCCGATCACTCTCGTCCCATCAATTA 

ATAAACTTGGCTCTGCTGGGTTCCCTACAGGCAAA 
F04 Cpec_hsp60 Cpec_hsp60.1:1083_T064 TATTATGGTTCTTCTCCAGCCGATACAATTACTCGTCTAGAACCCCA 

GGGCGCTTTATTATGTGTTCGTCTAACTCTGTTTCTGT 
Cpec_hsp60.1:1083_ProbeB CGAAAGCCATGACCTCCGATCACTCCAAAGCGATCTCTCT 

GTTCTTTGGTGCGCTTGTGTACGTTAGAACACGGC 
F05 KoRVpol NC_039228.1:2900_T065 ATGACGGGTCGATAGAAGGAGGGACCGGCTTTTCGTGTAATCGGT 

ATTCCCCGAGTGCATGAGCTGTCTTTCACATGATACATCG 
NC_039228.1:2900_ProbeB CGAAAGCCATGACCTCCGATCACTCCAGTCCCATACCTGC 

CTTCTCGGCCCAAACCATGGGAAAGAGTTGGAGCC 
F06 KoRVAenvRBD AF151794.2:6218_T066 GGTTCCCCAAGTGATCTGATTATAAGCATGTTCATAGTTTGAATCAG 

GGGCTATTTCTGTTCACGGATGAAGGCCTATATCAATG 
AF151794.2:6218_ProbeB CGAAAGCCATGACCTCCGATCACTCAACTGGGACCTAGC 

AATTCTTGTTCTGGCCCGGGGATAGCTACATCCCAG 
F07 KoRVBenvRBD AB822553.1:314_T067 CATAGCTCGATTGCCTGACTAACCCCCTGCCGACCTGACTATAAAG 

CACCCCATCCACTTTCATGGAAACAATAAGAGCAGGGAA 
AB822553.1:314_ProbeB CGAAAGCCATGACCTCCGATCACTCTCTGTTCCGGTCTCG 

GGGACAGCGACACCCCAAGGTTC 
F08 KoRVDenvRBD AB828004.1:120_T068 CCCGTCTGGGACAGTACCTGCCAGGTGAGAGTCATGGGTTGGCACA 

AACTCACTACTACCAACAACCTCACCAAAAA 
AB828004.1:120_ProbeB CGAAAGCCATGACCTCCGATCACTCGCCACCACGTCCAG 

GGTGGCTCGACTGCTTTCTTTTCCCAAACGACACTT 
F09 KoRVenvCKS17 AF151794.2:7502_T069 AAGGCCCCCTTCCTTCAAAAATAGCAGATCAAGGCCTCTCCTATTCTG 

GACTCATGTCCTCTGTTAATCCAGCCTGAATATGCCA 
AF151794.2:7502_ProbeB CGAAAGCCATGACCTCCGATCACTCGCGCCTGAGTGGTC 

AACATAGAAACAGCATTCCTCTTTTAGGGCTGCACA 
F10 Tcop18S GU966588.1:594_T070 ACCGCTTGTCACACGACCCCATAATCTCCAATGGACTTTTAAATACCA 

ACCAGAAATGTCACTCCCATGGTGGCTGATATAGAAA 
GU966588.1:594_ProbeB CGAAAGCCATGACCTCCGATCACTCGGGCGACGGGCGGC 

GCCCTGGCCGTGAAGACCAAAAAAGCAACACGCCCG 
F11 Tirwini18S FJ649479.1:538_T071 AATATACGCTTTTGGAGCTGGAATTACCGCGGGTGCTGGCACCAGAC 

TTGCATGTCGAACCTTGGATAGGAGCGACCGATTACGT 
FJ649479.1:538_ProbeB CGAAAGCCATGACCTCCGATCACTCGCCTTGAAGGCCCA 

CAGTTCAACTACGAACCCTTTAACAGCAACAGCATT 
F12 Tgil18S GU966589.1:714_T072 GCGCGTGGGTGACGGGAACACACAAAGTGCCTCGCACCACACCGTG 

CACGCTCAGGTTGTTACTTGAAGGGTTCAACACGAGCTC 
GU966589.1:714_ProbeB CGAAAGCCATGACCTCCGATCACTCCCCGAACTACCCTCC 

TTCATTCCTGGGCGCCGCGAGCCGAAAGAGGCGT 
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Table 7.7: NanoString Gene Target Performance 

Gene Full Name Accession System/Role 

% of samples 
with Gene 

Counts 
Above 20 

# of samples 
with Gene 

Counts 
Above 20 

Retained 
for 

Analysis? 

FKBP5 FKBP Prolyl Isomerase 5 XM_020999591.1 Endocrine 95 100 YES 

IL1beta Interleukin 1 beta XM_020963753.1 Immune 82 86.3 YES 

IL6 Interleukin 6 XM_020993366.1 Immune 91 95.7 YES 

IL8 Interleukin 8-like  XM_020988483.1 Immune 95 100 YES 

IL18 Interleukin 18 XM_020989757.1 Immune 84 88.4 YES 

TNFalpha Tumour necrosis factor alpha XM_020974214.1 Immune 46 48.4 YES 

PhciDAB MHC classII DAB  XR_002323139.1 Immune 95 100 YES 

PhciDBB MHC classII DBB  XM_020974227.1 Immune 94 98.9 YES 

RETN Resistin XM_020979876.1 Immune 95 100 YES 

TLR2 Toll-like receptor 2  XM_020994004.1 Immune 94 98.9 YES 

TLR4 Toll-like receptor 4 XM_020990604.1 Immune 95 100 YES 

TLR7 Toll-like receptor 7 XM_021007481.1 Immune 73 76.8 YES 

CLEC4E C-type lectin domain family 4 member E XM_020990221.1 Immune 95 100 YES 

CD4 T cell receptor XM_020994251.1 Immune 84 88.4 YES 

CD8beta Cytotoxic T cell receptor XM_020969485.1 Immune 92 96.8 YES 

CD3G T cell receptor XM_020984783.1 Immune 95 100 YES 

CD79b B cell receptor XM_020997546.1 Immune 94 98.9 YES 

CARD9 Caspase recruitment domain-containing protein 9 XM_020981897.1 Immune 95 100 YES 

SAMHD1 SAM domain & HD domain-containing protein 1 XM_020998818.1 Immune 95 100 YES 

LOC110217150 Cathelicidin  XM_020999329.1 Immune 95 100 YES 

PhaHV1 dpol Herpesvirus 1 dpol  JN585829.1 Infectious Agent 2 2.1 YES 

PhaHV2 dpol Herpesvirus 2 dpol  JQ996387.1 Infectious Agent 4 4.2 YES 

CpecG_0573 Cpecorum MC/Marsbar strain NZ_CM002310.1 Infectious Agent 2 2.1 YES 



 
 

321 

Gene Full Name Accession System/Role 

% of samples 
with Gene 

Counts 
Above 20 

# of samples 
with Gene 

Counts 
Above 20 

Retained 
for 

Analysis? 

pGP3 Cpecorum L1 strain KT223773.1 Infectious Agent 1 1.1 YES 

ompA Cpecorum L17 strain ompA GQ228181.1 Infectious Agent 1 1.1 YES 

Cpec_hsp60 CPE1_RS04735, chaperonin GroEL WP_024010594.1 Infectious Agent 4 4.2 YES 

KoRVpol KoRV pol NC_039228.1 Infectious Agent 95 100 YES 

KoRVAenvRBD KoRV-A env AF151794.2 Infectious Agent 95 100 YES 

KoRVBenvRBD KoRV-B env AB822553.1 Infectious Agent 33 34.7 YES 

KoRVDenvRBD KoRV-D env AB828004.1 Infectious Agent 95 100 YES 

KoRVenvCKS17 KoRV env p15E AF151794.2 Infectious Agent 95 100 YES 

Tcop18S T. copemani 18s rRNA GU966588.1 Infectious Agent 25 26.3 YES 

Tirwini18S T. irwini 18s rRNA FJ649479.1 Infectious Agent 55 57.9 YES 

Tgil18S T. giletti 18s rRNA GU966589.1 Infectious Agent 3 3.2 YES 

SLC29A1 ENT1, adenosine transporter XM_020993889.1 KoRV IS associated – Immune* 93 97.9 YES 

TRIM24 Tripartite Motif Containing 24 XM_020997959.1 KoRV IS associated – Immune* 86 90.5 YES 

DICER1 Gene expression regulation & microRNA 
production 

XM_021005138.1 KoRV IS associated – Immune* 48 50.5 YES 

HTR1A 5-hydroxytryptamine receptor 1A XM_021007256.1 Behavioural/immune regulation 
1 1.1 

NO 

HTR2A 5-hydroxytryptamine receptor 2A XM_020993783.1 Behavioural/immune regulation 
1 1.1 

NO 

HTR3A 5-hydroxytryptamine receptor 3A XM_020989830.1 Behavioural/immune regulation 
4 4.2 

NO 

LEP Leptin XM_021002262.1 Endocrine 
8 8.4 

NO 

POMC Proopiomelanocortin XM_020983954.1 Endocrine 
2 2.1 

NO 

CRH Corticotropin releasing hormone XM_021002119.1 Endocrine 
8 8.4 

NO 

MC2R Melanocortin Receptor 2  XM_020985612.1 Endocrine 
6 6.3 

NO 

AVPR1A Vasopressin receptor 1A XM_020990181.1 Endocrine 
1 1.1 

NO 

NR3C2 Mineralocorticoid receptor XM_020994026.1 Endocrine 
9 9.5 

NO 

AR Androgen receptor- testosterone mediation XM_020967225.1 Endocrine 
18 18.9 

NO 
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ESR1 Estrogen receptor 1 XM_020986619.1 Endocrine 54 56.8 NO 

PGR Progesterone receptor XM_020996182.1 Endocrine 
1 1.1 

NO 

OXT Oxytocin/neurophysin I prepropeptide XM_021005530.1 Endocrine 
3 3.2 

NO 

DRD1 Dopamine receptor D1 XM_020969184.1 Endocrine 
8 8.4 

NO 

DRD3 Dopamine receptor D3 XM_021007165.1 Endocrine 
4 4.2 

NO 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase XM_020994140.1 Housekeeping 
95 100 

NO 

ACTB Beta-actin XM_021008442.1 Housekeeping 
95 100 

NO 

Tmem97 Transmembrane protein 97 XM_020963254.1 Housekeeping 
33 34.7 

NO 

Stx12 Syntaxin 12 XM_020983277.1 Housekeeping 
95 100 

NO 

Nckap1l Nck-associated protein 1-like XM_020966159.1 Housekeeping 
94 98.9 

NO 

IL4 Inerleukin 4 XM_020991403.1 Immune 
3 3.2 

NO 

IL10 Interleukin 10 XM_021002936.1 Immune 
14 14.7 

NO 

IL12A Interleukin 12 A XM_020988856.1 Immune 
3 3.2 

NO 

IL17A Interleukin 17 A XM_020993976.1 Immune 
2 2.1 

NO 

IL22 Interleukin 22 XM_020990310.1 Immune 
1 1.1 

NO 

INFgamma Interferon gamma XM_020990282.1 Immune 
11 11.6 

NO 

MHCIUA MHC class I A-11 alpha chain-like XM_020974926.1 Immune 
14 14.7 

NO 

FOXP3 Forkhead box P3, T-reg cell marker XM_020976440.1 Immune 
2 2.1 

NO 

PhciCATH5 Cathelicidin  XM_020999124.1 Immune 
20 21.1 

NO 

CCR4 C-C Motif Chemokine Receptor 4 XM_020987510.1 Immune 
44 46.3 

NO 

NCR3 Natural cytotoxicity triggering receptor 3 XM_020974295.1 Immune 
30 31.6 

NO 

CYP2E1 Cytochrome P450 2E1 XM_020994684.1 Metabolism/detoxification 
2 2.1 

NO 

CYP3A4 Cytochrome oxidase P450 3a4  XM_020977781.1 Metabolism/detoxification 
2 2.1 

NO 

CYP4A15 Cytochrome oxidase P450 4a11/15  XM_020987668.1 Metabolism/detoxification 
5 5.3 

NO 

CYP3A78 Cytochrome oxidase P450 3A78  HQ595724.1 Metabolism/detoxification 
50 52.6 

NO 
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Table 7.8: qPCR Primer/Probe Set Information for Chlamydia Multiplex qPCR, PhaHV-1 & -2 qPCR, and KoRV pol qPCR 

qPCR Assay Gene 
Amplicon 
size (bp) 

End Sequence Reference 

Chlamydia multiplex 
Probe qPCR 

Chlamydia (23S rRNA) 137 Forward 5′-GCTCACCAATCGAGAATC-3′ 

(Hulse et al., 2018) 

137 Reverse 5-‘CCAACACTCCTTTCGGTA-3′ 
137 Probe ROX-CTGAATACTACGCTCTCCTACCGC-BHQ2 

C. pecorum (ompB gene) 141 Forward 5′−CCAAGCATAATCGTAACAA-3′ 
141 Reverse 5′-CGAAGCAAGATTCTTGTC-3′ 
141 Probe FAM-ACTTGTTGGCAATTCTTCTCTTCACA-BHQ1 

Koala β-actin mRNA 145 Forward 5′-CTCAGATTATGTTTGAGACCTTC-3′ 
145 Reverse 5′-CCTTCATAGATGGGCACA-3′ 
145 Probe HEX-ACCATCACCAGAGTCCATCACAAT-BHQ1 

Phascolarctid 
herpesvirus 1 & 2 SYBR 
qPCR 

PhaHV-1 dpol 22 Forward 5’-GGGAAGAACTATGTTGGAACGC-3’ 
(Wright et al., 2023) 

20 Reverse 5’-TGAGTCCTTTTCGCTTGGGA-3’ 
PhaHV-2 dpol 20 Forward 5’-GGTGACGTGCAATTCAGTGT-3’ (Church et al., 2025; Kasimov 

et al., 2020) 20 Reverse 5’-TTTCGAGCATCATGCGTCCT-3’ 
Koala β-actin mRNA 145 Forward 5′-CTCAGATTATGTTTGAGACCTTC-3′ 

(Hulse et al., 2018) 
145 Reverse 5′-CCTTCATAGATGGGCACA-3′ 

KoRV pol Probe qPCR KoRV pol 110 Forward 5’-TTGGAGGAGGAATACCGATTACAC-3’ 
(Hulse et al., 2018; Tarlinton 

et al., 2005) 
110 Reverse 5’-GCCAGTCCCATACCTGCCTT-3’ 

110 Probe FAM-TCGACCCGTCATGGC-BHQ1 

Koala β-actin mRNA 145 Forward  5’-CTCAGATTATGTTTGAGACCTTC -3’ 

(Hulse et al., 2018) 145 Reverse  5’-CCTTCATAGATGGGCACA-3’ 

145  Probe HEX-ACCATCACCAGAGTCCATCACAAT-BHQ1  
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Table 7.9: Principal Component Analysis (PCA) eigenvalues 

PC Eigenvalue Variance % Cumulative Variance % 

Dim.1 8.0 29.6 29.6 
Dim.2 4.2 15.7 45.3 
Dim.3 3.0 11.1 56.4 
Dim.4 1.6 6.0 62.5 
Dim.5 1.3 4.6 67.1 

 

Table 7.10: Correlation coefficients (cor) between genes and PCA dimensions (1-5) 

 Dim.1 Dim.2 Dim.3 Dim.4 Dim.5 

CARD9 -0.32 0.47 0.42 0.01 -0.54 
CD3G 0.84 0.21 0.07 0.29 -0.01 
CD4 0.86 0.20 0.10 0.16 -0.07 
CD79b 0.80 0.09 -0.33 0.09 0.07 
CD8beta 0.86 0.18 0.01 0.09 -0.05 
CLEC4E -0.32 0.59 0.48 0.07 -0.10 
DICER1 0.74 -0.15 0.21 -0.02 -0.05 
FKBP5 -0.43 -0.29 0.43 0.25 0.41 
IL18 -0.35 -0.20 0.54 -0.30 0.10 
IL1beta 0.18 0.16 0.57 -0.40 0.15 
IL6 0.02 0.26 0.53 -0.19 0.23 
IL8 0.08 0.26 0.33 0.06 0.60 
KoRVAenvRBD 0.41 -0.55 0.24 -0.06 -0.14 
KoRVDenvRBD 0.10 -0.73 0.40 0.25 -0.27 
KoRVenvCKS17 0.13 -0.78 0.36 0.16 -0.13 
KoRVpol 0.05 -0.75 0.34 0.31 -0.09 
Cathelicidin -0.53 -0.41 0.20 0.19 0.20 
PhciDAB 0.47 0.51 0.30 0.51 0.02 
PhciDBB 0.56 0.35 0.17 0.38 0.22 
RETN -0.58 0.50 0.08 0.11 -0.07 
SAMHD1 0.58 -0.24 0.32 0.00 0.05 
SLC29A1 0.77 -0.10 0.00 -0.19 0.13 
TLR2 0.37 0.33 0.44 -0.24 -0.11 
TLR4 -0.45 0.41 0.47 0.02 -0.21 
TLR7 0.89 0.12 -0.12 0.03 -0.09 
TNFalpha 0.57 0.03 0.28 -0.37 -0.16 
TRIM24 0.58 -0.26 -0.02 -0.53 0.10 
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Table 7.11: Cosine squared values (cos2) for genes according to PCA dimensions (1-5) 

 Dim.1 Dim.2 Dim.3 Dim.4 Dim.5 

CARD9 0.10 0.23 0.17 1.92E-04 0.29 
CD3G 0.71 0.04 4.82E-03 0.08 1.82E-04 
CD4 0.74 0.04 0.01 0.03 4.73E-03 
CD79b 0.64 0.01 0.11 0.01 4.26E-03 
CD8beta 0.74 0.03 4.36E-05 0.01 2.73E-03 
CLEC4E 0.10 0.35 0.23 4.84E-03 0.01 
DICER1 0.55 0.02 0.05 3.81E-04 2.85E-03 
FKBP5 0.18 0.08 0.18 0.06 0.17 
IL18 0.12 0.04 0.29 0.09 0.01 
IL1beta 0.03 0.03 0.33 0.16 0.02 
IL6 4.54E-04 0.07 0.28 0.03 0.05 
IL8 0.01 0.07 0.11 3.51E-03 0.36 
KoRVAenvRBD 0.17 0.31 0.06 4.03E-03 0.02 
KoRVDenvRBD 0.01 0.54 0.16 0.06 0.07 
KoRVenvCKS17 0.02 0.61 0.13 0.03 0.02 
KoRVpol 2.06E-03 0.57 0.12 0.09 0.01 
Cathelicidin 0.28 0.16 0.04 0.04 0.04 
PhciDAB 0.22 0.26 0.09 0.26 2.74E-04 
PhciDBB 0.32 0.12 0.03 0.14 0.05 
RETN 0.33 0.25 0.01 0.01 4.43E-03 
SAMHD1 0.33 0.06 0.10 1.20E-07 2.21E-03 
SLC29A1 0.59 0.01 5.75E-06 0.04 0.02 
TLR2 0.14 0.11 0.20 0.06 0.01 
TLR4 0.20 0.17 0.22 2.60E-04 0.05 
TLR7 0.79 0.01 0.01 9.42E-04 0.01 
TNFalpha 0.33 8.72E-04 0.08 0.13 0.03 
TRIM24 0.33 0.07 2.58E-04 0.28 0.01 

 

Table 7.12: Clustering Determination Tests - Optimal Clustering Summary 

Method Optimal # Clusters 

Total within sum of squares 4-5 
Gap Statistics 1 
Average silhouette 3 
Consensus-based algorithm 1 or 3 
Dendrogram 5-8 
K-means 3 or 5 
Final Cluster Decision 5 
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Table 7.13: Characteristics of clusters according to health assessments and infection status 

Characteristics Cluster 1, n = 20 Cluster 2, n = 29 Cluster 3, n = 6 Cluster 4, n = 29 Cluster 5, n = 11 P value1 

Age group, n (%) Young adult 1 (5) 8 (28) 0 (0) 12 (42) 6 (55) 0.04 
 Adult 16 (80) 19 (65) 5 (83) 14 (48) 3 (37)  
 Mature 3 (15) 2 (7) 1 (17) 3 (10) 2 (18)  
Sex, n (%) Male 7 (35) 9 (31) 1 (17) 13 (45) 9 (82) 0.03 
  Female 13 (65) 20 (69) 5 (83) 16 (55) 2 (18)  

Body Condition Group, n (%) ≤ BCS 2 4 (20) 3 (10) 2 (30) 2 (7) 1 (9) 0.349 
  > BCS 2 16 (80) 26 (90) 4 (70) 27 (93) 10 (91)  

Pathology, n (%) No 0 (0) 7 (24) 1 (16) 6 (21) 4 (36) 0.114 
  Yes 20 (100) 22 (76) 5 (84) 23 (79) 7 (64)  

Chlamydiosis, n (%) No 7 (35) 13 (45) 2 (30) 15 (52) 8 (72) 0.305 
  Yes 13 (65) 16 (55) 4 (70) 14 (48) 3 (28)  

Reproductive Disease, n (%) No 12 (60) 21 (72) 2 (30) 21 (72) 9 (81) 0.247 
  Yes 8 (40) 8 (28) 4 (70) 8 (28) 2 (19)  

Other disease, n (%) No 13 (65) 23 (79) 5 (84) 20 (69) 7 (64) 0.713 
  Yes 7 (35) 6 (21) 1 (16) 9 (31) 4 (36)  

Trauma, n (%) No 11 (55) 21 (72) 5 (84) 23 (79) 7 (64) 0.383 
  Yes 9 (45) 8 (38) 1 (16) 6 (21) 4 (37)  

Mucosal C. pecorum (Aggregated), n (%) No 8 (40) 17 (57) 2 (33) 14 (48) 7 (64) 0.614 

Yes 12 (60) 12 (43) 3 (50) 15 (52) 4 (37)  

Circulating C. pecorum, n (%) No 20 (100) 27 (93) 3 (50) 28 (97) 9 (82) 0.001 
  Yes 0 (0) 2 (7) 3 (50) 1 (3) 2 (18)  

Mucosal PhaHV-1, n (%) No 8 (40) 11 (38) 0 (0) 12 (63) 8 (72) 0.064 
  Yes 12 (60) 18 (62) 6 (100) 17 (37) 3 (28)  

Mucosal PhaHV-2, n (%) No 15 (75) 24 (83) 3 (50) 25 (86) 9 (82) 0.337 
  Yes 5 (25) 5 (17) 3 (50) 4 (14) 2 (18)  

Circulating PhaHV-1, n (%) No 20 (100) 29 (100) 2 (33) 29 (100) 11 (100) 0 
  Yes 0 (0) 0 (0) 4 (64) 0 (0) 0 (0)  
Circulating PhaHV-2, n (%) No 18 (90) 28 (97) 5 (83) 29 (100) 11 (100) 0.217 
  Yes 2 (10) 1 (3) 1 (17) 0 (0) 0 (0)  

Circulating KoRV-B env, n (%) No 11 (55) 21 (72) 3 (50) 21 (72) 6 (55) 0.491 
  Yes 9 (45) 8 (28) 3 (50) 8 (28) 5 (45)  

Circulating trypanosomes (Aggregated), n (%) No 7 (35) 10 (35) 3 (50) 11 (38) 6 (55) 0.768 

Yes 13 (65) 19 (65) 3 (50) 18 (62) 5 (45)  

Triage Outcomes, n (%) Euthanised 15 (75) 12 (43) 4 (70) 10 (35) 1 (9) 0.004 

  Survived 5 (25) 17 (57) 2 (30) 19 (65) 10 (91)  
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1.      Kruskal Wallis rank sum test used for continuous variables and chi-squared tests of dependence for categorical variables between clusters. 

 

Table 7.14: Circulating and mucosal target quantities for KoRV, C. pecorum, PhaHV, and trypanosomes on admission between clusters. 

 Infectious agent parameter Cluster 1, n = 20 Cluster 2, n = 29 Cluster 3, n = 6 Cluster 4, n = 29 Cluster 5, n = 11 P value1  

KoRV pol DNA copies/mL 2063 (1078)* 2091 (420) 3592 (1415) 2125 (2354) 2234 (2435) 0.123 

KoRV-B env mRNA counts 2474 (1262) 820 (1707) 1062 (2740) 922 (1875) 705 (3319) 0.290 

C.pecorum DNA loads (mucosal) 0.08 (0.35) 0.09 (0.17) 0.005 (0.36) 0.002 (0.02) 0.05 (0.5) 0.223 

C.pecorum G-0573 mRNA counts (circulating) NA 4.81 (0) NA 42.0 (0) NA 0.317 

C.pecorum Hsp_60 mRNA counts (circulating) NA 32.7 (0) 48.3 (0) NA 72.7 (19.8) 0.259 

C.pecorum ompA mRNA counts (circulating) NA NA 47.9 (0) NA NA NA 

C.pecorum pGP3 mRNA counts (circulating) NA NA 18.4 (0) NA NA NA 

Normalised PhaHV-1 DNA copies/mL (mucosal) 2.95 (6.9) 1.21 (2.09) 3.33 (3.56) 2.74 (4.5) 0.445 (0.472) 0.169 

Normalised PhaHV-2 DNA copies/mL (mucosal) 0.05 (0.136) 0.427 (1.04) 0.0356 (0.03) 0.0443 (0.133) 0.0062 (0.003) 0.052 

PhaHV-1 mRNA counts (circulating) NA NA 86.9 (77.1) NA NA NA 

PhaHV-2 mRNA counts (circulating) 10.1 (1.39) 9.89 (0) 38.1 (0) NA NA 0.388 

T. copemani 16s mRNA counts (circulating) 24.3 (19.0) 32.7 (30.1) 45.3 (27.6) 90.9 (183) 98.9 (36430) 0.224 

T. irwini 16s mRNA  counts (circulating) 77.1 (555) 193 (414) 3157 (2386) 173 (341) 50.3 (537) 0.254 

T. gilletti 16s mRNA counts (circulating) 7.1 (0) NA  14.3 (0) NA 39.8 (0) 0.368 

NA denotes no cases with detectable loads 

*Median (Inter-quartile range: IQR)  
1. Mann-Whitney-Wilcoxson’s Test 
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Table 7.15: HCPC V.test determination of significant PC contributions to Clusters (1-5) 

Cluster PC/Dimension V.test Cluster Mean Overall mean Cluster SD Overall SD P-value 

1 Dim.2 -2.9 -1.2 -4.11E-15 1.7 2.1 0.004 
1 Dim.1 -6.4 -3.6 -1.16E-14 1.4 2.8 1.17E-10 
2 Dim.2 3.9 1.3 -4.11E-15 1.2 2.1 9.02E-05 
2 Dim.3 -2.7 -0.7 -2.81E-14 1.2 1.7 0.007 
2 Dim.1 -2.9 -1.3 -1.16E-14 1.0 2.8 0.003 
3 Dim.4 -2.1 -1.1 2.04E-15 1.0 1.3 0.04 
3 Dim.2 -5.7 -4.7 -4.11E-15 2.0 2.1 9.22E-09 
4 Dim.1 4.3 1.9 -1.16E-14 1.2 2.8 1.39E-05 
4 Dim.3 3.6 1.0 -2.81E-14 1.6 1.7 2.91E-04 
4 Dim.2 2.2 0.7 -4.11E-15 1.2 2.1 0.03 
4 Dim.5 -2.1 -0.4 1.80E-14 1.2 1.1 0.03 
5 Dim.1 5.2 4.2 -1.16E-14 1.1 2.8 2.24E-07 
5 Dim.4 2.5 0.9 2.04E-15 1.0 1.3 0.01 
5 Dim.3 -2.9 -1.4 -2.81E-14 1.4 1.7 0.004 

 

Table 7.16: Post-hoc pairwise comparison Dunn’s test with Bonferroni correction 

Dimension/PC Cluster Cluster Z P.unadj P.adj 

PC1 1 3 -4.009429 6.09E-05 0.0006 
PC1 1 4 -6.827551 8.64E-12 8.64E-11 
PC1 2 4 -4.639147 3.50E-06 3.50E-05 
PC1 1 5 -7.137197 9.53E-13 9.53E-12 
PC1 2 5 -5.402208 6.58E-08 6.58E-07 
PC2 1 2 -4.53169 5.85E-06 5.85E-05 
PC2 2 3 4.882002 1.05E-06 1.05E-05 
PC2 1 4 -3.339649 8.39E-04 0.008 
PC2 3 4 -4.109471 3.97E-05 0.0004 
PC2 2 5 3.08693 2.02E-03 2.02E-02 
PC3 2 4 -4.077115 4.56E-05 0.0005 
PC3 4 5 4.216953 2.48E-05 0.0002 
PC4 3 5 -2.940131 0.003 0.03 

 

Table 7.17: HCPC V.test determination of significant gene contributions to Clusters (1-5) 

Cluster Gene V.test Cluster Mean Overall mean Cluster SD Overall SD P-value 

1 TLR7 -6.02 3.50 4.90 0.64 1.16 1.72E-09 
1 CD8beta -5.62 5.42 7.37 1.09 1.74 1.96E-08 
1 CD3G -5.56 11.42 15.77 2.64 3.91 2.72E-08 
1 CD4 -5.49 4.29 5.86 0.88 1.44 4.00E-08 
1 CD79b -5.35 4.92 6.17 0.70 1.17 8.66E-08 
1 SLC29A1 -5.12 2.92 3.16 0.17 0.24 2.99E-07 
1 DICER1 -4.94 1.79 1.95 0.11 0.16 8.00E-07 
1 PhciDBB -4.51 7.70 9.46 1.53 1.95 6.42E-06 
1 TNFalpha -4.48 1.91 2.23 0.23 0.36 7.49E-06 
1 SAMHD1 -4.11 1.77 1.78 0.01 0.01 3.90E-05 
1 PhciDAB -3.89 3.06 3.08 0.03 0.03 1.01E-04 
1 TRIM24 -3.33 2.83 3.06 0.30 0.35 8.72E-04 
1 TLR2 -2.38 63.68 79.68 35.55 33.69 0.02 
1 IL1beta -2.30 2.35 2.48 0.28 0.28 0.02 
1 TLR4 2.17 1.53 1.53 0.01 0.01 0.03 
1 IL18 2.23 2.12 2.05 0.15 0.14 0.03 
1 KoRVpol 2.84 2.27 2.25 0.04 0.04 0.005 
1 FKBP5 4.10 2.11 2.06 0.05 0.07 4.13E-05 
1 Cathelicidin 4.57 1.32 1.31 0.007 0.01 4.87E-06 
2 KoRVpol -4.75 2.21 2.25 0.03 0.04 2.07E-06 
2 KoRVDenvRBD -4.66 3.38 3.43 0.06 0.08 3.13E-06 
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Cluster Gene V.test Cluster Mean Overall mean Cluster SD Overall SD P-value 

2 KoRVenvCKS17 -4.43 2.29 2.30 0.02 0.02 9.22E-06 
2 KoRVAenvRBD -3.88 3.15 3.21 0.06 0.09 1.04E-04 
2 DICER1 -3.43 1.86 1.95 0.10 0.16 6.13E-04 
2 CD3G -2.30 14.37 15.77 2.04 3.91 0.02 
2 CD4 -2.29 5.35 5.86 0.68 1.44 0.02 
2 SLC29A1 -2.28 3.08 3.16 0.16 0.24 0.02 
2 SAMHD1 -2.17 1.77 1.78 0.009 0.01 0.03 
2 TNFalpha -1.99 2.12 2.23 0.32 0.36 0.05 
2 CLEC4E 2.06 23.00 22.14 2.27 2.67 0.04 
2 RETN 4.18 1115.41 924.54 185.84 293.71 2.96E-05 
3 RETN -3.40 527.84 924.54 272.51 293.71 6.74E-04 
3 CARD9 -3.37 3.11 3.28 0.17 0.13 7.44E-04 
3 CLEC4E -3.20 18.75 22.14 2.91 2.67 0.001 
3 TLR4 -3.08 1.51 1.53 0.02 0.01 0.002 
3 PhciDAB -2.30 3.05 3.08 0.04 0.03 0.02 
3 SLC29A1 2.09 3.36 3.16 0.14 0.24 0.04 
3 IL18 2.42 2.19 2.05 0.12 0.14 0.02 
3 TNFalpha 2.50 2.59 2.23 0.34 0.36 0.01 
3 DICER1 2.85 2.13 1.95 0.10 0.16 0.004 
3 TRIM24 3.06 3.48 3.06 0.16 0.35 0.002 
3 KoRVpol 3.79 2.31 2.25 0.04 0.04 1.49E-04 
3 SAMHD1 4.01 1.80 1.78 0.01 0.01 6.09E-05 
3 KoRVAenvRBD 4.08 3.36 3.21 0.10 0.09 4.51E-05 
3 KoRVDenvRBD 4.11 3.56 3.43 0.08 0.08 4.01E-05 
3 KoRVenvCKS17 4.77 2.34 2.30 0.01 0.02 1.86E-06 
4 Cathelicidin -2.84 1.31 1.31 0.008 0.01 0.005 
4 FKBP5 -2.75 2.03 2.06 0.06 0.07 0.006 
4 TRIM24 2.12 3.18 3.06 0.30 0.35 0.03 
4 CARD9 2.17 3.33 3.28 0.12 0.13 0.03 
4 PhciDBB 2.39 10.19 9.46 1.76 1.95 0.02 
4 SLC29A1 2.56 3.26 3.16 0.16 0.24 0.01 
4 SAMHD1 2.70 1.78 1.78 0.007 0.01 0.007 
4 IL6 2.70 1.13 1.12 0.008 0.01 0.007 
4 CD79b 3.07 6.73 6.17 0.95 1.17 0.002 
4 IL1beta 3.35 2.62 2.48 0.19 0.28 8.20E-04 
4 PhciDAB 3.36 3.10 3.08 0.03 0.03 7.87E-04 
4 TLR7 3.76 5.58 4.90 0.72 1.16 1.67E-04 
4 TNFalpha 4.07 2.46 2.23 0.27 0.36 4.71E-05 
4 DICER1 4.15 2.05 1.95 0.11 0.16 3.30E-05 
4 CD8beta 4.36 8.56 7.37 1.19 1.74 1.28E-05 
4 CD3G 4.37 18.43 15.77 2.01 3.91 1.22E-05 
4 TLR2 4.49 103.23 79.68 26.47 33.69 7.04E-06 
4 CD4 4.66 6.90 5.86 0.84 1.44 3.19E-06 
5 IL18 -4.21 1.88 2.05 0.09 0.14 2.57E-05 
5 RETN -4.20 572.85 924.54 146.47 293.71 2.66E-05 
5 TLR4 -4.17 1.51 1.53 0.008 0.01 2.99E-05 
5 CARD9 -3.83 3.14 3.28 0.08 0.13 1.29E-04 
5 CLEC4E -3.47 19.51 22.14 1.22 2.67 5.27E-04 
5 Cathelicidin -2.51 1.31 1.31 0.004 0.01 0.01 
5 IL6 -2.26 1.11 1.12 0.008 0.01 0.02 
5 PhciDAB 2.49 3.11 3.08 0.02 0.03 0.01 
5 DICER1 3.08 2.09 1.95 0.07 0.16 0.002 
5 PhciDBB 3.45 11.38 9.46 1.87 1.95 5.63E-04 
5 CD8beta 4.31 9.51 7.37 0.88 1.74 1.67E-05 
5 CD4 4.46 7.69 5.86 0.66 1.44 8.28E-06 
5 SLC29A1 4.53 3.47 3.16 0.15 0.24 5.88E-06 
5 TLR7 4.59 6.42 4.90 0.57 1.16 4.54E-06 
5 CD3G 4.83 21.16 15.77 1.82 3.91 1.37E-06 
5 CD79b 5.12 7.88 6.17 0.49 1.17 3.01E-07 
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Figure 7.1: Dispersion plots of three DESeq experiments assessing differential gene expression in 
koalas according to their chlamydiosis status and outcome.  

Figure 7.1 presents the dispersion plots for the two comparisons: chlamydiosis status (top) and survival 
outcome (bottom). The red fitted line plots the estimate for the expected dispersion value for genes of a 
given expression strength. Gene mean expression and maximum likelihood of the dispersion is plotted as 
black points (gene-est). Final dispersion estimates are plotted in blue, with those slightly above the curve 
shrunken towards the fitted line to improve the dispersion estimation. Genes with high dispersion are not 
shrunken and are highlighted with a blue border to indicate that the model assumptions are not followed, 
and the higher variability is associated with biological or technical differences, i.e. differentially expressed 
genes. 
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Figure 7.2: MA-plots displaying pre- and post-shrinking fold-change for the normalised read counts of 

koala mRNA for each comparison (chlamydiosis status and outcome) using no shrinking (left) and ashr 
shrinking (right).  

The two comparisons were generated using the three DESeq designs as follows: Experiment 1 (SYNDROME) 
comparing (A) koalas with chlamydiosis and koalas without signs of disease, and (B) experiment 2 
(Outcome) comparing koalas euthanised with koalas that survived. 
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Table 7.18: Frequency of detection of infectious agents according to cohort among the three 
comparisons 

Values are reported as counts with the associated percentage of the respective group in brackets. 

 

  Sample 
population 

Comparison 1 (N = 36) Comparison 2 (N = 49) 

  N = 49 
Chlamydiosis 

(N = 22) 
None  

(N = 14) 
Survived 
(N = 26) 

Euthanised 
(N = 23) 

Mucosal C. pecorum shedding Detected 22 (45) 18 (82) 1 (7) 5 (20) 17 (74) 
Not detected 27 (55) 4 (18) 13 (93) 21 (80) 6 (26) 

Circulating C. pecorum transcription Detected 4 (8) 1 (4) 2 (14) 2 (8) 2 (9) 
Not detected 45 (92) 21 (96) 12 (86) 24 (92) 21 (91) 

Mucosal PhaHV-1 shedding Detected 28 (57) 15 (68) 5 (36) 11 (42) 17 (74) 
Not detected 21 (43) 7 (32) 9 (64) 15 (58) 6 (26) 

Mucosal PhaHV-2 shedding Detected 12 (25) 5 (23) 2 (14) 5 (19) 7 (30) 
Not detected 37 (75) 17 (77) 12 (86) 21 (81) 16 (70) 

Circulating PhaHV-1 transcription Detected 1 (2) 1 (4) 0 (0) 0 (0) 1 (4) 
Not detected 48 (98) 21 (96) 14 (100) 26 (100) 22 (96) 

Circulating KoRV B transcription Detected 17 (35) 10 (45) 3 (21) 4 (15) 13 (56) 
Not detected 32 (65) 12 (55) 11 (79) 22 (85) 10 (44) 

Circulating trypanosome transcription Detected 27 (55) 10 (45) 6 (43) 14 (54) 13 (56) 

Not detected 22 (45) 12 (55) 8 (57) 12 (46) 10 (44) 

*No samples had detectable PhaHV-2 transcription in circulating cell samples 
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Table 7.19: Differentially expressed genes between koalas with clinical signs of chlamydiosis compared to koalas without chlamydiosis 

Gene Full/Alternative Name Base Mean 
log2 Fold 
Change 

LFC SE1 p-value P.adj2 
Fold 

Change 
% Change Context3 

IL1R2 Interleukin 1 receptor 2 1134.3 3.9 0.8 5.80E-09 8.69E-05 14.82 1381.7 Upregulated 

MYO1B Myosin IB 82.2 3.7 0.8 1.47E-08 0.0001 13.37 1236.8 Upregulated 

LOC110218592 Uncharacterized 8.3 -5.6 1.4 2.44E-08 0.0001 0.02 97.9 Downregulated 

LOC110212645 Uncharacterized 29.4 -2.2 0.7 3.33E-07 0.001 0.21 78.7 Downregulated 

BDNF Brain derived neurotrophic factor 29.0 15.9 5.7 4.25E-07 0.001 62807.30 6280630.5 Upregulated 

FAM19A2 TAFA chemokine like family member 2  398.0 -1.9 0.9 2.12E-06 0.003 0.27 73.2 Downregulated 

RARRES1 Retinoic acid receptor responder 1 449.9 3.4 1.5 1.43E-06 0.003 10.21 921.3 Upregulated 

PDSS2 Decaprenyl diphosphate synthase subunit 2 118.7 -1.1 0.7 1.86E-06 0.003 0.47 52.8 Downregulated 

LOC110219949 Kallikrein-11-like 36.0 4.6 3.6 2.82E-06 0.003 24.21 2320.8 Upregulated 

LOC110192234 Monocyte chemotactic protein 1B-like 42.0 1.7 1.0 3.08E-06 0.003 3.33 233.5 Upregulated 

SOCS1 Suppressor of cytokine signalling 1 806.3 0.6 0.4 5.95E-06 0.006 1.53 53.0 Upregulated 

CDKN1A Cyclin dependent kinase inhibitor 1A 3527.1 0.6 0.4 9.42E-06 0.008 1.50 50.2 Upregulated 

MIA MIA SH3 domain containing 9.3 1.4 1.1 9.98E-06 0.008 2.73 172.6 Upregulated 

LOC110197580 Uncharacterized 10.8 5.6 7.5 1.15E-05 0.008 48.16 4716.0 Upregulated 

FAM177B Family with sequence similarity 177 member B 29.1 1.3 1.1 1.54E-05 0.009 2.45 145.3 Upregulated 

LOC110219845 Sialic acid-binding Ig-like lectin 9 208.9 0.6 0.4 1.63E-05 0.009 1.50 49.6 Upregulated 

AKAP4 A-kinase anchoring protein 4 219.9 1.0 0.9 2.31E-05 0.01 1.98 98.4 Upregulated 

LOC110206414 WAP four-disulfide core domain protein 12-like 28.0 0.8 0.7 2.30E-05 0.01 1.76 75.8 Upregulated 

CSRNP1 Cysteine and serine rich nuclear protein 1 1214.3 0.6 0.5 2.40E-05 0.01 1.53 52.5 Upregulated 

SKOR2 SKI family transcriptional corepressor 2 38.6 3.2 6.1 2.62E-05 0.01 9.19 818.6 Upregulated 

ARMC12 Armadillo repeat containing 12 46.7 0.7 0.7 2.70E-05 0.01 1.66 65.9 Upregulated 

GPR84 G protein-coupled receptor 84 401.3 0.8 0.8 2.77E-05 0.01 1.74 73.8 Upregulated 

LOC110205351 Uncharacterized 310.0 -1.0 1.0 3.57E-05 0.01 0.52 48.4 Downregulated 

IL18 Interleukin 18 91.6 0.8 0.8 4.18E-05 0.01 1.74 74.0 Upregulated 

MARCO Macrophage receptor with collagenous structure 18.0 1.2 1.5 4.34E-05 0.01 2.28 127.9 Upregulated 

LOC110211842 Uncharacterized 24.3 1.1 1.3 4.65E-05 0.01 2.16 115.6 Upregulated 

NR4A3 Nuclear receptor subfamily 4 group A member 3 50.8 0.7 0.7 5.16E-05 0.01 1.60 59.8 Upregulated 
1Standard error of the log2 fold change (FC). 2DESeq2 adjusted wald test  p-values using Benjamini and Hochberg method (BH-adjusted p values). 3 Context refers to gene expression up- or downregulation in koalas 
with clinical chlamydiosis compared to koalas without chlamydiosis. 
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Table 7.20: Differentially expressed genes in koalas that were euthanised compared to koalas that survived triage 

Gene Full/Alternative Name Base Mean 
log2 Fold 
Change 

LFC SE1 p-value P.adj2 
Fold 

Change 
% 

Change 
Context3 

IL1R2 Interleukin 1 receptor type 2 1064.0 3.8 0.6 2.30E-13 3.91E-09 14.07 1306.8 Upregulated 
MARCO Macrophage receptor with collagenous structure 29.4 4.4 0.7 1.82E-12 1.54E-08 21.40 2040.2 Upregulated 
RARRES1 Retinoic acid receptor responder 1 431.8 4.6 0.7 5.89E-12 3.34E-08 24.18 2317.9 Upregulated 
RENBP Renin binding protein 218.8 2.1 0.4 6.42E-11 2.42E-07 4.41 341.3 Upregulated 
SCUBE3 Signal peptide, CUB domain and EGF like domain containing 3 9.4 3.0 0.6 7.14E-11 2.42E-07 8.21 720.6 Upregulated 
LOC110197639 Cathepsin L1-like 231.5 2.3 0.4 3.69E-10 1.05E-06 4.92 392.2 Upregulated 
LOC110194680 60S ribosomal protein L36a 1209.2 0.7 0.2 5.92E-09 1.44E-05 1.66 66.0 Upregulated 
LOC110206415 WAP four-disulfide core domain protein 5-like 41.1 1.9 0.4 1.08E-08 2.29E-05 3.62 261.6 Upregulated 
LOC110215329 Zinc finger protein 345-like 39.0 -1.4 0.3 1.71E-08 3.24E-05 0.39 60.9 Downregulated 
LOC110193772 Uncharacterized 263.7 1.6 0.3 3.21E-08 5.45E-05 3.11 210.6 Upregulated 
ATP5F1 ATP synthase, H+ transporting, mitochondrial F0 complex, subunit b 990.2 0.6 0.1 3.86E-08 5.46E-05 1.50 50.4 Upregulated 
MYO1B Myosin IB 51.3 2.4 0.6 4.22E-08 5.51E-05 5.11 410.7 Upregulated 
AKAP4 A-kinase anchoring protein 4 219.9 2.1 0.5 5.30E-08 6.43E-05 4.18 318.0 Upregulated 
CREG2 Cellular repressor of E1A stimulated genes 2 17.5 2.1 0.5 6.73E-08 7.62E-05 4.31 330.6 Upregulated 
VSIG4 V-set and immunoglobulin domain containing 4 1032.6 1.7 0.4 7.90E-08 7.89E-05 3.21 221.4 Upregulated 

KIAA1324L 
ELAPOR2 endosome-lysosome associated apoptosis and autophagy regulator 
family member 2 

67.5 -6.1 1.8 8.55E-08 8.07E-05 0.01 98.5 Downregulated 

MARK1 Microtubule affinity regulating kinase 1 102.8 1.7 0.4 1.41E-07 0.0001 3.16 215.5 Upregulated 
NECTIN3 Nectin cell adhesion molecule 3 10.5 1.8 0.4 1.50E-07 0.0001 3.41 241.1 Upregulated 
PEX7 Peroxisomal biogenesis factor 7 341.4 0.7 0.2 1.35E-07 0.0001 1.58 57.9 Upregulated 
SH3PXD2B SH3 and PX domains 2B 47.4 1.7 0.4 1.46E-07 0.0001 3.24 223.6 Upregulated 
FAM19A2 TAFA2 - TAFA chemokine like family member 2 398.0 -2.0 0.5 1.60E-07 0.0001 0.24 75.7 Downregulated 
KLF9 KLF transcription factor 9 181.9 1.3 0.3 2.38E-07 0.0002 2.53 153.2 Upregulated 
SOCS1 Suppressor of cytokine signaling 1 806.3 1.0 0.3 2.66E-07 0.0002 2.01 101.1 Upregulated 
LOC110211842 Uncharacterized LOC110211842 24.3 2.6 0.8 2.79E-07 0.0002 6.27 527.0 Upregulated 
AEN Apoptosis enhancing nuclease 498.3 0.9 0.3 3.53E-07 0.0002 1.85 84.6 Upregulated 
FLT1 Fms related receptor tyrosine kinase 1  41.2 1.7 0.4 3.43E-07 0.0002 3.21 221.2 Upregulated 
LOC110210342 Cytochrome C oxidase subunit 4 isoform 1, mitochondrial 2367.0 0.7 0.2 4.09E-07 0.0002 1.59 58.5 Upregulated 
DDIT4 DNA damage inducible transcript 4 691.8 1.2 0.3 4.42E-07 0.0002 2.36 135.5 Upregulated 
NR4A3 Nuclear receptor subfamily 4 group A member 3 50.8 1.6 0.4 4.39E-07 0.0002 2.99 199.1 Upregulated 
MAFF MAF bZIP transcription factor F 297.4 1.7 0.4 4.91E-07 0.0003 3.23 223.3 Upregulated 
ARMC12 Armadillo repeat containing 12 46.7 1.4 0.4 6.87E-07 0.0003 2.65 165.4 Upregulated 
LOC110219949 Kallikrein-11-like 147.2 4.8 2.2 7.43E-07 0.0003 28.76 2775.6 Upregulated 
LOC110221111 C-type lectin domain family 4 member K-like - CLEC4K 61.5 1.9 0.6 7.91E-07 0.0004 3.72 271.8 Upregulated 
PFDN4 Prefoldin subunit 4 244.9 0.8 0.3 8.85E-07 0.0004 1.78 78.2 Upregulated 
PPP1R15A Protein phosphatase 1 regulatory subunit 15A 520.5 1.4 0.4 9.03E-07 0.0004 2.58 158.3 Upregulated 
CHD9 Chromodomain helicase DNA binding protein 9 9896.0 -0.6 0.2 9.37E-07 0.0004 0.64 35.6 Downregulated 
CMBL Carboxymethylenebutenolidase homolog 43.7 0.8 0.3 1.09E-06 0.0004 1.79 79.1 Upregulated 
LOC110194448 Histone H2B type 1-B-like 683.1 1.1 0.3 1.22E-06 0.0004 2.10 110.3 Upregulated 
LRP12 LDL receptor related protein 12 50.1 1.2 0.4 1.45E-06 0.0005 2.31 130.5 Upregulated 
ENTPD2 Ectonucleoside triphosphate diphosphohydrolase 2 72.9 1.4 0.4 1.50E-06 0.0005 2.71 171.1 Upregulated 
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Gene Full/Alternative Name Base Mean 
log2 Fold 
Change 

LFC SE1 p-value P.adj2 
Fold 

Change 
% 

Change 
Context3 

LOC110196119 Cytochrome C oxidase subunit 6C 734.0 0.7 0.2 1.72E-06 0.0006 1.58 58.1 Upregulated 
LOC110217150 Cathelicidin antimicrobial peptide-like 295.0 1.3 0.4 1.75E-06 0.0006 2.45 145.3 Upregulated 
WSCD2 WSC domain containing 2 5.3 -2.8 1.2 1.76E-06 0.0006 0.15 85.3 Downregulated 
TMED3 Transmembrane p24 trafficking protein 3 138.0 1.1 0.4 2.03E-06 0.0006 2.22 121.6 Upregulated 
MTHFD2 Methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 2 1766.7 1.2 0.4 2.23E-06 0.0007 2.24 123.9 Upregulated 
KIAA1549L KIAA1549 like - integral component of membrane 35.2 -1.5 0.5 2.46E-06 0.0007 0.36 64.0 Downregulated 
C2 Complement C2 133.6 1.6 0.5 2.86E-06 0.0008 2.96 196.2 Upregulated 
LOC110219482 Probable hydrolase PNKD 108.0 1.4 0.4 2.93E-06 0.0008 2.55 155.2 Upregulated 
NEFM Neurofilament medium chain 20.2 1.3 0.4 3.04E-06 0.0009 2.50 150.0 Upregulated 
MRPS18C Mitochondrial ribosomal protein S18C 99.7 0.7 0.2 3.19E-06 0.0009 1.58 57.8 Upregulated 
CD207 CLEC4K 17.5 2.4 1.3 4.15E-06 0.001 5.36 436.0 Upregulated 
CDKN1A Cyclin dependent kinase inhibitor 1A 3527.1 1.0 0.4 3.99E-06 0.001 2.07 106.5 Upregulated 
CENPM Centromere protein M 74.1 1.1 0.4 4.19E-06 0.001 2.21 121.0 Upregulated 
CUNH9orf152 Chromosome unknown C9orf152 homolo 33.1 1.6 0.5 3.76E-06 0.001 2.99 198.6 Upregulated 
DDAH2 DDAH family member 2, ADMA-independent 221.1 0.8 0.3 4.18E-06 0.001 1.70 69.8 Upregulated 
GGH Gamma-glutamyl hydrolase 125.8 0.9 0.3 4.15E-06 0.001 1.90 90.1 Upregulated 
RPS17 Ribosomal protein S17 11225.9 1.0 0.3 4.15E-06 0.001 1.97 97.4 Upregulated 
LOC110207566 Uncharacterized 327.6 -1.5 0.5 4.37E-06 0.001 0.35 65.5 Downregulated 
LOC110219478 Tubulin alpha-1D chain-like 25.4 1.4 0.5 4.34E-06 0.001 2.57 156.5 Upregulated 
LAMTOR4 Late endosomal/lysosomal adaptor, MAPK and MTOR activator 4 597.1 0.7 0.2 4.98E-06 0.001 1.63 63.2 Upregulated 
VIPR2 Vasoactive intestinal peptide receptor 2 4.9 2.0 0.9 5.09E-06 0.001 3.87 286.9 Upregulated 
JAG1 Jagged canonical Notch ligand 1 15.3 1.4 0.5 5.26E-06 0.001 2.57 156.6 Upregulated 
SEC11C SEC11 homolog C, signal peptidase complex subunit 610.6 0.6 0.2 5.36E-06 0.001 1.52 52.1 Upregulated 
LOC110208071 Cytochrome C oxidase copper chaperone 451.0 0.7 0.2 5.73E-06 0.001 1.59 58.6 Upregulated 
PSME2 Proteasome activator subunit 2  2844.2 0.7 0.2 5.89E-06 0.001 1.62 61.7 Upregulated 
ZWINT ZW10 interacting kinetochore protein 355.5 0.9 0.3 5.88E-06 0.001 1.85 85.2 Upregulated 
CDK5RAP3 CDK5 regulatory subunit associated protein 3  2027.2 1.0 0.4 6.27E-06 0.001 1.96 96.2 Upregulated 
NPC2 NPC intracellular cholesterol transporter 2  2235.0 0.6 0.2 6.21E-06 0.001 1.52 51.8 Upregulated 
MMP14 Matrix metallopeptidase 14 41.7 1.3 0.5 6.42E-06 0.001 2.42 142.1 Upregulated 
AHCY Adenosylhomocysteinase 1661.3 0.6 0.2 6.68E-06 0.001 1.54 53.8 Upregulated 
LOC110199719 T-cell immunoglobulin and mucin domain-containing protein 4-like 21.7 1.5 0.5 6.62E-06 0.001 2.75 175.4 Upregulated 
ADGRG7 Adhesion G protein-coupled receptor G7 27.2 -1.3 0.5 7.06E-06 0.001 0.41 58.8 Downregulated 
FKBP5 FKBP prolyl isomerase 5 2958.5 0.9 0.3 7.17E-06 0.001 1.88 88.3 Upregulated 
FGL2 Fibrinogen like 2 15319.5 -0.8 0.3 7.94E-06 0.001 0.57 43.2 Downregulated 
EPSTI1 Epithelial stromal interaction 1 103.3 0.9 0.4 8.54E-06 0.002 1.92 92.4 Upregulated 
LOC110195293 Uncharacterized 23.7 1.6 0.7 8.76E-06 0.002 3.05 204.5 Upregulated 
CH25H Cholesterol 25-hydroxylase 26.2 1.7 0.7 8.92E-06 0.002 3.15 214.7 Upregulated 
SHMT2 Serine hydroxymethyltransferase 2 1044.8 1.1 0.4 9.24E-06 0.002 2.10 110.4 Upregulated 
LOC110222717 40S ribosomal protein S23 530.2 0.6 0.2 9.40E-06 0.002 1.52 52.0 Upregulated 
LOC110201055 Uncharacterized 8.4 1.1 0.4 1.03E-05 0.002 2.17 116.9 Upregulated 
LOC110205308 Neutrophil gelatinase-associated lipocalin-like  731.1 1.2 0.5 1.04E-05 0.002 2.38 137.7 Upregulated 
PM20D1 Peptidase M20 domain containing 1 1089.2 1.5 0.6 1.07E-05 0.002 2.74 173.5 Upregulated 
MRC1 Mannose receptor C-type 1  888.5 1.0 0.4 1.20E-05 0.002 1.96 96.3 Upregulated 
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Gene Full/Alternative Name Base Mean 
log2 Fold 
Change 

LFC SE1 p-value P.adj2 
Fold 

Change 
% 

Change 
Context3 

BBC3 BCL2 binding component 3  438.7 0.7 0.2 1.23E-05 0.002 1.59 58.9 Upregulated 
EGR2 Early growth response 2 56.2 1.1 0.4 1.22E-05 0.002 2.10 109.7 Upregulated 
SLC45A3 Solute carrier family 45 member 3 70.3 1.2 0.5 1.23E-05 0.002 2.35 134.7 Upregulated 
LOC110216652 Uncharacterized 891.6 0.7 0.3 1.30E-05 0.002 1.63 62.9 Upregulated 
FBLIM1 Filamin binding LIM protein 1 12.2 1.3 0.5 1.33E-05 0.002 2.54 153.7 Upregulated 
DYDC1 DPY30 domain containing 1 60.4 1.4 0.6 1.39E-05 0.002 2.73 173.1 Upregulated 
LOC110204197 Histone H3 1288.6 0.9 0.4 1.44E-05 0.002 1.85 85.4 Upregulated 
SHANK1 SH3 and multiple ankyrin repeat domains 1 131.1 -1.2 0.5 1.86E-05 0.003 0.43 57.4 Downregulated 
LOC110214205 Lymphocyte antigen 6H-like 40.6 1.2 0.5 1.89E-05 0.003 2.33 133.5 Upregulated 
CAPNS1 Calpain small subunit 1 4280.3 0.6 0.2 1.93E-05 0.003 1.51 51.0 Upregulated 
LOC110220763 Uncharacterized 74.7 -1.0 0.4 1.96E-05 0.003 0.49 51.0 Downregulated 
CD36 CD36 molecule  28.3 1.4 0.7 2.06E-05 0.003 2.72 172.4 Upregulated 
G6PD Glucose-6-phosphate dehydrogenase 10083.0 1.0 0.4 2.07E-05 0.003 2.04 103.7 Upregulated 
UPP1 Uridine phosphorylase 1 3898.2 0.7 0.3 2.22E-05 0.003 1.66 66.4 Upregulated 
IGF2BP1 Insulin like growth factor 2 mRNA binding protein 1  14.1 -1.8 1.3 2.29E-05 0.003 0.30 70.3 Downregulated 
LOC110202533 Glutathione S-transferase theta-2-like 13.0 1.1 0.5 2.49E-05 0.003 2.19 119.0 Upregulated 
TMEM102 Transmembrane protein 102 262.6 0.7 0.3 2.54E-05 0.003 1.62 61.6 Upregulated 
CHAC1 ChaC glutathione specific gamma-glutamylcyclotransferase 1 129.8 0.9 0.4 2.70E-05 0.003 1.85 84.7 Upregulated 
EGR1 Early growth response 1 1242.2 1.1 0.5 2.72E-05 0.003 2.12 112.4 Upregulated 
MSRA Methionine sulfoxide reductase A 1059.0 0.7 0.3 2.84E-05 0.003 1.60 60.0 Upregulated 
FAM177B Family with sequence similarity 177 member B 29.1 1.3 0.7 3.04E-05 0.003 2.49 149.5 Upregulated 
MTCH1 Mitochondrial carrier 1 23.3 0.7 0.3 3.03E-05 0.003 1.67 66.6 Upregulated 
CFAP206 Cilia and flagella associated protein 206 245.1 -1.0 0.5 3.08E-05 0.003 0.48 51.6 Downregulated 
PROCR Protein C receptor  31.5 0.7 0.3 3.10E-05 0.003 1.67 67.1 Upregulated 
LOC110197056 Uncharacterized 46.5 1.1 0.5 3.17E-05 0.004 2.20 119.8 Upregulated 
PER1 Period circadian regulator 1 3734.0 0.7 0.3 3.22E-05 0.004 1.66 66.2 Upregulated 
CKS1B CDC28 protein kinase regulatory subunit 1B 58.8 1.1 0.5 3.63E-05 0.004 2.08 108.1 Upregulated 
LOC110214748 Fatty acid-binding protein, epidermal-like 59.7 0.9 0.4 3.73E-05 0.004 1.86 86.4 Upregulated 
ALPL Alkaline phosphatase, biomineralization associated 62.1 1.1 0.5 3.94E-05 0.004 2.15 115.5 Upregulated 
CCDC146 Coiled-coil domain containing 146 45.6 -0.9 0.4 4.25E-05 0.004 0.53 46.6 Downregulated 
MLLT11 MLLT11 transcription factor 7 cofactor 34.3 0.7 0.3 4.34E-05 0.004 1.64 64.0 Upregulated 
NR4A2 Nuclear receptor subfamily 4 group A member 2  278.8 1.0 0.5 4.44E-05 0.004 2.03 103.1 Upregulated 
LOC110213587 Cysteine-rich secretory protein 3-like 47.3 1.2 0.6 4.58E-05 0.005 2.22 122.4 Upregulated 
LOC110203919 Uncharacterized 520.7 0.9 0.4 4.79E-05 0.005 1.81 81.4 Upregulated 
VGLL3 Vestigial like family member 3 76.0 0.8 0.4 4.92E-05 0.005 1.78 77.6 Upregulated 
LOC110219719 Carcinoembryonic antigen-related cell adhesion molecule 3-like 137.9 -0.8 0.4 5.09E-05 0.005 0.57 43.2 Downregulated 
WNT8B Wnt family member 8B 19.0 1.2 0.7 5.78E-05 0.005 2.31 131.3 Upregulated 
LOC110220060 CD177 antigen-like  256.4 1.2 0.7 5.91E-05 0.005 2.26 125.7 Upregulated 
LOC110206301 Uncharacterized 8.2 -0.9 0.5 5.95E-05 0.005 0.52 48.1 Downregulated 
ARSA Arylsulfatase A 325.7 0.8 0.4 6.13E-05 0.006 1.71 71.4 Upregulated 
STOX2 Storkhead box 2 62.7 -0.9 0.4 6.30E-05 0.006 0.54 45.8 Downregulated 
SLIT3 Slit guidance ligand 3 17.8 -1.3 0.8 6.60E-05 0.006 0.42 58.1 Downregulated 
TIMP1 TIMP metallopeptidase inhibitor 1  998.4 0.6 0.3 6.73E-05 0.006 1.56 56.1 Upregulated 
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APOE Apolipoprotein E 26.1 0.9 0.5 6.85E-05 0.006 1.91 90.6 Upregulated 
STRIP2 Striatin interacting protein 2 37.4 -1.0 0.5 6.88E-05 0.006 0.49 50.8 Downregulated 
TSGA10 Testis specific 10 90.7 -0.7 0.3 6.99E-05 0.006 0.63 37.5 Downregulated 
TUBB6 Tubulin beta 6 class V 109.1 0.7 0.4 7.00E-05 0.006 1.68 68.1 Upregulated 
TSPO Translocator protein 1385.8 0.6 0.3 7.40E-05 0.006 1.54 53.6 Upregulated 
ASB2 Ankyrin repeat and SOCS box containing 2 32.7 1.1 0.6 7.52E-05 0.006 2.08 107.5 Upregulated 
BCOR BCL6 corepressor 7596.1 -0.7 0.3 7.51E-05 0.006 0.61 39.3 Downregulated 
PYCR1 Pyrroline-5-carboxylate reductase 1 1643.6 0.9 0.5 7.67E-05 0.006 1.87 86.6 Upregulated 
AIF1 Allograft inflammatory factor 1  1327.5 0.6 0.3 7.84E-05 0.006 1.50 50.1 Upregulated 
LOC110192486 Uncharacterized 82.3 -0.8 0.4 7.84E-05 0.006 0.58 42.1 Downregulated 
LOC110218567 Uncharacterized 7.1 1.2 1.0 7.83E-05 0.006 2.36 135.6 Upregulated 
LOC110209790 Permeability factor 2-like 195.7 0.9 0.5 8.22E-05 0.006 1.91 90.9 Upregulated 
NXN Nucleoredoxin 2.1 1.2 0.9 8.26E-05 0.006 2.32 131.8 Upregulated 
TENM4 Teneurin transmembrane protein 4 16.1 -1.2 0.8 8.30E-05 0.006 0.44 56.1 Downregulated 
LOC110204914 Netrin-4-like 8.2 -1.2 1.0 8.46E-05 0.006 0.43 56.9 Downregulated 
DOCK1 Dedicator of cytokinesis 1 11.4 1.1 0.6 8.79E-05 0.006 2.08 108.0 Upregulated 
SLC7A11 Solute carrier family 7 member 11 305.1 0.8 0.4 8.88E-05 0.006 1.73 73.1 Upregulated 
GPX1 Glutathione peroxidase 1 37361.7 0.9 0.5 9.19E-05 0.007 1.87 87.3 Upregulated 
LOC110213814 Uncharacterized 218.5 -0.7 0.3 9.28E-05 0.007 0.62 37.9 Downregulated 
SFRP4 Secreted frizzled related protein 4 146.6 0.7 0.4 9.60E-05 0.007 1.66 66.5 Upregulated 
GPR1 CMKLR2 chemerin chemokine-like receptor 2 3.4 1.2 1.1 9.59E-05 0.007 2.24 123.6 Upregulated 
ISYNA1 Inositol-3-phosphate synthase 1 71.6 0.6 0.3 9.46E-05 0.007 1.57 56.7 Upregulated 
KLK9 Kallikrein related peptidase 9 9.0 1.0 0.5 9.56E-05 0.007 1.96 95.8 Upregulated 
PLCH1 Phospholipase C eta 1 522.5 1.0 0.6 9.83E-05 0.007 1.98 98.3 Upregulated 
ACTL6B Actin like 6B 52.8 0.7 0.3 0.0001 0.007 1.60 60.2 Upregulated 
LOC110200073 Uncharacterized 97.7 0.8 0.4 0.0001 0.007 1.69 69.1 Upregulated 
SEP10 MED31 mediator complex subunit 31 13.0 0.9 0.5 0.0001 0.007 1.84 83.8 Upregulated 
SLC16A14 Solute carrier family 16 member 14 49.3 0.8 0.4 0.0001 0.007 1.73 73.2 Upregulated 
GPR3 G protein-coupled receptor 3  23.2 1.1 0.9 0.0001 0.007 2.19 118.7 Upregulated 
GJD3 Gap junction protein delta 3 241.3 1.0 0.7 0.0001 0.007 2.06 106.1 Upregulated 
LOC110206414 WAP four-disulfide core domain protein 12-like 28.0 0.9 0.5 0.0001 0.007 1.83 82.9 Upregulated 
IRS1 Insulin receptor substrate 1 64.6 0.7 0.4 0.0001 0.008 1.68 67.6 Upregulated 
UBE2M Ubiquitin conjugating enzyme E2 M 1004.1 0.7 0.4 0.0001 0.008 1.63 63.5 Upregulated 
LOC110202552 Vomeronasal type-2 receptor 26-like 22.6 -0.6 1.5 0.0001 0.008 0.65 34.8 Downregulated 
LOC110202416 Patr class I histocompatibility antigen, A-5 alpha chain-like 1842.1 0.8 0.4 0.0001 0.008 1.72 72.5 Upregulated 
NR4A1 Nuclear receptor subfamily 4 group A member 1 265.6 0.7 0.4 0.0001 0.009 1.63 63.3 Upregulated 
LOC110201454 Phospholipid-transporting ATPase FetA-like 34.0 -0.6 0.3 0.0001 0.009 0.66 34.2 Downregulated 
GSR Glutathione-disulfide reductase  1802.7 0.6 0.3 0.0001 0.009 1.50 49.6 Upregulated 
PLK2 Polo like kinase 2 123.2 -0.7 0.4 0.0001 0.009 0.61 39.1 Downregulated 
EPB41L4B Erythrocyte membrane protein band 4.1 like 4B  320.1 -0.6 0.3 0.0002 0.009 0.64 35.9 Downregulated 
LOC110222268 Uncharacterized 11.1 0.9 0.5 0.0002 0.009 1.81 81.4 Upregulated 
LOC110201193 Cyclin-dependent kinase inhibitor 2A-like 48.7 0.6 0.3 0.0002 0.009 1.55 54.7 Upregulated 
FKBPL FKBP prolyl isomerase like  93.3 0.6 0.3 0.0002 0.009 1.55 55.0 Upregulated 
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Gene Full/Alternative Name Base Mean 
log2 Fold 
Change 

LFC SE1 p-value P.adj2 
Fold 

Change 
% 

Change 
Context3 

KLK8 Kallikrein related peptidase 8 125.6 0.7 0.4 0.0002 0.009 1.64 64.0 Upregulated 
LOC110192889 Uncharacterized 14.4 -0.7 0.4 0.0002 0.01 0.63 37.2 Downregulated 
LOC110217723 Zinc-alpha-2-glycoprotein-like 23.8 1.0 0.7 0.0002 0.01 1.96 96.1 Upregulated 
MISP Mitotic spindle positioning 21.5 1.0 0.7 0.0002 0.01 1.95 95.2 Upregulated 
CDC20B Cell division cycle 20B 3.9 0.8 1.2 0.0002 0.01 1.73 73.4 Upregulated 
C1QA Complement C1q A chain  3907.5 0.7 0.4 0.0002 0.01 1.59 58.6 Upregulated 
LOC110217725 Zinc-alpha-2-glycoprotein-like 9.0 0.9 0.9 0.0002 0.01 1.92 92.2 Upregulated 
LOC110207421 Uncharacterized 21.2 -0.8 0.5 0.0002 0.01 0.58 41.8 Downregulated 
LOC110215351 Galactosylceramide sulfotransferase-like 5.8 -0.9 0.9 0.0002 0.01 0.53 46.8 Downregulated 
GUCY2C Guanylate cyclase 2C  44.7 -0.7 0.4 0.0002 0.01 0.61 38.8 Downregulated 
EPAS1 Endothelial PAS domain protein 1 532.7 0.6 0.4 0.0002 0.01 1.55 54.5 Upregulated 
CRISPLD2 Cysteine rich secretory protein LCCL domain containing 2 1414.1 0.9 0.7 0.0002 0.01 1.89 89.5 Upregulated 
LOC110203729 Rho GTPase-activating protein 20-like 135.9 -0.9 0.6 0.0002 0.01 0.55 45.4 Downregulated 
LOC110195805 Uncharacterized 1.6 0.8 1.1 0.0002 0.01 1.77 76.6 Upregulated 
LOC110192487 Uncharacterized 61.5 -0.6 0.3 0.0002 0.01 0.65 35.1 Downregulated 
CFB Complement factor B  8.4 0.9 0.7 0.0002 0.01 1.86 86.3 Upregulated 
LOC110203396 Uncharacterized 1358.1 -0.9 0.8 0.0003 0.01 0.53 46.8 Downregulated 
HBEGF Heparin binding EGF like growth factor  21.7 0.9 0.7 0.0003 0.01 1.87 87.0 Upregulated 
SYT14 Synaptotagmin 14 30.8 -0.7 0.4 0.0003 0.01 0.63 37.5 Downregulated 
INA Internexin neuronal intermediate filament protein alpha 46.8 -0.8 0.5 0.0003 0.01 0.58 42.0 Downregulated 
PSME1 Proteasome activator subunit 1 15825.7 0.6 0.4 0.0003 0.01 1.56 55.6 Upregulated 
LOC110218422 OX-2 membrane glycoprotein-like 17.6 0.8 0.5 0.0003 0.01 1.70 69.8 Upregulated 
C1QB Complement C1q B chain 2266.2 0.6 0.4 0.0003 0.01 1.56 55.6 Upregulated 
NECTIN2 Nectin cell adhesion molecule 2 1042.8 0.6 0.3 0.0003 0.01 1.50 49.7 Upregulated 
RFTN2 Raftlin family member 2 35.8 -0.6 0.3 0.0003 0.01 0.66 34.0 Downregulated 
HS6ST1 Heparan sulfate 6-O-sulfotransferase 1 441.8 0.6 0.3 0.0003 0.01 1.53 52.6 Upregulated 
LOC110204450 Cytochrome P450 2C42-like 23.5 0.8 0.9 0.0003 0.01 1.80 79.5 Upregulated 
ZGLP1 Zinc finger GATA like protein 1 11.9 0.7 0.4 0.0003 0.01 1.60 59.6 Upregulated 
CDYL Chromodomain Y like 24586.6 -0.7 0.4 0.0003 0.01 0.64 36.4 Downregulated 
GBGT1 Globoside alpha-1,3-N-acetylgalactosaminyltransferase 1 (FORS blood group) 23.5 0.6 0.4 0.0003 0.01 1.57 56.6 Upregulated 
PROS1 Protein S 48.5 0.7 0.5 0.0003 0.01 1.66 65.8 Upregulated 
AWAT2 Acyl-CoA wax alcohol acyltransferase 2 12.1 0.8 0.6 0.0004 0.01 1.72 72.3 Upregulated 
CHI3L2 Chitinase 3 like 2 850.2 0.7 0.4 0.0004 0.01 1.59 59.0 Upregulated 
TEX15 Testis expressed 15, meiosis and synapsis associated 173.8 -0.6 0.3 0.0004 0.01 0.67 33.3 Downregulated 
LOC110193741 Uncharacterized 532.8 0.7 0.4 0.0004 0.01 1.59 59.1 Upregulated 
QPCT Glutaminyl-peptide cyclotransferase 3309.2 0.6 0.4 0.0004 0.01 1.56 56.4 Upregulated 
LOC110194733 Heat shock factor protein 3-like 80.1 0.6 0.4 0.0004 0.01 1.55 54.7 Upregulated 
CD109 CD109 molecule 282.3 0.6 0.4 0.0004 0.01 1.56 56.2 Upregulated 
SAPCD2 Suppressor APC domain containing 2 9.6 0.6 0.4 0.0004 0.01 1.54 53.5 Upregulated 
CDC20 Cell division cycle 20 259.0 0.6 0.4 0.0004 0.01 1.56 56.3 Upregulated 
VWA3B Von Willebrand factor A domain containing 3B 61.6 -0.6 0.4 0.0004 0.01 0.66 34.3 Downregulated 

1Standard error of the log2 fold change (FC). 2DESeq2 adjusted wald test  p-values using Benjamini and Hochberg method (BH-adjusted p values). 3 Context refers to gene expression up- or downregulation in koalas 
with that were euthanised compared to koalas that survived triage.
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Table 7.21: Comparison of differential expression (DE) analysis results for genes that were significant 
DE genes across the two comparisons. 

Gene 

Chlamydiosis vs Normal Euthanised vs Survived 

Base 
Mean 

log2 

Fold 
Change 

LFC 
SE1 

P.adj2 
Fold 

Change 
% 

Change 
Base 
Mean 

log2 

Fold 
Change 

LFC 
SE1 

P.adj2 
Fold 

Change 
% 

Change 

AKAP4 219.88 0.99 0.93 0.01 1.98 +98.4 219.88 2.06 0.49 6.43E-05 4.18 +318 
ARMC12 46.75 0.73 0.67 0.01 1.66 +65.9 46.75 1.41 0.38 0.0003 2.65 +165.4 
CDKN1A 3527.06 0.59 0.36 0.008 1.5 +50.2 3527.06 1.05 0.36 0.001 2.07 +106.5 
FAM177B 29.09 1.29 1.1 0.009 2.45 +145.3 29.09 1.32 0.65 0.003 2.49 +149.5 
FAM19A2 398.04 -1.9 0.94 0.003 0.27 -73.2 398.04 -2.04 0.53 0.0001 0.24 -75.7 
IL1R2 1064.01 3.89 0.75 8.69E-05 14.82 +1381.7 1064.01 3.81 0.61 3.91E-09 14.07 +1306.8 
KIAA1324L 67.51 -0.64 1.72 0.02 0.64 -35.8 67.51 -6.08 1.8 8.07E-05 0.01 -98.5 
LOC110206414 28.01 0.81 0.75 0.01 1.76 +75.8 28.01 0.87 0.49 0.007 1.83 +82.9 
LOC110211842 24.29 1.11 1.34 0.01 2.16 +115.6 24.29 2.65 0.85 0.0002 6.27 +527 
LOC110219949 147.19 4.6 3.57 0.003 24.21 +2320.8 147.19 4.85 2.24 0.0003 28.76 +2775.6 
MARCO 29.36 1.19 1.46 0.01 2.28 +127.9 29.36 4.42 0.7 1.54E-08 21.4 +2040.2 
MYO1B 51.27 3.74 0.76 0.0001 13.37 +1236.8 51.27 2.35 0.59 5.51E-05 5.11 +410.7 
NR4A3 50.8 0.68 0.71 0.01 1.6 +59.8 50.80 1.58 0.41 0.0002 2.99 +199.1 
RARRES1 431.79 3.35 1.48 0.003 10.21 +921.3 431.79 4.6 0.75 3.34E-08 24.18 +2317.9 
SOCS1 806.26 0.61 0.36 0.006 1.53 +53 806.26 1.01 0.28 0.0002 2.01 +101.1 
CREG2 NA NA NA NA NA NA 17.46 2.11 0.51 7.62E-05 4.31 +330.5 
DYDC1 NA NA NA NA NA NA 60.40 1.45 0.62 0.002 2.73 +173.1 
LOC110194733 NA NA NA NA NA NA 80.08 0.63 0.39 0.01 1.55 +54.6 
LOC110197639 NA NA NA NA NA NA 231.54 2.30 0.45 1.05E-06 4.92 +392.2 
LOC110204450 NA NA NA NA NA NA 23.50 0.84 0.88 0.01 1.80 +79.5 
LOC110213587 NA NA NA NA NA NA 47.29 1.15 0.59 0.005 2.22 +122.4 
LOC110217725 NA NA NA NA NA NA 8.95 0.94 0.89 0.01 1.92 +92.2 
PM20D1 NA NA NA NA NA NA 1089.25 1.45 0.58 0.002 2.74 +173.5 
PYCR1 NA NA NA NA NA NA 1643.58 0.90 0.47 0.006 1.87 +86.6 
QPCT NA NA NA NA NA NA 3309.18 0.65 0.41 0.01 1.56 +56.4 
RENBP NA NA NA NA NA NA 218.80 2.14 0.38 2.42E-07 4.41 +341.3 

1Standard error of the log2 fold change (FC). 2DESeq2 adjusted wald test  p-values using Benjamini and Hochberg method (BH-
adjusted p values). Cell colour for percentage (%) change indicates genes that are upregulated (red) and downregulated (blue) in 
the subject group (stated first) compared to the comparison group (stated second). 
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Chapter 5 Supplementary materials: 

 
 
Figure 7.3: Chlamydia pecorum mucosal infection status and outcomes for admission and treatments for 221 
koalas sampled from sites of low (N = 91) and high (N = 130) morbidity. 

C. pecorum status was classified according to combined data obtained from point of care clinical examinations, 
LAMP and laboratory qPCR of mucosal swabs to detect shedding at the point of sampling and post-treatment 
(where applicable): no clinical signs of chlamydiosis or evidence of mucosal C. pecorum shedding (green), and 
clinical signs of chlamydiosis and/or evidence of mucosal C. pecorum shedding (orange). Clinical signs of 
chlamydiosis and detection of mucosal C. pecorum shedding were considered together as both form inclusion 
criteria for treatment; 71% (90/126) displayed clinical chlamydiosis and 98% (124/126) had detectable shedding. 
Detection of circulating C. pecorum in the whole sample population through laboratory gene expression analysis 
is demonstrated in pink. Admission outcome results, admitted (red border) or not admitted (pink border) for anti-
chlamydia treatment, are described in the blue ovals. Koalas not admitted for treatment at T0 are further 
described by records of previous, future or no treatment throughout the monitoring period. Survival outcomes 
are described in the short-term post-admission (peach) and for the long-term at the end of the monitoring period 
(yellow). LTFU refers to cases that were lost to follow up due to dropped radio collars, lost radio signals, or 
removal from monitoring program. Koalas admitted for anti-chlamydial treatment are further described by their 
post-treatment C. pecorum LAMP results to provide an indication of treatment success. Koala released post-
treatment are further categorised according to long-term follow-up C. pecorum detection results: ‘remained C. 
pecorum negative’, ‘future C. pecorum positive’, or ‘NA’ for those without follow-up LAMP data. The small, 
numbered, blue circles indicate sample cohort for respective statistical analyses (1-5) of factors associated with 
mortality.  
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Figure 7.4: Principal components analysis scree-plot.  

The scree-plot helps to identify which dimensions to retained for further analysis by demonstrating where 
the percentage of explained variance (y-axis) drops off, otherwise called the ‘elbow’. Here we can see that 
the elbow appears at PC3, with a small percentage of variation explained with each following dimension. 
Dimensions 1-8 were retained to account for 68% of the cumulative variation within the dataset. 

 

 
 Figure 7.5: Bar-charts demonstrating the top 10 genes represented by each dimension based on cos2 
values (A-H, PC1-8). 
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Figure 7.6: PCA bi-plots demonstrating the five most represented individuals and their associated top 
five genes to dimensions 1 and 2 (plot A), dimensions 3 and 4 (plot B), dimensions 4 and 5 (plot C), and 
dimensions 7 and 8 (plot D). 

 



 344 

Table 7.22: Detection results for infectious agents that were not ubiquitously detected in samples 
obtained from 221 koalas originating from high morbidity and low morbidity sites 

Koala infectious agent detection status High morbidity 
(N = 130) 

Low morbidity 
(N = 91) 

Total  
(N = 221) 

Chlamydia pecorum    

Samples with complete 
results* 

Mucosal C. pecorum only 52/85 (61%) 22/68 (32%) 74/153 (48%) 

Circulating C. pecorum only 4/85 (5%) 4/68 (6%) 8/153 (5%) 

Mucosal & circulating C. pecorum 5/85 (6%) 0/68 (0%) 5/153 (3%) 

None 24/85 (28%) 42/68 (62%) 66/153 (43%) 

Samples with  
results missing for one 
site** 

Circulating C. pecorum (Mucosal NA) 0/130 (0%) 0/91 (2%) 0/221 (0%) 

No circulating C. pecorum (Mucosal NA) 10/130 (8%) 6/91 (7%) 16/221 (7%) 

Mucosal C. pecorum (Circulating NA) 25/130 (19%) 3/91 (3%) 28/221 (13%) 

No mucosal C. pecorum (Circulating NA) 10/130 (8%) 14/91 (15%) 24/221 (11%) 

All results*** Mucosal C. pecorum 82/120 (68%) 25/85 (29%) 107/205 (52%) 

Circulating C. pecorum 9/95 (9%) 4/74 (5%) 13/169 (8%) 

C. pecorum 86/110 (78%) 2/73 (3%) 115/183 (63%) 

Gammaherpesviruses    

Samples with complete 
results 
 

Mucosal HV1 only 28/83 (33%) 30/66 (38%) 58/149 (39%) 

Mucosal HV2 only 9/83 (10%) 2/66 (3%) 11/149 (7%) 

Circulating HV2 only 1/83 (1%) 0/66 (8%) 1/149 (1%) 

Mucosal HV1 & HV2 25/83 (30%) 6/66 (6%) 31/149 (21%) 

Mucosal HV1 & circulating HV2 4/83 (2%) 0/66 (8%) 4/149 (3%) 

Mucosal HV2 & circulating HV2 0/83 (1%) 0/66 (0%) 0/149 (0%) 

Mucosal HV1, HV2 & circulating HV2 4/83 (5%) 0/66 (3%) 4/149 (3%) 

None 15/83 (18%) 28/66 (35%) 43/149 (15%) 

Samples with  
results missing for one site 

Mucosal HV2 only (Mucosal HV1 NA) 1/130 (%) 0/91 (0%) 1/221 (1%) 

No mucosal or circulating HV2 (Mucosal HV1 NA) 2/130 (2%) 1/91 (1%) 3/221 (1%) 

Mucosal HV1 (Mucosal HV2 NA) 0/130 (0%) 1/91 (1%) 1/221 (1%) 

Circulating HV2 (Mucosal HV2 NA) 0/130 (0%) 0/91 (2%) 0/221 (0%) 

No circulating HV2 (Mucosal HV1 & HV2 NA) 9/130 (7%) 6/91 (4%) 15/221 (7%) 

Mucosal HV1 (Circulating HV2 NA) 11/130 (9%) 0/91 (0%) 11/221 (5%) 

Mucosal HV2 (Circulating HV2 NA) 2/130 (2%) 2/91 (2%) 4/221 (2%) 

Mucosal HV1 & HV2 (Circulating HV2 NA) 11/130 (9%) 0/91 (0%) 11/221 (5%) 

No mucosal HV1 or HV2 (Circulating HV2 NA) 11/130 (9%) 15/91 (17%) 26/221 (12%) 

All results Mucosal HV1 80/118 (68%) 37/84 (44%) 117/202 (58%) 

Mucosal HV2 52/121 (43%) 10/84 (12%) 62/205 (30%) 

Circulating HV2 6/95 (8%) 0/74 (19%) 6/169 (4%) 

KoRV B    

All results Circulating KoRV B 13/95 (14%) 8/74 (11%) 21/169 (12%) 

*Detection status frequency for samples with results for all targets only. 
**Detection status frequency for samples that had results missing for one other target, which is indicated in the brackets. 
***Detection status frequency for target regardless of result for any other target. Not including NA samples. 
NA: Sample not obtained or sample failed quality control measures for pathogen detection technique 
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Table 7.23: PCA Dimension Metrics  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dimensions Eigenvalue Variance (%) Cumulative variance (%) 

Dim.1 5.8 19.3 19.3 
Dim.2 4.5 15.0 34.3 
Dim.3 2.0 6.7 41.0 
Dim.4 2.0 6.5 47.5 
Dim.5 1.9 6.3 53.8 
Dim.6 1.6 5.3 59.0 
Dim.7 1.4 4.7 63.8 
Dim.8 1.2 4.1 67.9 
Dim.9 1.1 3.6 71.5 
Dim.10 0.9 2.9 74.4 
Dim.11 0.8 2.7 77.1 
Dim.12 0.8 2.6 79.8 
Dim.13 0.7 2.4 82.2 
Dim.14 0.7 2.2 84.4 
Dim.15 0.6 1.8 86.2 
Dim.16 0.5 1.7 87.9 
Dim.17 0.5 1.6 89.5 
Dim.18 0.4 1.5 91.0 
Dim.19 0.4 1.3 92.3 
Dim.20 0.3 1.1 93.5 
Dim.21 0.3 1.0 94.5 
Dim.22 0.3 1.0 95.5 
Dim.23 0.3 0.9 96.4 
Dim.24 0.2 0.8 97.2 
Dim.25 0.2 0.6 97.9 
Dim.26 0.2 0.6 98.5 
Dim.27 0.1 0.5 98.9 
Dim.28 0.1 0.4 99.3 
Dim.29 0.1 0.4 99.7 
Dim.30 0.1 0.3 100 
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Table 7.24: Quality (cos2) of representation of each gene within the principal components 

Gene Dim.1 Dim.2 Dim.3 Dim.4 Dim.5 Dim.6 Dim.7 Dim.8 

CARD9 0.19 0.36 0.01 0.06 0.0004 0.03 0.10 0.02 

CD3G 0.32 0.21 0.03 0.08 0.03 0.0001 0.01 0.01 

CD4 0.48 0.26 0.01 0.02 0.01 0.01 0.02 0.00 

CD79b 0.40 0.21 0.00 0.01 0.00 0.01 0.00 0.04 

CD8beta 0.43 0.12 0.02 0.03 0.02 0.02 0.07 0.02 

CLEC4E 0.00 0.25 0.13 0.07 0.00 0.01 0.03 0.03 

FKBP5 0.20 0.21 0.01 0.06 0.01 0.02 0.01 0.01 

IFNGR1 0.10 0.21 0.10 0.01 0.05 0.09 0.06 0.05 

IL10RA 0.63 0.04 0.0001 0.00 0.00 0.02 0.04 0.02 

IL17RA 0.20 0.54 0.0003 0.03 0.0004 0.00001 0.06 0.00 

IL18 0.01 0.03 0.001 0.02 0.0003 0.49 0.00 0.13 

IL1R2 0.03 0.08 0.25 0.21 0.00 0.001 0.11 0.00 

IL1beta 0.02 0.03 0.25 0.001 0.10 0.34 0.02 0.001 

IL3RA 0.03 0.30 0.04 0.03 0.04 0.01 0.01 0.07 

IL4R 0.63 0.00002 0.03 0.13 0.02 0.00 0.00 0.02 

IL6 0.08 0.04 0.16 0.001 0.11 0.05 0.24 0.03 

IL8 0.25 0.22 0.04 0.02 0.01 0.01 0.02 0.01 

KoRVAenvRBD 0.33 0.01 0.0001 0.22 0.00 0.0003 0.04 0.01 

KoRVDenvRBD 0.04 0.05 0.04 0.10 0.38 0.0001 0.02 0.10 

KoRVpol 0.01 0.01 0.02 0.17 0.34 0.00 0.20 0.00 

LOC110197639 0.16 0.001 0.08 0.09 0.11 0.07 0.03 0.14 

LOC110217150 0.0005 0.09 0.06 0.00 0.36 0.02 0.07 0.00 

PhciDAB 0.04 0.02 0.39 0.06 0.00 0.14 0.00 0.06 

PhciDBB 0.01 0.01 0.24 0.00 0.001 0.19 0.01 0.10 

RENBP 0.10 0.06 0.01 0.38 0.02 0.00 0.02 0.00003 

RETN 0.13 0.24 0.00 0.0003 0.12 0.0002 0.04 0.09 

SAMHD1 0.05 0.15 0.02 0.07 0.05 0.00 0.12 0.17 

TLR2 0.16 0.19 0.02 0.09 0.09 0.00 0.01 0.07 

TLR4 0.07 0.53 0.04 0.00 0.00 0.04 0.00001 0.03 

TLR7 0.70 0.02 0.01 0.0001 0.001 0.01 0.05 0.0001 
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Table 7.25: Loadings (correlation) of each gene within the principal components 

Gene Dim.1 Dim.2 Dim.3 Dim.4 Dim.5 Dim.6 Dim.7 Dim.8 

CARD9 0.44 0.60 -0.11 -0.24 -0.02 0.17 -0.31 0.15 

CD3G 0.57 -0.46 0.17 0.29 0.18 0.01 -0.11 -0.09 

CD4 0.69 -0.51 0.09 0.13 0.07 0.11 -0.14 -0.06 

CD79b 0.63 -0.45 -0.06 0.08 -0.03 -0.10 0.06 0.20 

CD8beta 0.66 -0.35 0.15 0.17 0.15 0.13 -0.27 -0.14 

CLEC4E -0.04 0.50 0.36 0.27 0.04 0.10 0.17 0.17 

FKBP5 0.44 0.46 -0.11 0.24 0.10 -0.14 0.10 -0.12 

IFNGR1 0.31 0.46 -0.31 -0.12 -0.21 -0.30 0.25 0.23 

IL10RA 0.79 0.21 0.01 -0.04 -0.07 -0.12 -0.19 0.13 

IL17RA 0.44 0.74 0.02 -0.16 -0.02 -0.002 -0.25 0.06 

IL18 -0.09 0.16 0.03 -0.14 -0.02 0.70 -0.04 0.37 

IL1beta 0.16 0.28 -0.50 0.46 0.04 0.03 0.34 -0.05 

IL1R2 0.15 0.18 0.50 0.02 -0.31 0.58 0.13 0.03 

IL3RA 0.18 0.55 -0.19 0.16 0.19 0.12 0.10 -0.27 

IL4R 0.79 0.004 -0.19 -0.36 -0.13 0.04 -0.06 0.13 

IL6 0.28 0.19 0.40 -0.02 -0.33 0.22 0.49 -0.16 

IL8 0.50 -0.47 0.19 0.14 -0.11 0.11 0.14 -0.09 

KoRVAenvRBD 0.57 -0.11 -0.01 -0.47 0.05 0.02 0.19 -0.11 

KoRVDenvRBD 0.19 0.21 0.21 -0.31 0.62 -0.01 0.15 -0.31 

KoRVpol 0.11 -0.11 0.12 -0.41 0.58 -0.03 0.44 -0.03 

LOC110197639 0.40 0.02 -0.29 0.30 0.33 0.26 0.18 0.37 

LOC110217150 -0.02 0.30 0.25 0.04 0.60 0.13 -0.27 -0.06 

PhciDAB 0.19 0.14 0.62 0.25 -0.06 -0.37 0.05 0.24 

PhciDBB 0.11 0.10 0.49 -0.05 -0.03 -0.44 0.08 0.31 

RENBP 0.32 0.24 -0.11 0.62 0.14 0.04 0.16 0.01 

RETN -0.36 0.49 0.05 -0.02 0.35 -0.01 -0.20 0.30 

SAMHD1 0.22 -0.38 -0.13 -0.26 0.23 -0.04 0.34 0.41 

TLR2 0.40 0.43 -0.13 -0.30 -0.30 0.03 0.09 -0.27 

TLR4 0.27 0.73 0.19 0.06 -0.06 -0.19 -0.002 -0.18 

TLR7 0.84 -0.16 -0.08 -0.01 -0.03 -0.09 -0.23 -0.01 
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Table 7.26: The relative contribution (%) of gene expression to each principal component (dimension) 

Gene Dim.1 Dim.2 Dim.3 Dim.4 Dim.5 Dim.6 Dim.7 Dim.8 

CARD9 3.31 8.00 0.56 2.86 0.02 1.83 6.85 1.90 

CD3G 5.54 4.64 1.49 4.16 1.70 0.01 0.90 0.69 

CD4 8.25 5.78 0.45 0.91 0.29 0.75 1.29 0.30 

CD79b 6.86 4.59 0.17 0.34 0.06 0.65 0.29 3.33 

CD8beta 7.41 2.76 1.15 1.52 1.26 1.07 5.03 1.64 

CLEC4E 0.03 5.59 6.51 3.81 0.09 0.63 2.04 2.41 

FKBP5 3.37 4.69 0.57 3.00 0.56 1.21 0.73 1.11 

IFNGR1 1.65 4.65 4.79 0.68 2.42 5.67 4.29 4.14 

IL10RA 10.88 1.00 0.004 0.08 0.23 0.98 2.56 1.31 

IL17RA 3.42 12.02 0.01 1.28 0.02 0.0004 4.54 0.31 

IL18 0.14 0.57 0.03 1.05 0.02 31.24 0.11 10.79 

IL1R2 0.45 1.78 12.28 10.83 0.10 0.06 7.95 0.18 

IL1beta 0.40 0.71 12.27 0.03 5.25 21.54 1.17 0.07 

IL3RA 0.57 6.65 1.90 1.37 1.90 0.93 0.68 5.69 

IL4R 10.88 0.0004 1.74 6.46 0.96 0.09 0.23 1.44 

IL6 1.36 0.84 7.97 0.03 5.69 2.96 16.94 2.19 

IL8 4.37 4.84 1.86 1.02 0.69 0.76 1.29 0.63 

KoRVAenvRBD 5.64 0.26 0.004 11.45 0.15 0.02 2.60 0.95 

KoRVDenvRBD 0.62 1.01 2.23 4.88 20.32 0.01 1.50 7.80 

KoRVpol 0.19 0.28 0.76 8.75 18.11 0.07 13.80 0.08 

LOC110197639 2.80 0.01 4.21 4.49 5.66 4.33 2.35 11.07 

LOC110217150 0.01 1.94 3.02 0.08 19.02 1.03 5.16 0.26 

PhciDAB 0.64 0.46 19.43 3.12 0.19 8.90 0.18 4.54 

PhciDBB 0.21 0.23 11.88 0.14 0.04 12.27 0.42 7.95 

RENBP 1.81 1.33 0.66 19.46 1.00 0.08 1.74 0.002 

RETN 2.29 5.44 0.13 0.01 6.38 0.01 2.75 7.22 

SAMHD1 0.81 3.28 0.90 3.36 2.72 0.09 8.20 13.52 

TLR2 2.75 4.20 0.87 4.62 4.93 0.07 0.63 5.94 

TLR4 1.28 11.90 1.80 0.19 0.17 2.25 0.0004 2.54 

TLR7 12.05 0.56 0.34 0.01 0.04 0.51 3.77 0.01 
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Table 7.27: NanoString Gene Target Information, Performance, and Inclusion Result for T0 analysis 

Gene Target Full Name/Classification Gene type Count > 20 % > 20 Inclusion 

PhaHV2 dpol Phascolarctid herpesvirus 2 DNA polymerase gene Non-ubiquitous pathogen 17 12 EXCLUDED 
Cpec_hsp60 Chlamydia pecorum heat shock protein 60 gene Non-ubiquitous pathogen 19 14 EXCLUDED 
CpecG_0573 Chlamydia pecorum G_0573 locus of Marsbar strain Non-ubiquitous pathogen 26 19 EXCLUDED 
KoRVBenvRBD Koala Retrovirus subtype B envelope gene Non-ubiquitous pathogen 30 22 EXCLUDED 
KoRVAenvRBD Koala Retrovirus subtype A envelope gene Ubiquitous pathogen 139 100 RETAINED 
KoRVDenvRBD Koala Retrovirus subtype D envelope gene Ubiquitous pathogen 139 100 RETAINED 
KoRVpol Koala Retrovirus polymerase gene Ubiquitous pathogen 139 100 RETAINED 
MHCIUA Major histocompatibility complex class I UA gene Host – Immune response 32 25 EXCLUDED 
PhciDBB Major histocompatibility complex class II DBB gene Host – Immune response 138 99 RETAINED 
PhciDAB Major histocompatibility complex class II DAB gene Host – Immune response 139 100 RETAINED 
IL12RB2 Interleukin-12 receptor subunit beta Host – Immune response 59 46 EXCLUDED 
IL1R2 Interleukin-1 receptor 2 Host – Immune response 116 83 RETAINED 
IL4R Interleukin-4 receptor Host – Immune response 136 98 RETAINED 
IFNGR1 Interferon gamma receptor 1 Host – Immune response 139 100 RETAINED 
IL10RA Interleukin-10 receptor subunit alpha Host – Immune response 139 100 RETAINED 
IL17RA Interleukin-17 receptor A Host – Immune response 139 100 RETAINED 
IL3RA Interleukin-3 receptor subunit alpha Host – Immune response 139 100 RETAINED 
TNFalpha Tumour necrosis factor alpha Host – Immune response 38 29 EXCLUDED 
IL18 Interleukin-18 Host – Immune response 114 82 RETAINED 
IL1beta Interleukin-1 beta Host – Immune response 127 91 RETAINED 
IL6 Interleukin-6 Host – Immune response 137 99 RETAINED 
IL8 Interleukin-8 / CXC motif chemokine ligand 8 Host – Immune response 139 100 RETAINED 
CD4 Cluster of differentiation 4 (T lymphocyte) Host – Immune response 78 56 RETAINED 
CD8beta Cluster of differentiation 8 beta (cytotoxic T lymphocyte) Host – Immune response 99 63 RETAINED 
CD3G Cluster of differentiation 3 gamma polypeptide (T lymphocyte receptor complex) Host – Immune response 132 95 RETAINED 
CD79b Cluster of differentiation 79 immunoglobulin-associated beta (B lymphocyte) Host – Immune response 139 100 RETAINED 
TLR7 Toll-like receptor 7 Host – Immune response 107 77 RETAINED 
TLR2 Toll-like receptor 2 Host – Immune response 138 99 RETAINED 
TLR4 Toll-like receptor 4 Host – Immune response 139 100 RETAINED 
CCR4 CC Motif Chemokine Receptor 4 Host – Immune response 41 32 EXCLUDED 
FAM19A2 TAFA chemokine-like family member 2 Host – Immune response 47 37 EXCLUDED 
CLEC4E C-type lectin domain family 4 member E / Mincle receptor Host – Immune response 139 100 RETAINED 
PhciCATH5 Koala cathelicidin Host – Immune response 8 6 EXCLUDED 
LOC110217150 Cathelicidin-like gene Host – Immune response 137 99 RETAINED 
LOC110197639 Cathepsin-like gene Host – Immune response 92 66 RETAINED 
CARD9 Caspase recruitment domain family member 9 Host – Immune response 139 100 RETAINED 
MARCO Macrophage receptor with collagenous structure Host – Immune response 9 7 EXCLUDED 
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Gene Target Full Name/Classification Gene type Count > 20 % > 20 Inclusion 

NCR3 Natural cytotoxicity triggering receptor 3 Host – Immune response 17 13 EXCLUDED 
FKBP5 FK506 (immunosuppressant) binding protein 5 Host – stress response 137 99 RETAINED 
RETN Resistin Host – metabolic  139 100 RETAINED 
SAMHD1 SAM and HD domain containing deoxynucleoside triphosphate triphosphohydrolase 1 Host – anti-viral response 139 100 RETAINED 
RENBP Renin binding protein Host – kidney function 78 56 RETAINED 
SLCO2A1 Solute carrier organic anion transporter family member 2A1 Host – pain response 9 7 EXCLUDED 
AR Androgen receptor Host – endocrine 29 23 EXCLUDED 
ACTB B-actin Host - Housekeeping 139 100 EXCLUDED 
GAPDH Glyceraldehyde-3-phosphate dehydrogenase Host - Housekeeping 139 100 EXCLUDED 
Nckap1l Nck-associated protein 1-like Host - Housekeeping 139 100 EXCLUDED 
Stx12 Syntaxin-12 Host - Housekeeping 139 100 EXCLUDED 
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Table 7.28: Variables and inclusion criteria utilised to define target groups and perform modelling 

   
 Tests for indicators of mortality in: 

Variable Factor Levels Inclusion Criteria / Calculation 
Variable Type 

high morbidity 
site 

low morbidity 
site 

chlamydiosis and/or 
mucosal C. pecorum 

shedding 

treated for 
chlamydiosis 

PC1 NA Host gene expressed principal components derived from principal 
components analyses. 

Continuous Assessed Assessed Assessed Assessed 

PC2  NA Continuous Assessed Assessed Assessed Assessed 

PC3 NA Continuous Assessed Assessed Assessed Assessed 

PC4 NA Continuous Assessed Assessed Assessed Assessed 

PC5 NA Continuous Assessed Assessed Assessed Assessed 

PC6 NA Continuous Assessed Assessed Assessed Assessed 

PC7 NA Continuous Assessed Assessed Assessed Assessed 

PC8 NA Continuous Assessed Assessed Assessed Assessed 

Age NA Estimated at the first veterinary examination through the assessment 
of dentition and the amount of wear on the upper premolar (Gordon, 
1991) and then calculated at follow-up, based on time elapsed 

Continuous Assessed Assessed Assessed Assessed 

Sex Male or Female Determined through visual, physical and ultrasonographical 
examination of morphology and reproductive organs. 

Categorical Assessed Assessed Assessed Assessed 

Body Condition 
Score (BCS) ≤ 2 

Yes or no Determined by grading the mass of muscle tissue around the scapula 
(Ellis & Carrick, 1992). In Queensland, scores range from 1 (emaciated) 
to 10 (excellent). To keep consistent with previous chapters, which 
used the 1-5 scale, scores were halved. Body condition scores equal to 
or below 2 were identified and categorised as ‘yes’. Scores of 3-5 were 
categorised as ‘no’.  

Categorical Assessed Assessed Assessed Assessed 

Diagnosis Chlamydiosis Reproductive Disease (incl. female uterine/ovarian/bursal cyst(s), 
pyometra/pyometron, metritis, and vaginal 
prolapse/hyperproliferative vaginal mucosa or male prostatomegaly, 
prostatic cyst(s), prostatitis, and/or testicular fibrosis); Cystitis (bladder 
wall thickness, and inflammation on doppler, cytological pyuria and/or 
haematuria, and/or wet-bottom or rump-ulceration); Conjunctivitis 
(mild-severe conjunctival proliferation, chemosis, and/or discharge in 
one or both eyes); +/- Any other clinical abnormality. 

Categorical Assessed Assessed Not assessed Assessed 

 
Other: Trauma or 
Disease 

Trauma: Superficial wounds; Abdominal and/or visceral trauma (incl. 
haemoabdomen, peritonitis, metabolic alkalosis); Single or multiple 
fractures (incl. comminuted, compound, and pathogenic fractures); 
Wound associated septicaemia; Vestibular & neurological trauma; 
Trauma associated anaemia; Chronic musculoskeletal injury (incl. hip 
dysplasia, osteoarthritis/arthritis). 
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Disease: Growths/masses/cysts (Keratinised mass, mammary mass, 
subcutaneous mass, dermal cysts); Neoplasia (Myelodysplasia, 
Mammary adenocarcinoma, papilloma); 
Lymphadenopathy/lymphomegaly; Pulmonary Disease and/or 
laryngeal/pharyngeal occlusion; Oxalate nephrosis; Ocular 
abnormalities (nystagmus, corneal scarring/ulceration, 
microphthalmia, cataract/glaucoma, epistaxis); Emaciation without 
evidence of chlamydiosis; Dysbiosis / Caecal Dysbiosis Typhlocolitis 
Syndrome; Candidiasis; Periodontal disease/gingivitis; Haematological 
abnormalities (anaemia, hypoproteinaemia, neutrophilia, eosinophilia); 
Other conditions (Otitis, dermatopathy, ascites). 

 
    

 
Healthy Nothing abnormal detected using any of the following diagnostic tools; 

visual assessment, ultrasonography, cytology; Mended musculoskeletal 
abnormalities (e.g. scars or healed fractures). 

 
    

Vaccination 
status 

Yes or No Evidence of vaccination administration prior to sampling using any of 
the following: three implemented by Phillips et al. (2024) MOMP 
(2022), Tri-adjuvant (2023), and ISC (2023), and one currently under 
trial at Currumbin Wildlife Sanctuary referred to as the “Currumbin 
vaccine”(Currumbin Wildlife Sanctuary, 2022).  

Categorical Assessed Assessed Assessed Assessed 

Ovariohysterec-
tomy status 

Yes or No Recorded as ‘yes’ for OHE if they had undergone OHE as part of 
treatment for female reproductive disease previously, or underwent it 
during the monitoring period. 

Categorical Assessed Assessed Assessed Assessed 

Site High morbidity or 
low morbidity 

Koala management areas (KMA) situated north of the Coomera River 
(Supplementary materials: Figure 12) were identified as the ‘high 
morbidity’ site (TKMA – 1, KMA12b, KMA13a, and KMA13b) and those 
south of the river as the ‘low morbidity’ site (KMA4, KMA5, KMA6, 
KMA7a, KMA8, KMA9, KMA10a, KMA11a, and KMA11b). 

Categorical Not assessed Not assessed Assessed Assessed 

Released at site 
of capture 

Yes or No Recorded as ‘yes’ if they were released at the exact or within 50 
meters of point of capture.  Recorded as ‘no’ if the koala was relocated 
(< 5 km) or translocated (> 5km) from point of capture. 

Categorical Assessed Assessed Assessed Assessed 

Treatment 
complications 

Yes or No Recorded as ‘yes’ for adverse effects if during their anti-chlamydiosis 
treatment they developed (not identified at first exam) candidiasis, 
dysbiosis, and/or oxalate nephrosis. 

Categorical Not assessed Not assessed Not assessed Assessed 

Chlamydiosis 
treatment 
during the 
monitoring 
period 

Current Koalas that were retained in care following the first veterinary 
examination and treated with Chloramphenicol (Chloramphenicol 150, 
Ceva, Glenorie, NSW; 60mg/kg once a day, subcutaneously for 14 
days), an antibiotic that targets C. pecorum.  

Categorical Assessed Assessed Assessed Not assessed 

Future Koalas that were treated as described above at another veterinary 
examination following time-zero sampling. 

     

Previous Koalas that were treated as described above at a veterinary 
examination prior to time-zero sampling. 

     

None Koalas that were not treated as described above at any veterinary 
examination throughout the monitoring period. 
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Chloramphenic
ol Treatment 
Duration (days) 

NA The number of days Chloramphenicol 150, Ceva, Glenorie, NSW; was 
administered at 60mg/kg for chlamydiosis treatment 

Continuous Not assessed Not assessed Not assessed Assessed 

Chlamydiosis 
Treatment 
Outcome 

LAMP negative C. pecorum not detected using point-of-care LAMP testing post-
treatment prior to release. 

Categorical Not assessed Not assessed Not assessed Assessed 

 
LAMP positive C. pecorum detected using point-of-care LAMP testing post-treatment 

prior to release. 

 
    

Mucosal C. 
pecorum 
shedding 

Yes or No Koalas with detectable mucosal shedding (qPCR amplification of either 
C. pecorum ompB or 23s genus and β-actin in duplicate samples) in 
ocular or urogenital swab samples taken at T0. 

Categorical Assessed Assessed Not assessed Assessed 

Mucosal 
PhaHV-1 
shedding 

Yes or No Koalas with detectable mucosal shedding (qPCR amplification of 
PhaHV-1 dpol and β-actin in duplicate samples) in oropharyngeal swab 
samples taken at T0. 

Categorical Assessed Assessed Assessed Assessed 

Mucosal 
PhaHV-2 
shedding 

Yes or No Koalas with detectable mucosal shedding (qPCR amplification of 
PhaHV-2 dpol and β-actin in duplicate samples) in oropharyngeal swab 
samples taken at T0. 

Categorical Assessed Assessed Assessed Assessed 

Circulating 
PhaHV-2 
transcription 

Yes or No Koalas transcribing the PhaHV-2 dpol gene at mRNA counts above 20 in 
buffy coat sample RNA extracts taken at T0. 

Categorical Assessed Not assessed Assessed Assessed 

Circulating C. 
pecorum 
transcription 

Yes or No Koalas transcribing either C. pecorum G_0573 or Hsp60 genes at mRNA 
counts above 20 in buffy coat sample RNA extracts taken at T0. 

Categorical Assessed Assessed Assessed Assessed 

Circulating 
KoRV B 
transcription 

Yes or No Koalas transcribing the KoRVBenvRBD gene at mRNA counts above 20 
in buffy coat sample RNA extracts taken at T0. 

Categorical Assessed Assessed Assessed Assessed 
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Table 7.29: qPCR Primer Set Information for Chlamydia Multiplex qPCR, PhaHV-1 & -2 qPCR 

qPCR Assay Gene Amplicon size (bp) End Sequence Reference 

Chlamydia multiplex Probe qPCR Chlamydia (23S rRNA) 137 Forward 5′-GCTCACCAATCGAGAATC-3′ 

(Hulse et al., 2018) 

137 Reverse 5‘-CCAACACTCCTTTCGGTA-3′ 
137 Probe ROX-CTGAATACTACGCTCTCCTACCGC-BHQ2 

C. pecorum (ompB gene) 141 Forward 5′−CCAAGCATAATCGTAACAA-3′ 
141 Reverse 5′-CGAAGCAAGATTCTTGTC-3′ 
141 Probe FAM-ACTTGTTGGCAATTCTTCTCTTCACA-BHQ1 

Koala B-actin mRNA 145 Forward 5′-CTCAGATTATGTTTGAGACCTTC-3′ 
145 Reverse 5′-CCTTCATAGATGGGCACA-3′ 
145 Probe HEX-ACCATCACCAGAGTCCATCACAAT-BHQ1 

Phascolarctid herpesvirus 1 & 2 SYBR qPCR PhaHV-1 dpol 22 Forward 5’-GGGAAGAACTATGTTGGAACGC-3’ 
(Wright et al., 2023) 

20 Reverse 5’-TGAGTCCTTTTCGCTTGGGA-3’ 
PhaHV-2 dpol 20 Forward 5’-GGTGACGTGCAATTCAGTGT-3’ 

(Church et al., 2025) 
20 Reverse 5’-TTTCGAGCATCATGCGTCCT-3’ 

Koala B-actin mRNA 145 Forward 5′-CTCAGATTATGTTTGAGACCTTC-3′ 
(Hulse et al., 2018) 

145 Reverse 5′-CCTTCATAGATGGGCACA-3′ 
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Chapter 6 Supplementary Materials: 

Table 7.30: Summary table of key associations from the thesis according to indicator with 
reference to the respective chapter. 

Indicator 
group 

Indicator Association Chapter 

Infectious 
agent 

Mucosal C. pecorum shedding Detection associated with clinical chlamydiosis 2 
Detection associated with reproductive disease 2 
Lack of detection associated with greater odds of survival in wild koalas 
from a site with high morbidity 

5 

Detection associated with greater odds of mortality in koalas with clinical 
chlamydiosis and/or detectable mucosal C. pecorum shedding 

5 

Mucosal PhaHV-1 shedding Detection associated with the presentation of clinical chlamydiosis 2 
Detection associated with the presentation of reproductive disease 2 
Detection associated with the presentation of untreatable chlamydiosis 
(euthanised) 

2 

Detection associated with greater odds of survival in koalas with clinical 
chlamydiosis and/or detectable mucosal C. pecorum shedding 

5 

Circulating T. irwini  Detection inversely associated with the presentation of clinical 
chlamydiosis 

2 

Circulating KoRV B env Detection associated with the detection of mucosal C. pecorum shedding 2 
Detection associated with greater odds of survival in koalas with clinical 
chlamydiosis and/or detectable mucosal C. pecorum shedding 

5 

Viral KoRV pol Increased transcription associated with the detection of mucosal C. 
pecorum shedding 

2 

Increased transcription associated with increased odds of euthanasia at 
triage 

3 

Proviral KoRV pol Increased proviral loads associated with the presentation of reproductive 
disease 

2 

Host gene CD3G, CD8B, CD4, CD79B, TLR7, MHCII 
DAB, MHCII DBB, DICER1, SAMHD1, 
SLC29A1, and inversely IL18 and a 
Cathelicidin-like gene (LOC110217150) 

Increased dimension score in clusters of koalas with greater frequency of 
survival at triage 

3 

CD3G, CD8B, CD4, CD79B, TLR7 and IL8 Increased dimension score associated with greater odds of survival in 
koalas with clinical chlamydiosis and/or detectable mucosal C. pecorum 
shedding 

5 

Increased dimension score associated with greater odds of survival in 
koalas treated for chlamydiosis 

5 

IL10R, IFNGR1, IL4R, IL17RA, CARD9, 
TLR2, TLR4, and KoRV A 

Increased dimension score associated with greater odds of mortality in 
koalas with clinical chlamydiosis and/or detectable mucosal C. pecorum 
shedding 

5 

FKBP5, IL1R2, IL3RA, RENBP and a 
Cathepsin-like gene (LOC110197639) 

Increased dimension score associated with greater odds of mortality in 
wild koalas from a site with high morbidity 

5 

Increased dimension score associated with greater odds of survival in 
koalas with clinical chlamydiosis and/or detectable mucosal C. pecorum 
shedding 

5 

SAMHD1 and KoRV A Increased dimension score associated with greater odds of mortality in 
wild koalas from a site with low morbidity 

5 

KoRV pol, KoRV D and a Cathelicidin-like 
gene (LOC110217150) 

Increased dimension score associated with greater odds of mortality in 
wild koalas from a site with low morbidity 

5 

CLEC4E, MHC II DAB and MHC II DBB Increased dimension score associated with greater odds of mortality in 
wild koalas treated for chlamydiosis 

5 

TRIM24 Increased transcription at triage associated with survival at triage and 
post-treatment 

3 

IL18 Transcription at triage inversely correlated to genes within the adaptive 
lymphocyte dimension 

3 

Increased transcription at triage associated with greater odds of 
euthanasia at triage 

3 

Increased transcription post-treatment associated with greater odds of 
survival at post-treatment 

3 
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Indicator 
group 

Indicator Association Chapter 

IL18 Increased expression at triage in koalas with clinical chlamydiosis 4 
FKBP5 Increased expression at triage in koalas that were euthanised 4 
IL1R2 Increased expression at triage in koalas with clinical chlamydiosis 4 

Increased expression at triage in koalas that were euthanised 4 
MARCO Increased expression at triage in koalas with clinical chlamydiosis 4 

Increased expression at triage in koalas that were euthanised 4 
RARRES1 Increased expression at triage in koalas with clinical chlamydiosis 4 

Increased expression at triage in koalas that were euthanised 4 
MYO1B Increased expression at triage in koalas with clinical chlamydiosis 4 

Increased expression at triage in koalas that were euthanised 4 
Other health 
determinants 

Clinical chlamydiosis Associated with greater odds of mortality in koalas with detectable 
circulating C. pecorum 

5 

 Sub-clinical chlamydiosis Associated with greater odds of survival in koalas with detectable 
mucosal C. pecorum shedding 

5 

 Age Increased age associated with greater odds of mortality in koalas with 
clinical chlamydiosis and/or detectable mucosal C. pecorum shedding 

5 

 Body condition score ≤ 2 Associated with greater odds of mortality in koalas from a site of high 
morbidity 

5 

  Associated with greater odds of mortality in koalas with clinical 
chlamydiosis and/or detectable mucosal C. pecorum shedding 

5 

 Future chlamydiosis treatment Associated with greater odds of survival in koalas from a site with high 
morbidity 

5 

 Current chlamydiosis treatment Associated with greater odds of survival in koalas with clinical 
chlamydiosis and/or detectable mucosal C. pecorum shedding 

5 

 Chlamydiosis treatment at any point Associated with reduced odds of survival in koalas with detectable 
circulating C. pecorum 

5 

 Originating from a site with high 
morbidity 

Associated with greater odds of mortality in koalas with detectable 
circulating C. pecorum 

5 

 Previous or future ovariohysterectomy  Associated with reduced odds of survival in koalas with detectable 
circulating C. pecorum 

5 

    

 




